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ABSTRACT. 

The literature on neurosecretion is reviewed, and a key to the cell 

types drawn up. Two new differential staining techniques for staining 

neurosecretion are reported, and older techniques re-examined critically, 

The histology of the neurosecretory cells of the ventral ganglia of Schisto- 

cerca aregaria has been investigated in detail. 	Four main types (A, B, C 

and D) occur in the ventral ganglia. Such cells are absent in the frontal, 

hypocerebral and ingluvial ganglia. Axonal transport of neurosecretion 

from the brain to the corpora cardiaca, backwards and forwards along the 

ventral connectives, and along the peripheral nerves, has been demonstrated 

experimentally, but not along the circum-oesophageal connectives. The 

anatomy of the nervous system is described. The distribution of the neuro-

secretory cells supports the anatanical findings that the third thoracic 

ganglion is formed by the fusion of the metathoracic and first three 

abdominal ganglia. 

Autoradiographic investigations of secretion give results which 

are not in conflict with the histological inferences. 

Evidence is obtained that neurosecretory cells of the ventral 

ganglia undergo changes correlated with ovarian maturation, though 'castrat-

ion' cells are absent. Oviposition is under nervous control. 

The A2 neurosecretory cells of the third thoracic and first four 

abdominal ganglia appear to be important in flight and water metabolism. 

They have been shown to discharge their secretions under experimental 

conditions of dehydration, and when the metabolic rate is increased as a 

result of a high level of flight activity. 
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I. INTRODUCTION. 

(a) General.  

Students of neurosecretion in insects have in the past devoted 

their attention mainly to the pars intercerebralis and corpus allatum/corpus 

cardiacum complex, e.g., Viigglesworth (1940) on Rhodnius prolixus  Stgl, Nayar 

(1953, 1955, 1956) on Iphita limbata  Stgl, E.Thomsen (1952, 1954) on 

Calliphora erythrocephala  Meig., B.Scharrer (1941, 1955, 1956) on Leucophaea  

maderae  (Fabricius), Highnam (1961, 1962) on Schistocerca gregaria  (Forskgl), 

Johansson (1957, 1958) on Oncopeltus fasciatus  Dail.;  to name a few. 	More 

recently a number of workers have described neurosecretory cells in the 

ganglia of the ventral nerve cord: Fraser (1959) on Lucilia Caesar  L., 

Geldiay (1959) on Blaberus craniifer,  Johansson (1958) in Oncopeltus fasciatus  

Dallas, Hiller (1960) in Periplaneta americana  and Chaoborus,  and Clements 

(1956) in Culex pipiens. 	As far back as 1940 Day had described what he 

thought were neurosecretory cells in the ventral ganglia of the moth Eacles  

imperialis  Dru., while Kobayashi (1957) working on Bombyx  mori L. found more 

neurosecretory cells in the ventral ganglia than in the brain: 30 in the 

brain as against 80 in the suboesophageal and 1,100 in the thoracic and 

abdominal ganglia. 

The presence of neurosecretory cells in the ventral ganglia of 

these few investigated insects, combined with the fact that little was known 

of their structure and distribution and nothing of their function prompted 

me to study the neurosecretory cells of the ventral ganglia of S.gregaria  in 

some detail. 

The primary objectives of this study are therefore:- 

1. to describe the different types of neurosecretory cells revealed in the 
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ventral ganglia by means of various differential staining techniques, and to 

examine critically some of the techniques; 

2. to see what changes (if any) take place in the neurosecretory cells 

during various stages of the life cycle, and if possible, to correlate these 

findings with the development of sexual maturity in the female; 

3. to explore the extent to which other physiological processes (e.g. flight, 

water balance) are correlated with changes in the ventral neurosecretory 

system; and 

4. to determine what happens to the secretions and where and how they are 

conducted in the body. 

The work falls into three main sections: 

a. Morphological and Histological; 

b. Experimental; and 

c. General discussion of the findings. 
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(b) Historical Review. 

Research in insect endocrinology has proceeded along three main 

lines: histological, cyto— and biochemical, and experimental. 

1. Histological. 

The first evidence of the presence of hormones of neuroendocrine 

origin was obtained in 1922 when Kopec removed the brains of freshly moulted 

last instar larvae of the moth Lymantria dispar and found that the larvae 

failed to pupate, but it was not until 1935 that Weyer, working on the brain 

of the honey bee, Apis mellifera L., showed that the neurosecretory cells of 

the pars intercerebralis might be the source of the hormone. 	In 1937 

Scharrcr, working on the brain of Bombus, and a year later Hanstrbm, working 

on the brain of Rhodnius, found similar cells in the pars intercerebralis. 

Of special interest at about this time was the work of Schrader (1938) who 

published photographs of sections of the brain of Ephestia kiihniella; he 

stated that he failed to find any neurosecretory cells there, but from the 

photographs it appears that they are present but that he failed to recognize 

them. 	Two years after Schrader, in 1940, Day described cells, undoubtedly 

of a neurosecretor•; nature, in the suboesophageal ganglion of Lepidoptera, 

but he, like Schrader, was wary of pronouncing them neurosecretory, probably 

because his was the first report of the existence of neurosecretory cells 

outside the brain, and because the stains available at that time were not 

specific for revealing neurosecretion. 

The staining methods in neurosecretory work at the time employed 

four general histological stains: Heidenhain's Haematoxylin, Heidenhain's 
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Azan, and the trichrome stains of Masson and Mallory. 	Then in 1949 Bergmann 

employed Gomori's (1941) Chrome—haematoxylin/Phloxine method (henceforth 

called CHP) for selective staining of the neurosecretory cells of mammals, 

and Stutinsky (1952) subsequently applied the method to insects. 	In 1952 

Halmi modified Gomorits (1950) Aldehyde/Fuchsin (Paraldehyde/Fuchsin, hence—

forth called PF) for the differential staining of the pancreas, and Gabe 

(1953) further modified it and adapted it for staining neurosecretory cells 

of insects. 	These two staining techniques greatly facilitated the study 

of neurosecretion. 	Employing one or the other or both of these differential 

staining methods together with one or more of the four general histological 

stains mentioned earlier, various workers have gone on to describe a variety 

of different types of neurosecretory cells in insects belonging to widely 

separated orders. 

Quite accidentally in 1954 Scharrer first used the symbols A and 

B to denote the two main types of neurosecretory cells in the suboesophageal 

ganglion of Leucopha,:a maderae. 	Scharrer, however, used only one stain, 

PF, the main purpose of her paper being to describe the unique "castration 

cells" hitherto found nowhere else in insects, and the criteria she gave for 

differentiating the A—type from the B—type cell were not quite complete. 

The credit for the first successful attempt to bring some order into the 

classification of neurosecretory cells, therefore, must go to Nayar (1955) 

who used CHP and PF as well as Heidenhain's Haematoxylin and Azan in his 

work on the brain of Iphita limbata, although he unfortunately failed to get 

satisfactory results with PF, a fact which may be due to the sample of basic 

Jr - 
fuchsin he used, as discussed on page2O-25of this work. 	Nayarls classific— 
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ation has since been accepted and followed by a number of workers. 	There 

have also been reports of other types of neurosecretory cells which do not 

fit into Nayar's classification, and different authors have seen fit to use 

various symbols of the alphabet or even Roman numerals to denote these 

additional cell types, while others have gone on describing cell types 

without attempting to classify them. 

Most reports on the occurrence and characteristics of neurosecret—

ory cells have come from workers who have confined their attention to the 

brain. 	With respect to centres other than the brain, relatively little is 

known, except for the suboesophageal ganglion which is often examined at 

the same time as the brain. 	The only reports which I know of on the occurr—

ence of neurosecretory cells in the ventral ganglia of insects are by 

(1) Scharrer (1941) in the suboesophageal ganglia of Leucophaea maderae, 

Blaberus craniifer and Periplaneta  americana; (2) Rehm (1955) in the sub—

oesophageal and thoracic ganglia of Ephestia kuhniella and Galleria mellonella; 

(3) Nayar (1955) in the suboesophageal ganglion of Iphita limbata; (4) 

Brandenburg (1956) in the suboesophageal ganglion of Andrena vaga; (5) 

Harker (1955, 1960) in the suboesophageal ganglion of P.americana; (6) Kbpf 

(1957a, b) in the ventral ganglia of adults, pupae and larvae of Drosophila  

funebris and D.hydei; (7) Johansson (1958) in the suboesophageal and 

compound ventral ganglion of Oncopeltus fasciatus; (8) Frazer (1959) in the 

first five abdominal ganglia of larvae of Lucilia Caesar; (9) Kirchner 

(1960) in the suboesophageal and compound ventral ganglia of Melolontha  

vulgaris; (10) Hiller (1960) in the suboesophageal, thoracic and first three 

abdominal ganglia of Periplaneta americana, and in the suboesophageal and 
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ventral ganglia of Chaoborus; (11) Kobayashi (1957), as mentioned on page 1; 

and (12) Panov (1962) in the abdominal ganglia of Orthoptera. 

A few workers on the suboesophageal and ventral ganglia have 

reported the absence of neurosecretory cells there, e.g. Ladduwahetty (1962) 

in the suboesophageal ganglion of Dermestes maculatus, and Frazer (1959) in 

the suboesophageal and thoracic ganglia of the larvae of L caesar. 

Besides those found in the protocerebrum and the ventral ganglia, 

neurosecretory cells have also been reported from the antennal lobes of 

Andrena vaga (Brandenburg 1956), the hypocerebral ganglion (phloxinophil 

B-type cells only) of Iphita limbata (Nayar 1955), the tritocerebrum of 

Carausius morosus (Dupont-Raabe 1954, 1957), the corpora cardiaca region of 

Weismann's ring of pupae of Drosophila funebris and D,hvdei (KBpf 1957b), 

and the frontal ganglion (ponceauphil; acid fuchsinophil according to 

Hanstrom 1940) of Thysanept,era (Petrobius maritima) (Cazal 1948). M.J.Way, 

however, (personal communication) failed to find neurosecretory cells with 

CHP in the ring-gland of the fully developed embryo of Leptohylemia 

coarctata Fall. 

The ingluvial ganglia seem to be the only major ganglia of the 

nervous system in which no neurosecretory cells have ever been reported. 

The general pattern of neurosecretory cells in the pars inter-

cerebralis takes the form of one median and two lateral cell groups, as 

seen for example in C.ervthrocephala (Thomsen 1954), S.gregaria (Highnam 

1961), and others. The median neurosecretory cell group is really composed 

of the cells of the two hemispheres as shown by the fact that their axons 

form two tracts which decussate and leave the brain by means of the paired 
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nervi corporis cardiaci internus (NCC I) that enter the corpora cardiaca. 

In Dermestes maculatus, which has two cells in each lateral group, the axon 

of one cell joins the axons of the medial group of its own side, and the 

axon of the other cell joins the axon from the single ventral cell of the 

ventral neurosecretory cell group to enter the nervi corporis cardiaci 

externus (NCC II) (Ladduwahetty 1962). 	In S.gregaria, the path taken by 

the axons of the lateral neurosecretory cell group cannot be traced 

(Highnam 1961). 	When the axons of the lateral group leave the brain 

separately from those 

corporis externus, as 

has also a third pair 

the brain is unknown. 

traced the NCC III to  

of the medial group, they are seen to enter the nervi 

of nerves, the NCC III, but their neuronal origin in 

morosus, Dupont—Raabe (1954-1957) has 

a group of neurosecretory cells in the tritocerebrum. 

in Periplaneta  americana (Willey 1961). 	This species 

In Carausius 

The neurosecretory system of the insect brain and its associated 

retrocerebral complex has been analogized with the hypothalamo-hypophyseal 

system of Chordates, and with the sinus gland/X-organ of the Crustacea 

(Hanstrom 1941, 1948). 	Among the striking points of similarity between 

these three systems, special emphasis has been placed on the fact that 

they are all closely associated with the vascular system. 	In insects, 

the corpora cardiaca surround the aorta and there is evidence that they 

discharge the secretions which accumulate in them directly into the blood 

stream, i.e. the corpora cardiaca act as neurohaemal organs (see e.g., 

van der Kloot, 1960). 	These observations were, however, made long before 

the discovery of neurosecretory cells which lie outside the brain, and are 

not in a special direct relationship with the blood system. 	The neuro- 
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secretory cells of the ventral ganglia do not possess an organ of storage 

and release comparable to the corpora cardiaca, and the mode of discharge 

of the secretory material is unknown. 

Neurosecretory systems have been studied by phase contrast micro- 

scopy (Nayar 1955 in I.limbata, Thomsen, E. 1954 in C.erythrocephala) 

by darkfield microscopy (Nayar 1955 in I.limbata, Thomsen & Thomsen 1954 

in C.erythrocephala) and by electron microscopy (Meyer and Pflugfelder on 

the corpora cardiaca of C.morosus, Scharrer 1962 on Leucophaea maderae  

and Heusen-Stienon 1962 on phasmids). 

Neurosecretory cells and 

Chordates and in many invertebrate 

in all groups from fishes upwards.  

systems have been reported in both 

phyla. 	In the Chordates, they occur 

Among invertebrates, the most primitive 

group of animals in which they have been reported are the Polyclad, 

Turbellaria and Sipunculids (Scharrer and Scharrer 1954). 	The Annelids 

have been the subject of intensive study in recent years (Herlant-Meewis 

2 
1962, Durchon 1962), and Hubl (19) has shown that the a-type cells of some 

Oligochaetes go through a cycle of secretory change correlated with age 

and reproduction, and the b-type cells with regenerative processes. Among 

the Mollusca, neurosecretory cells have been described in Opisthobranchs, 

Prosobranchs, Scaphopods and Cephalopods (Scharrer and Scharrer 1954), and 

recently Lane (1962) has described neurosecretory cells in the tentacles 
of 	the C  rustac ea 

of Pulmonates. 	The 443.144.44eaponeurosecretory system,(likek 	that of the 

Annelids, has been the subject of intensive study and 

/

a series of excellent 

papers has been published; reference may be made to Carlisle and Knowles 

(1959), and to Welsh (1961). 	In the Xiphosuran Limulus, the neurosecretory 
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cells, like those of the Polyclads, do not appear to discharge their 

secretions along axon routes, and there is evidence of the storage of 

secretory material in the cells themselves as well as in the surrounding 

connective tissue (Scharrer 1941b). 	Neurosecretory cells have also been 

described in the Chilopoda and Onychophora (Scharrer & Scharrer 1954), 

Hirudinea (Hagedorn 1962), Myriapoda (Prabhu 1962), Arachnida (Kiihne 1959) 

and Decapod Crustacea (Miyawaki 1960). 

2. Cyto— and Biochemical. 

Van der Kloot (1960), reviewing the work on neurosecretion up to 

April 1959, mentioned that very little is known of the histochemistry of 

neurosecretory material, and again in 1962, he emphasised the need for 

intensive work on the chemistry of the extracts and for testing them by 

direct physiological means. 	The workers who have investigated the histo—

chemical nature of neurosecretory material are (1) Arvy and Gabe (1953, 1962) 

on the brains of larvae, pupae, and adults of fifteen species 

belonging to nine orders (Ecdyonurus fluminum, Heptagenia flava, Siphlonurus  

lacustris, Aeschna cyanea., Perla maxima, Carausius morosus, Acheta domestica, 

Locusta migratoria, Notonecta glauca, Nauroris cimicoides, Leptinotarsa  

decemlineata, Tenebrio molitor, Galleria mellonella, Bombyx mori and 

Calliphora erythrocephala), (2) Nayar (1955) on Iphita limbata, (3) Rehm 

(1955) on growing last instar larvae of Galleria mellonella, Anagasta  

kuehniella and Pieris brassicae, (4) Sloper (1957) on Leucophaea maderae, 

(5) Kobayashi (1957) on Bombyx mori, (6) Frazer (1959) on the brain end 

abdominal ganglia of larvae of Lucilia caesar, and (7) Kirchner (1960), who 
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also used paper chromatographic methods, in Melolontha vulgaris. 

The cytoplasm of neurosecretory cells contains a high concentration 

of ribonucleic acid (Nayar 1955, Rehrn 1955, Kobayashi 1957), though the 

neurosecretory product lacks it (Arvy and Gabe 1962). 	Protein is also 

present (Nayar 1955; Rehm 1955; Kobayashi 1957; Frazer 1959; Sloper 1957; 

Arvy and Gabe 1962) together with carbohydrates (Nayar 1955; Rehm 1955; 

Frazer 1959; Arvy and Gabe 1962), certain enzymes (Nayar 1955; Rehm 1955), 

reducing agents (Kirchner 1960), lipoids (Rehm 1955; Kobayashi 1957; I.,rvy 

and Gabe 1962), vitamin C (Nayar 1955), protein-bound sulphydryl groups 

(Arvy and Gabe 1962), and phospholipines (Nayar 1955). 	Kirchner (1960) hes 

brought forward some evidence that the neurohormonal material may be an 

0-diphenol, and from further tests has suggested that it might be an 0-deoxy- __ 

phenol-ethylamine derivative. 	Frazer (1959) says that Gabels (1954) gener- 

alization to the effect that the neurosecretory products of insects have a 

carbohydrate component other than glycogen applies to the periodic acid/ 

Schiff-positive neurosecretory cells of the abdominal ganglia of larvae of 

Lucille, but not to the brain, whose neurosecretory cells are PAS-negative. 

Sloper (1957) has shown that in Leucophaea maderee, the neurosecretory 

material, like that of vertebrates, contains protein-bound cystine and 

cysteine, and Nayar (1955) has found that the neurosecretory cells of the 

brain of Iphita limbata contain a system of microscopic spheroidab particles 

rich in phospholipines. 	Sloper (1962) and Knowles (1962) (in Arvy and Gabe 

1962), suggest that histochemical techniques should be applied in conjunction 

with experimental investigations, e.g. by interrupting the nervous supply 

to the corpora allata and cardiaca, and studying the denervated organs 
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histochemically. 

Regarding the nature of the neurosecretory substance, there are 

two schools of thought: one group (e.g. Scharrer 1959) believes that the 

differential stains reveal only the carrier substance, probably a protein. 

Arvy and Gabe (1962), basing their arguments on the variability of the 

histochemical reactions of the neurosecretory material, support this view, 

and suggest that the material is not even chemically related to the hormones 

themselves, while Bern (1962) postulates that several kinds of carrier 

materials occur such as simple proteins, glycoprotein, lipoprotein and even 

glycolipoprotein. 	The other school (Gabe 1960, on vertebrate material) 

believes that the neurosecretory material is a parent protein which breaks 

down into active hormones of smaller molecular weight. 	Wherever the carrier 

protein is present, it seems reasonable to assume that the associated 

hormone is also present (Highnam 1961, among others), though van der Kloot 

(1960, 1962) and Bern (1962) prefer to distinguish clearly between the 

cytological and physiological evidence, and suggest that only those neuro-

secretory cells which have been shown experimentally to produce a hormone 

or hormones should be called neuroendocrine cells. 	Van der Kloot (1962) 

cites Kobayashi's (1957) findings on the silkworm in which the brain neuro-

secretory cells (30 cells) have been shown to produce a hormone which 

stimulates the prothoracic glands, while the suboesophageal ganglion neuro- 

secretory cells (80 cells) produce the diapause hormone. 	The 1100 or so 

thoracic and abdominal ganglia neurosecretory cells have not, however, been 

shown to produce a hormone, and therefore ought not to be called neuroendo- 

crine. 	Welsh (1959) includes under the term neurohormones (neuroendocrine 
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substances) two groups of substances: (1) neurohumors such as acetylcholine, 

noradrenaline end 5-Hydroxytryptamine, which in genaral travel over very 

short distances after their release and are enzymatically destroyed or, 

after acting on their target cells (other neurones or muscles or glands) are 

removed from the site of action in a brief period of time; and (2) neuro-

secretory substances such as oxytocin and vasopressin, crustacean moult-

inhibiting hormone, and arthropod chromatophorotropins, which are more stable 

than the neurohumors after release, and serve mostly as long-range, long- 

acting coordinating agents. 	Bern (1962) classified neurosecretory cells 

into three groups: (a) cells which are definitely neurosecretory, correspond-

ing to van der Kloot's (1962) neuroendocrine cells; (b) cells which are 

probably neurosecretory, and show cyclical histological changes of "secret-

ory activity" like gland cells; and (c) cells which are possibly neurosecret-

ory, with cytoplasmic inclusions in the form of droplets, vacuoles or gran- 

ules. 	Scharrer (1959) states that in lower organisms l5ke the annelids, 

neurosecretory cells make up a large proportion of the central nervous system, 

while in higher forms, like the vertebrates and arthropods, the neurosecret-

ory centres tend to become more restricted to certain parts of the central 

nervous system. 	She further states that hormones derived from neurosecret-

ory centres of invertebrates have not been chemically isolated, though some 

fairly highly purified extracts have been prepared, and these, from physico-

chemical evidence, seem to be polypeptide in nature. 

Far less is known of the biochemical nature of neurosecretory 

material, though reference may be made to Karlson (1956) on the chemistry 

1 
of insect hormones. 	The chemistry of the hormone and suboesophageal 
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ganglion 
	1 
from the brain of Bombyx mori has been studied by Hasegawa (1957) 

and by Kobayashi and Kirimura (1958). 	L'Helias (1957), by means of 

chromatography, microbiological tests, fluorescence microscopy, histo-

chemistry, and micro-electrophoresis, has indicated that ptErins (folic acid) 

control the metabolism of hormones, and have an accelerating effect on the 

metamorphosis of phasmids. 	Her hypothesis to the effect that the corpora 

allata and cardiaca act in opposition to one ancther, i.e. that a pro-

substance of pyrimido-pyrazinic structure from the brain enters the cardiaca 

and is changed into folic acid, or the allata where it is changed into an 

"antifolic" substance, has been severely criticised by Joly (1960) and 

Dupont-Raabe (1957) among others. 	They argue that L'Helias has proved 

nothing more than the existence of various pteridines in the insect brain. 

3. Experimental. 

While some workers have concerned themselves only with histological 

descriptions of neurosecretory systems, others have tried to correlate the 

changes occurring in them with various physiological states of the insects. 

Most of the information on the functional significance of the neurosecretory 

cells and systems has come from workers who have confined their studies to 

the brain, and reference may be made to the excellent reviews of the subject 

by Scharrer (1948), Bodenstein (1954), Scharrer and Scharrer (1954), Velsh 

(1955), Plugfelder (1952), Novac (1959), and van der Kloot (1960, 1962), as 

well as to the proceedings of three International Symposia on Neurosecretion 

(1953, 1957 and 1961). 

One distinctive feature of neurosecretion is the axonal transport 
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of secretory material to organs of storage and release. 	It has now been 

established that in all the insects studied, the neurosecretory material 

from the cells of the brain is conducted along axonal routes which leave 

the brain by the nervi corporis cardiaca and enter the corpora cardiaca. 

In some insects, e.g., Dermestes maculatus, the material does not appear to 

be stored in the corpora cardiaca, but passes along the nervi corporis 

allati to the corpora allata for storage and release (Ladduwahetty 1962). 

Only a few workers have reported the presence of secretory material in the 

corpora allata, among them Khan (1962) who has shown that careful timing 

is necessary to demonstrate the presence of material in these organs in 

embryonic stages of Periplaneta americana. 	The corpora cardiaca and allata 

are, of course, more than mere storage organs: they have been shown to 

produce hormones of their own. 

The hormones produced by the neurosecretory cells of the brain 

have been shown to be important in metamorphosis and growth, diapause, egg 

maturation and water metabolism (see reviews mentioned earlier on). 

Williams (1948) has shown that both the laterial and medial groups of 

neurosecretory cells are necessary to produce the hormone in pupae of 

Hyalophora, and that either two separate hormones are involved or two 

substances combine to form a single hormone. 	The neurosecretory cells 

from the tritocerebrum produce a hormone which influences diurnal colour 

changes in phasmids (Dupont—Raabe 1956, 1957). 	The neurosecretory cells 

found in the hypocerebral and frontal ganglia have not been investigated 

physiologically, although Clarke (1962) in Locusta migratoria has shown that 

removal of the frontal ganglion (which incidentally does not have any neuro— 
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secretory cells in this insect) prevents the development of the yellow 

colour in males and the ovaries in females, and also the gain in weight of 

both sexes. 

With respect to the neurosecretory cells of the ventral ganglia, 

except for Frazer's (1959) isolated work on the abdominal ganglia of larvae 

of Lucilis caesar, and work on the suboesophageal ganglion of Periplaneta, 

Bombix and some phasmids, nothing is known so far of their function. 

Frazer failed to find neurosecretory cells in the suboesophageal and 

thoracic ganglia, but showed that the first five abdominal ganglia contain 

neurosecretory cells which exhibit cycles of secretory activity during 

diapause. 	This finding however, does not satisfy van der Kloot's (1962) 

criterion of neuroendocrine phenomena. 	Van der Kloot in fact does not 

recognize any neurosecretory cells apart from those of the brain and sub— 

oesophageal ganglion as neuroendocrine. 	The neurosecretory cells of the 

suboesophageal ganglion have been studied by only three workers: (1) in 

Bombyx mori Fukuda (1951, 1952, 1953) has shown that under the influence of 

the brain, the suboesophageal ganglion produces a hormone which controls 

voltinism; (2) in Periplaneta americana Harker (1956, 1958, 1960) has 

established that the neurosecretory system of the suboesophageal ganglion 

controls a 24—hour rhythm of activity; (3) in phasmids, Possompbs (1957) 

has demonstrated that the suboesophageal ganglion influences colour change 

indirectly. 	The ganglion produces small amounts of an active principle 

elaborated by the neurosecretory cells of the brain, but the humoral activity 

of the brain appears to depend on an uninterrupted nervous connection between 

brain and suboesophageal ganglion. 
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The importance of the brain neurosecretory cells in maturation of 

the ovary has been established in a number of insects; the findings of 

Thomsen and Viler (1959) that the median neurosecretory cells in Calliphora  

erythrocephala control protein metabolism,have been extended by Highnam 

(1962), who has produced evidence that the neurosecretory system of the 

brain of Schistocerca gregaria controls the protein metabolism of the body 

and thus, indirectly, oocyte development. 

In the pages that follow, some attempt has been made to elucidate 

the probable neuroendocrine nature of the neurosecretory cells in the 

ventral ganglia of S.gregaria. 
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II. TECHNIQUES. 

(a) Rearing Techniques. 

The locusts were hatched from eggs cbtained from the stock 

maintained at the Anti—Locust Research Centre, London. 	They were reared 

at a temperature of 30 — 35°C. and a relative humidity of 60% — 95% in 

cages measuring approximately 2' x 2' x 2'. 	The cages were built into 

the wall of the culture room, were provided with a glass front, and 

illuminated by two 75—watt tungsten filament lamps for 16 hours per day. 

The insects, about 100 to 150 per cage, were fed on fresh grass and water, 

with a supplementary diet of a mixture of 2 parts by weight each of bran, 

grass meal and dried milk, and one part by weight of dried brewers yeast 

(Howden and Hunter—Jones, 1950). 

(b) Histological Techniques. 

In order to prepare tissues for histological examination, the 

ganglia were fixed in situ under vacuum, and were dissected only after 

washing out the fixative in water or alcthol. 	In order to identify the 

parts of the ganglia and orientate them properly in the wax block, the 

nerves were cut across as shown in the accompanying diagram. 
a nterior 

The following fixatives were tested:- 

1. Bouin. 	 dorsa l  

2. Alcoholic Bouin (Duboscq—Brasil). 	in 
3. Bouin with acetic acid replaced 

by trichlorocetic acid, as recommended by Halmi (1952). 
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4. Helly. 

5. Heidenhain's Susa: 9 parts Susa to 1 part saturated aqueous 

solution of picric acid as recommended by Halmi (1952). 

6. Carnoy. 

The best results were obtained with Susa/Picric and this was the 

main fixative employed. 	With this fixative there was a minimum of 

shrinkage, the fixation was very good and the sections stained brilliantly. 

At first, Bouin was also found to be satisfactory and was used extensively 

in this study to facilitate comparison with the results of previous authors; 

no appreciable difference was found between the three types. 	Carnoy 

caused excessive shrinkage. 	Holly gave very poor results and appears not 

to be a suitable fixative for the nervous system of Schistocerca, despite 

the success which Geldiay (1959) and Scharrer (1954) had with it when 

studying the nervous system of Blaberus craniifer and Leucophaea maderae  

respectively. 

Paraffin wax of melting point 58°C. was used for embedding. 

Three hours (two changes of 11 hours each) were sufficient for penetration 

of the wax. 	Petorfi's (1921) method of celloidin impregnation did not 

offer any advantage over simple paraffin embedding. 

The ganglia were cut transversely, sagitally and frontally at 

6 p for routine histological examination, and at 4 p and 2 F  for phase 

contrast microscopy, Mayer's albumen was used to fix the sections to slides. 

The following general histological and differential stains were 

used: 

1. Gomori's (1941) Chrome—haematoxylin/Phloxine, henceforth referred 
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to as CHP. 

2. Gomori's (1950) Aldehyde-Fuchsin (Paraldehyde Fuchsin) as modified 

by Ha]mi (1952) and Gabe (1953), henceforth referred to as PF. 

3. Heidenhain's Azan, henceforth referred to as Azan. 

4. Heidenhain's Iron Haematoxylin, counterstained with 	Eosin or 

Orange G in 90% alcohol. 

5. Mallory's Triple stain. 

6. Masson's Trichrame stain. 

Azan proved a useful differential stain for the neurosecretory 

cells of the ventral ganglia of Schistocerca, though it fails to different-

iate similar cell types in the brain. Each stain was tested with each of 

the five fixatives listed above. The best results were obtained with Susa/ 

Picric and PF. 

An important point not fully appreciated at first, is that the 

commercially available samples of basic fuchsin and haematoxylin vary 

considerably in their capacity to stain neurosecretory cells differentially. 

This fact probably accounts for some of the anomalous results cited in the 

literature (e.g. npf (1957) failed to stain neurosecretory cells in larvae 

and pupae of Drosophila with CHP, while B.Johnson and M.J.Way (personal 

communications) failed to get the stain to work in Aphids and Leptohvlemvia 

respectively). Several samples were tested in the course of the work, with 

results indicated in Table I. 
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Table I, Commercially available samples  of stains tested, 

Sample 	Source 	Remarks 

Basic Fuchsin 	1. G.T.Gurr Batch No.13249. PF satisfactory. 

2. E.Gurr. 	PF not satisfactory. 

3. Hopkin and Williams. 	PF not satisfactory. 

4, Hopkin and Williams, 
	PF satisfactory. 

for Gomori and Feulgen 
Techniques. 

5, Flatters and Garnett. 	PF not satisfactory. 

Haematoxylin 1. B.D.H. Batch No.191330. 	CHP satisfactory. 

2. B.D,H. pH Indicator. 

3. May and Baker. 

4, Hopkin and Williams. 

5. Flatters and Garnett. 	CHP not satisfactory. 

6. E.Gurr (Light). 

7. E.Gurr (Dark), 

8. G.T.Gurr. 

It seemed worthwhile, after this preliminary examination of various 

samples of Basic Fuchsin and Haematoxylin, to investigate more fully the 

techniques used for differential staining of neurosecretory cells. The 

attention given to the subject seems justified firstly by the fact that the 

various types of neurosecretory cells are sometimes distinguished by 

relatively subtle staining reactions, and secondly by the two new staining 
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methods which have been developed. The investigations of technique were 

made on neurosecretory cells of the pars intercerebralis of Schistocerca as 

well as those of the ventral nerve cord. 

A. Paraldehyde-Fuchsin Technique. 

Though the PF technique is widely employed for demonstrating 

neurosecretory material, few critical examinations of the method seem to 

have been made. The following notes give a method, modified after Gomori 

(1950) and Halmi (1952), which was used for most of the present study and 

which may assist other workers on this subject, 

Solutions required: 

1. 5% aqueous solution of Sodium Thiosulphate. 

2. 5% aqueous solution of Sodium Bisulphite. 

3. Lugol's Iodine. This is prepared by dissolving 6 g. Potassium Iodide 

in a small quantity of distilled water, dissolving 4 g. Iodine in this 

iodide solution, and making the volume up to 100 ml. with distilled 

water. The solution keeps indefinitely when stored in a dark 

stoppered bottle away from light. 

4. Acidified Potassium Permanganate. 0.3% aqueous solutions of 

Potassium Permanganate and Sulphuric acid are prepared separately. 

Just before use, equal volumes of the two reagents are thoroughly 

mixed, The solutions keep indefinitely when stored separately. 

During staining, the mixture is discarded when a precipitate begins 

to form; in practice, it has been found that a Coplin jar is suffic-

ient for staining 20 slides (3 x 1 inches). 
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5. Acid alcohol. 	0.1 ml. conc. Hydrochloric acid in 100 ml. of 70% 

alcohol. 

6. Ehrlich's haematoxylin, rilepared according to the formula given by 

Baker and Jordan (1959). 

7. Paraldehyde-Fuchsin, prepared by dissolving 0.3 g. of a suitable sample 

of basic fuchsin in 60 ml. of 70% alcohol, and then adding 0.6 ml. 

paraldehyde followed by 0.9 ml. concentrated Hydrochloric acid. The 

solution is ripe after 72 hours storage at room temperature. 

8. Light Green/Orange G/Chromotrope Counterstain. The original formula 

was not satisfactory. This was modified by varying the amounts of 

the different constituents, as shown in Table 

Table II. Variations in composition of Light Green-Chromotrope Counterstain, 

Chemical 
A 

Formulae 

Light Green 0.2 g, 0.2 g. 0.2 g, 0.2 g. 0.25 g. 0.3 g. 0.4 g. 
SF Yellowish 

Orange G 1.0 g. 0.5 g. 0.1 g. 0.1 g. 0.1 g. 1.0 g. 1.0 g. 

Chromotrope 0,5 d, 0,5 g. 0.5 g. 0.1 g. 0,1 g. 0.5 g. 0,5 g. 
2R 

Phosphotung- 
stic acid 

0.5 g. 0,5 g. 0,5 g. 0.5 g. 0.5 g. 0.5 g. 0.5 g. 

Glacial 1.0 ml. 1.0 ml, 1.0 ml. 1.0 ml. 1.0 ml. 1.0 ml. 1.0 ml. 
Acetic acid 

Distilled 100 ml. 100 ml. 100 ml. 100 ml. 100 ml. 100 ml. 100 ml. 
Water 
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Formula E gave the most satisfactory results. Formula A is the 

original formula of Gomori (1941) and Halmi (1952). With this formula, 

the Light Green is masked by the Orange G and Chromotrope 2 R. With 

Formula 13 the Light Green is still masked by the Orange G, while Formulae 

C and D, having the Orange G reduced ten times, give a green counterstain 

though on the faint side. Formulae F and G are too green. The counter-

stain is prepared by dissolving the phosphotungstic acid in water, adding 

the Chramotrope and stirring until dissolved. To this mixture the acetic 

acid, Orange G and Light Green are added one by one in the order given, the 

mixture being stirred all the time. The stain is said to keep indefinitely 

in a stoppered bottle, and to improve with age. 

Staining Procedure for PF► 

1. The sections are dewaxed in xylene, hydrated and immersed in Lugol's 

Iodine for 10 minutes or more to remove mercuric precipitates from Susa-

fixed material. The sections turn brown. 

2. The sections are decolourized by immersing for 2 seconds in Sodium 

Thiosulphate solution, and the slides washed briefly (five seconds) in 

distilled water and immersed in acidified permanganate for one minute. The 

sections turn a reddish brown. 

3. The sections are decolourized by immersing for 2 seconds in sodium 

bisulphite solution, and the slides washed briefly (five seconds) in 

distilled water. 

4. The sections are stained in paraldehyde-fuchsin for 1 to 2 minutes. 

They turn a bright purple. 
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5. The excess stain is drained from the slides, and the slides washed in 

95% alcohol, rinsed in a second change of 95% alcohol, and then in a third 

change of 95% alcohol. If necessary the slides may be left in the alcohol 

for an hour or two and the staining continued later. 

6. The slides are dipped in 70% alcohol, the sections differentiated for 

2 seconds in acid alcohol, and the differentiation stopped by immersing the 

slides in 70% alcohol. The fuchsinophil cells should now stand out against a 

mauve or pink background. 

7. The slides are washed in distilled water, immersed for 2 seconds in 

Erhlich's haematoxylin, washed in distilled water again, and the sections 

blued in running tap water. 

8. The sections are stained for 45 seconds in the Light Green counterstain, 

passed directly to 95% alcohol to remove the excess stain (2 seconds), then 

into absolute alcohol, a second change of absolute alcohol, and finally 

cleared in xylcne and mounted in Canada Balsam. 

Remarks on the PF technique. 

1. Lugol's iodino is used as an oxidizing agent as well as to remove 

mercuric precipitates. 	It is not necessary for Bouin-fixed material. 

2. Oxidation in acid permanganate is an essential step, for unoxidised 

material does not take up the stain. Halmi (1952) does not use acidified 

permanganate. Gomori (1941) uses it in his CHP technique, and Highnam 

(1961) and Frazer (1959) among others also use it in the PF technique. 

3. According to the technique of Halmi: (a) the staining in paraldehyde 

fuchsin is stopped as soon as the A-cells stand out deep purple against a 
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pink or mauve background, and if the section is overstained it cannot be 

differentiated in acid alcohol; (b) the sections are overstained in 

Erhlich's haematoxylin and then differentiated in acid alcohol (the strength 

of which is not stated, but presumably this is anything from 1% concentrated 

hydrochloric acid in 70% alcohol). 	In the method adopted here: (a) the 

sections are overstained in paraldehyde-fuchsin and then differentiated in 

weak acid alcohol; (b) Erhlich's haematoxylin is used progressively to 

obviate the use of acid alcohol because the 0.1% acid alcohol used for 

differentiating the paraldehyde-fuchsin is too weak to differentiate the 

haematoxylin, while the 1% acid alcohol necessary for differentiating 

sections overstained in haemLtoxylin is too strong and washes out the 

paraldehyde-fuchsin completely. 

4. The light green counterstain washes out very quickly in water. After 

counterstaining, the slides are passed rapidly through 95% to absolute 

alcohol; differentiation in acetic alcohol (0.2% glacial acetic acid in 

95% alcohol), as recommended by Gomori, has not been found necessary. 

5. Paraldehyde-fuchsin is said to lose its selectivity after the third 

day. This does not appear to be the case, for samples of stains prepared 

and kept for varying periods still retained their selectivity, and stained 

neurosecrotory cells even after more than 3 months. Gabes (1953) 

modification of preparing a stock solution of paraldehyde-fuchsin in aqueous 

solution is said to retain its melectivity for up to a year; this has been 

found to be so; in fact the stain was still satisfactory after more than 

20 months. 
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B. Chrome Haematoxvlin-Phloxine Technique. 

Reference to Table I shows that only a single sample of haematox-

ylin (BDH Batch No.191330) gave satisfactory results when the method of 

Gomori (1941) was followed. This finding was further investigated with 

the 8 available samples of haematoxylin and with three samples of haematein 

(selected because it is the oxidation product of haematoxylin formed on 

ripening of the stain). The main points investigated were the effects of 

pretreatment with Lugol's Iodine and acidified permanganate, post-chroming 

and the use of boiled or unboiled distilled water. The principal results 

are summarised in Table III and the conclusions drawn are as follows: 

(i) The use of freshly-boiled, cooled distilled water in making up CHP 

results in more satisfactory staining, 7 out of the 11 samples yielding 

positive results under these conditions. It is not easy to believe that 

the change in pH and in oxygen content which occurs on boiling could affect 

the properties of the final staining mixture seriously, but the fact remains 

that samples made up with boiled water were consistently superior to the 

others. 

(ii) Pretreatment with acidified permanganate is essential for good 

results. This method of oxidation cannot be replaced by the use of Lugol's 

iodine and if the latter is employed after mercuric fixatives it is still 

necessary to use acidified permanganate. 

(iii) The variability of haematoxylin is not overcome by replacing it 

with haematein, since one - the BDH sample - proved unsatisfactory. 	It 

is worth noting that this sample was the only one which did not produce a 
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Table III, Samples of haematoxylin tested for staining of neurosecretory 

cells. 

Source of Sample 

Haanatoxylin 

Distilled water used for preparing Chr,Haem. 

Boiled 	Not boiled 

A 	B 	A-B 	C 	A 	B 	A-B 	C 

- 	++++ 	++++ 	- 	- 	+++ 	+++ 	- 1, B.D.H. Batch No. 
191330 

2. B.D.H. pH Indicator - 	++ ++ 	- 	- 	- 	- 	- 

3, May and Baker - 	+++ +++ 	- 	- 	- 	- 	- 

4, Hopkin & Williams 

5. Flatters & Garnett - 	- - 	- 	- 	- 	- 	- 

6. Edward Gurr (Light) 

7. Edward Gurr (Dark) - 	+ + 	- 	- 	- 	- 	- 

8, G.T.Gurr - 	++ ++ 	- 	- 	- 	- 	- 

Haematein 

1. B.D.H. * - 	+ + 	- 	- 	- 	- 	- 

2. Edward Gurr - 	+++ +++ 

3, G.T,Gurr - 	++ ++ 	- 	,, 	 — 	 — 	 els 

Chr.Haem. 	Chrome-haematoxylin. 

A 	Lugolls Iodine. 

A-B 	Lugol's Iodine followed by Acidified Permanganate. 

B 	- Acidified Permanganate. 

C 	- Post-Chrome. 

- denotes no staining; + to ++++ denote increasingly dense staining of 
neurosecretory cells. 

- 	Ripened only after one week. 
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metallic film (the normal indication of ripening of chrome-haematoxylin) 

within 48 hours, and that a film began to form only after standing for about 

a week. When a satisfactory sample of haematein is available, a staining 

mixture prepared from it can be used within 24 hours, instead of the normal 

ripening period of 48 hours or so. 

(iv) Chrome alum tends to deteriorate with age into a whitish powder. 

Stains prepared from this were unsatisfactory and it is therefore important 

to use only the amethyst-coloured crystals. 

(v) Gomori (1941) recommended trefixing' in Bouin for 24 hours after 

dewaxing the sections. No explanation was given for this process and I 

find it quite unnecessary when staining neurosecretory cells (Gomori, of 

course, was using CHP for mammalian tissue). 

Bearing in mind the above points, the chrome haematoxylin stain 

is made up in the normal way: equal volumes of 1% aqueous haematoxylin and 

3% aqueous chrome alum are mixed. To each 100 ml. of the mixture, add 

2 ml. each of 5% aqueous Potassium dichromate and N/2 sulphuric acid. The 

stain is stored at room temperature for 48 hours when a metallic film forms 

on the surface; it is then ready for use. 

Staining Technique for CHP. 

The technique is varied a little from that of Gomori (1941). 

1. The sections of Bouin-fixed material, after dewaxing and hydration, 

are oxidised for 1 minute in acidified permanganate, decolourized in 5% 

sodium bisulphite, rinsed in distilled water, and stained in chrome-haematox- 

ylin for 5 minutes, when the A-type neurosecretory cells stain blue-black. 



29. 

2. The sections are washed in distilled water, differentiated in 51 

hydrochloric acid for 2 to 5 minutes, washed in distilled water again and 

then blued in running tap water. 

3. The sections are stained for 1 minute in a 5% aqueous solution of 

ue 
phloxine and, without washing, are mordanted in a freshly prepared acielous 

solution of phosphotungstic acid for 5 minutes, when the pink colour is 

lost. 	The slides are then washed in running tap water till the pink colour 

reappears, passed directly into 70% alcohol (in which differentiation is 

carried out), dehydrated by passing rapidly to 95% and absolute alcohol as 

soon as the excess stain has been washed out in the differentiating medium, 

cleared in xylene, and mounted in Canada Balsam. 



(1) Pararosanilin (Magenta 0) 	(1) Triamino-triphenyl-methane 
chloride. 

Syn.: Basic rubin; Parafuchsin; 
Paramagenta; Fuchsin Basic; 
Pararosaniline Chloride. 

—N H2  (co  

(2) Rosanilin (Magenta I) 	(2) Triamino-tolyl-diphenyl-
methane chloride. 

Syn.: Monomethyl Fuchsin; Basic 
Magenta; Rosaniline Chloride. 

H N 

H
2 

(3) Magenta II 

(R) 
(3) Triamino-ditolyl-phenyl-

methane chloride. 

Syn.: Dimethyl Fuchsin. 

(4) 	Magenta III 
	

C H3  

C H3 

H2  c_ 
C I.) 
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C. Pararosanilin Chloride as a Neurosecretory Stain. 

Basic fuchsin is the commercial term for a mixture of triamino-

triphenylmethane derivatives called rosanilins (Conn, 1961; E.Gurr, 1960). 

Four primary compounds are theoretically possible, depending on the number 

of substituent methyl groups:- 

Chemical Name and Synonyms. 

(4) Triamino-tritolyl-methane 
chloride. 

Syn.: Trimethyl Fuchsin; New 
Fuchsin; New Magenta. 
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Pararosanilin, as supplied by the manufacturers, is available 

either as the chloride or the acetate. 	Both salts, as well as the three 

methyl—substituted compounds (2-4 above) were tested as to their staining 

ability according to the PF technique. 	Only Pararosaniline chloride gave 

positive results. 

It was also found that whereas the satisfactory samples of basic 

fuchsin (G.T.Gurr and Hopkin and Williams) stain neurosecretory cells only 

after permanganate oxidation, no oxidation is necessary when pararosaniline 

chloride is used. 	This new finding has led the writer to evolve the 

following short method of staining which may replace the lengthy PF method. 

The latter was, however, used for most of the material investigated in the 

present thesis as the pararosanilin technique was only developed at a 

relatively late date. 

Paraldehyde—Pararosanilin Chloride Technique: 

Fixative: 	Bouin, Duboscq—Brasil, Carnoy. 	Fixatives containing 

sublimate should not be used. 

Stains: 

Solution A. 	Dissolve 0.3 g. pararosaniline chloride in 60 ml. of 95% 

alcohol, add 0.6 ml. paraldehyde followed by 0.9 ml. 

concentrated hydrochloric acid. 	Allow the solution to 

ripen for 72 hours. 	The stain can be used for months. 

Solution B. 	Dissolve 0.5 g. phosphotungstic acid in 25 ml. boiled 

distilled water, add 1 ml. glacial acetic acid, then 

0.2 g. Chromotrope 2R, 0.2 g. Orange G and 0.25 g. Light 
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Green SF Yellowish or Light Fast Green. 	Add 75 ml. 

absolute alcohol. 	The stain can be used immediately on 

preparation and keeps indefinitely in a dark stoppered 

bottle. 

Staining Method: Dewax sections in xylene, rinse slides in absolute alcohol, 

and stain for 1 to 1 minute in Solution A. 	Rinse in 95% 

alcohol, counterstain in Solution B for is minute, rinse 

in absolute alcohol, clear in xylene and mount in Canada 

Balsam. 

Results: 	A—cells purple, B—cells green, nuclei orange, nucleolus 

red, neurilemma purple. 

The commercially available samples of Basic Fuchsin are said to 

contain varying proportions of the four primary rosanilins, and their ability 

or otherwise to stain neurosecretery material, as the present investigations 

show, would seem to depend on whether they contain the active constituent, 

Pararosaniline chloride. 	It is reasonable to assume that this is the 

substance which gave positive results with the two successful samples of 

basic fuchsin (Table I, page 20); this assumption is further supported by the 

fact that loth these samples resembled Pararosaniline chloride in forming a 

deep purple film round the walls of the glass jar, whereas with all the 

other samples, no such film was produced and the jar washed cica,i by super—

ficial rinsing in water. 
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D. Alcian Blue-Phloxine as a Selective Stain for NSS. 

Before the discovery of PF, CHP had been the neurosecretory stain 

of choice. 	At best, however, CHP-stained sections tend to resemble 

ordinary haematoxylin-stained sections, the neurosecretory cells do not 

always stand out prominently, and the chief use of CHP now is to determine 

the presence or absence of phloxinophil neurosecretory cells. 

The possibility of introducing another selective stain for 

neurosecretory cells occurred during the present work, when preliminary 

histochemical tests with Alcian Blue suggested that it might be used as a 

histological stain for these cells. 	The following method was ultimately 

found to give very satisfactory results:- 

1. After dewaxing and hydration, the sections are oxidized for 5 seconds 

in acidified permanganate, decolourized in bisulphite, washed in distilled 

water, and stained in 0.2% Alcian Blue in 3% acetic acid solution for 

5 minutes. 	All the A-type neurosecretory cells stain a bluish-green due 

to the Alcian Blue. 	This blue material is unstable, and has to be convert-

ed into the insoluble blue pigment Monastral Fast Blue by immersing for at 

least 30 minutes in alkaline alcohol (0.5% Boric Acid in 80!, alcohol). 

2. The sections are then rinsed in distilled water, counter-stained for 

2 minutes in 5% aqueous solution of phloxine, passed directly into 70% 

alcohol to remove excess stain, dehydrated rapidly by passing through 95% 

and absolute alcohol, cleared in xylene and mounted in Canada Balsam. 

Alternatively, after counterstaining in phloxine, the sections may 

first be immersed for 1 minute in freshly prepared 5% aqueous phosphotungstic 
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acid, rinsed in tap water, and then differentiated in 70% alcohol, dehydrat-

ed, cleared and mounted. 

Results. 	A-type neurosecretory cells and secretions in the corpora cardiaca 

deep blue, B-type (phloxinophil) cells pink, nuclei red, neurilemma blue. 

Since obtaining these results, I have found that Arvy and Gabe 

(1962) report a strong positive reaction to Alcian blue preceded by 

permanganate oxidation in the neurosecretory cells of many species of 

insects. 	The well-known fact that Alcian Blue is used as a histochemical 

reagent for acid mucopolysaccharides might lead one to think that they play 

some role in the staining reaction, though the above method - involving 

preliminary oxidation with acidified permanganate - differs from the Alcian 

Blue techniques as normally used in histochemistry (Steedman, 1950; Pearse, 

1960; Casselman, 1959). 	Alcian blue without preliminary oxidation by 

permanganate gives no reaction, as Arvy and Gabe (1962) also found. Sloper 

(1957, 1962) also reports that Alcian blue preceded by another oxidant 

(performic acid) gives a positive result in Leucophaea and ascribes it to 

the presence of disulphide groups in proteins, though he also claims the 

presence of large amounts of what were perhaps acid mucopolysaccharides in 

unoxidized control sections. 	It is said, however, that Alcian blue samples 

are subject to considerable variation chemically (Conn, 1961) and at the 

present juncture it is perhaps unwise to speculate further on the rationale 

of the Alcian Blue technique for differential staining of neurosecretory 

cells. 

The paraldehyde-pararosanilin technique and the Alcian Blue 
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technique, by extending the range of differential stains available for 

neurosecretory cells, could perhaps play a useful rne in the characteris—

ation and classification of the various cell types found in the ventral 

nerve cord of Schistocerca, but they have not been fully exploited in the 

present study. 	This is partly because they were not developed until 

other aspects of the work were well advanced and partly because of the 

importance of carefully standardized staining procedures in the comparative 

histological work. 	The older methods only were used at first and it 

therefore seemed desirable to continue their use in material studied 

later, though they were supplemented where possible by the pararosanilin 

and Alcian Blue methods. 
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III. ANATOMY OF NERVOUS SYSTEM. 

(Figs. 1 - 6 at end of this section). 

(a) General. 

The morphology of the nervous system of Schistocerca gregaria  

0 
Forskal has not previously been described, and the opportunity is taken here 

to indicate its salient features insofar as they are relevant to this work. 

For more extensive and descriptive accounts of the Acridid nervous 

system, reference may be made to Snodgrass (1935) on Dissosteira carolina, 

and to Albrecht (1953 and 1956) on Locusta migratoria and Nomadacris spetem- 

fasciata. 	Lengthy descriptions, therefore, are not given here, the 

diagrams provided being self-explanatory, and only those aspects of the 

morphology which differ from the accounts of Snodgrass and Albrecht, and 

which have net received adequate treatment, are gone into in some detail. 

(i) The paired dorsotegumentary nerves arising from the posterior end 

of the tritocerebrum travel upward and branch dichotomously to end in 

aerodynamic sense organs (Weis-Fogh 1950) on the head (Figs. 2 and 5). 

(ii) The paired postoesophageal commissures of Locusta and Nomadacris  

are represented in Schistocerca, as in Dissosteira, by a single commissure 

which Snodgrass calls the suboesophageal commissure (Figs. 2 and 5). 

(iii) Perhaps the greatest difference lies in the stomatogastric nervous 

system (Figs. 5 and 6). 	In Schistocerca, this system consists of a single 

median frontal ganglion lying in front of the brain and connected by a 

pair of nerves to the tritocerebrum, and by a recurrent nerve to the 
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hypocerebral ganglion lying immediately behind the brain dorsal to the 

oesophagus. 	The hind end of the hypocerebral ganglion gives off two nerves, 

one on each side, each of which branches almost immediately into two. 	The 

ventral branch ends in the walls of the crop in the thorax; the dorsal 

branch is joined by a short branch from the median ventral lobe of the 

corpora cardiaca, runs backward along the sides of the crop and ends in the 

ingluvial ganglion just in front of the enteric caeca. 	The ingluvial 

ganglion gives off two main nerves which branch and end in the muscles of 

the crop. 	The corpora cardiaca are made up of a single median ventral 

lobe and paired lobes on the dorsal side. 	Each of these dorsal lobes is 

joined to the protocerebrum by a pair of nerves (Nervi corporis cardiaca 

internus and externus, NCC I and II) and to the corpus allatum of its own 

side by a long and slender nerve. 	The corpus allatum lies on the ventro— 

lateral side of the oesophagus, and is in turn joined by a very slender 

nerve with the suboesophageal ganglion. 	This nerve has been described in 

Periplaneta americana (Willey 1961) and in Locusta migratoria (Staal, 1961). 

In Locusta and Nomadacris, the corpora cardiaca are shown as two 

separate lobes without the median ventral lobe, while in Dissosteira, the 

corpora cardiaca and hypocerebral ganglion are represented by a single organ, 

the occipital ganglion. 	In neither of these species has the allato— 

suboesophageal nerve been described, but this may he because it is very 

delicate and therefore easily overlooked in dissection. 	Finally, in 

Dissosteira the NCC I and II are represented by a single nerve. 

The main nerves arising from the ventral ganglia have been traced 

in some detail, and they seem generally to conform to the plan found in 
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Nomadacris, Locusta and Dissosteira (Figs. 1, 3 and 4). 	However, the 

ventral sympathetic nerve cord described for Nomadacris and Locusta does 

not exist in Schistocerca but is represented by a series of nerves which 

run back a short way and then divide to supply the muscles of the ventral 

diaphragm and thoracic spiracles (Fig.3). 	Of the nerves arising from 	the 

suboesophageal ganglion, the salivary nerve travels backwards into the 

neck and through the thorax into the abdomen, parallel to the main salivary 

duct, and then divides into numerous small branches to supply the salivary 

glands; the three cervical nerves in Locusta and Nomadacris (nerves nl, n2, 

and n3) are represented in Schistocerca by only two (nerves nl  and n3). 

The nerve n3 travels outwards and backwards into the neck and thorax where 

it joins the nervelni  of the first thoracic ganglion to form a compound 

nerve which supplies the epidermis of the dorsal side of the neck, and in 

view of its position in the neck, probably the prothoracic glands in the 

nymphal stages; this nerve, na, probably represents nerves n2  and n3  of 

Locusta and Nomadacris. 

On anatomical grounds it appears that the third thoracic ganglion 

is formed by the fusion of the metathoracic and first three abdominal ganglia, 

and the apparent fifth abdominal ganglion by the fusion of the ganglia of 

the last four abdominal segments. 	The first apparent abdominal ganglion 

is therefore really that of the fourth abdominal segment, the second of 

the fifth, the third of the sixth, the fourth of the seventh, and the fifth 

of the fused eighth, ninth, tenth and eleventh. 	For convenience, the 

thoracic ganglia will be referred to as the first, second and third thoracic 

ganglia, and the abdominal ganglia as the first to fifth abdominal ganglia. 
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(b) Structure of the Ganglia (see Fig.10). 

The ganglia, as indeed the entire nervous system, are invested 

in a thick, laminated neurilemma, investigated more fully in Locusta  

migratoria by Ashurst (1959). 	In Schistocerca, the neurilemma seems to 

be divided into three differently staining regions. 	Vith PF the outer 

layer stains dark purple, the middle layer green, and the inner layer a 

faint purple or mauve; with CHP the corresponding layers stain dark blue, 

blue—grey and light blue. 	nth Azan, Mallory and Alcian Blue, the entire 

neurilemma stains a brilliant blue. 

The body of the ganglion is divided as usual into two regions, 

the large medulla or neuropile, and a thinner outer cortex containing the 

neurones. 	The cortex is generally thicker on the ventral than on the 

dorsal side. 	Intermingled with the neurones and with the nerve fibres of 

the cortex are numerous supporting or glial cells. 	A few glial cells are 

also found in the neuropile. 	The nerve fibres running peripherally round 

the medulla stain deep purple (PF) or dark blue (CHP), or brilliant blue 

(Alcian Blue). 
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FIG.1. DORSAL VIEW OF THE ENTIRE NERVOUS SYSTEM OF AN ADULT MALE LOCUST, 

SHOWING THE POSITION OF THE aiNGLIR ,LND THE DISTRIBUTION OF THE 

MAIN NERVES. 

Labels on the Left Side, 

tg 1-11 	nerves to the eleven abdominal terga. 

tymp 	tympanal nerve. 

epp 	epiproct (segment 11). 

crc 	cercus. 

pp 	paraproct, 

sgpl 	subgential plate. 

Labels on the Ripht Side. 

br 

SOO 

I, II, 
& III 

st 1-9 

brain. 

suboesophageal ganglion. 

1st., 2nd. and 3rd. 
thoracic ganglia. 

nerves to the first nine abdominal sterna. 

st 11 	nerve to the eleventh abdominal sternum. 
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FIG.2. THE BRAIN AND SUBOESOPHAGEAL GANGLION. 	THE BRAIN IS SEEN IN  

FRONTAL VIET AND THE SUBOESOPHAGEAL GANGLION IN VENTRAL VIE:. 

dteg n 
	

dorsotegumentary nerve to the aerodynamic sense 
organs on the head. 

op lb 	optic lobe. 

p,d,t 	proto-, deuto- and tritocerebrum. 

rec n 	recurrent nerve. 

fr gng 	frontal ganglion. 

lbr n 	labral nerve. 

mx n 	maxillary nerve. 

lbm n 	labial nerve. 

m 	nerve to salivary glands. 

vconn 	ventral connective. 

med oc 	median ocellus. 

lat oc 	lateral ocellus. 

ant n 	antennary nerve. 

cir oe conn 	circum-oesophageal connective. 

soe comm 	suboesophageal commissure. 

and n 	mandibular nerve. 

soe gng 	suboesophageal ganglion. 

n 1 	1st cervical nerve. 

n 3 	3rd cervical nerve. 



circ oe conn 

	soe comm 

and n 

hyp n 
soe qnq 

I mm 
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FIG.3. 	THE MAIN NERVES FROM THE SUBOESOPHAGEAL AND THORACIC GANGLIA, 

DORSAL VIEU. 

Labels on the Left Side. 

hyp 
	

hypopharyngeal nerve. 

soe 	suboesophageal ganglion. 

m 	nerve to salivary glands. 

I 	1st thoracic ganglion. 

spr 1 	nerve to 1st thoracic spiracle. 

vconn 	ventral connective. 

2nd thoracic ganglion. 

III 	3rd thoracic ganglion. 

spr 2 	nerve to 2nd thoracic spiracle. 

tg 1-3 	nerves to the first 3 abdominal terga. 

spr 3 	nerve to 1st abdominal spiracle. 

Labels on the Right Side. 

and 	mandibular nerve. 

mx 	maxillary nerve. 

lbm 	labial nerve. 

n 1 	1st cervical nerve. 

n 3 	3rd cervical nerve. 

prth gld 	nerves to prothoracic glands in the nymphc.1 stages. 

1 nv 1-4 

the 4 main nerves from the 1st and 2nd thoracic ganglia. 
2 nv 1-4 

3 nv 	the 3 main nerves from the 3rd thoracic ganglion. 

st 1-3 	nerves to first 3 abdominal sterna. 
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FIG.4. THE ViAIN NERTZ  FROM THE 4TH. AND 5TH.  ,L,3DOMINAL GANGLIA. 

   

6-11 	abdominal segments 6-11. 

tg 7-11 	torgal nerves of the 7th. to 11th. segments. 

st 7-9 	sternal nerves of the 7th. to 9th. serments. 

st 11 	sternal nerve of the 11th. segment. 

rect 	nerve to muscles of rectum. 

sgpl 	subgenital plate. 

PP 	paraproct. 

crc 	cercus. 

d 	4th. abdominal ganglion. 

e 	5th. abdominal ganglion. 

lat ovd 	branch from the 7th. sternal nerve, which 
innervates the lateral oviduct. 

vlv 1-3 	the three valves of the ovipositor. 
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FIG.5. THE BRAIN AND STONATOGASTRIC NERVOUS SYSTEM, LATERAL VIEW. 

med oc 	median ocellus. 

e 	base of optic lobe, cut across. 

ant n 	antennary nerve. 

lat oc 	lateral ocellus. 

hyp gng 	hypocerebral ganglion. 

ao f 	aortal funnel. 

rec n 	recurrent nerve. 

fr gng 	frontal ganglion. 

c al 	corpus allatum. 

soe comm 	suboesophageal cannissure. 

lbr n 	labral nerve. 

and n 	mandibular nerve. 

hyp n 	hypopharyngeal nerve. 

mx n 	maxillary nerve. 

lbm n 	labial nerve. 

d teg 	dorsotegumentary nerve. 

NCC II 	nervus corporis cardiaci externus. 

dl cc 	dorsal lobe of corpora cardiaca. 

NCC I 	nervus corporis cardiaca internus. 

my cc 	median ventral lobe of corpora cardiaca. 

ao 	aorta. 

al n 	allatal nerve. 

oe 1 & oe 2 oesophageal nerves; cc 2 ends in the ingluvial ganglion 
which lies on the lateral side of the gut just anterior to 
the enteric caeca°. 

soe al n 	nerve from the suboesophagcal ganglion to the corpus allatum. 

soe gng 	suboesophageal ganglion. 

vconn 	ventral connectives. 



d te9 NCC II 
dl cc med oc 

ant n 
lot oc al n 

NCC I 
my cc 

—00 

1 
e2 

soe al n  

soe qng 

conn 

Ibm n 

hyP 11  

I mm mx  n 
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Fig.6. 	LATERAL DISSECTION OF THE %AIN AND sro ,;TOGASTRIC NERVOUS SYSTEM. 

(COMPARE WITH FIG.5). 
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IV. NEUOSECRrTION. 

(a) Classification of Neurosecretory Cells. 

Neurosecretory cells have been defined by Scharrer (1956) as 

"neurones which show cytological evidence of secretion". 	Van der Kloot 

(1960), reviewing the work on neurosecretion up to 1959, has pointed out 

that it is important to bear in mind the cytological basis of this definition, 

and he suggests that neurones vhich are known to secrete hormones may 

perhaps best be called "neuro—endocrine" cells to distinguish them from those 

which merely show evidence of secretion; a neurosecretory cell, 1-,e says, is 

not necessarily an endocrine source. 	To substantiate this statement, he 

mentions Johansson's (1958) work on Oncopeltus fasciatus Dallas. 	Johansson 

described four distinct types of neurosecretory cell, as well as "motor 

neurones which are probably neurosecretory". 	However, neither Van der Kloot 

nor Johansson can give histological criteria for differentiating neurosecret—

ory from neuro—endocrine cells: obviously such a distinction can only be 

based on experimental work, and until this suggests otherwise, every 

neurosecretory cell is probably best regarded as a potential neuroendocrine 

source. 

A number of workers have pointed out that the differential stains 

used to reveal neurosecretion may show up the carrier substance and not the 

hormone (B.Scharrer 1958 etc.), and perhaps in our present state of knowledge 

of the nature of the neurosecretory material, it is best to follow Highncm 

(1959) in assuming that when the carrier substance is present, so is the 

associated hormone. 
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Neurosecretory cells have been found in a variety of animals, 

both vertebrates and invertebrates. 	In insects, they were first shown to 

occur in the brain of the honey bee (V;eyer 1905). 	Since Weyer's time, 

with the development of new and better difft.rential stains, more and more 

cells and cell types have been described in other groups of insects, and it 

appears now that their occurrence is universal in the Insecta if not in all 

higher Metazoa. 	The need is felt therefore for a unified system of ident—

ifying the various histological types of neurosecretory cell described so 

far in insects, and an attempt is made here to bring together all the 

important information on the subject. 

The first successful attempt at a classification of the types of 

neurosecretory cell was that of Nayar (1955) who recognized two types in 

the brain of Iphita limbata Stal. 	The first type, which he called A—cells, 

contained cytoplasmic inclusions which stained deep blue with CHP, dark 

red with Azan, and bright blue with Iron Haematoxylin. 	The second type, 

the B—cells, stained red with CHP, and light blue with Azan and Iron 

Haematoxylin. 	Nayar failed to get any results with PF, a result perhaps 

of the variability of different brands of basic fuchsin discussed in the 

Techniques (pp.I9-25). 

Following Nayar's classification, various workers have described 

similar if not identical types in other insects. 

The staining characteristics of the various types of neurosecret— 

ory cell described so far are summarized in Table IV (pp.53 —64). 	These 

staining reactions are the most generally useful but by no means the only 
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criteria available for classifying neurosecretory cells. 	The physical 

characteristics of the stainable material and its distribution within the 

cells, and the cell and nuclear dimensions have also been used, but all of 

these may vary during the secretory cycles which have been described, while 

cellular dimensions naturally also vary from species to species and from 

one part of the nervous system to another. 

TABLE IV. 	Summary of the staining characteristics of the types of  

(pp.53-64). 	 neurosecretory cells. 

1. Day (1940) 

	

	Ganglia of Lepidoptera. 	Bouin. 	Gold impregnation 
followed by Mallory. 

Large fuchsinophil cells in Eacles, in pars intercerebralis of adults, 
larvae of all instars and pupae. 	Occasionally in suboesophageal 
ganglion of larvae and in certain of the abdominal ganglia, but not 
all. 	No cycle of production of secretion in the brains of several 
species studied. 

2. B.Scharrer (1941) Zenker—formol, Bouin, Susa. 	Foot's modification of 
Masson. 	Iron Haematoxylin, /-,zan and Mallory. Three 
species studied: 

Leucophaea maderae. 	Brain and suboesophageal ganglion. 	Three 
types of cells: 

(a) Bright red granules with Masson (i.e. red with acid fuchsin) fill 
the cell so densely that little or no cytoplasm remains visible 
except in an area round the nucleus occupied by the Golgi appar— 
atus. 	Most frequently in suboesophageal ganglion. 

(b) This type of cell contains fewer granules (colour not stated) 
which occupy the periphery of the cell body and the region of 
the axon hillock. 

(c) This type differs from the neighbouring neurones in having an 
empty meshwork in the cytoplasm. 	Secretory granules more or 
less equally distributed in the meshwork, or occupy only the 
region of the axon hillock. 
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Remarks. Some of the nuclei of the neurosecretory cells stain 
homogeneously dark and Scharrer concludes that a cycle 

of degeneration and restitution of the cells seems possible 
and may be the rule, and that the dark nuclei represent a 
stage in the reversible disintegration of the cell. 

Blaberus craniifer. 	Brain and suboesophageal ganglion. 	Four types 

of cells: 

(a) Numerous red granules as in Leucophaea and in addition the beginning 
of the formation of vacuoles. 

(b) In these cells, a large vacuole may be filled with green staining 
colloid, and the cytoplasm contains numerous granules. 

(c) These cells also contain vacuoles but the granules may be absent. 

(d) In these cells, the vacuole may be so large as to take up most of 
the space formerly occupied by the nucleus, and the cytoplasm and 
nucleus appear to be pushed towards the wall of the vacuole. The 
marginal regions of this green colloid—like substance may contain 
small vacuoles like those in the neurosecretory cells of Limulus  
(Scharrer & Scharrer 1940). 

Remarks. A secretory cycle has been shown to exist in the neuro— 
secretory cells. 	The vacuoles filled with homogeneous 
colloid are characteristic of the neurosecretory cells 

of Blaberus. 

Periplaneta americana. Brain and suboesophageal ganglion. 

(a) Neurosecretory cells are present, but the types are not specified. 

Remarks. In Periplaneta, with Susa/Mallory—Azan, in one case a 

large area of the pars contained cells with large red 
and bluish colloid droplets, and in another, there were 
cells with large vacuoles in which the colloid did not 
appear homogeneous but as scattered coarse precipitates 
which stain deep blue with Iron Haematoxylin. 	This 
Scharrer believes is due to the effect of the fixative 
(in this case Bouin). 	In Leucophaea in the pars, only 
one specimen had neurosecretory cells containing vacuoles 
which stain green with Masson like those of the suboesoph-
ageal ganglion of Blaberus; also some of the cells of the 
pars have a meshwork similar to that in the neurosecretory 
cells of the suboesophageal ganglion. 
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3. Arvy, L. & Gabe, M. (1952) on Ephomeroptera, and 

Arvy, L. & Gabe, M. (1953) on Ephemeroptera and Odonata. 

Bouin, Carnoy, Regand, Champy, Susa; Azan, CHP (Gomori 1941, modified 
by Bergman 1949), Iron Haematoxylin, and a number of cytological stains. 
Brain and suboesophageal ganglion. 

Numerous secretory neurones in pars intercerebralis and 2 neurones 
in the suboesophageal ganglion, having cytoplasmic inclusions which 
stain intense red with Azan, and blue with CHP. 

Remarks. No phloxinophil cells have been described. 

4. Scharrer (1954) Leucophaea maderae, suboesophageal ganglion. 	Helly. 
Bouin (not as satisfactory as Helly). 	PF (Gomori 1950, 
Halmi 1952, Dawson 1953). 

(a) A-cells whose cytoplasm contains granules that stain deep purple 
with PF, red in Masson-Foot, deep blue in CHP. 	In the adults 
these cells are packed with inclusions, but in the nymphs show less 
stainable material. 

(b) B-cells. 	These are characterized by a delicate layer of marginal 
granules that also stain purple with PF. 

Remarks. In castrated females, the B-cells ("castration cells") 
contain a larger amount of granular inclusions located 
predominantly in the cell periphery near the hillock; 
they stain a conspicuous green with PF, instead of the 
normal purple. 

5. Thomsen, M. (1954) Hymenoptera Aculeata (Sphecius speciosus (Drury), 
Eumenes sp., Synagis (Paragris) calida (L.), 
Belonogaster sp. (probably junceus Fabr.), Vespa  
vul aril, Megachile (Gronoceras) cincta Fabr., Apis  
mellifera. 	Brain, and suboesophageal ganglion. 

Helly. 	CHP (Gomori 1941), (Bergman 1949), 
Masson. 

(a) Cells having blue inclusions (dark blue in Wasps, less intensely 
stained in Bees). 

(b) Phloxinophil cells, found only in B.junceus and S.speciosus. In 
these species, both red and blue granules were sometimes found in 
the same cell. 	The cells with the red granules were larger and 
more pyriform, those with blue granules smaller and rounder or 
angular. 	The blue granules mostly occur in a cap-like collection 
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above the nucleus. 	The individual red granules were larger and 

fewer than the blue and resembled droplets, while the blue granules 

appear to be solids. 	The red droplets were found in the thick 
proximal end of the axon but not further on. 

Remarks. No lateral neurosecretory cells were found as a localized 

group. 	Synagris was the only species which had 2 or 3 
blue cells in the suboesophageal ganglion. 	Number of 

cells fairly large, four counts for Lumenes sp. being 120, 
129, 136, 142, but as only cells containing nuclei and 
granules were counted, the total count could be consider- 
ably higher, say, 200 to 250. 	Similar counts were 
obtained for S.calida. 

6. Arvy, L. & Gabe, M. (1954). 	Plecoptera. 	Brain. Bouin, Duboscq-Brasil, 

Carnoy. 	CHP (Gomori 1941), Azan,Haemalum- 
picroindigocarmine, the triple stain of 
Prenant (as modified by Gabe & Prenant, 
1949), Iron haematoxylin. 

(a) Cells which stain with iron haematoxylin, azocarmine, and 

chrome-haematoxylin. 

Remarks. Does not mention the presence of phloxinophil cells. 

7. Nayar (1955). Iphita limbata StLl. 	Nerve ring. 	Bouin, Smiths. 
CHID (Gomori 1941), PF (Gomori 1950), Azan and Iron 
Haematoxylin. 

(a) A-cell cytoplasmic inclusions stain deep blue-black in CHP, dark 
red in Azan and bright blue in Iron Haematoxylin. 

(b) B-cell cytoplasmic inclusions stain red with CHP, light blue with 

Azan and Iron Haematoxylin. 

Remarks. PF did not give any selective staining between the A- and 

B-cells. 	The suboesophageal ganglion contains B-cells 

only. 	The neurosecretory cells of the pars have large 

nuclei, and nucleoli which are phloxinophil and azocarmin- 
ophil. 	

kAttAtA.:air.  
8. Rehm (1955) Galleria mellonella, E hestia kUh niella. 	Brain and suboeso- 

phageal ganglion. 	CHP Gomori 1941). 

(a) Cells having the ground cytoplasm and granular or clumped secretion 
staining strongly with chrome-haematoxylin, and a large phloxinophil 
nucleolus surrounded by granular-like chromatin with strong affinity 
for chrome-haematoxylin. 	Cytoplasm free of vacuoles. 
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(b) Cells having little secretion in the cytoplasm. Ground cytoplasm 
strongly phloxinophil. Small chromophobe vacuoles in peripheral 
region. Perinuclear cytoplasm with strong affinity for chrome-
haematoxylin. Nucleus with a relatively small nucleolus and 
acidophil material. 

Remarks. The type (a) cells occur only in the pars intercerebralis. 
Several forms may be recognized, varying in the amount of 
secretion they contain and whether the secretion has a 
finely granular or a clumped appearance; these are regard-
ed as different functional conditions of the same type of 
cell. There are however also cells with a large nucleus, 
narrow cytoplasmic border, a basiphil perinuclear zone, 
a weakly staining vacuolated periphery, and a large round 
nucleolus densely surrounded with granular chromatin; it 
is not stated whether these are regarded as a distinct 
cell type. 

The type (b) cells occur in the lateral group of neuro-
secretory cells of the brain, and in the suboesophageal 
and thoracic ganglia. The cells of the brain and sub-
oesophageal ganglion remain unchanged throughout the pupa 
and imago. The thoracic cells, however, sometimes show 
chromophilia of the whole nucleus during the last larval 
instar; the nucleus is then phloxinophil and at the end 
of this stage the cells develop perinuclear basiphil 
granules; shortly after pupation these basiphil granules 
fill the peripheral region of the cell, though the ground 
cytoplasm remains phloxinophil. 

  

Pieris brassicae. 	Pars intercerebralis. 

(a) The cytoplasm contains granules staining with chrome-alum haema-
toxylin but not giving the characteristic blue-black colour. 

Remarks. No phloxinophil cells are found. The neurosecretory cells 
show a series of changes correlated with the moulting 
cycle. At the end of a larval instar and at the start of 
the next one the nucleoli of the large neurones of the 
pars intercerebralis are large in size through the accumul-
ation of one or more phloxinophil masses, while the cyto-
plasm stains weakly in phloxine and the finely granular 
material with chrome-haematoxylin. The nucleus contains 
irregularly arranged basiphil and acidiphil substances and 
the nuclear membrane becomes very distinct. Later the 
nuclei become almost completely deprived of basiphil 
material and the nuclear membrane and perinuclear region 
are non-stainable. Finally in the full grown larva the 
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nuclei are contracted, the cells lose their pear-shaped 
form and seem rounded, while the nuclei are deficient in 
chromatin and possess marginally arranged nucleoli of 
moderate size. 

9. Brandenberg (1956) Andrena vaga. Brain and subeosophageal ganglion. 
Helly. CHP (Gomori 1941). 

Neurosecretory cells in pars intercerebralis, in a second posterior 
group and in antennal lobes. Two groups in suboesophageal ganglion. 
Stain with CUP. Secretion can be traced from first two groups along 
axons. 

10. Clements (1956) Culex pipiens. Supra- and suboesophageal ganglia, 
and thoracic and abdominal ganglia of pupae and 
imagines. 	Bouin, Duboscq-Brasil. 	CHP (Gomori 1941). 

Neurosecretory cells (A-cells) contain granules which stained dense 
blue. 	No granules could be traced along the axons. 	No changes in 
the granular content could be detected. 

Remarks. The hypocerebral ganglion of pupae contains cells like the 
A-cells of the brain. This is the only record known to me 
of neurosecretory cells in this ganglion. 

11. K8pf (1957a). Imagines of Drosophila funebris and D.hydei. 	CHP 
(Gomori 1941). Brain and ventral ganglia. 

(a) A-cells. 	In pars intercerebralis and the lateral group of neuro-
secretory cells. 

(b) B-cells. Cells with phloxinophil cytoplasm found among the 
A-cells of the pars, in the lateral group of neurosecretory cells of 
the brain, and in the ventral ganglia. 

Remarks. mhe A-cells of newly emerged insects are weakly staining, 
but in three-day old insects they stain strongly blue. 
From the sixth day onwards, B-cells appear among the 
A-cells, and K8pf argues that this suggests the A- and 
B-cells of the pars intercerebralis are merely different 
phases in the activity of a single cell-type. The B-cells 
of the lateral brain group and the ventral ganglia, however, 
are constant in appearance throughout adult life, and are 
unlikely therefore to be part of an A-B cycle. 

12. K8pf (1957b) Larvae and pupae of Drosophila funebris and D.hydei. 
Bouin. 	CHP (Gomori 1941), PF (Gabe 1953). 

(a) A-cells containing granules of PF-positive material found in the 
dorso-medial region of the brain on each side as early as 1-day 
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old larvae of D.fUnebris and as early as 3rd. larvae in D.hydei. 
The cells.hecome vacuolated at 5 days, and at the onset of puparium 
formation the granules become strongly PF-positive. 	Some cells of 
the corpus cardiacum region of Weismann's ring in the pupal stage 
also showed coarse reddish violet inclusions in D.funebris and 
reddish granules in D.hydei. 	In freshly emerged adults the large 
median cell group shows clear red-violet staining of the cytoplasm, 
and in older insects the majority of the cells in this region are 
A-cells. The granules stain dark blue with CHP and deep violet 
with PF. 

(b) B-cells: intermingled with the A-cells of the brain are a few B-cells 
which stain greenish with PF and red with CHP. 

Remarks. The cell body of B-cells is large and irrogular. A number 
of cells staining delicate pink violet with PF are also 
found among the cells of the brain, but these gave no 
reaction with CHP. 

13. Highnam (1958) Mimas tiliae. 	Brain. 	Bouin, Duboscq-Brasil, Susa, 
Zenker. 	CHP (Gomori 1941), Weigert's Haematoxylin and 
Eosin, Masson and Mallory. 

(a) Type I. Small. Markedly acidiphil. An extranuclear meshwork which 
stains strongly with haematoxylin. 

(b) Type II. Large, with a homogeneous acidiphil cytoplasm containing 
a few acidiphil globules or clear vacuoles. Extranuclear meshwork 
less obvious than that of Type I. 

Remarks. A 4-stage secretory cycle has been demonstrated. 	The 
cytoplasm stains deep pink or red with eosin, red with 
acid fuchsin, and reddish blue with CHP. 

14. Johansson (1958) Oncopeltus fasciatus Dallas. 	Brain, suboesophageal, 
first thoracic and last abdominal ganglia. Bouin, 
Holly. 	CHP (Gomori 1941), PF (Halmi 1952, Dawson 
1953). 

(a) A-cells. With PF, the cells stain a dark purple, containing large 
quantities of small granules. 	Cell bodies irregular in shape, but 
pyriform in sagittal and transverse sections. Nucleus poor in 
chromatin. No vacuoles observed. With CHP, the cytoplasmic 
inclusions stain blue-black. 

(b) B-cells. With PF, the cells stain greenish or bluish-green. 	In 
some sections the green component of the stain did not take and 
therefore the cells did not show their special staining reaction. 
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The cytoplasm has not been seen to contain granules or vacuoles, and 
sometimes appears flaky, and except for their staining qualities, 
the cells resemble C-cells. 	Nucleus as for A-cells. With CHP, 
the cells stain red. Slightly smaller than A-cells, 

(c) C-cells. With PF, the cells stain purple, characterized by their 
flaky appearance. Occur in the same position as B-cells which 
they resemble as to size. 	Nucleus as for A-cells. 	Cytoplasm 
more or less filled with irregular purple flakes which may attain 
considerable dimensions. With CHP, the cells stain reddish, 
sometimes with a purplish tinge. 

(d) D-cells. With PF, the cytoplasm stains purplish and appears finely 
granulated. 	Look like large motor neurones. Nucleus somewhat 
larger than that of A-cells, and contains one large nucleolus. The 
cells themselves are often slightly larger than A-cells. With 
CHP, the finely granulated cytoplasm stains faint blue-black. 

Remarks. All four types of cell occur in the brain, the ganglia 
containing only A-cells. No cells were to be found in 
the suboesophageal ganglion. No granules could be traced 
along the axons of the C- and D-cells. 

15. Frazer (1959a) Lucilia caesar. 	Larval brain. Bouin. 	CHP (Gomori 
1941); PF (Halmi, 1952, Dawson 1953); various histo-
chemical reactions. 

(a) All 6 groups of cells stain a deep uniform purple with PF. With 
CHP, the cells of Group 1 stain grey blue during diapause, and 
those of Group 3 and Group 6 stain blue-black both during diapause 
and during the prepupal phase. 

(b) Cells of Groups 4 and 5 during diapause stain uniformly phloxinophil 
with CHP. 

Remarks. Of the 6 groups of cells in the brain, Groups 2 and 6 do 
not show up with CHP. 

16. Frazer (1959 ) Lucilia caesar. 	Larval abdominal ganglia. Bouin. 
CHP (Gomori 1941), PF (Halmi 1952, Dawson 1953). During 
diapause. 

(a) Type-A With CHP the granules of the lateral cells stain blue-black, 
leaving the rest of the cytoplasm unstained, or, the granules may be 
minute and less easily discernible against a grey-purple ground 
plasm. With PF, secretory granules (colour not specified) are 
found in the Type-A cells as stained with CHP as well as in the pair 
of ventral cells which do not stain with CHP. The granules are 
small in these ventral cells. 
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(b) Type-B. With CHP, these cells of the lateral group lack a secret-
ory product, but their cytoplasm is uniformly phloxinophil and so 
resemble the Group 4 cells of the brain during diapause. With PF, 
the cytoplasm is uncoloured but may have several large vacuoles. 
No positively stained inclusions are to be found. 

Remarks. No neurosecretory cells were to be found in the suboesoph-
ageal and thoracic ganglia during active stages, but 
during diapause pupae a few phloxinophil cells occur in 
the suboesophageal ganglion. Each of the first five 
abdominal ganglia has 5 cells in each half. Cell 5 does 
not stain with CHP and so resembles the cells of Group 6 
of the brain. Frazer thinks A and B cells are different 
phases of the same type. 

17. Geldiay (1959) Blaberus craniifer. Thoracic and abdominal ganglia of 
adults and last three larval instars. Bouin, and Healy. 
CHP (Gomori 1941), PF (Gomori 1950, Halmi 1952 and 
Dawson 1953). 

(a) Type I Cell. With PF, the cell bodies and axon hillocks contain 
granules which stain deep purple. With CHP, the cells stain dark 
blue. 

(b) Type II Cell. With PF, very small green granules are found 
distributed uniformly throughout the cell body. With CHP, the 
cells stain red. 

(c) Type III Cell. These cells are seen only after Helly fixation and 
stained with PF. Only 2 cells found. 	The cytoplasm contains 
large droplets (of diameter 3 - 11 0, which stain orange and 
resemble the colloid droplets of the cells of the preoptic nucleus 
of the fish Fundulus (Scharrer 1941). No indication of cycles of 
formation or alteration of the droplets. 

Remarks. Neurosecretory material from all three types of cell were 
observed in axons extending into the connectives between 
ganglia, Small granules were found in no more than one 
or two axons per section of connective. 

18. Kirchner (1960) MeliOlontha vulgaris. Brain, suboesophageal and com-
pound ventral ganglion. 

Remarks. Neurosecretory cells were demonstrated in the brain and 
ganglia with CHP but the types of cell are not mentioned, 
the paper being primarily concerned with histochemical 
investigations of the secretions. 
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19. FUller (1960) PF (Gomori 1950, Halmi 1952, Dawson 1953), CHP (Gomori 
1941), Footts (1953) modification of Masson. 

Periplaneta americana. Suboesophageal and ventral ganglia. 

(a) i. A-cell, sub-type Alpha. 	Non-synchronous, found only in the 
pars intercerebralis. 

k-cell, sub-type Beta. Synchronous, found in the suboesophag-
eal, the thoracic and the first three abdominal ganglia. Fuller 
homologises these two sub-types with the A-cells of other authors, 
but does not mention their staining characteristics. 

(b) B-cells. These could be demonstrated with PF but not with CHP. 
The staining reaction of these cells has also not been mentioned, 
Faller merely referring to the presence of small quantities of 
secretion arranged in various ways in the cytoplasm. 

(c) C-cells. These cells contain secretory granules which more or 
less fill the cell body but are never clumped together. The 
secretions could be demonstrated only with PF. 

Remarks. In 70% of the animals studied the A-cells contained no 
secretions and were then indistinguishable from normal 
ganglion cells, The B-cells were found in 12% of the 
investigated specimens, and they make up 40-60% of all the 
neurones of the ventral nerve cord. Active C-cells could 
be demonstrated in only a few individuals, but when present, 
they occur in all the ganglia. Fuller thinks these cells 
are derived from connective tissue. 	Secretory granules 
were found between the neurones of the ventral ganglia, 
the suboesophageal ganglion and the brain, between the 
connective tissue elements and nerve fibres of the ganglia, 
and even in the nerves leaving the abdominal ganglia. 
They also occur in the unpaired ventral nerve of the 
sympathetic nervous system of the thorax, the nerve leaving 
the last abdominal ganglion, and the associated caudal 
sympathetic nerve. This intercellular secretion is often 
large in amount and appeared in 42% of the specimens 
studied. 

Chaborus. Brain and ventral ganglia. 

Neurosecretory cells could be demonstrated only with PF. They are 
found in the brain, suboesophageal and all the ventral ganglia. The 
axons from the median pair of cells of the brain contain much PF-
positive granular material and can be traced along the entire length 
of the ventral nerve cord. 
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Remarks. The staining characteristics of the cells are not given, 
but are presumably A-cells, judging from the description 
of the axons from the median cells of the brain. 

20. Highnam (1961) Schistocerca gregaria Forskal. Brain. 	Bouin. CHP 
tGomori 1941), PF-Triamil  1932, Dawson 1953). 

(a) A-cells. With CHP the cells contain cytoplasmic inclusions which 
stain blue-black. The inclusions are large when the cells are 
large. A few cells are vacuolated. With PF, the inclusions 
stain deep purple, but no vacuoles could be seen, and there is no 
background staining. Nuclear diameter 10-14)1; cell volume 1.5-
5.6 X : 103  )13. 

(b) B-cells. With CHP the cytoplasmic inclusions are phloxinophil, 
but are small and never as large as those of A-cells. 	Some cells 
are vacuolated. With PF the cells stain a faint pink, sometimes 
taking on a greenish tinge, while the granules stain reddish 
purple. 	Nuclear diameter 10-14 p; cell volume 1.5-6DX 103).13. 

(c) C-cells. 	With CHP, the cells stain faint purplish, and contain 
blue-black inclusions scattered sparsely through the cytoplasm. 
With PF they stain reddish with reddish-purple inclusions. Nuclear 
diameter 20 )2.; cell volume 35.5 + 2.5 X 103)13. 

(d) D-cells. 	These cells are even larger than the C-cells, which 
they resemble but the inclusions are arranged irregularly through-
out the cytoplasm, (i.e. with CHP, the cells stain faint purplish 
and contain blue-black inclusions, and with PF, they stain reddish 
with reddish-purple inclusions, Nuclear diameter 23 y.; cell 
volume 47.7 + 4.0 X 103  p.3. 

Remarks. Secretory granules could be traced along the axons of the 
A- and B-cells only. 

21. Ladduwahetty (J962) Dermestes maculatus. 	Brain. Bouin. 	CHP 
(Gomori 1941), PF (Halmi 1952). 

(a) A-cells. Colourless or pale lilac cytoplasm with granular 
secretions staining an intense purple with PF. With CHP the 
granules stain an intense blue-black. 

(b) B-cells. With PF the cells contain a bluish-green "colloid-like" 
secretion. With CHP, the cells stain red. 

(c) C-cells. With PF the cytoplasm stains reddish-brown (probably 
stained with the Ehrlich's haematoxylin of the PF technique) and 
contains purple granular inclusions. 
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(d) D-cells. With PF, the cytoplasm contains a pale green network. 
The cells resemble motor neurones. 

Remarks. Secretory granules could be traced along the axons of 
the R-1  B- and C-cells. 

The results of such a large volume of partially or quite uncoordin-

ated data tend at first sight to be confusing, but closer examination of 

the results shows that the neurosocretory cell typos fall into two main 

classes depending on their staining reactions with the three main different-

ial stains, CHP, PF, and Azan. Minor differences may occur within classes 

but need not be discussed at this stage. The following classification, 

using terminology which has been explicitly adopted by only some of the 

above workers, introduces some order into the data: 

Class I (A-cells). 

The secretory granules in the cytoplasm stain dark blue with CHP, 

purple with PF, and red with Azan, Mallory and Masson. The granules can 

always be traced along the axons. The following are probably to be 

included in this class: 

1. The A-cells of the nerve ring of I.limbata (Nayar 1955), the brain of 

S.Rregaria (Highnam 1961), the brain and ventral ganglia of 0.fasciatus 

(Johansson 1958), the brain of D maculatus (Ladduwahetty 1962), the 

suboesophageal ganglion of L maderae (Scharrer 1954), the brain and 

ventral ganglia of D funebris and D.hydei (K8pf 1957a), the brain of 

larvae and pupae of D funebris and D,hydei (K8pf 1957b), the abdominal 
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ganglia of larvae of L.caesar (Frazer 1959b), and the suboesophageal and 

ventral ganglia of P.americana, (Fuller 1960); 

2. The Group 3 cells of the brain of diapausing pupae of L.caesar (Frazer 

1959a); 

3. Tho cells of all the six groups of the brain of L.caesar larvae (Frazer 

1959a); 

4. The lateral cells (2 or 3 out of the 4) of the first five abdominal 

ganglia of L.caesar larvae during diapause (Frazer 1959 ); 

5. Cell 5 of the first five abdominal ganglia of L.caesar larvae during 

diapause (Frazer 1959 ); 

6. The Type I cell of the thoracic and abdominal ganglia and of the brain 

of B,craniifer (Geldiay 1959); 

7. The first of the two types of cells (not designated by any symbols) of 

the brain of M.tiliae (Highnam 1958); 

8. The neurosecretory cells (not designated by any symbols) in the ganglia 

of Lepidoptera (Day 1940); 

9. The first type (not designated by any symbols) in the brain and suboes-

ophageal ganglion of L.maderae, B.craniifer and P.americana (B.Scharrer 

1941); 

10, All the neurosecretory cells of the brain and ventral ganglia of Chaobor-

us (Hiller 1960); 

11. The first type of cells of the brain and suboesophageal ganglion of 
A • kt,ty.k:t t•(•ft 

G.mellonella and E-kilhnielin-(Rehm 1955); 

12. The cells of the pars intercerebralis of P.brassicae (Rehm 1955); 
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13. The cells of the supra- and suboesophageal ganglia, and thoracic and 

abdominal ganglia of pupae and imagines of C.pipiens (Clements 1956); 

14. The apparently unique neurosecretory cells of the hypocerebral ganglion 

of pupae of C.ipipiens (Clements 1956); 

15. The neurosecretory cells of the brain, suboesophageal and compound 

ventral ganglion of Ni.vulgaris (Kirchner 1960); 

16. All the neurosecretory cells in the pars intercerebralis, antennal lobes 

and zuboesophageal ganglion of Andrena vaga (Brandenburg 1956); 

17. All the cells described in the brain and suboesophageal ganglion of 

Ephaneroptera (Arvy and Gabe 1952, 1953), and the brain of Plecoptera 

(Arvy and Gabe 1954); 

18. The first type of cell in the brain and suboesophageal ganglion of 

Hymenoptera (M.Thomsen, 1954). 

Class II. (B-Cells). 

The ground cytoplasm stains bright red (or various shades of red) 

in CHP, light blue or bright blue in Azan, and a faint pink or greenish in 

PF, (the variations probably depending on the degree of differentiation 

employed). When cecrotory granules are present, they stain reddish purple 

with PF, and deep blue (or deep red masked by blue) with Azan. The 

granules can sometimes be traced along the axons. Included in this class 

are:- 

1. The B-cells of the nerve ring of I limbata (Nayar 1955), the brain of 

S.gregaria (Highnam 1961), the brain and ventral ganglia of 0 fasciatus 

(Johansson 1950, the brain of D maculatus (Ladduwahetty 1962), the 
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brain and ventral ganglia of D.fUnebris and D.hydei (K8pf 1957a), the 

brain of larvae and pupae of D.funebris and D,hydei (KBpf 1957b), the 

abdominal ganglia of larvae of L.caesar (Frazer 1959 ), and the sub-

oesophageal and ventral ganglia of P.americana (Miler 1960); 

2. The cells of Groups 4 and 5 of the brain of L.caesar during diapause 

(Frazer 1959a); 

3. The lateral cells which lack a secretory product and whose cytoplasm is 

uniformly phloxinophil, in the abdominal ganglia of L.caesar during 

diapause (Frazer 1959b); 

4. The Type II cells of the thoracic and abdominal ganglia and brain of 

B craniifer (Geldiay 1959); 

5, The second of the two types of cells (not designated by any symbols) of 

the brain of M tiliae (Highnam 1958); 

6. The second type of cell of the brain and suboesophageal ganglion of 

G.mellonella and E.kiihniella (Rehm 1955); 
4 

7, The phlaxinophil cells in the brain of Belonogaster iunceus and Specius 

speciosus (M.Thomsen 1954); 

8. The second, third and fourth type of cells in the brain and suboesophag-

eal ganglion of Blaberus craniifer, and possibly the second of cells of 

the brain and suboesophageal ganglion of Leucophaea maderae (B.Scharrer 

1941). 

Some of the previously mentioned workers have described further 

cell types which cannot be grouped into the above two main classes. These, 

however, may be grouped into two further well-defined classes as follows: 
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Class III (C-Cells). 

These cells are usually much larger than the A- and B-cells. The 

cytoplasm is characteristically flocculent. With CHP it stains a faint 

purple or reddish and sometimes contains blue-black inclusions; with PF 

it is greenish or purplish with reddish-purple inclusions. The inclusions 

can sometimes be traced along the axons. Included in this class are: 

1. The C-cells of the brain and ventral ganglia of 0.fasciatus (Johansson 

1958), the brain of S,gregaria (Highnam 1961), the brain of D.maculatus 

(Ladduwahetty 1962), the suboesophageal and ventral ganglia of 

P.americana (Faller 1960); 

2. The B-cells in the suboesophageal ganglion of Leucophaea maderae  

(Scharrer 1954). 

Class IV (D-Ce110). 

These cells are invariably larger than the C-cells and are the 

largest reported neurosecretory cells. The cytoplasm is finely granular; 

and stains a faint blue-black in CHP, and greenish or purplish with purplish 

inclusions in PF. The inclusions cannot be traced along the axons. An 

extranuclear meshwork is often found. The cells are said to look very much 

like motor neurones (Johansson 1958; Highnam 1961). Included in this 

class are: 

The D-cells of the brain and ventral ganglia of 0.fasciatus (Johansson 

1958), the brain of S.gregaria (Highnam 1961), the brain of D.maculatus 

(Ladduwahetty 1962). 

The unique Type III cells of the ventral ganglia of Blaberus 
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craniifer (Geldiay 1959) do not fit into this classification, and may 

provisionally be regarded as a separate type. Suggested designation: 

E-Cells. 

B.Scharrer (1941) has pointed out that the staining properties may 

be altered by the influence of various fixatives. As an example, she 

mentions the results obtained with Masson's trichrome stain. She believes 

that the staining properties of the small red granules of the first type of 

cells of Blaberus craniifer as compared with the larger green colloid-like 

masses of the other three types of cell of the same insect do not indicate a 

difference in chemical character but seem rather to be due to various densit-

ies of the substances present in addition to the influence of the fixatives 

used, 

Admittedly such criticisms are of fundamental importance if one is 

to develop a significant classification of neurosecretory cells, but it is 

difficult to know how far they are justified without undertaking a large-

scale and detailed comparison of many techniques on a very wide range of 

insect species. The extent of agreement between several independent workers 

suggests at least that cell types A and B are fundamentally distinct and 

are widely distributed among insects. The characteristics used to define 

cell types C and D, on the other hand, are not only less satisfactory 

histologically but have also been applied by fewer workers to fewer species. 

In the present investigation, confined to a single species, the most that 

one can do is to make sure that the techniques employed are standardized as 

highly as practicable and to ascertain how far variations in technique affect 
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the histological findings. For example, Highnam (1961) found that the ground 

cytoplasm of B-cells in the brain of S.gregaria was sometimes faint pink and 

sometimes greenish after PF staining and Bouin fixation. I have found that 

these differences are due to variations in the degree of differentiation 

carried out when staining with the paraldehyde-fuchsin mixture and the light-

green counterstain. Such considerations have been borne in mind when 

performing the work described below. 

A second fundamental point, the question of how far these cell 

types retain their identity throughout life or how far they represent phases 

in the activity of a smaller number of basically distinct types (as suggested, 

for example, by Frazer (1959), K8pf (1957a) and Thomsen (1954) ) is discussed 
107-112 

in more detail at a later point (page 	). 
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(b) Staining Characteristics of the Types of Neurosecretory Cells in the 

Ventral Ganglia of Schistocorca gregaria. 	(Figs.7-20 at end of section). 

In order to provide a more precise description of the colours seen 

in stained neurosecretory cells, comparisons of many independently fixed and 

stained cells were made against the standard colours depicted in the Wilson 

Colour Chart (British Colour Council 1938 and 1941). The most closely 

corresponding colour (or range of colours) is then cited from this chart. 

All preparations were viewed for colour with a standardized microscopical 

set-up (Cooke, Troughton & Simms microscope; magnification 1440 X; 60 W 

tungsten filament lamp, 2" away from concave mirror adjusted for maximum 

light intensity; condenser fully open; Cooke daylight blue filter). Though 

no claims for great accuracy are made for this method of assessing colour, 

it seems to be an improvement on the rather vague descriptions current in 

the literature. Further, when repeated by two other independent observers, 

highly concordant results were obtained for the purple colours and relatively 

good agreement for other shades. 

The following types of neurosecretory cells are recognizable in 

the ventral ganglia of S.gregaria; 

1. A-Cells. Three categories of A-cells can be distinguished. 

lst. Category - Al Cells (Figs.9, 16, 17, 18, 19):- These cells like 

the A-cells of the brain, contain secretory granules which stain only with 

PF, CHP and Alcian Blue. The granules can be traced only for a very short 

distance along the axons. There is no background staining with the counter-

stain. These cells are unique in exhibiting groat changes in the amount 
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of cytoplasm and cytoplasmic inclusions at different stages of the life 

cycle, and the volume of the cell varies from 6,930 to 30,450 )1,31  the nucleus 

from 690 )13 to 4350 )1.3, and the cytoplasm from 6,240 3 to 26,100113, 

Colour of granules with PF:- 35 (35) Amethyst Violet, 

Colour of granules with CHP:- Blue-black. The colour could not be matched 

with any of those given in the Colour Chart. 

No differential staining with Azan. 

2nd. Category - A2 Cells (Figs.10, 11, 18): 	These are the only neuro- 

secretory cells whose cytoplasmic inclusions stain differentially with all 

four stains, PF, CHP, Alcian Blue and Azan, and are therefore not identical 

with the A-cells of the brain. Their secretory granules unlike those of 

the Al cells can be traced along the axons for a considerable distance. 

With Azan and Alcian Blue there is no background staining, and the secretory 

material shows up as very distinct large droplets which stain bright red 

(Azan) or blue (Alcian Blue). With PF and CHP background staining occurs 

to a varying degree depending on the extent of differentiation of the stain 

and counterstain. With PF, before counterstaining, the cells stain a 

distinct purple, but after counterstaining, the cytoplasm shows up in various 

shades of greenish orange. 

Cell measurements : nucleus 8 X 10 p; cell body 19 X 24 

Colour of granules with PF : 34 (174). 

Colour of granules with CHP : Blue-black (cannot be matched). 

Colour of granules (globules or droplets) with Azan : 024 (24) China Rose 

to o25 (25) Spirea Red. 
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3rd, Category - A3 Cells (Figs. 12, 13, 16, 17, 19, 20): 	These resemble 

the Al cells in that the cytoplasmic inclusions can be stained only with PF 

and CHP and not with Azan. The inclusions, however, stain a brilliant 

purple with PF (Fig.12), never a dark dense purple as those of the other 

cell types (see colour comparison below). The granules can be traced along 

the axons for a considerable distance in the neuropile (Fig.19). These 

cells can also be readily distinguished from the other A cells by their 

large size, and by the fact that their granules fill the cell body completely. 

Some of the granules may clump together to form larger aggregates, but they 

are always evenly dispersed in the cell and never leave large areas of 

unstained cytoplasm in between. Even when the granules are not densely 

packed,(e.g. in newly emerged adults) or when the sections are lightly. 

stained with the paraldehyde-fuchsin mixture, no amount of heavy counter-

staining with light-green will stain the cells green. Correspondingly, 

with CHP the granules stain a deep blue grey (Fig.13), and with Alcian Blue, 

a bright blue (Fig.13), and there is no background staining with phloxine. 

Azan does not stain these cells selectively; the cells appear uniform pink 

or red like the ordinary neurones. With Mallory, the cells show up some-

what darker red than the surrounding neurones, but the cytoplasm does not 

appear to contain any granules. 

Cell measurements : nucleus 14 X 18 ).1; cell body 32 X 58 

Colour of granules with PF : 32 (32) Petunia Purple. 

Colour of granules with CHP : Blue-black (cannot be matched). 
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2. B-Cells. 	Two categories of B-cells can be distinguished; 

1st. Category - Bl Cells (Figs.14, 16, 17, 20): With PF these cells 

stain greenish or sometimes pinkish brown, depending on the degree of 

differentiation of the paraldehyde-fuchsin mixture and the light-green 

counterstain. The cytoplasm contains a network and a few scattered purplish-

brown granules that appear to be enclosed in areas of clear cytoplasm or in 

vacuoles. The green component of the cytoplasm shows up as a meshwork 

whenever the cells are lightly stained (Fig.16). The degree of differential 

staining of the Bl cells is, however, not very pronounced and the cells are 

best recognized by their cytoplasmic texture. Comparison of the Bl cells 

of the ventral ganglia with the B-cells recognized in the pars intercerebral-

is (Fig.7) shows that the ventral ganglia Bl cells are at least as distinct 

as those in the brain. With CHP, the cells stain a lavender blue and the 

cytoplasm contains a network of blue granules. They are not phlaxinophil 

and therefore not readily distinguishable from other neurones in CHP 

preparations. It may be noted that Fuller (1960) found similar cells in 

the ventral ganglia of Periplaneta americana. 

2nd. Category - B2 Cells (Figs.14, 18): These cells have all the 

characteristics of the Bl cells when stained with PF and CHP, but differ 

from them in that with Azan they stain a bright blue with dark bluish-red 

granules in the cytoplasm. 

Cell measurements: nucleus 10 X 10 to 14 X 15 ).1.; cell body 12 X 20 1.1 

to 29X 28 i. 

Colour of cell with PF : 655/2 (88) Verdigris to o61 (120), 010/1 (103). 
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Colour of cell with CHP : 04211 (118), to o43/2 (119) and 640 (154). 

Colour of cell with Azan : Granules 245/1 (98); 

Ground cytoplasm 645 (85). 

3. C-Cells (Figs,15, 16, 17, 18, 20, 38): These are large cells with large 

nuclei. With PF they stain a faint green or faint pink depending on the 

degree of differentiation of the paraldehyde-fuchsin mixture and the light-

green counterstain, Purplish-brown granules of various sizes are evenly 

scattered in the cytoplasm (Fig,15). The granules are never enclosed in 

areas of clear unstained cytoplasm or in vacuoles, and can be traced along 

the axons. In some cells the granules arc found only in the axonal region 

and the axon hillock, in which case they are somewhat larger and apparently 

formed by the aggregation of smaller ones (Fig.38). With CHP, the ground 

cytoplasm stains a reddish-pink and contains bluish-red granules which arc 

not as large as those seen after PF staining. The granules are unevenly 

dispersed in the cell body and never enclosed in areas of clear cytoplasm or 

vacuoles. Azan and Mallory do not stain these cells selectively, 

Cell measurements : nucleus 29 X 18 p; cell body 65 X 65 p. 

Colour of ground cytoplasm with PF : 60/3/3 (60) Agatha Green, to 56/2(56), 

f05/2, 103/(10), 28/3(28), variation due to degree of different-

iation of light green. 

Colour of ground cytoplasm with CHP: 30/1(30) to 3113(30). 

Colour of granules with PF: 34 (34) Bishops Violet, 

Colour of granules with CHP: Blue-black (cannot be matched). 
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4. D-Coils (Figs.15, 16, 17, 18, 20): Those, like the C-cells, arc large 

with large nuclei. With PF the ground cytoplasm stains greenish or a faint 

pink depending on the degree of differentiation of the paraldehyde-fuchsin 

mixture and the light-green counterstain. The cytoplasm contains uniformly 

dispersed purplish-brown inclusions which are enclosed in areas of clear 

unstained cytoplasm, thus giving a vacuolated appearance to the cell (Fig.15). 

The granules cannot be traced along the axons, With CHP, the cells stain 

a faint greyish-pink and the cytoplasmic inclusions a faint blue. As with 

PF staining, the granules are enclosed in areas of clear cytoplasm and are 

uniformly dispersed in the cell. Neither Azan nor Mallory stains the cells 

selectively. 

Cell measurements: nucleus 27 X 22 p.; cell body 58 X 50 1.1 (in suboosophag-

cal ganglion). 

nucleus 18 X 18 	cell body 39 X 39 p. (in other ventral 

ganglia). 

Colour of ground cytoplasm with PF : 660/3(89) Veronese Green to o61/3(120) 

Pod Green to 57/1(57). 

Colour of ground cytoplasm with CHP: 41/1(41) Lobelia Blue to 40/1(40) 

Hyacinth Blue. 

Colour of granules with PF : 34(34) Bishop's Violet. 

Colour of granules with CHP: Darker than the colour of ground cytoplasm 

(cannot be matched). 
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Fig. 7. Neurosecretory Cells of the Pars Intercerebralis. 

1. Stained with PF; 2. Stained with CHP. 

Note phloxinophil (pink) B-cells in 2. 

A-cells stain purple (PF) or blue-black (CHP). 
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Fig.8, Neurosecrotory Cells of the Brain. 

1 - Stained with Alcian Blue - Phloxine. 

2 - Stained with Alcian Blue - Phloxine and 

Phosphotungstic Acid, 

A-cells Blue, B-cells Pink. 
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Note that the B-coils in 2 are more pink than 
those in 1. 	This is because of the use of the 
mordant, Phosphotungstic Acid, 
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Fig.9, Typo Al Ncurosecretory Cell, stained with PF. 

1. Cell in stage 'd', secretions discharged. 

2. Cell in stage 'c', packed with secretions. 
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Fig.10.  
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1, T.S. 3rd, abdominal ganglion. This is the only section in which 
all 4 A2 cells arc seen, Stained with PF. 

2. T,S. 4th, abdominal ganglion, showing 2 A2 cells. 	Stained with 
PF, 	Note the position of the cells adjacent to tracheae. 
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3. A2 Neurosecretory cell, packed with PF positive material. 
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Fig.11. A2 Licurosocretorir Cell. 

1. Stained with Azan. Note the bright red 
neurosecretory droplets. 

2. Stained with Alcian Blue - Phloxine. Note 
the blue neurosecretory material. 

50 3.1 



Fig.12. A3 Neurosecretory cell, stained with PF. 

1. Newly emerged female. 
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2. Older (more than 5 days) female. 

Note: In 1, the coils appear to have very faintly 
staining granules enclosed in vacuoles. 



Fig.13. 	A3 Neurosecretory Cell. 
50 SI 

1. Stained with CHP. 

2. Stained with Alcian Blue - Phloxine. 

2 
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1. Bl CelIsof 1st. Thoracic Ganglion. Stained with PF. 	 
25 P 

2. B2 Coll of 4th. Abdominal Ganglion. Stained with Azan. 

2 

In 1, the cytoplasn appears vacuolated. 	Note the axons. 
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Fig.15.  

 

65 

1, C-Cell, Stained with PF. The granules arc not enclosed in vacuoles, 

2. D-Cell. Stained with PF, The granules are enclosed in vacuoles, 
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Fig. 16 

Al Cell 	 C Cell 

granules dense 

granules faint 

granules densely pocked 

a extending along the axon 

20p 

granules enclosed 
in vacuoles 

axons 

D Cell 
BI Cell 

granules in the form 
of a network 

Neurosecretory Cells of Suboesophageol Ganglion; Bouin - CHP 



. . 
' 	r 	:' • 	 axon 

A3 Ceti 
15 day old female 

• t 

eirp 	\ • ••'' •1-1•••1•--._...granules 
sparse 

• , 

♦ 44.,./G•: ,'granules ••••• •••••.,-1,9"' 
de,Asely pocked 

axon 

• 

	

....k J  r 	0
L. ....,__ 

 ganules 

	

, 	sparse 1:•,  
: • •-_1.1.1A. , • •• ' 

	

•• 4 	,-. 	-.......... 
--- unstained 

ground cytoplasm 

D Cell 

 

 

20A 

heavily 
counterstained 

A3 Cell 
newly emerged adult 

• 

Fig. 17 
87 

A 1 Cell C Cell 	
.._ . .. _ 

;'.?..•,-...; ...;:,., ;-- . -. 

	

granules denstly...,•.• '•'•.t l, 4•;,...vo„IN' 	 ',... - W''. • :-,;-.• ....' -,, 

	

packed —,441:-1,4;`,.*:••• • ',',1, .̂..".... 	 , O'dir . •:,:• 	• '`P .'.' . 
.   

	

ow' 	 /I CA4 !..I' ''.'“.'"' ''.. 	
\ 

,i,• . 	, „-. , .4 .. -.. •_....• . 
• 4',  .p.1.• 	 , 	. A .• . 	,.. 1  

t,19" 
,...! A 

.: 
. 	 ;,•44  '?.' 	granules mainly in -,...;••::•.''4 	, ' cu..• . 	‘ 

, . 	• ., • vt• it `,411 r -. 144+* ,40e:,.. '). 
1  ..) ,""...•: . 
\•-."!.,0. %%km. 	i .: ''''' ......1s.-•,...,, . ,

r'  ,

0,.....%, 

::',.(f4  
A 1 Cell 

Neurosccretory Cells of Suboesophageal Ganglion, S P- PF 

OP' 	abaxonal region 	,, 	 ' 	• • 

t. • 



A2 CHP 

granules dense 

•
play,; " a large 
, 	 • • 

TA; 

`̀ =t',(  
'•;;; 	ri 	# 

•••,. 

; 
' . frL
" 

./"."•; •-• 	• 

granules in 
axonal region 

41”.4.2% 
• ?-• 
n't 

Al PF 

88 	
Fig. 18 

A2 PF 

Al CHP 

4, • 

B2 CHP 

) 

.,1  
A2 PF 

1..... 
,,:,Z 	?„:41'.... granules densely 

• 81 PF , .;'.'44.1..,,i..,:. 

. ,.ky".tr 
,.,  i:,  	 6.  : ••• 1  tip.

.ii'l, 	
packed 

...-.7`.r,;7,-.;%'"•-• 	`t:k..t.. . •;,-.); •r.kr4.34:22:7,- 
(.10 - ja• 0 N 	 D PF 

,';4t--4 
11/4. y, -•;4es,i  

:;,• 4 ,-,..4  '4e.; 
---'.....!•*. i. j 

--- .4...'•4 

axon 

granules In 
vacuoles 

ip• 
4"...!.  • 

1"11:.114.  3 	X- 
• -I «;!$,A& 

B2 Awn 

axon 

i's$ 	large 
•?,/ droplets 	 C PF 

-ANS 	• sit r• 

jaa  
'17 

' -4$ #. 
\‘‘ 7'1  w w aj i 

20A  

4 - 	C PF 
4.. 	\ 

1-'.".Zgranules in 'axonal  
b 	region a axon 

$1.• i. 

C CHP 

.417. 

unstained ground 	d'4 4,4":°.<‘F17:1) 
cytoplasm 

A2 Azon 

qr 

Neurosecretory Cells of Thoracic & Abdominal Ganglia 



89. 

Fig.19. CAMERA LUCIDA DRAMNGS OF SAGITTAL SECTIONS OF THE SUB- 

OESOPHAGEAL CNGLION. 

np 	neuropile. 

gl 	glial nuclei, glial cells. 

ax 	axcn. 

n1 	neurilemma. 

n 	non-secretory neurone. 

of 	nerve fibres. 

nv 	nerves. 

gr 	secretory granules. 

Al 	Type Al neurosecretory cell. 

A3 	Type A3 neurosecretory cell. 
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Fig.20. 	CAMERA LUCIDI, DRaINGS OF SAGITTiL SECTIONS OF THE SUB- 

OESOPHAGEAL GINGLION. 

np 	neuropile. 

of 	nerve fibres. 

gl 	glial nuclei, g1i41 cells. 

n1 	neurilemma. 

n 	non-secretory neurones. 

ax 	axons. 

tr 	trachea. 

B1 	Type El neurosecretory cells. 

C 	Type C neurosecretory cell. 

D 	Type D neurosecretory cell. 
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(c) Distribution of Neurosecrotory Cells in the Ventral Ganglia of 

Schistocerca grcgaria. 	(Figs. 21 - 28 at end of this section). 

It has been seen that four main types of neurosecretory cells may 

occur in the ventral nerve cord of S.gregaria, types A and B capable of being 

further subdivided. No neurosecretory cells are to be found in the frontal, 

hypocerebral and ingluvial ganglia of the stomatogastric nervous system at 

any of the stages studied below. 

The number and distribution of the various types of neurosecretory 

cells in the ventral ganglia are summarized in Table V (page 95 ). Where 

the number of cells is subject to individual variation, this is indicated 

by citing the figures from six replicates. It has not been possible to 

count cells from a sufficiently large number of individuals to give a 

statistically satisfactory indication of the amount of variation, but it is 

evidently quite large and requires discussion (page 112). 	For the moment 

it is enough to note that there is never any variation in the number of Al, 

A2 and A3 cells throughout the nerve cord, nor in the number of B-cells of 

the suboesophageal ganglion, while variation is very small for the B2 cells 

of the 2nd, thoracic and 5th, abdominal ganglia. 

A systematic survey of the neurosecretory cells, ganglion by 

ganglion, now follows. 

1. Suboesoehageal Ganglion. (Fig.22). 

The Al cells lie one on each side of the posterolateral end of the 

ganglion very close to the periphery and near the origin of nerve tracts of 

the longitudinal connectives to the first thoracic ganglion. The cells 
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are surrounded by numerous glial cells and a few non-secretory neurones. 

Secretory granules arc found in the fibre tracts which run above and below 

the cells. Approximate coil measurements: cell body 28 X 24 ji; nucleus 

14 X 14y.. 

the middle of the ganglion, one on each side of the mid-ventral line. These 

are the most distinctive nourosecretory cells in the entire nervous system. 

Both of them may lie immediately beneath the neurilemma, but more frequently 

they lie deeper in the cortex, or sometimes one may lie deep in the cortex 

and the other at the periphery and separated from the neurilamma by only a 
11.1 

few nerve fibres. The two .A4 cells are not contiguous but arc separated by 

a number of non-secretory neurones and B1 cells. Their axons travel 

separately and in sagittal section can clearly be seen to pass upwards and 

slightly forwards into the neuropile. Secretory granules can be traced 

along the axons until the latter enter the neuropile. Approximate cell 

measurements: cell body 32 X 58 )1; nucleus 14 X 18 

The B1 cells are of two sorts differing only in size. The smaller 

cells, of which there are 14, lie in a group on the midvontral side of the 

ganglion and are flanked by the two •Pcm. cells. Their axons, containing 

secretory granules, are arranged in two groups one in front of the other, 

and can be clearly seen in sagittal section to travel upwards into the 

neuropile. The most superficial cell of the group is separated from the 

neurilomma by only a few scattered glial cells and nerve fibres. The larger 

Bl cells, of which there are 3, lie one in front and two behind the smaller 

kind, very close to the neuropile. The nuclei of all these cells have 

A3 
The A4 cells of the suboesophageal ganglion lie close together in 
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abundant chromatin. Approximate cell measurements: cell body 32 X 58 p; 

nucleus 14 X 33 	The C and D cells vary in number and position, and some 

indication of the variation in number is given in Table _V. 	When 

numerous they occur mostly in the anterior and posterior regions of the 

ganglia where the cortex is produced inwards into the medulla. Approximate 

cell measurements are: for C cells, cell body 65 X 85 p; nucleus 29 X 18)1; 

for D cells, cell body 58 X 50 ).1; nucleus 27 X 22 )1, 

TABLE V. NUMBER AND DISTRIBUTION OF NEUROSECRETORY CELLS IN THE VENTRAL GANGLIA 
OF S.GREGARIA. 

GANGLION 	Al CELL A2 CELL A3 CELL 81 CELL B2 CELL C CELL D CELL 

2 2 0 0 2 2 17 170 

	

SUBOESOPHAGEAL 2 	2 0 	0 2 	2 17 17 0 
2 2 0 0 2 2 17 17 0 

2 2 0 0 0 0 24 28 0 
I THORACIC 	2 	2 0 	0 0 	0 29 22 0 

2 2 0 0 0 0 28 22 0 

2 2 0 0 0 0 26 26 0 
II THORACIC 	2 	2 0 	0 0 	0 26 26 0 

2 2 0 0 0 0 24 22 0 

	

6 	6. 12 12 0 	0 0 	0 42 
III THORACIC 	6 	6 12 12 0 	0 0 	0 83 

6 6 12 12 0 0 0 0 62 

2 2 4 4 0 0 0 0 6 

	

1ST. ABDOMINAL 2 	2 4 	4 0 	'0 0 	0 23 
2 2 4 4 0 0 0 0 20 

2 2 4 4 0 0 0 .0 10 

	

2ND. ABDOMINAL 2 	2 4 	4 0 	0 0 	0 24 
2 2 4 4 0 0 0 0 31 

2 2 4 4 0 0 0 0 28 

	

3RD. ABDOMINAL 2 	2 4 	4 0 	0 0 	0 26 
2 2 4 4 0 0 0 0 17 

2 2 4 4 0 0 0 0 16 

	

4TH. ABDOMINAL 2 	2 4 	4 0 	0 0 	0 17 
2 2 4 4 0 0 0 0 30 

0 0 0 0 0 0 0 0 6 
5TH. ABDOMINAL00000000 6 

0 0 0 0 0 0 0 0 6 

0 4 2 
0 2 9 
0 31 2 

0 20 27 
0 2 4 
0 0 32 

0 2 32 
0 2 17 
0 4 8 

72 23 42 
82 4 38 
73 10 23 

23 4 4 
31 2 28 
23 12 2 

25 0 4 
16 2 0 
14 19 4 

12 42 2 
28 4 12 
13 8 17 

16 24 2 
22 2 2 
25 22 28 

5 0 21 
6 9 2 
6 4 47 

82 3 
3 14 
4 33 

14 6 
17 110 
32 49 

21 0 
30 29 
72 63 

35 42 
112 68 
74 125 

6 8 
6 3 
12 6 

8 13 
14 17 
2 14 

20 8 
8 8 
17 16 

10 10 
4 23 
10 24 

79 36 
57 41 
101 63 
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2. Thoracic Ganglia. (Figs.23, 24, 25). 

Al and A2 Cells. 

The 1st, and 2nd. thoracic ganglia contain 2 Al cells each. The 

cells lie in the antero-ventral side of the ganglion, one in each half. The 

3rd. thoracic ganglion contains 6 Al cells: these lie in the posterior end 

of the ganglion, one in front of each other. 

The 1st, and 2nd. thoracic ganglia contain no A2 cells. The 

3rd. thoracic ganglion contains 12 A2 cells. These are arranged in three 

groups of two each in each half of the posterior end of the ganglion, each 

group lying slightly ventral to the 6 Al cells. The successive groups are 

quite widely separated, and in frontal section the neuropile is seen to be 

constricted at the points where the cell groups lie (Fig.25). The Al and 

A2 cells of the 3rd. thoracic ganglion are clearly to be regarded as neuro-

secretory cells of the first three primitive abdominal ganglia which in 

Schistocerca, as in other Acridids, have fused with the true third thoracic 

ganglion. This is also demonstrated by the relations of the Al and A2 

cells with the nerves supplying the first three abdominal segments (Fig.3), 

and by the fact that A2 cells occur elsewhere in the abdominal ganglia 

(Figs.26, 27) but nowhere in the thorax and certainly not in the suboesophag-

eal ganglion and brain. 

Bl. B2. C and D Cells. 

These cells vary in number and position from ganglion to ganglion 

and sane idea of their numbers can be had from Table V (page 95). The Bl 

cells of the 1st. and 2nd. thoracic ganglia occur in a group at 
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the posterio-lateral side and nowhere else in the ganglion; their axons are 

very long and can be seen in frontal section to pass obliquely forwards into 

the neuropile (Figs.23, 24). The B2 cells of the 3rd. thoracic ganglion 

occur all over the ganglion but are particularly plentiful in the anterior 

and posterior regions where the cortex is produced inwards into the neuropile. 

The C and D cells of the thoracic ganglia are variable in number and position, 

and they may best be described as occurring intermingled with the non-

secretory neurones of the cortex in all parts of the ganglia, and like the 

B2 cells of the 3rd. thoracic ganglion, they occur most numerously in the 

anterior and posterior ends where the cortex is produced inwards into the 

neuropile. 

3. Abdominal Ganglia. (Figs. 26, 27, 28). 

Al and A2 Cells, 

Each of the first four abdominal ganglia contains 2 Al and 4 A2 
cells (Figs.26, 27). The last abdominal ganglion (referred to as the cereal 

ganglion by some authors) is the only ganglion of the ventral nerve cord in 

which no A-type cells have been found (Fig.28). 

The Al cells lie very superficially in the middle of the ganglion 

on the dorsolateral side, one cell in each half. The A2 cells lie 2 on 

each side in the ventro-laterial region of the posterior third of the 

ganglion (Fig.lO). Their axonal ends lie flush with the band of nerve 

fibres which runs around the periphery of the neuropile. Secretory granules 

can be traced only a short way along the axons which soon merge with the 

other nerve fibres of the neuropilo. 
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B2, C and D Cells. 

The B2, C and D cells, as mentioned earlier, vary in number and 

position from specimen to specimen, occuring at almost any position in the 

cortex in numbers indicated in Table V (page 95). The B2 cells of the last 

abdominal ganglion occur only in the anterior and posterior regions where 

the cortex is produced inwards into the neuropile. 

Occasionally, PF-positive material in the axon could be discerned 

in the neuropile. Fig.34 shows such an axon in the neuropile of the 2nd. 

abdominal segment. 



• A Cells 

O B,C&D Cells 

FIG.21. 	DISTRIBUTION OF NEUROSECRETORY CELLS IN THE BRAIN 
AND VENTRAL GANGLIA OF SCHISTOCERCA. 



FIG.22. DISTRIBUTION OF NEUPOSECRETORY CELLS IN 
THE SUBOESOPHAGEAL GANGLION. 
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FIG.M. DISTRIBUTION OF NEURNECRETORY CELLS IN 
THE FIRST THORACIC GANGLION. 
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FIG.24. DISTRIBUTION OF NEUROSECRETORY CELLS IN 
THE SECOND THORACIC GANGLION. 



a 

FIG.25. DISTRIBUTION OF NEUROSECRETORY CELLS IN THE THIRD THORACIC 
GANGLION. NOTE THE DISTRIBUTION OF THE TYPE A2 NEUROSECRETORY 
CELLS AT THE POSTERIOR END OF THE GANGLION. 
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2 

FIG.27. DISTRIBUTION OF NEUMSECRETORY CELLS OF THE FIRST, SECOND 
AND FOURTH ABDOMINAL GANGLIA. COMPARE VITH THE PRECEDING 
MO FIGURES. 
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FIG.28. 	DISTRIBUTION OF NEUROSECRETORY CELLS OF THE FIFTH - (LAST) 
ABDOMINAL GANGLION. NOTE THE ABSENCE OF A-TYPE NEURO-
SECRETORY CELLS. 
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(d) Discussion, 

The findings of the two previous sections (pages 71  to 98  ) need to 

be discussed in the light of the earlier work reported on pages SI to 70 , 

This discussion can be organized around five points. 

(i) Nature of B-Cells. 

The B-type cells of the ventral ganglia (both Bl and B2 typos) are 

never phloxinophil and are therefore not identical with the B cells ofthe 

brain in Schistocerca, and those described by Nayar (1955) in Iphita limbata, 

Johansson (1958) in Oncopeltus fasciatus, Ladduwahetty (1962) in Dermestes 

maculatus, and some others. This difference is not due to variability in 

staining techniques because in sections passing through both the pars inter-

corebralis and the suboesophageal ganglion of Schistocerca, only the B cells 

of the brain stain pink with CHP (Fig.?). Furthermore phloxinophil B cells 

could be detected in the brain but not in the ventral ganglia when stained 

with the new technique of Alcian Blue-Phloxine (Fig.8). It is interesting 

to note that Faller (1960) also found that the neurosecretory cells of the 

suboesophageal and ventral ganglia of Poriplaneta americana were not phloxin-

ophil, and that hi3 B cells could also be demonstrated clearly only with PF. 

So far phloxinophil B cells in the ventral ganglia have been reported from 

adults of several species belonging to Orders other than the Orthoptera and 

Dictyoptera (e.g. npf 1957 in Drosophila, Diptera), though in general they 

seem to be less frequent than the A-type cells, and Rehm (1955) failed to 

find any in Pioris brassicae. Geldiay (1959) working on Blaberus craniifer, 

and Scharrer (1941) working on Blaberus craniifer, Leucophaca maderae and 
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Periolaneta americana, did not use CHP, and therefore it is not possible to 

say whether their B cells are identical with the typical phloxinophil B cells. 

It would be interesting to investigate this fully to see if phloxinophil B 

cells occur in the ventral ganglia of Orthoptera. Thus, while it seems 

likely that further histological study will reveal a certain diversity among 

the B cells, their underlying similarities arc sufficient to justify uniting 

them in one main group. 

(ii) Relation between A and B Cells. 

The above conclusion presupposes that one is justified in making a 

fundamental distinction between A-type and B-type cells. In S.gregaria, 

when the A cells are devoid of secretion their ground cytoplasm sometimes 

stains green with PF and therefore resembles that of B cells as to colour. 

This might lead one to the conclusion that the A and B cells represent two 

stages in the secretory activity of the same fundamental type of cell, a 

view held by Frazer (1959), M.Thomsen (1954) and others. 	Thomsen (1954), 

incidentally, was the first to describe phloxinophil B cells in insects, but 

he does not think that they are a functionally distinct type because (a) he 

found such cells in only 2 species of Hymenoptera out of the seven studied, 

(b) the phloxinophil material was found in cells which resembled the "empty" 

cells of the other species, and (c) both phloxinophil and blue granules may 

occur in the same cell. Frazer believes the B cells in the abdominal 

ganglia of larvae of L caesar to be a resting stage in the secretory cycle 

of the A cells because, he points out, any one of the four lateral cells, 

each of which has a definite location in the ganglion, may belong to either 
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category. However, the condition is somewhat different in Schistocerca. 

Whereas all the A cells are constant in number and position in the ganglia, 

the B cells of the suboesophageal and perhaps the 1st. and 2nd. thoracic and 

fifth abdominal ganglia are alone constant in number and position. Yet 

the B cells of the second thoracic ganglion have never been seen to exist 

in the "A-Cell" form, while the B cells of the suboesophageal ganglion are 

totally different from the A3 cells with which they are closely associated 

(Fig.12). Furthermore, if the A and B cells do represent stages in the 

secretory cycle of the same functional type of cell, one would expect in a 

suitable range of preparations to find both types of cell together wherever 

one type has been reported. Again, although the A cells devoid of secretion 

resemble the B cells in colour reaction with PF, the cytoplasm of the B 

cells always shows a reticulate structure which the "empty" A cells never 

have. For all these reasons, therefore, I believe that the A and B cells 

of the ventral ganglia of S.gregaria are two fundamentally different types. 

This conclusion is not nedessarily opposed to Frazer's work, since his paper 

includes relatively little cytological detail and it is readily conceivable 

that what he terms B cells are not true B cells as I define them, but merely 

"empty" A cells which superficially resemble them. Another author who 

regards A and B cells as phases in the activity of a single type is KBpf 

(1957a), but it would require accurate counts of the numbers of A and B 

cells in the pars interccrebralis of Drosophila to establish her point and 

these she has not made. In any case, she admits that the phloxinophil B 

cells of the lateral group of the brain arc probably quite distinct from the 
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A cells also found there. Thus, while the problem of A-B interconversion 

cannot perhaps be regarded as solved in general, the results here obtained 

seem to justify those other authors who insist - without always giving 

reasons - on their separate identity. 

(iii) Nature of C and D Cells. 

The C cells in the ventral ganglia of S.RreRaria are very similar 

to the C cells of the brain but differ from them in that secretory granules 

can be traced along their axons. Ladduwahetty (1962) working on the brain 

of Dermestes maculatus has found secretory granules in the axons of C cells. 

The C and D cells have been found to vary in number and position 

from individual to individual. Perhaps an explanation for this can be 

found in the light of Scharrer's (1941) findings on the neurosecretory cells 

of the suboesophageal ganglion of Blaberus craniifer and Leucophaea maderae. 

Scharrer described three types of neurosecretory cells and postulates that 

they represent stages in a possible secretory cycle as follows: (a) first 

granules appear in the cytoplasm; (b) this is followed by phases in which 

the granules are larger and more numerous; and (c) in her own words, "the 

structure of the cells suggest a stage of exhaustion and possibly a 

rehabilitation of the individual cells at the end of a secretory cycle". 

Though our staining methods were somewhat different, a comparison of 

Scharrer's three types of cell with the C and D cells of the ventral ganglia 

of S.greRaria leads one to homologize her third type with the D cell, and 

her first and second types with the C cell. This homology is all the more 

striking when one recalls that the C cells in S.Rregaria occur in two forms, 



one in which the granules arc found in all parts of the cell and therefore 

corresponds to her first type, and the other in which the granules are 

confined to the axonal region and the axon hillock of the cell, therefore 

corresponding to her second type. If these homologies are accepted it 

would appear that the C and D coils in the ventral ganglia of S.gregaria 

represent stages in the cyclical secretory activity of a single fundamental 

type of cell. The sequence of events might then be described as follows 

(Fig,29): (a) the secretory cycle starts when granules begin to form in 

the cytoplasm, and vacuoles form round the granules, thus giving the 

vacuolated appearance of the D cell; (b) the granules begin to aggregate 

together to form larger granules, and the cell loses its vacuolated appear-

ance, thus giving rise to the first form of C cells in which both large and 

small granules are interspersed in the cytoplasm; (c) when the granules are 

fully formed and are in the process of being discharged from the cell, they 

accumulate in the axonal region of the cell body and the axon hillock, thus 

giving rise to the second form of C cell. 	In cells of this third stage, 

secretory granules can be seen along the axons for a short distance, 	The 

above interpretation of the C and D cells explains why secretory granules 

are found in the axons of the C cells but not in those of the D cells. 	If 

it were correct, however, then despite inconstancy in the numbers of C and 

D cells considered separately, the total number of C and D cells might be 

expected to remain the same in all preparations. This, as discussed below, 

is not the case and therefore the hypothesis of C-D interconversion must at 

present remain undecided, unless one also postulates that the cycle includes 
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a non-secretory phase when the cells arc indistinguishable from ordinary 

neurones. 

(iv) Variation in Numbers of B, C and D Cells. 

In general, wherever the number of various types of neurosecretory 

cells present in a species is recorded in the literature, one receives the 

impression that this number is approximately constant. 	In some cases (e.g. 

Highnam 1961) a deliberate attempt was made to confirm constancy; elsewhere 

one often knows little or nothing of the range of variation and the impression 

of constancy may be due merely to the fact that only a single specimen was 

examined. Faller (1960), recording conditions in the suboesophageal 

ganglion and ventral nerve cord of Ferinlaneta americana, is the only author 

I know of who has demonstrated variations in the number of cells present. 

He says (see Table IV, page 62 ) that A cells were recognizable in only 30% 

of specimens, B cells in 125'0 and C cells in very few. 	This result, 

implying perhaps the existence of a 'quiescent' phase in neurosecretory 

activity, led me to study variation in the number of recognisable neuro-

secretory cells in the ventral ganglia of S.Rregaria. The results of this 

study are tabulated in Table V (page 95), where records are cited for six 

specimens (not all of the seine age), and in a supplementary table (Table VI, 

page ►13) where the figures are cited for locusts of five different age 

groups. 



15 Day 
Old 

1,Day 
tha 

oracic 
ominal 
inal 
nal 
al 

Suboesophageal 
I Thoracic 
II Thoracic 
III Thoracic 
1st. Abdominal 
2nd. Abdominal 
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TABLF, VI. VARIATION IN NUMBERS OF B, C AND D CLLLS. 

GANGLION 
AGE OF 
INSECT 
IN DAYS 

CELL TYPES 

B 	C 	D 
GANGLION 

Suboesophageal Newly 17 4 112 Subocsophageal 
I Thoracic Emerged 22 4 110 I Thoracic 
II Thoracic 24 4 72 II Thoracic 
III Thoracic 62 10 74 III Thoracic 
1st. Abdominal 23 6 18 1st. Abdominal 
2nd. Abdominal 16 0 17 2nd. Abdominal 
3rd. Abdominal 17 8 17 3rd. Abdominal 
4th. Abdominal 22 2 22 4th. Abdominal 
5th. Abdominal 6 4 87 5th. Abdominal 

AGE OF 
INSECT 
IN DAYS 

10 Day 
Old 

CELL TYPES 

B C D 

17 4 82 
28 0 32 
22 8 63 
73 23 125 
20 12 12 
14 4 14 
13 7 16 
25 6 27 
6 9 63 

17 6 83 
19 2 17 
26 2 30 
83 4 112 
23 2 6 
25 4 13 
26 4 8 
26 2 10 
6 2 41 

17 18 77 
24 20 14 
26 12 21 
42 23 35 
31 28 	3 
31 19 	2 
28 12 18 
30 22 10 
5 21 36 

Suboesophageal 
I Thoracic 
II Thoracic 
III Thoracic 
1st. Abdominal 
2nd. Abdominal 
3rd. Abdominal 
4th Abdominal 
5th. Abdominal 

5 Day 17 31 2 Subeosophageal 20 Day 
Old 28 27 6 I Thoracic Old 

26 32 10 II Thoracic 
74 42 42 III Thoracic 
23 4 8 1st. Abdominal 
24 2 14 2nd. Abdominal 
12 2 28 3rd. Abdominal 
17 2 6 4th. Abdominal 
6 6 42 5th. Abdominal 

In some cases, e.g. Bl cells in the 1st and 2nd thoracic and fifth 

abdominal ganglia there is extremely little variation, while in other cases 

(e.g. D cells in the 1st and 3rd thoracic and 5th abdominal ganglia), 

variation is very large. There does not, however, appear to be any very 

clearly defined tendency for any one type of cell or ganglion to exhibit a 
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characteristic degree of variation. Secondly, so far as one can see without 

carrying out elaborate statistical tests, the number of cells of a particular 

type in one insect is not correlated (positively or negatively) with the 

numbers of another type. The question of how far variation depends on age 

is discussed on page 127, but clearly cannot account for more than a fraction 

of the total variability. The significance of the great variation observed 

therefore remains obscure, though it suggests short-term fluctuations in 

the quantity of neurosecretory material present. 

(v) Relation of Histological Observations to Physiological Activity. 

Most studies on neurosecretory cells involve the study of static 

histological or cytological pictures. The task of passing from these to a 

dynamic picture of secretory activity is a difficult one. It may need to 

be done on two levels: (a) the relatively short-term secretory cycles which 

have been postulated within a cell, and (b) the longer-term trend of 

accumulation and transfer of neurosecretory material correlated with a 

changing physiological state or mode of activity of the insect. The first 

aspect of the problem has already been considered briefly for C and D cells 

above (page 110; Fig.29), and for A cells will be dealt with on page 117. 

It does not present insuperable difficulties of interpretation since (a) 

Miller (1960) has induced such cycles of secretion experimentally in 

Chaoborus; (b) the histological data can often be arranged in a plausible 

series; and (c) it might well be possible to develop a technique whereby 

the progress of incorporation of, say a radioactively labelled amino acid 

into the secretion, could be followed by autoradiographs (page 168). 
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The second aspect of the problem has already led to conflicting 

interpretations in the literature on the relations between the neurosecretory 

cells of the pars intercerebralis and the corpus cardiacum/allatum complex. 

Thus B.Scharrer (1941) describes a cell packed with secretary material as 

one which is at the peak of its secretory activity, and Brandenburg (1956) 

refers to the 'empty' neurosecretory cells as those in which secretion has 

ceased. 	On the other hand, Highnam (1961, 1962, 1962a, 1962b) claims that 

relatively small amounts of secretion may occur in cells which are actively 

secreting but in which the secretion is rapidly being conducted away. 

Conversely large amounts of secretion may denote an inactive cell in which 

the products of previous activity have accumulated. 	Clearly, the amount 

of histologically recognisable secretion is the resultant of two opposed 

processes: the secretory activity within the cell, and the rate at which 

the secreted material is conducted along the axons to a site of storage or 

release. 	The convincing nature of Highnam's arguments rests mainly on the 

fact that he worked on the pars—cardiacum complex and could therefore check 

the appearance of neurosecretory cells in the pars with the degree of 

accumulation or release of neurosecretory material by the corpora cardiaca. 

In the ventral ganglia of Schistocerca gregaria there is no known 

organ of storage and release other than the neurosecretory cells themselves, 

i.e. the ventral nerve cord has no counterpart to the corpora cardiaca. 

There is therefore no way of telling from the histological data whether a 

cell with much secretory material is one in which active secretion is 

accompanied by a lower rate of release or whether it is no longer secreting 
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but has not yet begun to release the accumulated contents. 	Conversely, 

cells with small amounts of secretion may be relatively inactive, or very 

actively secreting but also actively releasing their secretion. 	It is 

possible that information on the physiological state of the cell could be 

obtained from the use of labelled substrates, but this is a subject in itself, 

and outside the scope of the present work, and only a preliminary investig-

ation is given on page 168. 
In that follows, therefore, on the relation between histological 

findings and physiological events, one must guard against the assumption that 

a strongly staining cell is in a high state of secretory activity and vice 

versa. 	Such inferences as can be made are more precarious and will be 

discussed at the appropriate point in the next section hn the relationship 

of neurosecretien to physiological activities (Section V (a) page117 ; 

V (d) page 144; and V (e) page 185). 
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V. NEUROSECRETION IN RELATION TO PHYSIOLOGICAL ACTIVITIES. 

In many insects neurosecretory cells of the brain or suboesophageal 

ganglion have been shown to go through a cycle or trend of activity 

correlated with major physiological events, such as reproduction (Highnam, 

1961; Scharrer, 1941; Ladduwahetty, 1962; Johansson, 1958; Nayar, 1955), 

or ageing and maturation (Weyer, 1935; Day, 1940; Kopf, 1957), or general 

activity (Veyer, 1935; Formigoni, 1956; Hodgson & Geldiay, 1959), or 

copulation and general activity (Highnam, 1961; Ladduwahetty, 1962), or 

moulting (Rehm, 1955; Wigglesworth, 1939 etc.; Nayar, 1953), or diapause 

(Williams, 1947 etc.; Highnam, 1958; Frazer, 1959; Clements, 1956), or 

embryogenesis (Jones, 1956; Khan 1962), or diurnal rhythm and photoperiod 

(Harker, 1956, 1958, 1959, 1960, 1960a; Klug, 1959), or colour change 

(Possompbs 1957), or, finally, water metabolism (Altmann, 1956; Nunez;  1956, 

1962, 1963; Nayar, 1957, 1960, 1962; Maddrell, 1962). 	A general review 

of these various aspects is given by Van d.er Kloot (1960, 1962), and this 

main section is concerned with investigating some such possibilities in 

relation to the neurosecretory cells of the ventral ganglia of S.gregaria. 

(a) 
	

Secretory Activity of the Neurosecretory Cells of the Ventral. Ganglia  

during Maturation and Oviposition. 	(Fig.29 at end of this section). 

In order to determine whether the processes of egg maturation and 

oviposition may be correlated with neurosecretory activities in the ventral 

ganglia, surveys were made of all the known neurosecretory cells of the 

suboesophageal ganglion and the ventral nerve cord at various stages of adult 

life. 	Female insects, reared in crowded cultures with males of the same 
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age, were killed and prepared histologically at intervals of 5 days from 

the date of adult emergence. 	Dissections were also made to reveal the 

state of development of the ovaries. 	Under these conditions, maturation 

occurred at about three weeks. 	Neurosecretory cells from one specimen 

taken in copula, a second taken during oviposition, and a third taken 24 

hours after oviposition, were also examined. 

The result of comparing the neurosecretory cells in females of 

various ages was firstly to show that definite changes in the appearance of 

neurosecretory cells correlated with age occur only in the type A cells. 

So far as could be ascertained by the histological techniques employed here, 

the B, C and D cells remain virtually' identical in staining reactions 

throughout and show no obvious trend in the number and distribution of 

active cells (see Table VI, page 113). 

Conditions in the A cells, however, are rather complex and need 

extended treatment. 	These cells are always symmetrically arranged in the 

ganglia, each ganglion having an even number of cells (see Table V, page 

95, and Figs.10, 21-27). 	The histological appearance of the cells of both 

sides of a given ganglion is always the same in a given insect, suggesting 

that they operate in phase with each other, and this applied also to the 

three groups of A cells of the posterior end of the third thoracic ganglion. 

To make matters more precise a detailed analysis of this was undertaken. 

The Al and A2 cells will be considered together, and the A3 cells separately. 

Al and A2 Cells. 

Histologically, four readily distinct patterns are discernible in 

the Al and A2 cells, presumably forming part of a continuous cycle of 
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secretion and release and therefore to be thought of as connected by various 

intermediate phases. 	For convenience, therefore, the symbols a, b, c, and 

d, are used to designate four successive stages in this postulated cycle, 

while a double symbol (ab, lac, cd) is used to denote a phase intermediate 

between these stages, and a triple symbol (abb, bcc, cdd) to denote that 

the cell is almost in the ensuing stage of the cycle. 

The four stages are defined as follows, the histological details 

being essentially the same with PF and CHP. 

Al Cells.  (Figs.9, 29). 

Stage a: Cell body very small and devoid of or with only a few very small 

secretory granules; cytoplasm otherwise unstained; 

Stage b: Cell body small but containing a number of small secretory granules; 

background cytoplasm unstained; this stage can be distinguished 

from Stage a; cells in Stage b can easily be picked out from among 

the non—secretory neurones because of their purple—staining 

granules, whereas the cells in Stage a appear virtually unstained 

and are therefore not easily recognisable; 

Stage c: Cell body very large, secretory granules of various sizes unevenly 

dispersed in the cell, leaving zones of unstained ground cytoplasm 

in between; average cell volume: 30,450 y3, nuclear volume: 

4,350 y3. 

Stage d: Cell body very small, containing a few large secretory granules 

traceable along the axon, and therefore giving the appearance of 

a cell that has discharged its secretions; ground cytoplasm 



120. 

unstained; this stage resembles Staye a as to cell measurements 

(volume of cell body: 6,930 )f of nucleus: 690 y3), and is 

therefore smaller than a cell in Stage b; it is chiefly disting-

uished by the presence of large granules mainly in the axonal 

region and also along part of the axon where this is traceable. 

A2 Cells.  (Figs.10, 11, 29). 

Stage a: Cell devoid of granules, or with secretions of a flocculent 

nature; 

Stage b: Cell containing very small secretory granules evenly dispersed in 

counterstained ground cytoplasm; 

Stage c: Cell body packed with secretory granules of various sizes, the 

larger granules evidently formed by the aggregation of smaller 

ones; 

Stage d: Very large secretory granules restricted to the axonal region; 

granules also present in the axons, while the abaxonal region of 

the cell appears to be filled with secretions of a flocculent 

nature, perhaps in the process of being formed into granules. 

The results for the Al and A2 cells are tabulated in Table VII, 

page 125, in which the additional symbol 1 -1  is used to indicate that the 

neurosecretory cells concerned could not be recognized histologically. This 

is a condition quite distinct from that denoted by 'a' since, though the 

latter cells lack secretory granules, they are nevertheless recognisable by 

the differential staining reaction of their cytoplasm. 
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The results relate to at least two specimens for each entry in 

the Table (one stained with PF, the other with CUP). 	In some cases, 

however, more than two specimens were studied for a given age and the 

results for all these replicates were concordant within the limits indicated. 

It is therefore claimed that such differences as are recorded above and 

discussed below represent genuine patterns of neurosecretory behaviour and 

are not a casual sample of erratically varying histological data. 

From Table VII several features emerge:- 

(i) Some of the Al cells but none of the A2 cells are, at some stage in 

the insect's maturation, incapable of being distinguished from ordinary 

neurones. 	This is true of the cells of the suboesophageal and thoracic 

ganglia at around the time of copulation, and in the suboesophageal ganglion 

during oviposition, both processes occurring after 25 days. 

(ii) The Al cells of all the ganglia from emergence up to five days or a 

little more are densely packed with secretions. 	By the tenth day most of 

them have discharged their secretions, and on the fifteenth and twentieth days 

they are all devoid of secretions. 	The fact that the cells of the various 

ganglia on the 10th., 20th. and 25th. day are in different stages of the 

secretory cycle, would seem to suggest that there are several short-term 

cycles. 	The cells of the 3rd. and 4th. abdominal ganglia are packed with 

secretions from emergence up to the 10th. day; this could mean either that 

the appearance of the cells remains constant, or that they have already gone 

through at least one secretory cycle and are again packed with secretions. 

(iii) On the 25th. day, in a locust with fully mature ovaries, most of the 
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Al cells have discharged their secretions. 	During copula, the Al cells of 

the suboesophageal and thoracic ganglia are not recognizable histologically, 

while those of the abdominal ganglia are either devoid of secretions or have 

recently discharged their secretions and are in the process of starting a 

new secretory cycle. 	During oviposition, the Al cell of the suboesophageal 

ganglion remains undistinguishable still, while the cells of all the other 

ganglia are devoid of secretions. 	Twenty four hours after oviposition, 

the cells of all the ganglia are devoid of secretions. 

(iv) The three groups of A2 cells of the compound third thoracic ganglion 

show a consistent pattern of histological change. 	At emergence they are, 

though recognizable, devoid of secretory granules. 	They then presumably 

fill up rapidly for at 5 days they are already discharging via the axon—

hillock and axons and throughout the remaining period of maturation they 

fluctuate between conditions in which the evenly dispersed granules are 

either small and widely dispersed or of various sizes and more numerous. 

Finally during copula and oviposition they are packed with secretory granules 

but 24 hours after oviposition they reach a condition where the granules 

are absent. 

(v) The A2 cells of the second and third abdominal ganglia contain little 

or no secretion en4 emerqenr: but thereafter they appear to fluctuate l)etween 

a condition in which much secretory material fills the cell and one in which, 

presumably as a result of discharge, only the axonal region contains 

secretory material. 

(vi) The A2 cells of the third and fourth abdominal ganglia are the only 
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A2 cells of the ventral nerve cord to contain appreciable amounts of 

secretion on emergence. 	Thereafter they fluctuate in a fashion similar 

to the A2 cells of the other ganglia. 

(vii) During copulation all the P.2 cells contain appreciable amounts of 

secretory granules, during oviposition the A2 cells of the abdominal genglia 

become devoid of granules while these same cells of the third thoracic gang—

lion still contain appreciable amounts of secretions, but 24 hours following 

oviposition, all the cells have discharged their secretions and are empty. 

(viii) The full significance of the rather complicated pattern of neuro—

secretory changes which accompany maturation cannot be assessed in the 

present state of uncertainty as to the relation between histology and 

secretory dynamics. 	There seems little doubt, however, that maturation, 

copulation and oviposition are correlated with an elaborate pattern of 

changes, and if one were to consider only the broadest features, then the 

most striking conclusions are: (a) in general the Al neurosecretory cells 

of the ventral ganglia of newly emerged insects are packed with secretions, 

and they remain packed and do not discharge their secretions till after 

the fifth day; (b) the A2 neurosecretory cells of the ventral ganglia of 

newly emerged insects show little or no secretion; (c) the neurosecretory 

cells then pass into a phase where variable but usually large amounts of 

secretion are present; (d) the Al cells seem to discharge synchronously 

on two occasions in the maturation period — ground 10 days and just before 

oviposition; (e) the cells contain appreciable amounts of secretion up to 

a stage preceding oviposition, and begin to show signs of discharge during 
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copulation, but during oviposition and 24 hours follo%ing following it, they 

have discharged their secretions completely and appear empty. 

(ix) A possible interpretation of these latter conclusions — though by no 

means the only one -- is that during the first 5 days or so of adult life 

there is no release of material from the Al cells while in the A2 cells 

secretion begins and is released almost as rapidly as it tends to accumulate. 

At any one time there are always some cells of the neurosecretory system of 

the ventral ganglia which are full of secretion, and this might be an 

indication of the hormonal level being kept above a certain value. This 

interpretation, with its implication that the neurosecretory material may 

play a dual role, first in promoting ovarian maturation and then in inducing 

oviposition, is unfortunately too speculative to warrant further discussion 

at this point. 	The matter is dealt with again in conjunction with the 

experimental results of section V (e), page 168. 
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Table VII. 	Histological Changes in the Al and A2 Cells of the Ventral  
Ganglia during Female Maturation and Oviposition. 

Age Group in Days/Stage in the Secretory Cycle 
Ganglia 	Cell 

Type 0 5 10 15 20 25 X Y Z 

Suboesophageal 	Al 	c 	c 	b 	a 	a 	d 	a 

1st. Thoracic 	c 	c 	b 	a 	a 	d 	- 	a 	ab 

2nd. Thoracic 	c 	c 	b 	a 	a abb - abb a 

3rd. Thoracic 	c 	c 	d 	a 	a 	d 	- 	daa 	a 

c c d a a 	daa a 

c c d a a d - daa a 

1st. Abdominal 
	c 	c 	be 	a 	a 	d 	cd 	a 	a 

2nd. Abdominal 
	c 	c 	b 	a 	b 	cd 	a 	a 	a 

3rd. Abdominal 	c 	c 	c 	a 	d 	cdd 	d 	a 	a 

4th. Abdominal 	c 	c 	c 	a 	d 	d 	b 	a 	a 

3rd. Thoracic 
	

A2 	a 	d 	b 	c 	b 	c 	c 	c 	a 

a d b c b d c bc a 

a 	d 	b 	c 	c 	d 	c 	c 	c 

1st. Abdominal 	ab d 	c 	d 	c 	d 	c 	a 	c 

2nd. Abdominal 	a 	b 	c 	d 	c 	c 	cd 	a 	b 

3rd. Abdominal 	bdcdcccaa 

4th. Abdominal 	bcc d 	c 	d 	c 	d 	cd 	a 	b 

No. of specimens 	3 	3 	2 	6 	4 	4111 
studied 

X - During Copulation, after 25 days. 

Y - During Oviposition. 

Z - 24 hours following Oviposition. 
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A3 Cells. (Figs.12, 29). 

The paired A3 neurosecretory cells of the suboesophageal ganglion 

have been studied histologically in adult females ranging in age from 

emergence to 35 days, as well as in 5th. instar nymphs. 	In the nymphs the 

cells are packed with secretions which stain intense purple with PF. 	In 

newly emerged and one—day old adult females, the cells contain very few, 

small secretory granules which are evenly dispersed throughout the cell 

body, a few aggregating to form larger granules. 	These larger granules 

appear to be enclosed in areas of clear unstained cytoplasm or vacuoles, 

and tend somewhat to resemble the granules of the D cells. 	The granules 

fill the axon hillock and are visible for a little way along the axons. 

In a normally stained PF preparation the granules are a purplish brown in 

colour. 	This however is partly the result of the counterstaining with the 

light—green mixture since the granules are purple or lilac when stained 

with the paraldehyde—fuchsin mixture alone. 

In a five-day old female, the cells stain a brilliant purple 

with PF and show no trace of green after counterstaining. 	The purple 

granules fill the cell body completely, and many large granules are formed 

by the aggregation of smaller ones. 	They appear to be less denso].y packed 

at the periphery of the cell but can be traced along the axons. 	In a 

ten—day old female, the cells are like those of the five—day old; the 

cell body if anything is more densely packed with secretory granules. The 

picture is the same in older females (15 to 35 days old), and does not 

change during copula, oviposition and 24 hours following oviposition. 	The 
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secretory activity follows a similar pattern when the stain used is CHP, 

except that the granules stain a deep blue-grey. 

Evidently some physiological change in the A3 cells is correlated with 

early adult development (up to, say 5 days). 	It is however impossible 

from histological data to infer whether (a) the secretory activity within 

the cell is at first low and then increases to a higher value; (b) the rate 

of secretion within the cell remains constant but there is at first a more 

rapid rate of dispersal of secretion; (c) some other changing balance bet-

ween intracellular secretion and dispersal could not equally well account 

for the results. 

Unlike the Al and A2 neurosecretory cells, the A3 cells show no 

cytological changes correlated with maturation, copulation and oviposition. 

The A3 cells become packed with secretions on the 5th. day when the Al 

cells become depleted of secretions. 

B, C, and D Cells. 

Histologically, the B cells (IJI. and B2 types) remain virtually 

identical throughout sexual maturation and show no cycle of secretory activ- 

ity correlated with age. 	The variation in numbers of the B cells has, how-

ever, already been mentioned (page H 2) with respect to counts made from 

six replicates not necessarily all of the same age group (Table V, page 95). 

It was thought worth assembling the data in another table to see whether 

this variation had any correlation with age (Table VI, page 113). Nothing 

striking emerges from a study of this table: there is no cycle or trend 

of secretory activity or in the number of B cells correlated with sexual 
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maturity. 	The picture is the same for the C and D cells. 

The B, C and D cells, therefore, unlike the A cells, do not show 

a consistent pattern of secretory change correlated with sexual maturation. 
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FIG.29. 	DIAGRAMATIC  REPRESENTATION OF THE DIFFERENT STAGES  IN THE SECRETORY 

CYCLES OF NEUROSECRETORY CELLS. 

1. Al Cell. (4 stages). 

a cell empty, amount of cytoplasm very small; 

b amount of cytoplasm has increased, secretory granules begin to form; 

c cell very large, cytoplasm packed with secretory granules of various 
sizes; 

d only a few large aggregates of secretory granules are found in the 
cytoplasm and axon, giving the appearance of a cell that has dis—
charged its products. 

2. A2 Cell. (4 stages). 

a cell empty; 

b secretory granules have formed, but are not densely packed in the cell; 

c cell densely packed with secretory granules; 

d large secretory granules confined to axonal hillock and axon, giving 
the appearance of a cell that has discharged its products. 

3. A3 Cell. 

a cell from newly emerged adult, with secretory granules enclosed in 
vacuoles; 

b secretory granules more numerous, not enclosed in vacuoles; 

c cell and axon densely packed with secretory granules. The presence 
of granules in the axon indicates that the cell is discharging its 
contents, but the cell has riot been observed to be empty as in la 
and 2a, or ld and 2d. 

4. D & C Cell (a — D cell; b, c, d — C cell). 

a D cell: secretory granules enclosed in vacuoles similar to 3a, indic—
ating that they are in the process of being formed into discreet 
units; 

b C cell: cytoplasm containing a few secretory granules not enclosed in 
vacuoles; this stage is presumed to have 'formed from the previous 
stage by the disappearance of the vacuoles; 

c 	secretory granules more numerous, found in all parts of the cell 
body but not in the axon; 

d 	cell with secretory granules confined to the axon hillock and axon, 
giving the appearance of a cell that is discharging its products. 
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(b) Role of the Last i,bdominal Ganglion  in Female Maturation and 

Ovinosition. 	(Fig.30 at end of thic suction). 

In S.gregaria Norris (1954) has shown that copulation is normally 

necessary for the developult of the eggs to their full size, and Highnam 

(1961, 1961a, 1962) has established that the eggs do not develop if the 

neurosecretory cells of the brain have boon cauterized. From the study of 

the morphology of the nervous system it was found that the 4th. abdominal 

ganglion innervates the lateral oviducts, and the 5th. (last) abdominal 

ganglion supplies a number of nerves to the important complex of organs of 

reproduction and the muscles of the ovipositor, The following experiments 

were designed to sec what role the 5th, abdominal ganglion plays in maturat-

ion and oviposition; bearing in mind that it might be expected to exert both 

a nervous and a hormonal influence. 

Controls consisted of Jocusts in whose cuticle incisions wore made 

without touching the internal organs, and sealing the wound with wax. The 

rates of maturation in these controls were not unlike those for normal 

locusts. 

(i) Extirpation of the last abdominal ganglion. (Fig.30). 

The last abdominal ganglion was extirpated from 46 newly emerged 

adult females through a window cut on the ventral side of the 8th. abdominal 

sternum, and the insects kept in rearing cages under optimum rearing condit 

ions. Of these, 19 died within the first week following the extirpation. 

The survivors were kept for 21 days, when they should normally have shown 

signs of maturation, and were then sacrificed in groups of three at various 
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intervals of time. Examination of the ovaries showed that the eggs remained 

rudimentary, and in only one case the eggs were partially developed. 

(ii) Reimplantation of the last abdominal ganglion. (Fig.30). 

From Experiment (i), it is clear that extirpation of the last 

abdominal ganglion results in the failure of the eggs to mature. If the 

control of maturation by the last abdominal ganglion is hormonal, then 

extirpation followed by reimplantation might be expected to result in 

maturation. To test this, the last abdominal ganglion was extirpated from 

10 one-day old adult females, and the locusts kept in rearing cages for 21 

days. Three died during the first week after extirpation. The 7 survivors 

each received a ganglion from a 21 day old female; the ganglion was 

implanted in the fat body of the abdominal segment. Of these, 2 died with-

in a week of implantation. The 5 survivors were then divided into two 

batches: 2 were roared with yellow males and 3 were reared without males. 

Those reared with the males were seen to copulate. All 5 wore sacrificed 

after 4 weeks, fixed and examined by dissection. Zroept for one insect 

from the batch reared without males, which was infested with a fourth stage 

larva (Family Diermithidae, probably Mermis sp, or Agamermis sp.), the insects 

with reimplanted ganglia had fully developed ovaries. 

(iii) Isolation of the last abdominal ganglion. 

From Experiments (i) and (ii) above, it appears that the last 

abdominal ganglion is necessary for maturation of the eggs, and that its 

control over maturation is exerted hormonally, with no perceptible nervous 
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influences. 	If this were the case, then the complete isolation of the last 

abdominal ganglion by section of the ventral connectives and the peripheral 

nerves might be expected to bring about the sane result as extirpation of 

the ganglion followed by reimplantation. Accordingly, the last abdominal 

ganglion was isolated in this way in 30 one-day old adult females, and the 

locusts kept in rearing cages. After 3 weeks, there were 12 survivors. 

Eight of these were removed to a separate cage containing 8 yellow males, 

and the remaining 4 wore reared without males. Those reared with males 

became moribund 30 days after isolation of their ganglia. They were 

therefore killed and examined. Two had partially developed eggs while 6 

had fully developed eggs. Of those reared without males, 3 survived for 

more than 50 days. They were killed, and examination showed that their 

eggs were fully developed and extended even into the thorax. The moribund 

conditions apparently resulted from the inability of the insects to lay the 

numerous eggs which had matured. 

From Experiments (i), (ii) and (iii) therefore, it appears con-

clusively that the last abdominal ganglion controls female maturation large-

ly if not entirely by hormonal influences, though oviposition requires 

intact peripheral innervation. 

(iv) Implantation of Corpora Cardiaca and Last Abdominal Ganglia into  

Newly Emerged Females. 

Highnam (1961, 1962, 1962a, 1962b) has shown that the neurosecret-

ory cells of the pars intercerebralis are necessary for maturation of the 

eggs of Schistocerca. The neurosecretory material from the brain is con- 
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ducted along axonal routes to enter the corpora cardiaca. 	These act as 

neurohaemal organs, and as seen from the ligation experiments described on 
f5 1 - 1"), 

pages 1m-152,  they discharge the material into the blood stream. 	The 

neurosecretory material therefore reaches the target organs via the blood 

stream. Having seen that the last abdominal ganglion might be important 

in female maturation, it became desirable to ascertain the relationship 

between this ganglion and the ncurosecretory system of the brain. 

Accordingly, some fully mature females of S.Eregaria wore decapit-

ated and the corpora cardiaca and last abdominal ganglion removed and im-

planted into the third abdominal segment of 12 newly emerged females, each 

recipient receiving the organs from one donor. All the locusts survived 

the operation. Six were roared with yellow males and the other 6 without. 

All became fully mature within 7 days and the first egg pods were laid on 

the 10th. day after the experiment started. Those reared with yellow 

males had been seen in copula on the 9th. day, 

These findings were further elaborated by a second series of 

experiments in which either the corpora cardiaca or the last abdominal gang-

lion were implanted into newly emerged females. The last abdominal ganglion 

of each donor was implanted into one recipient, and the corpora cardiaca of 

the same donor into another recipient. 	In all, 10 recipients received 

corpora cardiaca, and another 10 received last abdominal ganglia. The 

experimental females were all roared with yellow males. As with the 

previous experiments, in which each recipient received both cardiaca 

and last abdominal ganglion, all the experimental locusts became mature 
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after a week following the implantations, and the first egg pods were laid 

on the 12th. day. 

A third series of experiments was made on 24 newly emerged fe:►ales 

whose last abdominal ganglia had been extirpated. These were divided into 

three groups of 8 each: one group received both corpora cardiaca and last 

abdominal ganglion; a second group received only corpora cardiaca; and a 

third group received only last abdominal ganglia. 	Contrary to expectations, 

none of these became mature after 21 days, and only one had fairly developed 

eggs after 26 days. 

fourth and final series of experiments was carried out on 24 

newly emerged females whose last abdominal ganglion was isolated by nerve 

section. These were again divided into three groups of 8 each: one group 

received corpora cardiaca and last abdominal ganglion; a second group 

received only corpora cardiaca; and a third group received only last 

abdominal ganglia. Thirteen of them died within the first week following 

the operation, but in these experiments as in the one above, none of the 

survivors became mature even after 21 days. 

In locusts with fully developed eggs, but whose nerves from the 

last abdominal ganglion had been cut, the failure to oviposit could only be 

due to the severence of the nerves and the consequent loss of nervous con-

trol. 

(v) Bilateral section of the ventral connectives and oviducal nerves. 

The above series of experiments would seem to suggest that whereas 

the control of maturation is largely or entirely hormonal, the control of 
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oviposition is at least partly nervous. It has already been seen that there 

is no oviposition when the peripheral nerves of the last abdominal ganglion 

arc cut (Experiment iii), and when the ventral connectives between the 4th. 

and last abdominal ganglion are cut. In order to determine whether and 

whGre a higher controlling centre existed, the ventral connectives between 

suboosophageal and 1st. thoracic, between the 1st. and 2nd. thoracic, between 

2nd. and 3rd. thoracic, between the 3rd. thoracic and 1st. abdominal, and so 

down to the last abdominal ganglion were cut. Attempts at cutting both 

the circumoesophageal connectives invariably proved fatal. A total of 42 

locusts were used in these experiments. In no case, despite their fully 

developed eggs, did the locusts oviposit. 

Bilateral section of the lateral oviducal nerves arising from 

the fourth abdominal ganglion, however, does not prevent oviposition. 



137. 

Table VIII. Influence of Corpora Cardiaca and Last Abdominal Ganglion on  

Female Sexual Maturation. 

No. of 	C.Cardiaca 	Ganglion 	Result 
Insects: 
Expt. 	Mature Mature Immat. Mature Mature Mature Immat. Immat. 

in situ implant in situ intact implant isolated intact isolated 

Control 	+ 	+ 	 Matn. 

5 (ii) 	+ 	 + 	 Matn. 

12 (iii) 	+ 	 + 	Matn. 

12 (iv)1 	+ 	+ 	+ 	+ 	Matn. 

	

10 (iv)2a 	+ 	+ 	 + 	Matn. 

	

10 (iv)2b 	+ 	+ 	+ 	Matn. 

8 (iv)3a 	+ 	+ 	+ 	 No Matn. 

8 	3b 	+ 	+ 	 No Matn. 

8 	3c 	+ 	+ 	 No Matn. 

8 (iv)4a 	+ 	+ 	+ 	No Matn. 

8 	4b 	+ 	+ 	 + 	No Matn. 

8 	4c 	+ 	+ 	+ 	No Matn. 

27 (i) 	+ 	 No Mato. 

Highnam's 
(1961) 	 No Matn. 
cauterizat— 
ion. 
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General Discussion. 

Detailed discussion of those results is handicapped by discrepancies 

in Experiment (iv), where the third and fourth series of insects did not 

mature in the way suggested by the results of the first and second series. 

It should be noted, however, that in the third and fourth series, the insects 

had been subjected to a double operation and that there were few survivors 

in the fourth series. It is therefore perhapz some unfavourable but 

unidentified post-operative conditions which inhibited maturation, rather 

than the experimentally induced hormonal and nervous changes. The fourth 

experiment is therefore discussed separately. 

So far as maturation of the ovaries is concerned, the results of 

the various experiments are summarised in Table VIII in which the extent 

of maturation is related to the condition of the cephalic neurosecretory 

system and the state of the last abdominal ganglion. The clearest conclus-

ion to emerge from the first three experiments (which are consistent with 

each other wherever they can be) is that maturation of the ovaries is at 

least partly under the control of a non-nervous, presumably hormonal, 

factor derived from the last abdominal ganglion. When this factor is 

eliminated by extirpation of the ganglion, maturation does not take place; 

when the factor is present - as in intact controls, in those insects with 

the last ganglion isolated in situ by section of the connectives and peri-

pheral nerves, and in those with an implanted ganglion from another insect - 

then maturation takes place in an apparently normal way. 

Since the last abdominal ganglion contains no A cells, the 
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"maturation hormone" is unlikely to be associated with the PF-positive 

material whose movements along the nerve cord and peripheral nerves were 
(p. 144 

investigated in the ligation experiments The origins of the "hormone" 

cannot, in fact, be related to any of the known types of neurosecretory 

cells, since the remaining B, C and D-type cells of the last abdominal 

ganglion are also widely distributed in far larger numbers in the other 

ventral ganglia and it is difficult to believe that the additional amount 

of secretion produced by such cells in the terminal ganglion could tip the 

balance so as to induce maturation. Further, there is no histological 

evidence that the B, C and D cells undergo changes correlated with maturation 

or that those of the last ganglion differ in any way from those found more 

anteriorly. 

Whatever its origin, the "maturation hormone" can, under experi-

mental conditions at any rate, reach the target organs via the blood and 

need not be conducted along the axons of the peripheral nerves leaving the 

last abdominal ganglion. There is therefore still less reason for imagining 

that the hormone is produced by a neuro-endocrine source of the "typical" 

kind (secretory cell, conducting axon and neurohaamal organ of storage and 

release). 

Taking the present results in conjunction with those of Highnam 

(1961, 1962), it seems that maturation of ? Schistocerca depends on the 

neurosecretory activity of the pars intercerebralis and that of the last 

abdominal ganglion. The inducing factor seems to be different in the two 

cases but the relation between the two factors is far from clear. 
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Experiment (iv) was actually intended to shed some light on this, but has 

failed to do so. Thus, the series referred to in Table VIII as (iv)1 and 

(iv)3a, taken in conjunction with (iv)3b, (iv)3c, (iv)4b and (iv)4c, are 

.consistent with the hypothesis that maturation occurs relatively quickly 

once the mature corpus cardiac= and mature last ganglion are functioning 

together. 	But series (iv)2a and 2b, together with (iv)3a and (iv)4a 

contradict this hypothesis, the first two,because maturation occurs in the 

absence of either a mature ganglion or mature corpora cardiaca, the second 

two because maturation does not occur although both arc present. Rather 

than try to elaborate a rather forced explanation which might conceivably 

eMbrace the data, but would have little support from independent sources, it 

seems wisest to suggest that further experiments on the above lines might 

clarify'a confusing situation. It is clear, however, that the relationship 

between what might be called the anterior and posterior neurohormOnal centres 

is a fruitful line along which to investigate the factors controlling sexual 

maturation. That this relationship is hormonal rather than nervous is 

suggested by Experiments (i) 	(iii) and by the long series of nerve sections 

at almost all levels of the ventral nerve in Experiment (v). Further, in 

locusts from which the last ganglion was removed, the neurosecretory cells 

of the pars and the remaining ventral ganglia were normal, suggesting that 

the last ganglion does not initiate changes in the more anterior centres. 

The control of oviposition is, evidently quite distinct from that 

of maturation, but has not been studied as intensively here. Experiment (v) 

indicates that although the lateral oviducts are innervated from the fourth 

abdominal ganglion, the latter does not control oviposition. 	It is the 
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last (fifth) ganglion which is directly involved - as ie clearly seen from 

Experiment (iii), but higher control from a centre in the subocsophagcal 

ganglion and/or the brain is clearly suggested by the extensive nerve 

sections of Experiment (v). 
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(1) Last abdominal ganglion extirpated: eggs fail to develop. 

(2) Ventral connectives anterior to last abdominal ganglion cut: eggs 

fully developed but the locust fails to oviposit. 

(3) Last abdominal ganglion implanted into locust whose own ganglion 

has been extirpated: eggs developed. 	Compare with (1). 

(4) Last abdominal ganglion from a mature female implanted into an 

immature female: eggs fully developed after 7 days. 

(5) Last abdominal ganglion isolated by cutting all its nerves, and 

the ganglion left in situ: eggs fully developed, but the locust 

fails to oviposit. 	Compare with (2). 



143. 

(c) Effect of Ovariectomy on the Histological Picture of Neurosecretory Cells. 

A number of workers have shown that the neurosecretory cells of 

the pars intercerebralis play an important role in the development and 

maturation of the ovaries (Highnam 1961, 1962; and Ladduwahetty, 1962, to 

name two recent ones), while B.Scharrer (1954) has shown that the staining 

characteristics of the B—type cells of the suboesophageal ganglion of 

L.maderae could be changed by ovariectomy in the nymphal stages. 	Such 

evidence indicated a possible reciprocal action of the ovaries and the 

neurosecretory cells, and suggested the worthwhile nature of similar 

experiments in S.gregaria. 

Four one—day old adults and 20 one—day old fifth instar hoppers 

were ovariectomized. 	The adults survived the operation while only 2 

hoppers metamorphosed into the adult. 	These six survivors were reared under 

normal conditions. 	One ovariectomized adult was sacrificed after 105 days, 

and the rest after 25 days. 

The most conspicuous result of sterilization is the hypertrophy 

of the fat body. 	The brain and stomatogastric system, suboesophageal, third 

thoracic and third abdominal ganglia of two locusts were examined after fixing 

in Susa/Picric and staining in PF. 	No change whatever was found in any of 

the neurosecretory cells. 	Unlike L.maderae, therefore, no "castration cells" 

(Scharrer 1954) are to be found in the suboesophageal ganglion of S.gregaria. 
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(d) Transport of Neurosecrotory Material as Studied by Ligation Experiments. 

(Figs. 31-38, at end of this section) 

It has been seen from histological evidence that the material 

secreted by the neurosecretory cells is discharged along the axons and 

therefore appears in the neuropile tissue of suitably stained sections. 

Distinct secretory granules could be seen only in the axons as they leave 

the neurosecrotory cells, and in a few cases, depending on the way the 

ganglion was sectioned, for a short distance along the axons in the neuro-

pile. Generally, from the moment the axons entered the neuropile no 

distinct tracts containing secretory granules could be made out. 	In order 

to determine whether the secretions were in fact conducted along nerve 

tracts to same hypothetical target organs byway of the double ventral nerve 

cords and the nerves to the periphery, it was thought worthwhile to stop or 

interrupt the discharge of the secretory material along the nerves by means 

of a number of ligaturing experiments designed to see if there was any 

accumulation of material at the ligatures. 

The first previous attempt along these lines was that of B.Scharrer 

(1952). 	By cutting one of the nervi corporis cardiaci of Leucophaea 

maderae, Scharrer was able to show the accumulation of secretory material 

in the proximal region of the cut nerve, while the uncut nerve, left as a 

control, had secretory material all along its length. The NCC I are very 

fine nerves and therefore very difficult to ligate. However, E.Thomsen 

(1954), working on a much smaller insect, Calliphora erythrocephala, 

accomplished this remarkable feat and was able to demonstrate the accumul- 
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ation of secretory material in the proximal part of the ligated cardiac-

recurrent nerve. The secretory material, which appears bluish-white in 

living nerves under darkfield illumination, was found to occur in the 

unligated cardiac-recurrent nerve, as well as in some of the nervi oesophagel 

and the nervi corporis allati, but not in the abdominal nerve (i.e., the 

peripheral nerves leaving the fused ventral ganglia). Ligation of this 

nerve did not result in an accumulation of secretory material, and Thomsen 

concluded that it does not transport neurosecretory material. 	In a similar 

experiment, Geldiay (1959) working on the ventral ganglia of Blaberus  

craniifer was, however, able to show that secretory products move along the 

connectives in both anterior and posterior directions from the ganglia in 

which they are produced, but did not investigate the process in any detail. 

Methods. 

In the initial stages lightly etherized locusts were used for the 

experiments but once the technique was perfected and the ligations could be 

done in a few minutes, etherization was unnecessary. The test locust was 

held firmly in place on a block of plasticine in such a way that the area 

to be operated upon was easily accessible (Fig.31). To ligate the nerve 

cords between the suboesophageal and first thoracic ganglia, the head was 

stretched forward by passing a nylon thread between the mouth parts, pulling 

the two ends forwards and embedding them in the plasticine block; by making 

a slit in the cervical membrane the nerves were then exposed. To reach 

the abdominal nerves, the ovipositor was gripped in a wedge of plasticine 

and pulled to stretch the abdomen, and the ganglia were exposed by making a 
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three-sided cut in the cuticle and turning the flap backwards at the inter-

segmental membrane. In the thoracic region, windows were cut in the cuticle, 

the excised cuticle was temporarily placed in insect Ringer, and after 

ligation, was replaced and sealed into position with molten paraffin wax. 

The circumoesophageal connectives could be reached only from a window cut 

just below the compound eyes and extending forwards to the frons and down-

wards to the base of the mandibles: for this, the locust was placed on its 

side. To reach the nervi corporis cardiaci the head was stretched forwards 

and held in place with plasticine, and a dorsal incision made in the cervical 

membrane. 

A single fibre removed from ordinary nylon sewing thread was used 

for the ligatures. After ligation, the locust was left on the plasticine 

block for about 5 minutes, and then removed to the rearing cages and kept 

under surveillance in normal rearing conditions. 

The instruments used for ligation were sterilized by boiling. 

During the first few days after ligation, the locusts were fed on fresh grass 

and standard diet only; no water was given as a high humidity resulted in 

a high mortality. Post-operative mortality was very high (over 90(70) when 

newly emerged locusts were used, so most of the ligations were done on 

locusts 2 to 5 days old, when the mortality was only about 20%. 

When needed for histological examination, the insects were killed 

with ether vapour and the entire nerve cord fixed in situ  in Susa/Picric or 

Bouin under vacuum. After fixation, and washing in alcohol, the appropriate 

parts of the nerve cord were dissected out, blocked, sectioned transversely 

frontally and sagitally, and stained in PF. 
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series of ligations were carried out between the successive 

ganglia, and the test locusts kept for varying periods of time after ligation. 

The successful experiments are listed in Table IX below. 

Table IX. The Suboesophageal Ganglion is Denoted by S, the Three Thoracic 
Ganglia by I, II and III Respectively, and the Five Abdominal 
Ganglia by a, b, c, d and e. 

Expt. 	Position of ligature 
No. 

	

1 	Rt. cord between S and I ligated 

	

2 	Rt, cord between S and I cut 

	

3 	Rt. cord between S and I double ligated 

	

4 	Lt. cord between S and I ligated 
twice, leaving about 3 mm. of 
cord between the ligatures 

	

5 	Rt. cord between I and II ligated 

	

6 	Rt. cord anterior and posterior 
to II ligatcd 

	

7 	Lt. cord between III and a ligated 

	

8 	Both cords between a and b ligated 

	

9 	Both cords anterior and posterior 
to b ligated 

	

10 	Both cords between c and d ligated 

	

11 	Rt. cord anterior to c cut, 
Rt. cord posterior to c ligated 

	

12 	Both cords anterior to d ligated. 
Nerves to the periphery on left 
side of d ligated 

	

13 	Lt. cord between d and e ligated 

	

14 	Rt. cord anterior and posterior to d, 
also nerves to the periphery on rt. 
side ligated 

	

15 	Circumoesophageal connective on 
one side ligated/cut 

	

16 	Circumoesophageal connective on 
one side ligated/cut 

	

17 	Rt. NCC I cut 

	

18 	Both cords between d and e, also 
nerves arising from hind end of 
e ligated 

	

19 	Lt. nerve to the periphery of d cut 

Age on 
Ligation 

Duration of 
Ligature 

1 day 35 days 
5 11 
1 105 

5 10 
5 11 

5 10 
1 7 
1 10 

5 6 
5 10 

5 35 

5 35 
5 6 

5 10 

1 24 

1 105 
4 16 

2 25 
1 20 
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Results and Conclusions. 

A. General. 

A large mass of scar tissue invariably formed at the site of 

incision, and was more marked in insects kept for long periods after ligation 

than in those kept for only a few days. The portion of the ligated cord 

immediately round the ligature had degenerated, while a little distance 

away from the ligature there was a distinct swelling of the cord. The 

number of filial cells near the ligature when compared to that of the unlig-

ated cord (control) had increased tremendously. In every case there was an 

accumulation of secretory material on both sides of the ligated, ventral 

connectives, and on the proximal side of the ligature of the peripheral 

nerves (Fig.33). 

B. Ligation Experiments. 

The results of the ligation experiments may be considered under 8 

headings, each demonstrating different conclusions. 

(i) Simple unilateral ligature of one connective between two adjacent 

ganglia, (Table IX, Experiments 1, 5, 7 and 13). 

As mentioned in Section A above, it was found that in every case 

there was an accumulation of secretory material on both aides of the ligature. 

This would seem to indicate that the material moves both forwards and back-

wards along the cords as in Geldiay's (1959) findings on the ventral ganglia 

of Blabcrus craniifer. However, it was thought desirable to carry out 

more elaborate ligatures, primarily to see whether they were leak-proof and 
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whether the secretions took other pathways than along the double ventral 

nerve cord. 	The results are given in (ii) to (vi) below. 

(ii) Two unilateral ligatures of one connective between two adjacent 

ganglia. (Table IX, Experiment 4, Fig.33 (2) ) 

These experiments were designed to test whether ligatures of the 

kind used here are leak-proof. Contrary to expectations, it was found that 

secretory material occurred not only at both ligatures proximal to the two 

ganglia, but also in the portion of the cord between the ligatures. This 

clearly indicates that the ligatures do not stop the flow of secretions 

completely, 	It seems, however, that the flow is greatly restricted, 

because in the control side no secretory granules or only a few could be 

found. The alternative hypothesis that the PF-positive material in the 

ligated cord is produced locally as the result of injury and is not the 

result of accumulation of transported material, is untenable because (a) the 

secretory material could be traced along tracts right back to the ganglia 

in the ligated cord but not in the control; and (b) on account of other 

evidence cited below (page 150). 

(iii) Nerve section. (Table IX, Experiment 2, 11). 

These experiments were designed on the basis of Scharrerts (1952) 

and Thomsen's (1954) work on the nerves to the corpora cardiaca from the 

brain in L maderae and C.ervthroceohala, the results of which have already 

been mentioned in the introduction to this chapter. Secretory granules 

accumulated at the cut end of the nerve, which rounded off and was somewhat 

swollen (Fig.34). This indicates that nerve section (cf. Scharrer 1952) is 
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just as effective as ligation (cf. Thomsen 1954) in interrupting the flow of 

neurosecretory material. From (i) and (ii) above it has already been seen 

that the ligatures do not stop the flow completely. The implication of 

these findings is that, at least for some time after ligation or nerve 

section, the secretions continue to flow along the nerve cords (though at 

a reduced rate), and in the case of nerve section, this would seem to 

suggest that the secretions may be discharged directly into the haemocoel. 

(iv) Ligature of the nerves to the perieherv.(Table IX, Experiments 12, 

14, 18 and 19, Fig.35). 

These experiments were designed to see whether the secretory mater-

ial took pathways other than the tracts in the double ventral nerve cord. 

When one of the peripheral nerves leaving the fourth abdominal ganglion was 

cut (Experiment 19) (Fig.33 - 10), secretory material accumulated proximal 

to the cut nerve, and could be traced along tracts for some distance in the 

ganglion. No accumulation occurred in the non-ligated peripheral nerve of 

the opposite side, or in the nerve distal to the cut. 	Further, having 

found that there was a flow of material along the ventral nerve cords 

(Sections (i), (ii) and (iii) above), it was thought worthwhile to reduce 

this flow to see if there was an increase in the amount of material that 

passes in the peripheral nerves originating from the ganglia; examination 

of material from Experiments 12, 14 and 18 (Fig.33 - 12) showed that this 

was so. These experiments indicate that neurosecretory material passes 

not only backwards and forwards along the double ventral nerve cord, but also 

centrifugally along the peripheral nerves. They also tend to disprove the 
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hypothesis that PF-positive material in the ligatcd ventral nerve cord is 

the result of injury or necrosis; 

distal to the ligature is clearly 

secretory cells there. 	It seems 

cells whose secretion is conveyed 

modified motor neurones. 

the absence of PF-positive material 

correlated with the absence of neuro-

reasonable to infer that the neurosecretory 

to the periphery have their origin in 

(v) Unilateral ligature of the nervus corporis cardiaci.(Table VII, IX 

Experiment 17. Figs.33 -7, 36, 37). 

Highnam (1961), working on the brain of Sigregaria, has shown from 

purely histological data that the material from the neurosecretory cells of 

the pars intercerebralis is conducted along axonal routes which enter the 

anterior storage region of the corpora cardiaca via the NCC I. Although 

the present work is concerned primarily with the nourosecretory system of 

the ventral ganglia of S.gregaria, I could not resist the temptation to 

follow up B.Scharrer's (1952) and E.Thamsen's (1954) work on the interruption 

of the neurosecretory pathways of the brain in L.maderae and C.erythrocephala 

respectively, especially as Highnam had not done so. 

After secUon of the NCC I, neurosecretory material accumulated 

along the axonal routes proximal to the ligature, and was particularly 

plentiful along the axons between the point of decussation and the cut end. 

No granules, or only a few, wore found along the non-sectioned nerve 

(control), and along the axonal routes of the cut nerve proximal to the 

point of decussation. Highnam (1961) states that the large aggregates 

of neurosocretory material arc found only distal to the point of decussation. 
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Examination of the corpora cardiaca revealed the total dipletion of 

neurosecretory material in that half of the storage region whose nerve had 

been cut, while the other (control) half was packed densely with secretory 

material (Fig.37). No visible change was to be found in the structure of 

the corpora allata, 

Examination of the neurosecretory cells themselves showed that the 

cells whose axons had been cut had fewer granules than those of the opposite 

side. 

The corpora cardiaca have long been looked upon as organs for the 

storage and release of neurosecretory material. Highnam (1961) has 

described the corpora cardiaca in S.gregaria as being made up two distinct 

regions, an anterior (ventral) storage region and a posterior (dorsal) 

gandular region. The corpora cardiaca are clearly to be looked upon as a 

bilaterally symmetrical organ formed by the coming together of the two 

moities. 	In this respect, it is significant to note that, as a result of 

unilateral section of the NCC I, the stored material in that half whose 

nerve had been cut becomes depleted. 

414 
(vi) Unilateral ligature of the circumoesoehageal connective. (Table .314-1-.  

Experiment 15. Fig.33 -3). 

Having seen that the secretory material passes backwards and 

forwards along the double ventral nerve cord, and centrifugally along the 

peripheral nerves originating from the ventral ganglia, the circumoesophag-

eal connective was ligated to see if this applied to the passage of material 

between the suboesophageal ganglion and the brain as well. Examination of 
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the connective showed only a few purple streaks along the nerve fibres at 

the brain and suboesophageal ends, but these could not be traced along 

axonal tracts. This would indicate that secretory material is not conducted 

along the circumoesophageal connectives. Ligation produced no change in 

the histological appearance of the neurosecretory cells of brain and 

suboesophageal ganglion. 

(vii) The complete isolation of one ventral ganglion by means of 

ligations of all the nerves originating from A. (Table IX 

Experiment 18, Fig.33 -12). 

This experiment was to see whether the secretory material found at 

the ligatures had come from the adjacent ganglion, or whether it had been 

conducted along the cord from some other more distal ganglia. Neurosecretory 

material was found in abundance proximal to all the ligatures, showing 

that it had originated from the ganglion that had been isolated. 

(viii) Effect of ligaturing and nerve section on the secretory activity 

of the neurosecretory cells. 	(Fig.38). 

Scharrer (1952) working on the brain of L.maderae, had noted the 

depletion of neurosecretory material in cells whose axons had been cut. She 

also noted that when the interval between section and fixation of the tissues 

was short (several days) there was a maximum of accumulation of secretory 

material near the cut end of the NCC I. When the interval was several 

months, the material tended to accumulate more and more in a proximal 

direction from the cut end. But when the insects were allowed to survive 

very long (up to 10 months) there was a depletion of material in the axons. 
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Scharrer's conclusion was that the neurosecretory cells whose axons had 

been cut cease to function altogether after a time. This fact was borne 

out by comparing the neurosecretory cells in the two halves of the brain; 

in the initial stages after section, the cells whose axons had been cut 

contained more secretory material than those of the control side, but after 

an interval of 10 months they were empty, while those on the control side 

still contained secretions. Thomsen (1954) working on C.erythrocephala, 

and Geldiay (1959) on B.craniifer, do not mention the effect of ligation on 

the secretory activity and histological picture of the neurosecretory cells. 

In Se gregarial  it has already been seen in previous sections that 

the A-type cells arc always symmetrically arranged in the ganglia, and that 

under normal conditions the cells in both halves of the ganglia are always 

in the same phase of secretory activity (page 11 8). Even in the compound 

third thoracic ganglion, where the 12 A2 cells occur in three groups of two 

each in each half of the ganglion, the cells of any one group are always in 

the same phase of activity as their fellows of the opposite side. Unilater-

al ligation or section of the double ventral nerve cord results in the A 

cells of the ligated side containing less secretion than those of the control 

side. This effect is very pronounced in the suboesophageal ganglion. The 

two large A3 cells of this ganglion contain large amounts of secretory 

material five days after adult emergence and for the rest of adult life 

(page 126). When one of the cords connecting the suboesophageal ganglion 

to the first thoracic ganglion is ligated, the activity of the A3 cells is 

thrown out of phase: the cell of the unligated side continues to contain 
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normal amounts of secretion, while that of the ligated side contains far 

fewer granules. Ligation of the circumoesophageal connective, on the other 

hand, has no effect on the histological picture of the A3 cells. 

When one of the NCC I of S.gregaria was cut, the neurosecretory 

cells of the opposite side of the pars intercerebralis became depleted of 

secretory material, similar to the findings of B.Scharrer (1952) on the brain 

of L madorae, That was because the axons from the pars decussate in the 

brain. With respect to the suboesophageal ganglion of S.gregaria, therefore, 

the fact that the A3 cell of the ligated side becomes depleted of secretions, 

after unilateral ligation of the nerve cord to the first thoracic ganglion 

but not after ligation of the circumoesophageal connective, proves that the 

axons of these cells (A3 cells) do not decussate and that they pass backwards 

each to its own side along the double ventral nerve cord. 

The effect of ligation on the histological picture of the other 

types of neurosecretory cells is not so pronounced. The cytoplasm of the 

A2 cells of the ligated side, however, is more darkly counterstained with 

the light green mixture than that of the cells of the control side. The 

cytoplasm of the Al cells, on the other hand, does not lose its staining 

characteristics. The C cells seem to contain larger and more numerous 

secretory granules, while only a few D type cells could be discerned. The 

B cells do not appear to change histologically. 

The fact that the B cells do not change after ligaturing suggests 

the possibility that they arc not neuroendocrine, or if they are, that their 

secretion is not dispersed along ligatured axon routes. 
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Scharrer's (1952) assumption that the neurosecretory cells whose 

axons have been cut become less active and eventually cease to function is 

perhaps tenable and seems to be supported by the previously mentioned results 

with A3 cells of the suboesophageal ganglion. However, whether there is 

eventually an atrophy of the cells concerned is impossible to tell, for in 

locusts kept for 35 days after ligation the cells still contained appreciable 

amounts of material. With respect to the A3 cells of the suboesophageal 

ganglion, bearing in mind that one day after adult emergence they do not 

contain purple granules (page 126), the presence of distinctly purple 

granules in the cells 35 days after ligation of one day old locusts establish-

es the fact that the cells start to secrete and continue to do so at least 

for a while after their secretory pathways have been blocked by ligation 

(Experiment 1, pages 08  and 167). 

(ix) A note on the secretory dynamics of the neurosecretory cells with 

special reference to the A3 cells of the suboesophageal ganglion. 

The secretory dynamics of neurosecretory cells has already been 

touched upon very briefly (pages 117 _128), and it is the purpose of this 

section to try to resolve the controversy mentioned earlier (pages 114-116). 

If one were to accept Highnam's (1961) view that a cell with little secretory 

material in its cytoplasm is one which is actively secreting but just as 

rapidly discharging its products, then one would also have to accept the 

view that the A3 cells of the suboesophageal ganglion in adult females 5 

days after emergence and for the rest of adult life, are less actively 

secreting than the same cells in newly emerged adults. 	But then Highnam 
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worked on the brain and could therefore correlate the amount of secretion in 

the cells with that in the storage region of the corpora cardiaca, whereas 

there is no counterpart to the corpora cardiaca in the ventral ganglia. 

What applies to the neurosecretory cells of the brain, therefore, would not 

necessarily apply to the neurosecretory cells of the ventral ganglia, where 

different conditions of synthesis, transport and release might operate. 

It is likely from the ligation experiments described above that 

under normal conditions there is a constant flow of neurosecretory material 

along the connectives from the 4 cells. Such a flow must be maintained by 

secretion at approximately the same rate, since the neurosecretory cells do 

not change appreciably in histological appearance. Their constant, 

relatively large amount of secretion is therefore quite consistent with 

continuous secretory activity. Now on ligaturing there is progressive 

accumulation of neurosecretory material in the axons proximal to the 

ligature. If the cell continued to secrete at its original rate, then the 

products would eventually accumulate in the cell and their increase would 

be apparent histologically. In fact, however, ligation is eventually 

followed by a decrease in the amount of visible secretion in the cell and, 

assuming that ligation does not actively promote release from the axon, 

then it must mean that cells whose axons are ligated (and which contain 

little secretion) are less actively secreting. 

This argument is not intended to refute any of Highnamts conclusions 

on the secretory processes of the pars intercerebralis cells. Rather, its 

object is to show that the histological appearance of a neurosecretory cell 

(i,e. whether it contains little or much PF-stainable material) is not a 
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reliable guide to its synthetic activity. This must be judged from other 

histological data on axonal transport and accumulation or must be decided 

by direct physiological means. 

(x) Summary and Conclusions. 

1. Neurosecretory material passes both backwards and forwards along the 

double ventral nerve cord, and along the nerves to the periphery. There 

does not appear to be a passage of secretory material along the circum-

oesophageal connectives. 

2. The axons of the 2 A3 cells of the suboesophageal ganglion do not 

decussate but pass backwards into the double ventral nerve cord. The cells 

are normally densely packed with secretory granules, but when their axons 

are cut, the amount of granular material is reduced. 

3. The axons of the neurosecretory cells of the pars intercerebralis 

decussate in the brain. Section of the NCC I results in the depletion of 

neurosecretory material in the corpora cardiaca, while the material from 

cells whose axons have been cut accumulates proximal to the point of section. 

There does not appear to be a free passage of material between the two 

halves of the corpora cardiaca. 

k. Ligation of the nerve cord results in the purple granules of the A2 

cells being masked by the light green counterstain. 

5. 	Evidence from ligation of the axonal routes of neurosecretory cells 

suggests that in the ventral nerve cord cells packed with neurosecretory 

material may be actively secreting and those with little such material are 

quiescent. 	This does not, however, conflict with the rather different 

conclusions reached by Highnam (1961 and 1962) for the pars intercerebralis. 
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Method of immobilising the locust on a plasticine block: the 

ovipositor is gripped in a wedge of plasticine, and the neck exposed 

passing a nylon thread through the mouth parts and stretching the head 

forwards and embedding the free ends of the thread in the plasticine block. 
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1. Fronto-lateral view of the head: the sear in the cuticle marks the 

position of the incision through which the circum-oesophageal connective 

is ligated. 

2. Ventral view of the neck: note the ligature of the left ventral connect-

ive between suboesophageal and 1st thoracic ganglion. 
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FIG.33. TRANSPORT OF NEUROSECRETORY MiiTERIAL JiS STUDIED BY  
LIGATURING OR CUTTING THE NERVES. 

A break in the nerve (as in 4, 5) 	denotes a cut. 
Black bars across the nerves denote ligatures. 
Black dots in the nerves and ganglia represent 
discharged secretory granules. 

br 	- brain 
s 	- 	suboesophageal ganglion 
I 	- 	1st. thoracic ganglion 
III 	- 3rd. thoracic ganglion 
a 	- 	1st. abdominal ganglion 
b 	- 	2nd, abdominal ganglion 
c 	- 	3rd. abdominal ganglion 
d 	- 	4th abdominal ganglion 
e 	- 	5th. abdominal ganglion 
cc 	- corpora cardiaca 
NCC I - nervi corporis cardiaci 
vc 	- ventral connective 
coc 	- circum-oesophageal connective 
ns 	- neurosecretory cells of pars intercerebralis 
A3 	- A3 neurosecretory cells 
p 	- 	peripheral nerves 
des - decussation 
x 	- axon 

NOTE: (a) In every case there is an accumulation of discharged secretory 
material on both sides of the ligatures of the ventral connect-
ives. This demonstrates the discharge of material backwards 
and forwards along the ventral nerve cord. 

In 8, 10, 11, 12 and 13, involving the ligaturing of peripheral 
nerves, there is an accumulation of secretory material on the 
proximal side of the ligatures, This demonstrates the dis-
charge of material outwards along the peripheral nerves. 

In 7, as a result of ligaturing the NCC I, the corpus cardiacum 
has become depleted of neurosecretory material, and there is 
an accumulation of material in the axonal tracts in the brain 
proximal to the ligature, The neurosecretory cells whose axons 
have been ligatured contain less secretion than those with intact 
axons. 

Normally, the A3 neurosecretory cells of the suboesophageal 
ganglion are packed with secretion. When the ventral connect-
ive. between the suboesophageal and 1st. thoracic ganglion is 
ligatured or cut, the cells contain less secretion. Ligaturing 
the circumoesophageal connective has no effect on the amount of 
secretion in the 43 cells. 	This demonstrates the discharge of 
material from these cells backwards along the ventral connectives 
and not upwards to the brain. 

(b)  

(c)  

(d)  
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Fig.34.  
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1. Moniliform axon in neuropile of 2nd. abdominal ganglion stained with PF. 

2. Cut end of ventral connective, stained with PF. 
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Fig, 35 

1. Peripheral nerve from 3rd. 
abdominal ganglion ligatured. 
Stained with PF. Note (a) the 
change in staining reaction of 
the =12 cell, (b) PF-positive 
material in the nerve. 

 

50 

 

2. One ventral connective between 
the 3rd. thoracic and 1st. 
abdominal ganglion ligatured, 
Note PF-positive material in 
axonal tracts. 
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Fig. 36. 

e 

1. Frontal section of corpora cardiaca, stained with PF. 
Note purple neurosecretory material in both lobes. 	5 C) p 

   

2 

2. Sagittal section of corpora cardiaca, stained with CHP. 
Note blue—black neurosecretory material. 
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Fig.37.  

   

1. Frontal section of corpora 
cardiaca, stained with PF. 
The left NCC I was ligatured. 
Note the accumulation of PF-
positive material anterior to 
the ligature, and the depletion 
of secretion in the left lobe 
of the cardiaca. 

 

100y 

 

2. Frontal section of the axonal 
tracts in the brain. Note 
the accumulation of PF-positive 
material in the tracts of the 
left side as a result of 

2 
	

ligaturing the NCC I. 

 

25 p 



167. 

Fig,38. 

 

5 0 

1. A3 cell of suboesophageal ganglion. This is the normal appearance 
of the cell as stained with PF. This picture also shows two C cells 
with PF-positive material in the axon hillock. 

2 

2. This is the other A3 cell from the same ganglion, containing less PF-
positive material as a result of ligaturing the ventral connective 
between the suboesophageal and 1st. thoracic ganglion. 
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(e) Secretory Dynamics of A3 cells as Studied by Autoradiography. 

(Fig.39 at end of this section). 

The results reported in this section are preliminary, designed 

primarily to test directly the inferences as to secretory dynamics by the 

incorporation of radioactively labelled substrates into the neurosecretory 

cells of the ventral nerve cord, followed by autoradiographs. 

It has been seen in the section on Histology (pages 	126 ) 

that the conspicuous paired A3 cells of the suboesophageal ganglion contain 

large amounts of stainable neurosecretory material some five days after 

adult emergence, and that they continue to contain large amounts of this 

material throughout life. 	It has also been seen from the ligation 

experiments that neurosecretory material flows along the axons during this 

period and that after one of the ventral connectives between the suboesoph—

ageal and 1st. thoracic ganglion is ligated or cut, the A3 neurosecretory 

cell of the ligated side eventually comes to contain far fewer granules than 

that of the nonligated control side. 	It was suggested (page 156) that 

these results imply active secretion by the cell fully packed with granules 

and reduced secretion by the cell attached to a ligated axon. 	If this were 

so one would expect to find active incorporation of cystine into the neuro—

secretory cells of intact neurone—axon systems and less active incorporation 

(or none) into the corresponding cells with interrupted axons. 

Methods. 

One ventral connective between the suboesophageal and 1st. thoracic 

ganglion was cut in five eight—day old females, and the locusts kept in 
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rearing cages for five days to allow the wound to heal. 	On the sixth day 

10 pc (mu-Curie) of 35S-DL_Cystine suspended in 50 )al (mu-litre) of physiol-

ogical saline was injected with a micrometer syringe into one locust and 

40 )al of the same suspension was injected into a second locust, the 

innoculation being made forwards through the intersegmental membrane of the 

third abdominal segment. 	Twenty-four hours later, the locusts were killed, 

fixed in Bouin, and sectioned at 5 p. 	The sections were dewaxed in the 

usual way, lightly stained in paraldehyde-fuchsin to bring out the neuro-

secretory cells, washed in distilled water,layered with the stripping film 

emulsion (Kodak AR 10), and the exposure carried out at 4°C. for 21 days 

in a light-tight box containing silica gel to absorb any sealed-in moisture. 

The autoradiographs were then developed with Kodak D19b developer according 

to the maker's specifications, and fixed in Amphix acid rapid fixer. 

The silver grains developing in the emulsion were then counted 

under a phase contrast microscope at a magnification of 1425 X, using a 

blue filter (Fig.39). 	The volumes of the nucleus, cell and axon were 

calculated by drawing camera lucida projections and tracing the outlines 

with a planimeter. 	The total number of silver grains in the cells and 

axons was counted, as well as the number of grains in a known volume of the 

'background', 	The results are shown in Tables X and XI. 
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Table X. 

A. Volume of cell body (y3) 

B. No. of silver grains 

C. Grains per unit vol. 
(10,000 y3 ) 

D. Grains in background (equal 
volumes) 

E. "Relative activity" (B/D) 

Experiment 1 

Ligated 	Control 

	

50,900 	39,300 

	

6,662 	7,633 

	

1,309 	1,942 

	

5,571 	4,302 

1.774 1.195 2.131 

Experiment 2 

Ligated 	Control 

	

35,950 	24,275 

	

2,778 	2,127 

	

772 	876 

	

1,477 	998  

1.880 

The results of the two experiments can hardly provide a statistic—

ally satisfactory picture but they are consistent and demonstrate: 

(1) In both ligated and control sides the relative activity exceeds unity, 

indicating that incorporation of cystine has proceeded more actively in the 

neurosecretory cell—bodies than in the non—secretory neurones and neuropile 

which made up the "background". 

(2) There is an appreciable difference between the relative activities of 

the neurosecretory cells on the ligated and non ligated sides, the latter 

being consistently higher. 	This would appear to imply that ligation has 

reduced the rate of incorporation of cystine, in accordance with the 

hypothesis erected on purely histological grounds. 

The situation is, however, changed if one takes into account the 

presence of silver grains in the axons of the neurosecretory cells. 	In 

Experiment 2, these were recorded separately (as far as the axon could be 
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reliably identified), with the following results: 

Table XIS 

Cell 
Body 

Ligated 

Axon Body 
+ Axon 

Cell 
Body 

Control 

Axon Body 
+ Axon 

A. Volume (p3 ) 35,950 9,150 45,100 24,275 3,075 27,350 

B. No. of silver grains 2,778 1,272 4,050 2,127 356 2,483 

C. Grains/unit volume,, 
(19,000 e) 

772 1,390 898 876 1,158 908 

D. Grains in background 
(equal vols.) 

1,477 356 1,833 998 126 1,124 

E. "Relative activity" 1.880 3.381 2.185 2.131 2.817 2.209 

(B/D) 

Thus, the greater relative activity of the cell body on the control 

side is compensated for by the opposite relationship for the axons considered 

separately. 	And the over—all situation, based on cell—body plus axon, shows 

the net gain of incorporated cystine to be almost identical on the two sides 

(Relative Activities 2.185 and 2.209). 

The interpretation of these results is unfortunately very difficult. 

The ligature cannot be presumed to be completely leak—proof (page 1 4 9) and 

one has no idea of how much neurosecretory material was released along the 

intact axon of the control side during the period of ligation. 	The 

substantial identity of the "relative activities" of cell bodies plus axons 

does not therefore prove that the secretory activity of the two sides is 

the same. 	In fact, if one makes the not unreasonable assumption that less 
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secretion is released by leakage on the ligated side than is released by 

axonal transport on the control side, then the latter must have been produc-

ing the secretion more actively, as in the earlier histological hypothesis. 

Vhat seems to ho established, however, is that the secretory activity of the 

ligated side, with smaller amounts of histologically detectable secretion, 

is not greater than that of the unligated side with much visible secretion. 

So far as these cells of the ventral nerve cord are concerned, therefore, 

it seems unlikely that they conform to the pattern which Hiyhnam (1962) has 

established for the neurosecretory cells of the brain, where small amounts of 

detectable secretion accompany a higher rate of secretion and release than 

do large amounts. 	The present conclusion, based on the comparison of 

ligated and non-ligated cells, does not, however, necessarily apply to the 

histological findings on intact animals, e.g. in relation to sexual maturat-

ion (page I I 7), and further autoradiographic work is necessary. 
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Fig.39.  

25 ,P 

Autoradiograph of A3 cell of suboesophageal ganglion lightly stained 

with PF before application of the emulsion stripping film. 	Note the 

silver grains. 
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(f) Release of Neurosecretory Material induced by Sustained Flight and  

Fatigue 	(Figs. 40, 41 at end of this section). 

Hodgson and Geldiay (1959) induced the release of neurosecretory 

material from the corpora cardiaca of Blaberus craniifer by subjecting the 

insect to stress and by stimulating its nervous system with electrical 

shocks. 	They found that extracts made from the corpora cardiaca of untreat— 

ed roaches, when injected into similarly normal recipient roaches, caused a 

depression in nerve activity in the nerve cords, but not when the extracts 

were made from the corpora cardiaca of donors which had been subjected to 

electrical stimulation and enforced activity. 	The corpora cardiaca extracts 

act like adrenaline in increasing the frequency of the heart beat (Unger 

1957), and the release of material from the neurosecretory system, therefore, 

may be part of the normal reactions to stress. 	Following up this work in 

Schistocerca gregaria, Highnam (1962) has shown that there is a similar 

discharge of material from the neurosecretory system of the brain and the 

corpora cardiaca. 

From the ligation experiments reported in earlier pages, it was 

seen that the corpora cardiaca do in fact receive neurosecretory material 

from the brain and discharge it into the blood stream, and electrical 

stimulation and enforced activity (Highnam 1961a, 1962b) only help to hasten 

this discharge. 	However, the mode of discharge of neurosecretory material 

from the cells of the ventral ganglia is unknown, and has not been determined 

in any insect so far, the ligation experiments reported earlier on merely 

establishing that the neurosecretory material passes both backwards and 
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forwards along the double ventral nerve cord and along the nerves to the 

periphery. 	It seemed worthwhile to follow up Hodgson and Geldiay's (1959) 

and Highnam's (1962b) work, therefore, and the following experiments were 

designed as a preliminary to this investigation. 

It appeared to me that Hodgson and Geldiay and Highnam had 

subjected their test insects to extreme conditions which they would normally 

not meet in nature. 	Locusts have, however, been known to swarm for days 

on end, and rather than subject them to unnatural stress it seemed more 

logical to fly them to exhaustion and see whether this had any effect on 

the discharge of neurosecretory material from the cells of the ventral nerve 

cord. 

Methods. 

A simple "flight roundabout" as used at the Anti—Locust Research 

Centre (A.L.R.C.) was first tried (Fig.40). 	This consists of a hoop of 

wire to which are soldered a number of vertically arranged wires for 

attachment of the insects. 	The hoop is suspended by three strands of strong 

cotton from a hub which can rotate freely on a point at the top of a rod 

22 feet high. 	The hoop used by myself had a diameter of 18" and there 

were 12 pieces of wire soldered on, each about 8" long and coiled once as 

shown in the diagram. 	The hub consists of a 1" length of glass tubing 

sealed at one end and inserted into a piece of cork; a length of soft wire 

is wound round the cork in such a way as to form three loops for tying the 

thread by which the hoop is suspended. 	The locusts are suspended from the 

hoop, all facing in the same direction. 	The A.L.R.C. use pieces of wire 
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in the form of an "s" and bent at right angles. 	One "o" of the "8" is 

hooked on to the lcoped :.:ire soldered on to the hoop, and the other is 

embedded in an adhesive placed on the dorsum of the thorax of the locust. 

The adhesive a used by the A.L.R.C. is made by mixing six parts by weight 

of powdered resin with four parts bees wax. 	I have, however, found that 

ordinary modelling clay (Plasticine) is much easier to manipulate, and 

just es satisfactory, ana that the "8" could with advantage be replaced by 

a length of wire looped at one end (for hooking on to the loop of the 

roundabout) and bent at right angles at the other (for embedding in the 

Plasticine). 

A few words on flight, with special reference to S.gregaria would 

not be out of place at this juncture. 	The flight reflex in flying insects 

in general, that is the flapping of the wings and the assumption of a 

comfortable flight posture, is initiated when the insects lose tarsal 

contact. 	In S.gregaria tteis—Fogh (1956) has shown that in addition to loss 

of tarsal,  contact, a current of air blown on to certain sensilla on the 

dorsum and frons of the head is necessary to start the flight reflex. 

Theoretically, therefore, when suspended on the roundabout, the locust should 

fly non—stop till it is exhausted. 	This in fact does not happen, and the 

difficulty with the A.L.R.C. roundabout was found to be that the locust 

would fly only for short and interrupted periods. 	After flying for an hour 

or so, the flight performance of the suspended locust decreased, and it would 

give only an occasional flap of the wings when the roundabout was turned 

manually. 
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It therefore seemed worth modifying the apparatus by rotating the 

roundabout with an electric motor, and this was done as shown in Fig.40. 

The motor of a gramophone turntable was adapted and adjusted so that the 

speed at which the shaft of the motor rotated could be set at any desired 

speed from 40 to 120 r.p.m. 	The diameter of the hoop being 18", the speed 

at which the locusts are made to fly could be calculated easily. 	At 52 	r.p.m. 

the speed is 6 m.p.h. 	Most of the flight experiments were done at this 

speed which is approximately that at which the locusts fly for limited 

periods on the un-motorized roundabout. 	Incidentally, Weis-Fogh (1956) 

has established the flight performance of S.gregaria as:- maximum speed 

12.3 m.p.h., but during intensive periods of continuous flight, 10.1 m.p.h.; 

the lower average speed and the higher average speed during natural 

continuous flight are 7.8 m.p.h. and 9.4 m.p.h. respectively. 

On the powered roundabout Schistocerca flew continuously for very 

long periods (up to 4 days with virtually no intermission) and thus made 

possible far more reproducible experiments. 	It seems worth suggesting that 

this powered roundabout would be of great interest to those concerned with 

other aspects of locust flight and perhaps of flight in other insects. 

The locusts fly well only when their cuticle is sufficiently 

hardened, by which time they are 10 days or more old. 	For most of the 

experiments, locusts ranging in age from 10 to 20 days were therefore used. 

Only those which were good fliers were used; those which were not good 

fliers, "truants" as Weis-Fogh (1952) called them, were rejected. 	Even 

good fliers, however, tended to bend their abdomen forwards and to grip it 
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with their hind and mid legs or to bend the winos downwards and grip them 

between the hind femora Hld tibiae. 	Both these postures inhibit flight 

and the only way to circumvent the difficulty was to cut the hind tibiae and 

mid tarsi, and to seal the cut ends with molten wax. 	The locusts were 

flown in total darkness at a temperature of 30°C. and a relative humidity 

of 60%. 	After the experiment, the ganglia were fixed in situ in Susa/Picric, 

sectioned at 6 y and stained in PF. 

The controls were of three kinds:— (1) comparisons were made with 

the general histological picture already obtained in the previous section 

on Histology; (2) comparisons between different parts of the nervous 

system of the same experimental locust; and (3) comparisons with the 

histological picture obtained from control locusts of similar age, which 

were suspended from pegs for comparable periods of time, but not flown. 

Results. 

All the ganglia from locusts flown for 4, 6, 12, 24, 48 and 58 

hours continuously were examined histologically, and consistent and uniform 

results were obtained. 	In every case there was no change in the histolog—

ical appearance of the suboesophageal and first two thoracic ganglia, nor 

was there any sign of discharge of neurosecretory material in these ganglia. 

The paired, large A3 cells of the suboesophageal ganglion contained normal 

amounts of secretory material, i.e. they were packed with secretions and 

stained intense purple with PF. 	A striking difference was, however, 

observed in all the remaining ganglia, i.e. from the third thoracic one 
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backwards. 	In these ganglia dense masses of neurosecretory material were 

found in the cortical region interspersed with the neurosecretory and non- 

secretory neurones (Fig.41). 	Whether the PF-positive material lay within 

or outside the axons is difficult to tell. 	The secretory granules were 

most conspicuous in the anterior and posterior regions of the ganglia, and 

could be traced not only along the ventral connectives but also along most 

of the nerves to the periphery. 	Dense masses of secretory material were 

found in the axons lying on the mesial border of the two large nerves which 

leave the posterior end of the third thoracic ganglion; these nerves supply 

the muscles of the hind legs. 	The quantity of secretory granules was 

greater in locusts flown for 12 and 24 hours than in those flown for only 

6 hours, but there was no appreciable increase in the amount of granules 

in locusts flown for more than 43 hours. 

Having seen from the ligation experiments that the secretory 

material passes backwards and forwards along the nerves, and from the above 

preliminary flight experiments that there is a tremendous discharge of 

material, it seemed of interest to combine the two types of experiments 

(ligaturing and flight) to see if in fact the amount of material accumulat-
„,r. 

ing at the ligature would be increased. 	Accordingly, one of the ventral 
thoracic 

connectives between the third and first abdominal ganglia was ligated in 

two 5-day old locusts and after 10 days, the insects were flown for 12 and 

24 hours respectively. 	Examination of these ganglia together with the 

ventral connectives showed that the amount of secretory material in the 

ligated cord was more than that in the non-ligated control. 	The average 
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loss in weight of flown and suspended controls were 25J and 10% respectively. 

In flown locusts all the fat body had been utilised. 

Discussion. 

Highnam (1962) has reported the discharge of neurosecretory 

material from the brain and corpora cardiaca when the locust is given shock 

treatment and forced into activity by revolving it in a glass jar. 	In 

the flight experiments reported here, the neurosecretory system of the head 

of two locusts flown for 48 and 58 hours continuously were examined, and 

was found to contain large amounts of PF—positive material not only in the 

neurosecretory cells of the pars but also along the axons and in the 

corpora cardiaca. 	This could mean one of two things: either that the 

neurosecretory material has not been discharged as a result of flight, or 

that it has been discharged but has just as rapidly been synthesized by the 

cells of the pars. 	The latter explanation seems the more plausible in 

the light of Highnam's other findings on secretion and release. 

In the ventral ganglia, where different conditions of synthesis 

and discharge of neurosecretory material might prevail, the marked difference 

in the histological picture between the suboesophageal and first two thoracic 

ganglia on the one hand, and the remaining ventral ganglia on the other, 

precludes the possibility that the neurosecretory cells of the suboesophageal 

and 1st. two thoracic ganglia discharged their secretory products and just 

as rapidly synthesized them again. 	That is, the conclusion is arrived 	at 

that there is no discharge of neurosecretory material by the suboesophageal 

and 1st. two thoracic ganglia during flight. 
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The tremendous discharge of neurosecretory material from all the 

ventral ganglia from the third thoracic ganglion backwards needs to be 

explained in the light of several possibilities. 	The third thoracic 

ganglion has been shown to be the important respiratory centre (Miller, 

1960), and the abdominal spiracles have been shown to function actively in 

respiration. 	The first probable explanation therefore might be that the 

discharge of neurosecretory material is correlated with the increased rate 

of metabolism and therefore of respiration. 

In the Histological section it has been shown that the purple 

neurosecretory material (as stained with PF) derives not only from the 

purple staining Type-A cells, but also from the Type-C cells. 	However, one 

cannot help noticing the distribution of the Type-A2 cells which are found 

only in the posterior end of the third thoracic and the first four abdominal 

ganglia. 	The A2 cells in the posterior end of the third thoracic ganglion 

are in fact the cells of the first three abdominal ganglia which in ontogeny 

have become fused with the true metathoracic ganglion. 	These A2 cells, 

therefore, are peculiar to the abdominal ganglia. 	Their distribution and 

staining characteristics would suggest that they are the cells which 

discharge the neurosecretory material during sustained flight. 	In our 

present state of knowledge, it is, however, unwise to speculate further. 

The discharge of neurosecretory material from these ganglia during 

flight is perhaps unlikely to be due entirely to "stress" since, under such 

conditions, one would imagine that the neurosecretory cells of the suboes-

ophageal and first two thoracic ganglia would also discharge their contents. 
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This at first sight appears to be at variance with Hodgson and Geldiay's 

and Highnamts findings on the corpora cardiaca of Blaberus craniifer and 

Schistocerca  respectively. 	But, as pointed out repeatedly in the course 

of this work, what applies to the neurosecretory system of the head would 

not necessarily apply to the ventral ganglia where conditions of synthesis 

and discharge are different. 
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Fig.41. 

25 P 

T.S. of 1st. abdominal ganglion stained with PF. 

Note the discharged PF—positive material. 	This discharge takes place 

when locusts are flown for extended periods. 
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(g) Neurosecretion in Relation to Water Metabolism. 

In an attempt to ascribe some function to the type A2 neurosecret-

ory cells of the third thoracic ganglion and first four abdominal ganglia, 

many attempts were made to remove them by means of microcauterization and 

keep the locusts under observation, but none of the operated locusts survived 

the operation for more than four days. This was because the cells are 

spread over five ganglia, thus necessitating five successive incisions to 

be made in the body wall. Cauterization of the cells of only one ganglion 

at a time was not fatal, but this appeared not to have any adverse effect on 

the locust which matured in three weeks as in normal locusts. One very 

noticeable effect of cauterization of all the cells was seen to be the 

lateral compression of the abdomen and the somewhat desiccated condition of 

the locust. While this could be due to a multitude of reasons and factors, 

such as gross damage to nervous pathways, it nonetheless suggested that 

these A2 neurosecretory cells might be concerned with water balance, which 

would be a very important factor in the survival of an insect like Schisto-

cerca accustomed to living in arid areas. There is, moreover, same 

published work which indicates neurosecrotory control of water balance. 

The first attempt in this direction was made by Nayar (1955) in Iphita 

limbata. He found that when the insects were fed on salt water or when 

salt water was injected into the haamoeoe:o, all the medial neurosecrotory 

cells of the pars intercerebralis were coloured blue by CHP. A year later, 

Nunez (1956) in larvae of Anisotarsus cuerieennis Germ. demonstrated a 

neurohumoral mechanism which regulates water metabolism. The stimulus 



186. 

from each increase in volume of the water absorbed is transmitted from the 

abdomen by the chain of ganglia to the brain. The neurosecrotory cells of 

the brain are then stimulated to secrete a diuretic hormone, the amount 

secreted depending on the strength of the impulse. The hormone is trans-

ported to the corpora cardiaca which releases it into the haemolymph. When 

a certain threshold of hormone in the haemolymph is reached the Nalpighian 

tubules begin to excrete the superfluous water until the stimulus fades 

away. No further work was done along these lines till 1960 when Nayar in 

Iphita limbata demonstrated a probable relationship between the secretions 

of the A cells and the water balance of the insect. Under experimental 

conditions of dehydration there is a marked retention of stainable colloids 

in the cytoplasm of the A cells, and Nayar assumes that this retention 

promotes an inhibition of antidiuresis. Nayar (1962) showed in Periplaneta 

americana that the neurosecretory material in the corpora cardiaca becomes 

depleted when 1% saline is injected into the haemocoele, whereas when 

distilled water or juvenile hormone extract is injected, there is an 

accumulation of material elaborated by the type A neurosecretory cells in the 

cells of the median group and their axons, as well as in the corpora 

cardiaca. Nayar argued that the juvenile hormone has a diuretic effect 

which is antagonized by the neurosecretory material. Wall and Ralph (1962) 

obtained similar results to Nayarls in their work on Blaberus craniifer: 

that is, when the cockroaches were reared without water, there was an 

accumulation of stainable neurosecretory material in the A cells of the 

pars intercerebralis. In the thoracic ganglia, the h-type cells showed 

clumping of granules towards the surface adjacent to a trachea and the 
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cytoplasm had a "coagulated" appearance, while the B-type cells (see Fuller 

1960, page 62 of this work) had become "coagulated" and relatively 

depleted of stainable material except for a dense mass clumped to one side 

of the cell body; no cytological changes were to be seen in the nucleus 

and nucleolus. Wall and Ra]ph therefore argue that the accumulation of 

stainable material towards the axon hillock, which lies adjacent to a 

trachea, would seem to suggest that the cells may be concerned in respirat-

ion. Nunez (1962) in Rhodnius prolixus has shown that decapitated fifth-

instar larvae immediately after feeding retained in the hacmolymph a 

greater amount of water contained in the ingested blood (75%) than did 

non-decapitated controls (42%). He suggests that the disturbance in water 

balance is due to an abnormal functioning of the lialpighian tubules. 

Maddrell (1962), also in fifth instar larvae of Rhodnius prolixus, has shown 

that the neurosecretory cells in the posterior end of the compound ganglion-

ic mass in the mesothorax produce a diuretic hormone which is released 

into the haemolymph and promotes the production of urine by the Malpighian 

tubules. The haemolymph from an unfed insect has no diuretic effect, thus 

according with Wigglesworth's (1931) observation that in Rhodnius rapid 

diuresis follows a blood meal. 

It has already been seen in the experiments on flight that the 

locusts lose as much as 25% of their weight when flown, and that there is 

a discharge of neurosecrotory material from the third thoracic ganglion 

backwards. This loss in weight has already been tentatively attributed 

to the utilization of reserve fat, and subsequent loss of metabolic water 
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and carbon dioxide. 	The experiments that follow were designed to test 

this assumption. 

Methods. 

Forty newly emerged adult females were weighed and separated into 

four groups of ten each. 	One group was reared on bran alone, a second on 

water alone, a third without food or water, and a fourth on both bran and 

water. 	The average weight of the newly emerged fledgelings was 1.5 g. 

Fifteen days later they were all weighed again, killed and fixed in Susa/ 

Picric, and their neurosecretory systems examined histologically, using PF. 

Results. 

The average loss in weight of locusts in the first three groups 

was: 

37.6% for those reared on bran alone; 

35.7% for those reared without food or water; 

0.5% for those reared on water alone. 

The fourth group, reared on both bran and water, gained in weight 

by 74, and showed all signs of health: their cuticle vies hardened, fat 

accumulated in the body, and the eggs showed early signs of maturation. 

None of the locusts in the first three groups showed any signs of 

egg maturation. 	The cuticle of locusts reared without food or water 

remained soft and pale as in newly emerged fledgelings. 

Histological examination of the ventral ganglia gave results 

similar to those seen in the flight experiments. 	In locusts reared without 

water or food, there was a tremendous discharge of neurosecretory material 
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from the third thoracic ganglion backwards (Fig.41 	). 	A similar dis— 

charge was observed in locusts reared on bran alone. 	No discharge was 

observed in locusts reared on water alone, or on both water and bran. 

Discussion and Conclusions. 

Norris (1954) has shown that, when reared cn grass and water, 

the weight 
In 

females increase .
1 
 byabout 87% before the onset of egg 

 

development, and refers to this as the "basic weight", and that even when 

partially starved there was still an increase in weight by about 68% some 

14 days after emergence (Norris 1957). 	The increase in weight by 74% in 

locusts reared on bran and water ties up well with these results. 

Wall & Ralph (1962) working on Blaberus craniifer, showed that in 

cockroaches reared without water there was a daily loss in weight of 1 to 

2%. 	In the experiments reported here, assuming that the 0.5% loss in 

weight is negligible, then the loss in weight occurs only in those reared 

without water. 

Wall and Ralph suggest that the accumulation of stainable neuro—

secretory granules towards the axon hillock lying adjacent to a trachea as 

a result of dehydration indicates that the cells may be concerned in 

respiration; this is open to question, and certainly does not seem to 

apply to the ventral ganglia of Schistocerca. 

In the ventral ganglia of S.gregaria, the histological appearance 

of the A—type neurosecretory cells having secretory granules confined to 

the axonal region has been described as one of the stages in the secretory 

cycle postulated, and occurs even in normal locusts not subjected to any 
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set of experimental conditions (see pages 120,129). 	The appearance of 

similar cells in these experiments is to be expected, and would only suggest 

that the cells are in the process of discharging their contents. 	Further— 

more a large trachea is invariably to be found adjacent to the A—type cells, 

but the axons from these cells have never been seen to enter the trachea or 

even to run flush with the tracheal wall. 	Rather, in quite a number of 

preparations the axons from these cells could be traced for a considerable 

distance into the neuropile tissue of suitably stained sections, and from 

the ligation experiments, it has already been shown that the neurosecretory 

products are conducted along the ventral connectives as well as along the 

nerves to the periphery. 

The most significant result in these experiments is the discharge 

of neurosecretory material from the third thoracic and all the abdominal 

ganglia. 	A similar discharge was observed in the experiments on flight 

where it was suggested that the discharge was due to the utilization of 

reserve fat and the subsequent loss of metabolic water. 	This type of 

discharge has no parallel anywhere in the literature, and needs to be 

discussed in the light of the distribution of the A2 neurosecretory cells. 

The A2 neurosecretory cells are typical A cells as reported in 

other insects, but differ from the descriptions given by all previous 

workers because of their peculiar staining characteristics with Azan, as 

well as with Alcian Blue. 	The three groups of A2 cells in the posterior 

end of the third thoracic ganglion are really the cells of the first three 

primitive abdominal ganglia which in ontogeny have become fused with the 
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true metathoracic ganglion, as already discussed on page NBI . 	The A2 

cells therefore are essentially the neurosecretory cells of the abdominal 

ganglia, being found also in the apparent first four abdominal ganglia. 

The discharge of neurosecretory material from the third thoracic ganglion 

backwards can be correlated with the distribution of these A2 cells. 	It 

is significant to note that there is no discharge anterior to the third 

thoracic ganglion, while the discharge does not end posteriorly just behind 

the fourth abdominal ganglion but is carried right beck into the last 

abdominal ganglion and its peripheral nerves. 	The last abdominal ganglion, 

formed in ontogeny by the fusion of the primitive 8th. to 11th. abdominal 

ganglia, on the other hand, does not contain any A cells, yet as a result 

of a high level of flight activity and of experimental conditions simulating 

dehydration, discharged neurosecretory granules are to be found in its 

neuropile tissue as well as in the peripheral nerves which leave it. This 

is not surprising as evidence from the ligation experiments has demonstrated 

the transport of material backwards and forwards along the ventral connect— 

ives as well as along the peripheral nerves. 	The A2 cells discharge their 

secretions, therefore, under conditions of water loss and the exact role 

played by neurosecretion in controlling water balance would be interesting 

to investigate. 

Superficially, it is not easy to reconcile the results obtained 

here with those of Maddrell (1962). 	In his study of Rhodnius there is 

good experimental evidence that neurcsecretion promotes diuresis, whereas 

in Schistocerca the little information so far available suggests that active 
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release of a neurohormone occurs under conditions in which one imagines 

water—conservation would be active. 	Such an antidiuretic function for 

the neurosecretory material would agree with Nayar's hypothesis (Nayar 1960, 

1962). 	Only further more detailed work on water balance and its control 

in Schistocerca can elucidate the matter. 
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VI. GENERAL DISCUSSION. 

Most detailed aspects of the present work have already been 

reviewed and discussed in their respective sections. 	In the present section 

it is intended to discuss a number of more general matters, notably the 

controversy on the neurosecretory nature of the cells in the ventral ganglia 

of Schistocerca gregaria and of other insects; some suggestions as to the 

direction of further work on neurosecretory cells in general and of Schisto—

cerca in particular will also be outlined. 

A. On the Neurosecretory Nature of the Cells in the Ventral Ganglia of  

Schistocerca greyaria and of other Insects. 

B.Scharrer's (1956) definition of neurosecretory cells as 

"neurones which show cytological evidence of secretion" has been the basis 

of most histological work on neurosecretion. 	It is on the validity of this 

definition that the recognition of several types of neurosecretory cells in 

the ventral nerve cord of Schistocerca rests. 	she classical concept of a 

neurosecretory system, however, is that of a secretory neurone whose axon 

terminates in an organ of storage and release intimately associated with 

the vascular system. 	This concept, involving a neurohaemal organ for the 

storage and release of secretory material (Carlisle &. Knowles 1956), implies 

that neurosecretory cells do not synapse with other neurones or end in 

effector organs, an essential feature of the definition of a neurosecretory 

cell proposed at the First International Symposium on Neurosecretion (Naples 

1953), and accepted at the following tIpo Symposia (Lond, 1957 and Bristol, 
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1962; E.Scharrer, 1962). 	The several authors who have subscribed to 

this concept happen to be those who have without exception worked on the 

neurosecretory system of the brain with its associated neurohaemal organs, 

the corpora cardiaca. 	Hanstr6m (1948) in his analogy of this system, the 

brain-cardiacum--allatum complex of insects, with the sinus gland-X organ of 

Crustacea, and with the hypothalamo-hypophyseal system of Vertebrates, has 

laid special emphasis on the axonal transport of secretory material to a 

neurohaemal organ which stores and releases the hormones into the blood. 

This analogy, however, was made long before the discovery of neurosecretory 

cells (in the sense of B.Scharrerts definition) which are not in any way 

associated with the corpora cardiaca in the head. 	The question now arises 

as to whether these cells, and the cells in the ventral ganglia of Schisto- 

cerca, are neurosecretory. 	Carlisle (personal communication) is of the 

opinion that they are not. 	I personally believe that at least some of them 

are neurosecretory for the following reasons: 

(1) 	To start with a conjecture: Very early in the phylogeny of the 

Invertebrates, it is conceivable that certain neurones of the primitive 

nervous system became modified into gland-like secretory cells. 	Vdth the 

development of a higher level of organization and specialization, similar 

gland-like secretory neurones evolved in the brain. 	Then with the evolution 

of a blood vascular system, neurohaemal organs evolved for the storage and 

more specifically for the effective release of material from the brain, 

whereas the secretory cells in the primitive nerve cord continued to discharge 

their secretions directly along the peripheral nerves without the intervent- 
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ion of a neurohaemal organ. 	This speculation, therefore, is based on the 

apparent absence of neurohaemal organs in such animals as the Annelids in 

which numerous "neurosecretory" cells have been described from the entire 

ventral nerve cord, with staining reactions similar to those found associat— 

ed with neurohaemal organs. 	So much for conjecture. 

It is worth noting at this juncture that B.Scharrer (1959) has 

stressed that in primitive groups, neurosecretory cells tend to be distrib—

uted over a wide area of the nervous system, whereas in higher forms, they 

tend to become restricted to certain parts of the central nervous system. 

The localization of the neurosecretory cells in the brain is in fact 

characteristic of all the insect species studied so far, whereas neurosecret- 

ory cells have not always been found in the ventral ganglia. 	Here, the 

absence of ne►irosecretory cells in one or more ventral ganglia would appear 

to be correlated with the higher degree of specialization of the neurosec— 

retory system of the head. 	Taking the Orthoptera, to which Schistoccrca  

belongs, it is seen that in the species that have been studied, numerous 

neurosecretory cells occur in the ventral nerve cord as well as in the brain, 

in contrast to the few but relatively large neurosecretory cells in such 

groups as the Coleoptera, Hemiptera, and Diptera. 	It seems possible, 

therefore, that the presence of a limited number of large neurosecretory 

cells in the brain is indicative of a higher level of specialization than 

the presence of a large number of small neurosecretory cells. 	This inter—

pretation perhaps explains Kobayashits (1957) histological findings in 

Bombyx mori, where there are only 30 neurosecretory cells in the brain, as 
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against 80 in the suboesophageal and more than 1,100 in the thoracic and 

abdominal ganglia. 	It would be futile, however, to make further general—

izations on the occurrence of neurosecretory cells in the brain versus the 

ventral ganglia, as data are available for only a handful of insect species. 

A comparative study along these lines, though formidable, would seem profit—

able, and might ultimately make possible less speculative views on the 

evolution of the neurosecretory system of insects. 

The occurrence of large numbers of neurosecretory cells in the 

ventral nerve cord, then, would seem to be a relic of earlier phases of 

Arthropod evolution, reminiscent of the condition seen in the Annelida. 

The numerous neurosecretory cells in the ventral nerve cord of the Polychaete 

Annelids have been shown experimentally to produce hormones which are con—

cerned in regeneration, behaviour and reproduction (Hubl 1956, Durchon 1962, 

Herlant—Meewis 1962 etc.), thus satisfying the physiologists' criterion of 

neurosecretory cells, despite the fact that the cells do not discharge their 

secretions by way of a neurohaemal organ. 	"Neurosecretory" cells, with no 

neurohaemal organs, are in fact quite widespread in the Invertebrate phyla, 

and have even been recorded from such a primitive group as the Polyclad 

Turbellaria (B.Scharrer & E.Scharrer 1954), which do not even have a blood 

vascular system, still less neurohaemal organs. 	Furthermore, very recently, 

Johnson (1962) has shown in Aphids that the axons from the neurosecretory 

cells of the brain pass through the corpora cardiaca and carry the neuro—

secretory material directly to various muscles of the thorax and the hind— 

gut. 	A comparable situation also exists in larvae of Chaoborus  
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1960). 

I feel, therefore, that too much importance may be attached to 

the presence of a neurohaemal organ in the neurosecretory system. 	It 

seems more likely that, in the Invertebrates at least, the neurohaemal 

organ is a relatively recent evolutionary innovation. 	This is consistent 

with the observation that neurohaemal organs have been described only in 

one of the most highly evolved phyla, the Arthorpoda, and even there are 

confined to only two Classes, the Crustacea and Insecta. 	If we adhere to 

the "classical" concept of what a neurosecretory system is -- nerve cell-

axon-neurohaemal organ-blood circulation-target organ -- we would have to 

subscribe to the view that neurosecretory cells are to be found nowhere 

else among the Invertebrates, a view which I find difficult to accept. 

(2) 	In the ventral ganglia of Schistocerca, axonal transport of 

secretory material outwards along the peripheral nerves has been demonstrat- 

ed experimentally. 	Might it not be possible that the neurosecretory cells 

here differ from the "classical" neurosecretory cells of the brain in their 

mode of discharge of material? 	It is worth mentioning here that among the 

Vertebrates a "urchypophysis" has been described in the caudal end of the 

nerve cord of Fishes (Enami 1957). 	Here then is a caudal neurosecretory 

system quite separate from the "classical" concept of a neurosecretory 

system. 	Perhaps we could follow Hanstrft's example (1948) and analogize 

the urohypophysis with the neurosecretory system found in the ventral 

ganglia of insects. 
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(3) 	Accepting that a neurone might be neurosecretory regardless of 

whether it discharges its secretions through a neurohaemal organ or not, 

we find it gratifying to note that the physiological criterion of neuro—

secretory cells is in some ways not as stringent as the histological one: 

so long as the cells can be shown to produce secretions which have a horm— 

onal effect they are neurosecretory. 	Without questioning Bern's (1962) 

classification of neurosecretory cells into three arbitrary groups (viz: 

probably, possibly and definitely neurosecretory) we can cite no less than 

four examples of the production of hormones by neurosecretory cells of the 

ventral nerve cord as substantiated by experimental evidence though no 

neurohaemal organs are known: (a) Harker's (1954, 1955, 1956, 1958, 1960) 

work on the control of diurnal rhythms of activity by the neurosecretory 

cells of the suboesophageal ganglion in Periplaneta americana; (b) Fukuda's 

(1951, 1952, 1962) work on the control of voltinism by the neurosecretory 

cells of the suboesophageal ganglion in Bombyx mori; (c) Possom0s1  

(1957) work on the control of colour change by the neurosecretory cells of 

the suboesophageal ganglion of Phasmids; and (d) Maddrell's (1962) demon—

stration of the production of a diuretic hormone by neurosecretory cells in 

the compound ventral ganglionic mass of Rhodnius prolixus.  

In Schistocerca gregaria, though conclusive proof is not at hand, 

the available evidence suggests that the A—type neurosecretory cells of 

the third thoracic and abdominal ganglia have a special rile to play during 

flight (pages 181-182 ), and in the control of water balance possibly through 

the production of an antidiuretic hormone (pages 190-192), while the last 
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abdominal ganglion seems to be especially important in female maturation 

(pages 131-141). 

For all these reasons, therefore, I submit that the neurones in 

the ventral ganglia of Schistocerca gregaria, which stain differentially 

like the neurosecretory cells of the brain, are neurosecretory, and that 

the A—type cells at least are neuroendocrine (according to the definition 

of physiologists like Bern, Van der Kloot, V,:elsh etc.), even though they 

do not discharge their secret5ons via a neurohaemal organ. 

B. 	Suggestions for Further Bork. 

(1) Histology, Histochemistry, Autoradiography, Electron Microscopy. 

A fundamental point in the histological study of neurosecretion 

is the limited number of staining techniques that have so far been used to 

characterize cell types. 	A perusal of Frazer's (1959a) and Arvy and Gabe's 

(1962) work, among others, shows that many staining reactions are available, 

but that they have not yet been made the subject of systematic study in 

classifying neurosecretory cells. 	Also, a number of workers have failed 

to get one or the other of the two standard neurosecretory stains (Gomori's 

1941 Chrome Haematoxylin—Phloxine and Gomori's 1950 Aldehyde Fuchsin) to 

work; the reasons for this have been examined critically, and the results 

indicate that with suitable precautions these techniques should prove 

satisfactory for all species. 	The two new differential staining techniques 

reported here and Heidenhain's Azan technique supplement the two standard 

neurosecretory stains, and help to characterize cell types further. Already, 
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evidence from the present study shows that what were previously called simply 

"A" cells and "B" cells might in fact be several types of A and B cells. 

Their differential staining reactions are perhaps indicative of the complex-

ity of their secretory products, and may thus help to explain the difference 

in their physiological reactions. 

In the experiments on the role of the last abdominal ganglion in 

female maturation, evidence has been obtained that this ganglion exerts a 

hormonal influence on the development of the eggs. Yet the source of the 

hormone or hormones, as discussed in the text, might not be the neurosecret-

ory cells which have been demonstrated histologically with the standard 

neurosecretory stains, again suggesting that the active constituent does 

not show up with these differential stains, and reinforcing the need for 

further research into additional staining techniques. 

Commenting on the selectivity of the standard neurosecretory 

stains of Gamori, B.Scharrer (1954, 1959) has pointed out that they are 

very useful histological stains which make visible what would otherwise be 

invisible after ordinary histological preparations, but that it is wrong to 

assume that a positive reaction is definite proof that the hormones have 

been shown up histologically because other tissues like tracheae, mucus and 

chitin, also take up the stain. The need for histochemical analysis of 

insect neurosecretion is therefore urgent, the paucity of histochemical 

(and biochemical) information being stressed by a number of workers (see 

van der Kloot 1960). So far what little evidence there is, is confined 

to the A-cells only, and analysis of the secretions from other cell types 

(B, C, D cells) needs to be done. Although no histochemical work has been 
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done here, except for the preliminary investigation of Alcian Blue techniques 

for acid mucopolysaccharidos and sulphydryl groups, which incidentally led 

to the discovery of a new differential staining technique, a profitable 

line of histochcmical research would be to exanine the secretions in the 

cells before discharge, and the secretions that have been released under 

experimental conditions, such as the massive discharge of material in the 

ventral ganglia under conditions of dehydration and sustained flight, as 

well as the secretions in the corpora cardiaca before and after severing the 

nerves from the brain. 

Histological examination of neurosecretory systems involving as 

it does the study of fixed tissues, could hardly be expected to demonstrate 

conclusively the cycles of secretory activity of the cells. The secretory 

cycles which have been postulated for the A-type cells (pages 117-130) are 

based on the study of the histological appearance of the cells taken from 

locusts at emergence and at five-day intervals up to maturity. The limit-

ations of such a purely histological approach becomes apparent when it is 

realized that the secretory cycles might be short-term ones, as demonstrated 

experimentally by Fuller (1960) who, by stimulating the larvae of Chaoborus  

with a red-hot needle, showed that the cells of the brain go through a 

complete secretory cycle in less than 24 hours. Direct evidence of 

secretory activity of the cells could only be obtained by the incorporation 

of radioactive isotopes into the cells, and following the incorporation by 

moans of autoradiographs. The preliminary results on autoradiography 

(pages 168-173) using S35Cystine indicate that the incorporation is greater 
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in the neurosecretory cells than in non-secretory neurones. This inform-

ation has boon obtained only from the intensely staining A3 neurosecretory 

cell, of the suboesophageal ganglion, The other A-type cells of the 

remaining ventral ganglia could not be studied although autoradiographs of 

them were also prepared; this was because the cells had been too lightly 

stained with paraldehyde i'uchsin prior to the application of the emulsion 

film, it having boon wrongly assumed that intense staining of the cells 

would mask the silver grains in the autoradiographs and make grain-counting 

difficult, if not impossible. 	In fact one of the major difficulties of 

autoradiographic work - the identification of the secretory cell in the 

autoradiograph - has been overcome. Autoradiography on a large scale 

seems a fruitful line of research: one worthwhile approach would be to 

inject the radioactive cystine into nymphs just prior to the imaginal 

moult, or into newly emerged adults, and to trace the incorporation of the 

substrate into the neurosecretory cells after varying periods of time 

following the injection. 

The little information that is available from histology indicates 

that the neurosecretory cells in the ventral ganglia are not the same as 

those of the pars interccrebralis in their mode of synthesis and discharge 

of material, and it would be worthwhile to apply the techniques of electron 

microscopy to bring out the similarities and differences between these two 

systems. More than that, the actual mode of formation of secretory granul-

es has puzzled endocrinologists for a long time, and recently evidence from 

electron microscopy shows that the mitochondria and Golgi complex might be 
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concerned in the formation of secretory granules (Nishiitsutsuji-Uwo, 1960). 

Electron microscopy has come very much to the fore in the study of neuro-

secretion: at the last Symposium on Neurosecretion (Bristol, 1961) about 

one-fourth of the papers read were devoted to it; the unusually large 

neurosecretory cells found in same parts of the ventral nerve cord of 

Schistocerca greparia seem to provide very favourable material on which to 

extend such work. 

(2) Experimental. 

The experiments on flight, water metabolism and the role of the 

last abdominal ganglion in female maturOation embodied in this thesis 

are essentially preliminary in character, designed mainly to open up new 

lines of investigation. The importance of the neurosecretory cells of 

the pars interecerebralis in maturation of the eggs of a number of insect 

species has been fairly well established (see reviews by Scharrer & Scharrer 

1954, Bodenstein 1954, van der-Kloot 1960, 1962, etc.). 	It seemed worth-

while first of all to investigate this further in Schistocerca to see if 

the ventral ganglia might also be concerned in female maturation, and also 

to explore the probable role of the neurosecretory cells in the ventral 

ganglia in relation to other physiological functions. 

(a) Role of the Last Abdominal Ganglion in Female Maturation. 

The last abdominal ganglion, in view of its anatomical relationship 

with the complex of reproductive organs and its lack of any A-type neuro-

secretory cells, seemed the ganglion worth studying in relation to female 

maturation and oviposition. It has been found that the ganglion exerts a 
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hormonal influence on egg development comparable with that of the nourosec-

retory cells of the brain. Extirpation of the ganglion in newly emerged 

females prevents egg development (pages 131-132); re-implantation of the 

ganglion into 11 locust whose ganglion has been extirpated results in egg 

development if the re-implantation is done after about 2 to 3 weeks follow-

ing the extirpation (page 132); the complete isolation of the ganglion by 

section of the ventral connectives and the peripheral nerves does not 

prevent maturation (pages 132-133). The locusts normally mature after 

about 3 to 4 weeks, and the first egg pod is normally not laid before the 

age of 4 weeks (Norris 1954). But when the last abdominal ganglion of a 

mature female is implanted into a newly emerged female, the latter begins to 

copulate after about a week, and lays the first egg pod on the 10th. day 

(pages 134-135). Similar results are obtained when the corpora cardiaca 

of a mature female are implanted into a newly emerged female (pages 134-

135), and when both last abdominal ganglion and corpora cardiaca from a 

mature female are implanted into a newly emerged female (page 134). How-

ever, when the last abdominal ganglion or the corpora cardiaca, or both, 

from a mature female were implanted into a newly emerged female whose last 

abdominal ganglion had been extirpated, the recipient did not mature and 

showed no signs of egg development even after 4 weeks or more (pages 134-

135). This last finding is difficult to explain, and shows that further 

more extensive experiments are called for, some of which may now be indicat-

ed. 

First of all, the corpora cardiaca are glandular organs, and in 
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addition to receiving and discharging the neurosecretory material from the 

brain, they are known to produce hormones of their own. It would be 

interesting to ligate or cut the nerves to these organs, which would result 

in the depletion of neurosecrctory material in the corpora cardiaca (pages 

152, and Fig.37), and then to carry out implantation experiments, when the 

results could be attributed to the glandular secretions of the cardiaca 

alone, The neurosecretory cells of the pars intercerebralis could also 

perhaps be implanted into immature females to see if this would hasten the 

maturation process. Also, Williams (1947) has postulated that the active 

constituent might be formed by two separate components derived from the 

lateral and medial neurosecretory cell groups, and that the formation of the 

hormone is completed when the two constituents reach the corpora cardiaca. 

In view of this, the implantation experiments could be extended by implanting 

denervated cardiaca separately as well as together with the neurosecretory 

cells of the brain. 

The physiological state of the donor and recipient appears to be 

important in these extirpation and implantation experiments. The recipients 

to be used in future experiments may profitably be divided into two groups. 

One group should include females whose last abdominal ganglion has been 

extirpated immediately after emergence, the other comprising those whose 

ganglion has been extirpated after varying periods (say, 3, 6, 9, 12, and 

15 days) following emergence. Those locusts could then be further sub-

divided into smaller groups of 10 each. Implantation of the last abdominal 

ganglion, normal corpora cardiaca, denervated corpora cardiaca, and the pars 
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intercerebralis from donors of various ages from emergence to maturity could 

then be carried out and the results analysed. 

To conclude this section, it seems worth reiterating the tentative 

suggestion that either (a) the corpora cardiaca and last abdominal ganglion 

produce the same maturation hormone but that the hormone produced fram 

either source alone is not sufficient to set in motion the maturation 

process, or (b) the blood transports a single active substance from the 

corpora cardiaca to the last abdominal ganglion which either stores it or 

changes it into the maturation hormone proper. 

(b) Neurosecretion in Relation to Flight. 

The discharge of neurosecretory material from the brain via the 

corpora cardiaca as a result of flight has been demonstrated in Locusta 

migratoria (Highnam, quoted by Haskell, 1962). The present work shows 

massive discharge from the third thoracic and abdominal ganglia in Schisto-

cerca gregaria. Whether both processes occur in both species remains to 

be seen. So far as my limited observations on the brain and retrocerebral 

complex of Schistocerca are concerned, specimens flown for long periods had 

large amounts of PF-positive material in the neurosecretory cells of the 

pars intercerebralis, their axons and in the corpora cardiaca. Reliable 

evidence of discharge induced by flight could, however, only be obtained 

through detailed comparisons with the normal histological appearance of 

these organs, and I have not yet made such comparative studies. 

The discharge of neurosecretory material from the corpora cardiaca 

after electrical stimulation and enforced activity has been described as a 
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response to stress in Blaberus craniifer (Hodgson & Geldiay 1959) and 

Schistocerca gregaria (Highnam 1962). This discharge is similar to the one 

which Fuller (1960) induced in the larvae of Chaoborus by stimulating it 

with a red-hot wire in place of an electrode. While I feel that these are 

rather drastic and unnatural ways of inducing discharge of material from 

the cells, to make the picture comparable, it might be worthwhile to study 

first of all the effect of electrical stimulation on the discharge of 

neurosecretory material from the ventral ganglia of Schistocerca. 

The massive discharge of neurosecretory material from the cells of 

the third thoracic and abdominal ganglia during sustained flight is quite 

striking. The shortest period for which the locusts had been flown was 4 

hours, and it would be interesting to determine the shortest period of 

flight necessary to induce such a discharge. This is quite easily done 

by flying locusts for say, 15 minutes, 30 minutes, 1 hour, 2 hours, and 3 

hours, and examining their neurosecretory systems. 	It would also be 

instructive to fly the locusts for known periods per day for several days 

and study the effect on the discharge of material. 

It is not known whether the discharge occurs only as a result of 

flight. Whether there is a similar discharge as a result of au type of 

activity, such as the "enforced activity" of Hodgson & Geldiay (1959) and 

Highnam (1962), and more specifically, as a result of prolonged walking, 

such as occurs in the marching of locust hoppers, would be worthwhile to 

determine. The marching of locust hoppers is basically a foraging response 

that results in dispersal of the species over great areas, just as is the 

swarming of adult locusts. The question therefore arises as to whether the 
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discharge of material is not so much a response to activity as such but is 

due to depletion of reserves of food and/or water. This might be ascert-

ained by comparing the histological picture of the ventral ganglia of 

starving insects with that of locusts allowed frequent access to food, or 

those which are fed on or injected with soluble carbohydrates. The 

conditions prevailing in swarming or marching in the field also need 

investigation. The question of water metabolism will be taken up in the 

next section. 

The relationship between the discharge of neurosecretory material 

from the brain and from the ventral ganglia also needs investigation. It 

is not known if the discharge from these two separate centres is related in 

any way. Perhaps some indication of this might be obtained by comparing the 

flight and neurosecretory systems of normal locusts with those of locusts 

whose cephalic neurosecretory system has been interfered with, e.g. by 

ablation of the corpora cardiaca, or cauterization of the pars intercerebral... 

is. 

The material from the corpora cardiaca is discharged into the 

blood; the material from the ventral ganglia, so far as could be determined 

histologically, is discharged along the ventral connectives and along the 

peripheral nerves and it is perhaps not unreasonable to suppose that the 

secretions reach the peripheral target organs by this axonal route directly. 

To attempt to trace the paths of discharge along all the nerves would be too 

ambitious but by moans of more sophisticated ligaturing experiments on the 

ventral connectives and selected peripheral nerves, some of the secretory 
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pathways could be identified. The fate of the discharged material is not 

known, nor is the effect of the discharged material on the peripheral target 

organs. It is significant that Johnson (1962) recently has demonstrated 

the transport of neurosecretory material from the brain to the corpora 

cardiaca in Aphis fabae and Drepanosiphum platanoides but shows that the 

secretions arc not discharged into the blood by the corpora cardiaca; 

instead they are conducted along axonal routes to the ventral surface of 

the heart as well as to muscles in the thorax and the wall of the hind-gut. 

This observation tallies with the discharge of material along axonal routes 

leaving the posterior margin of the third thoracic ganglion in nerve 3 nn 3 

(Fig,3), which innervates the muscles of the hind legs. 

It is unknown whether the discharge of material is the result of 

sustained flight or one of the causes which sustains it. An interesting 

aspect of the work would be to inject haemolymph from flown locusts (in 

which it is known that discharge has occurred) into normal locusts and 

observe the effect on flight characteristics. 

(c) Neurosecretion in Relation to Water Balance. 

The gregarious phase of Schistoccrca rregaria swarms mainly by day 

when relatively low temperatures would not be inimical to flight (Z.Waloff, 

1962) and in normal swarms the locusts are capable of continuous flight for 

more than 8 hours (Rainey, personal communication). The solitary and 

transiens phases, on the other hand, fly after dusk, and depend on high 

night temperatures, while some solitaries do not fly at all. Furthermore, 

the area over which Schistocerca occurs is characterized by poor, erratic or 
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strictly seasonal rainfall, the breeding of the locust is closely linked with 

rainfall, and young adults frequently have to travel thousands of miles 

before they reach suitable meteorological conditions for maturation and 

breeding (Z.Waloff, 1962). The water relationships of Schistocerca 

therefore seem to offer an interesting field of work, quite apart from their 

possible neurosecretory control. 

The most striking  aspect of the preliminary investigation on the 

role of neurosecretion in relation to water balance has been the discharge 

of material fr:m the cells of the third thoracic and abdominal ganglia 

similar to the results obtained in the preliminary flight experiments. As 

already discussed in the text, the discharge which occurs under experimental 

conditions of water loss is consistent with the theory of production of an 

anti-diuretic hormone by the neurosecretory cells. The loss of water could 

take place through the Malpighian tubules and the failure of the rectum to 

resorb the water, or through the cuticle, or through the spiracles during 

respiration. These several aspects of the problem need to be studied 

systematically, first by determining the water content of the body of 

normal locusts at various stages of adult life, and then comparing these 

results with those obtained under experimental conditions of dehydration and 

flooding. 

The loss of water and its effect on the neurosecretory system 

could be determined by exposing the locusts to different degrees of dehydrat-

ion experimentally, such as by injecting various concentrations of saline or 

distilled water into the haemocoele, abrading the cuticular wax with some 
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inert dust, or simply exposing intact locusts to various humidities. The 

loss through the spiracles and alimentary canal can be checked by blocking 

the apertures with plasticise or wax, and the amount of urine produced by 

the Malpighian tubules could be determined. Extracting the hormone by the 

methods of Hasegawa (1957) and Kobayashi & Kirimura (1958) and applying 

direct physioloEical tests of the extracts on the production of urine by 

the Malpighian tubules under various experimental conditions would also be 

valuable. All measurements of water content of the locust and other 

changes could then be correlated with the histological appearance of the 

neurosecretory cells. 

(d) The Role of the A3 Neurosecretory Cells of the Suboesophageal Ganglion 

of Schistocerca gregaria. 

It is significant that three out of the four instances of neuro-

secretory functions attributed to the cells of the ventral ganglia bear on 

the suboesophageal ganglion (page 15), and in view of this the function of 

the characteristic A3 neurosecretory cells of the suboesophageal ganglion of 

Schistocerca would be most interesting to investigate. So far, the cells 

do not appear to exhibit histological changes in relation to maturation, 

copulation and oviposition in the female, or to flight activity and water 

loss. They have, however, been shown by the ligation experiments to 

discharge their secretions backwards along the ventral connectives (pages155 

-158). Similar paired neurosecretory cells have been described in the 

suboesophageal ganglion of a few other insect species (Siew, personal 

communication, in Galloruca; Arvy & Gabe, 1952, 1953 in the Ephemoroptera 
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and Odonata; Harker, 1956 etc. in Periplaneta; etc.). 	In the Ephemerop-

tera, the axons travel upwards and emerge dorsally as a pair of very fine 

nerves which innervate the corpora allata, and the allata in turn send off 

a pair of nerves (probably carrying the very same axons from the suboesoph-

ageal ganglion) to the prothoracic (ventral) glands; while in the Odonata, 

the axons from the neurosecretory cells of the suboesophageal ganglion 

innervate the prothoracic glands directly, and the corpora allata are 

innervated by a pair of nerves from the corpora cardiaca. 	In Schistocerca, 

in the nymphal stages, the prothoracic glands are innervated by at least 

two nerves: one coming from the median ventral sympathetic nerve trunk 

which joins the suboesophageal and 1st. thoracic ganglion, and another, 

sometimes also a third nerve, from the anterior end of the 1st. thoracic 

ganglion (Carlisle, personal communication). In the adult, I have found 

that the anterior part of the median ventral nerve, between the suboesophag-

eal and first thoracic ganglion, does not exist, and only the peripheral 

ends of the nerves (which in the nymph innervate the prothoracic glands) 

persist as very slender nerves that end in the epidermis of the neck (Fig.3). 

Furthermore, ii.rvy & Gabe (1953) have found that the maximum activity of the 

neurosecretory cells of the suboesophageal ganglion in the Lphemeroptera 

and Odonata is in the second half of the life of the larva and the diminution 

of neurosecretory activity of these cells corresponds to the atrophy of 

these glands in the adult. This apparently appears to be quite different 

from the situation in Schistocerca, where, in the nymphal stages as well as 

in the more mature adult, the cells aro packed with secretion, whereas in 



213. 

newly emerged adults they contain very little (page 126). Again, the 

corpora allata in both the Ephemeroptera and Odonata are innervated by the 

suboesophageal ganglion; this nerve has also been found in Schistocerca 

(Figs. 5 and 6), as well as in Locusta (Staal 1961) and Periolaneta 

1961). Harker (1960) by ligaturing this nerve in Periplaneta has shown 

that neurosecretory material (from the corpora cardiaca) is conducted along 

it to the subeesophageal ganglion. 	In the solitaria phase of S.a.eparia, 

in contrast to the gregaria phase, the prothoracic glands persist into the 

adult stage (Carlisle and Ellis, 1959). 

All these observations seem to suggest a close relationship 

between the ncurosecretory cells of the suboesophagcal ganglion on the one 

hand and the corpora allata and prothoracic glands on the other. This, in 

turn, would seem to imply that these neurosecretory cells are perhaps 

implicated in the changing balance between neotenin and ecdysone which 

regulates metamorphosis. Further, by virtue of the relation which has been 

suspected between phase dimorphism and 'juvenility' (Kennedy, 1956), there 

is perhaps reason to suspect that the neurosecretory cells of the suboes-

ophageal ganglion may play a role in the determination of phase. A 

comparison - histological, in the first instance - between the A3 neuro-

secretory cells of solitaria and prep-aria locusts might be the first stage 

in investigating this problem. 
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VII. SUNMAiRY.  

1. The distribution, histology and physiology of ncurosecrctory cells is 

reviewed from the literature (pages 3-16). 

2. Critical examinations of the Paraldehyde-Fuchsin (PF) and the Chrome 

Haematoxylin-Phlaxine (CHP)techniques have given reproducible methods 

of differential staining and help to explain some of the apparent 

anomalies in the literature (pages 19-29 ). 

3. A new technique of Pararosaniline Chloride staining has been developed 

and might replace the existing PF technique which depends upon this 

reaction (pages 30-32). 

4.. A new technique of alcian Blue-Phloxine staining is described and may 

be used to extend our knowledge of the staining reactions of neuro-

secretory cells (pages 33-35). 

5. 	critical review of published histological information leads to the 

conclusion that all but a few aberrant types of insect neurosecretory 

cells can be accommodated in the following classification: 

Stain Cell Types 

Axonal Transport No axonal 
Transport 

  

Paraldehyde Fuchsin 

Chrome Haernatoxylin 

Azan 

alcian Blue 

Masson/Mallory 

Heidenhain's Haematoxylin 

A 

Purple 	Greenish 

Blue Black 	Red/Pink 

Bright Red 	Bright Blue 

Bright Blue Red 

Red 	Green 

Bright Blue Light Blue 

C 	 D 

Greenish Greenish 

Mauve 	Mauve 

4•0 
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6. In Schistocerca gregaria, the ventral nerve cord contains large numbers 

of neurosecretory cells of all four main types, the A cells falling 

into three sub-types, and the B cells into two. Al cells occur in all 

ventral ganglia except the last abdominal, A2 cells in the third 

thoracic and first four abdominal ganglia, and A3 cells in the suboes-

ophageal ganglion. B1 cells are confined to the suboesophageal and 

first two thoracic ganglia, B2 cells to the third thoracic and all 

abdominal ganglia. C and D cells occur in all ventral ganglia. B, 

C and D cells vary in number and position from insect to insect and 

from ganglion to ganglion, but A cells are constant in number and 

position. A and B cells are regarded as functionally distinct types 

rather than phases in the secretory activity of a single type (pages 

71-116). 

7. No neurosecretory cells occur in the frontal, ingluvial and hypocerebral 

ganglia of Schistocerca (page 93). 

8. The A cells of tho female undergo changes in secretory activity (as 

judged by histological criteria) which are correlated with maturation 

and oviposition. No such changes have been demonstrated for the B, 

C and D cells (pages 117-130). 

9. The last abdominal ganglion appears to play a special role in ovarian 

maturation, through hormonal activity. The process involves inter-

action with the neurosecretory cells of the pars intercerebralis but 

it is doubtful whether neurosecrotion takes place from the last 

abdominal ganglion. 	Control of oviposition is nervous (pages 131-141). 
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10. Ovariectomy in the last nymph or early adult has no effect on the 

neurosecretory cells of brain, suboesophageal, third thoracic and 

third abdominal ganglion (page 143). 

11. The discharge of secretion from the cells along axons in the ventral 

connectives (forwards and backwards) and in the peripheral nerves has 

been demonstrated by ligaturing experiments. The interpretation of 

these suggests that A cells packed with PF-positive material are 

actively secreting and releasing it (pages 144-167). 

12. An attempt to confirm inferences as to secretory dynamics by auto-

radiographic estimates of the rate of incorporation of radioactively 

labelled cystine did not produce satisfactory results, though the 

findings are not in conflict with the hypothesis erected on histolog-

ical grounds (pages 168-173). 

13. When locusts are flown for long periods, there is massive axonal 

discharge of PF-positive material from the A2 cells of the abdominal 

ganglia, including those incorporated into the compound third thoracic 

ganglion (pages 174-184). 

14. Preliminary experiments on water loss in Schistocerca indicate that 

discharge also occurs from the A2 cells of the compound third thoracic 

and abdominal ganglia under experimental conditions of dehydration, 

perhaps because of the anti-diuretic effect of the neurosecretion 

(pages 185-192). 
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