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PART 1. 

THE SIGNIFICANCE OF THE SHEATH SURROUNDING 

THE PERIPHERAL NERVES IN PHYTOPHAGOUS AND 

CARNIVOROUS INSECTS. 
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It is well known that high potassium ion concentrations de-

polarize nervous tissue and it has been suggested that the nerve 

sheath surrounding the peripheral nerves of insects serves as a 

protective barrier for the exclusion of potassium ions, in the 

haemolymph, from the immediate environment of axons. 

Further it is known that the concentration of potassium ions 

in the haemolymph of phytophagous insects is far higher than that 

in predatory forms? this has led to the suggestion that the 

nerve sheath in plant feeding insects should be more highly deve-

loped than that of entomophagous insects. In this work t he 

structure of the nerve sheath in phytophagous and predatory in-

sects has been studied and this assumption has been shown to be 

ground 1 es s • 

However, preliminary experi ments on the effects of ions and 

drugs on the peripheral nerves of phytophagous and predatory in-

sects have shown that there is a definite difference in suscepti-

bility between the nerves of these two forms and this has led to 

the postulate of a diffusion barrier beneath the level of the 

nerve sheath, which is more highly developed in phytophagous than 

in predatory forms. The properties of this second barrier are 

discussed. 
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PART l. 

INTRODUCTION. 

While in recent years our knowledge of the neuromuscul ar physio­

logy of insects has grown rapidly (recent reviews of the subject in­

clude those of Hoyle 1957, Roeder 1953, Roeder 1958, and Vowles 1961), 

information upon the pharmacology of these anima ls is extensive but 

much of it is unsatisfactory (Crozier 1922, Crozier and Pilz 1924, 

Hamilton 1939, Roeder and Roeder 1939, Roeder 1958~ Roeder and Weiant 

1948 9 Twarog and Roeder 1957, Harlow 1958 9 Voskresenkaya 1945, 

Vereshtchagin et al. 1961, Hill and Usherwood 1961, and Narahashi 

1962 a and b). One reason for this position is that in phytopha­

gous and omnivorous insects, the normally chosen experimental 

material, there exists a thick sheath around the nerves. Hoyle 

(1953) and Twarog and Roeder (1956) working on the peripheral nerves 

of the locust and the central nervous system of the cockroach respec­

tivel y, have shown that a high concentration of potassium depolarizes 

the insect nervous system. In both cases removal of the surround-

ing nerve sheath resulted in a great increase in the rate of depo­

larization of the nerves. It has been suggested (Hoyle 1953 and 

Yamasaki and Narahashi 1959, 1960) that this sheath serves as a 

protective barrier to exclude potassium ions in the haemolymph 

from the immediate environment of t he axons. 

Hoyle has further suggested that a similar but as yet unidenti­

fied barrier must protect the muscle fibres and probably also the 

myoneural junctions from the ions in the haemolymph. These barriers, 

essential for the normal function of the neuromuscular system in in­

sects characterised by high blood potassium, probably also serve to 

exclude pharmacological agents f rom the r eactive surfaces of nerves, 

muscl es and junctions . 

These considerations led to the postulate that in entomophagous 

insects this barrier might be far less developed since it is known 

that in these forms the blood potas s ium concentration is far lower 
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than in phytophagous and omnivorous insects (Muttkowski 1923s Bone 

1944 and 1946, Tobias 1948 a and b 9 Florkin 1949 9 and Roeder 1953. 

My own determinations on the potassium and sodium ion concentrations 

in the blood of the pre9atory bug Ectrichodia ~ are in agreement 

with these observations. In this case the potassium concentration 

in the haemolyrnph is very low 9 the sodium to potassium ratio b~ing 

about 10 : 1). If this were the case the possibility was envisaged 

that entomophagous insects would be particularly suitabl e for pharma-

col ogical studies. The first section of this thesis is dedicated 

to a s tudy of this point. It will be shown that in fact the sheath 

is as wel l developed in entornophagous as in other insects, but that 

the barri ers to protect the nerves against the effects of excess 

potassium ions are less well developed in entornophagous forms. 

I 
N~TERIAL AND CULTURE METHODS. 

In selecting material for such an investigation it is essential 

that the insects chosen l hould be both reasonably abundant and l arge. 

Phytophagous Orthoptera are readily obtained and in the present work 

both Locusta migratoria migratorioides R and F from the laboratory 

stock and Maphyteus lcprosus Fab. have been used. The latter were 

collected as l ast instar nymphs and maintained for several months 

in laboratory cages. They were f ed on fresh grass every two or 

three days and their condition appeared to be better than that of 

adul ts freshly collected from the fi eld. Specimens of Zonoceros 

elegans (Thunb.) 9 Dictyophorus spumans (Thunb.), Acanthacris rufi-

cornis (Fab.) were also occasionally used. Periplaneta americana L. 

was taken as an example o a typically omnivorous form. This 

material was originally collected in an East London bakery and the 

labora tory stock maintained in pl astic dishes. The animals were 

fed biscuits and occasionally minced meat. On this diet they 

survived well and for long periods. 

The choice of entomophagous insects is more limited and only 

two species were found which satisfied the requirements both of 
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size and abundance. These were the mantid, §erodromantis gastrica 

(Stal.), and the reduviid Ectrichodia crux (Thunb.). The latter 

was fairly readily obtainable in the field in early winter. These 

reduviids live we l l in plastic dishes in the laboratory and have 

been kept for over six months during which time they oviposited. 

They survive best when they are given rubble beneath which t hey 

could crawl. Ectrichodia feeds r eadily on mil l ipedes and the 

adults we r e normally fed about once a fortnight. Stocks of milli-

pedes were maintained for this pur pose and survived well with a lmost 

no attention. Sphodromantis i s more difficul t to maintain in the 

laboratory. TI1ey were kept individually in plastic dishes at 26°C . 

Adults were reared successful ly from oothecae collected in the field. 

The early instars were f ed on Drosophila adult s. The task of 

collecting suitable live ins ects as food for the larger individua l s 

was tedious and often di fficult . 

ANATOMY AND HISTOLOGY. 

In a comparison of the barriers between the haemolymph and 

the nerves and muscles of these insects ~ the first question which 

may be asked is whether the per ilemma of t he t wo entomophagous in­

sects chosen for study is significantly t hinner than t hat of t he 

phytophagous forms and omnivorous forms such as ~eriplaneta. 

To answer this question it is clearly desirable to study the 

structure of homologous nerves . S ince~ further, it had been the 

intention to study the pharmacology of neuromuscular transmission 

of the entomophagous forms, should the barriers against the haemo­

lymph prove t o be less effective in these animals > attention was 

particul arly directed to the leg muscl es as these provide conven-

ient and familiar material for physiological study . Hoyle ( 195~, a, b ) 

has shown that in Locusta the metathoracic l eg receives double 

innervation from nerves 3b and 5. (This fo l lows Pring l e ' s ( 1939 ) 

nomencl ature i n Periplaneta); A simi l ar pattern of innervation 
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is found in Periplaneta (Dresden and Nijenhuis 1953, 1958~ 

Nijenhuis and Dresden 1952, 1935 ). I have made a series of 

dissections both to confirm these observations and to del.ermine 

the organisation of the nerves supplying the metathoracic legs 

of the other insects chosen f or study. Such material was fixed 

for about 30 minuts in Alcoholic Bouin immediately before use 

and dissected under 9G% alcohol. Dissection of the femoral 

nerves and muscles was found to be facilitated by shaving the 

chitin from the ventral surface of the limb, fixing for at l east 

six hours i n 9G6 alcohol and subsequently staining the material 

for a few minutes in dilute methyl-blue eosin. As the dissec-

tion proceeded the new surfaces exposed were stained. My dissec-

tions confirm the findings of Hoyle and Dresden and Nijenhuis 

upon Locusta and Periplaneta and show that this arrangement is 

found also in Maghyteus, Sphodroman~ and ££!richod~ Plates 

1.1, 1.2 and 1.3. 

The recognition of t wo nerves entering the coxa does not, 

however , tell us which corresponds t o nerve 3b and which to 

nerve 5 of Locus ta and Periplaneta. A provisional homology may 

be established by assuming that the nerve arising more anteriorly 

from the metathoracic ganglion corresponds to nerve 3. Some 

support is given to this assumption by the fact that the more 

anterior nerve is invariably finer t han the more post erior one 

(Table 1.1) . 

TABLE 1.1. 
r 

AnimaL -I Nerve !Nerve Major Axis l Nerve (:~nor Axis 
(J.L) I 

Maphyteus 

I 
5 180 125 

Periplaneta 5 234 180 

Sphodromantis 5 107 100 

Ectrichodia 5 96 75 

Maphyteus 3b 74 57 

Periplaneta 3b 65 46 

Sphodromantis 3b 54 43 

Ectrichodia 3b 52 48 
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PLATE 1.1. A diagram of the opened thorax of Maphyteus leprosus, 

in ventrJl view, showing the ganglia and associated nerves. 

Nerve N5 and nerve N3b innervate the muscles of the metathoracic 

femur. Nl to N9 - Nerves 1 to 9; IGC - Interganglionic con-

nectives; AP - Apodeme; MF - ~etathoracic femur; G2 5 G3 -

Meso-and metathoracic ganglia~ Cl, C2 9 C3 - Pro, meso- and meta-

thoracic coxae7 ABDO 1, ABDO 2 - First and second abdominal 

sternites. The cuticle of the sternites, within the limits of 

the broken line ~ has been removed. 
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PLATE 1.2. A diagram of ~he opened thorax of Sghodromantis 

gastrica in ventral view~ to show the ganglia and associated 

nerves. Nerve N5 and nerve N3b innervate the muscles of the 

metathoracic femur. Remainder of the legend as for Plate 1. 1. 
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2mm. 

ABDO. I 

A diagram of the open1?d thorax of £.s.!richodia 

~ in ventral view ? to show the ganglia and associated nerves. 

Nerve N5 and nerve N3b innervate th~ muscles of the metathoracic 

femur. RG - Repugnatorial gland9 AN - Abdominal nerve. Re-

mainder of the legend as for Plate 1.1. 
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Further, in the orthopteroids the more anterior nerve sends out 

branches before it enter$ the coxa whi l e none arise from the more 

posterior nerve. This is not, however 5 true of Ectrichodia. 

Clearly conclusions dravm upon such flimsy evidence are not fully 

critical. 

It might be expected that a definite conclusion could be 

r eached by following the pathways of the two nerves and then de­

ciding their homologies upon the basis of the structures which 

they innervate. This is not 9 however, possible as the two nerves 

join together in the trochanter, a single nerve trunk ent ering the 

femur in all cases. 

The organization of the nerves within the femora call for 

brief comment. The arrangement of the nerves in the femora of 

Maphyteus and Periplaneta is essentially similar but in Sphodro­

mantis and Ectrichodia there arises in the proximal end of the 

trochanter a slender branch from nerve 5 which is presumed to 

be sensory. In all four cases, however, the innervation and 

arrangement of the muscles and nerves within the femora closely 

fits the descriptions of other uuthors. 

Since it is not possible to confirm the provisional identi­

fication of the t ·,Jo leg nerves by an anatomical study, a histo­

logical study was made of the nerves in the hope that they might 

show some characteristic organization of their axons. 

The relevant nerves were dissected from the living animal, 

care being taken to handle the nerves only at one end which 

could later be discarded. Three fixatives were tried~ Bouin, 

Alcoholic Bouin and Osmic Acid Potassium Dichromate. Of these 

Alcoholic Bouin proved to be completely satisfactory. Wiggles­

worth (1957)and Elftman ( 1957) have described techniques using 

as a fixat ive Osmic Acid buffered in Sodium Veronal Acetate 

with post-chromatization by potassium dichromate dissolved in 
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mercuric chloride solution, Attempts to use this technique 

were not successful. 

Considerabl e difficulty was experienced in developing 

suitable preparatory t echniques for nerve sectioning. After 

numerous tria ls it was realized that the more robust nerves 

required relatively longer processing times than did the finer 

nerves. Thus for nerve 5 from Maphyteus, which is nearly 180 

microns in diameter, suitable times are as follows:-

Alcoholic Bouin 

8~ Alcohol oo•• •eeo o o oo oo • o ••••o 

90% Alcohol 000 0 000 0 0 •• 0000 0Qifl 0 0 

Absolute Alcohol 

Cedar wood Oil 

3 hours . 

3 changes during 
4 hours . 

3 changes during 
12 hours. 

Severa 1 changes 
during 12 hours. 

6 hours. 

while with a nerve of only 50 microns diameter the following 

schedule had to be used ~ -

Alcoholic Bouin 

8(% Alcohol 

9(?6 Alcohol 

Absolute Alcohol 

Cedar wood Oil 

2 hours. 

3 changes during 
2 hours. 

3 changes during 
2 hours, 

Seve:ca 1 changes 
during 3 hours. 

2 hours , 

It was found convenient t o sta in the smaller nerves with 

light green in the clearing agent so as to prevent subsequent 

loss. After clearing_~ the material was embedded in paraffin 

wax in a vacuum oven. Secti ons were cut at 6 to 8 microns on 

a rotary microtome at a temperature of about 12°C , Most sec-

tions were cut with a standard microtome knife but Shick razor 

blades sharpened in the manner described by vJigglesworth ( 1959) 

were a lso used. A standard staining t echnique was adopted for 

all nerve sections as fo llows:-
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Mordant in ~ Iron Alum at 50°C 30 minutes. 

Stain in Regaud's Hacmatoxylin 
at 500C ooooo o ooooo • ••··· ~ ··· · ······ 30 minutes. 

Differentiate in 1~~ Iron Alum 
at 200C ..• • . , • • •.•..•. . • . .•••. ~ .• . o 2 to 3 minutes . 

Cl ear in Xylene and mount in Canada Ba lsam. 

Photomicrographs were made with a Zeiss Contaflex Super 

Single Lens Refl ex 35 mm. camera fitted with a microscope attach-

mcnt. 

Efforts were made to cut seria l s ections of the legs in 

order to determine the axonal dis tribution to the f emoral 

muscles in thes e animals . The toughness of the chitin pro-

hibited the use of paraff in wax. Ester wax (Steedman 1947, 

1957, 1960 a and b) and Chesterman and Leach ( 1956) was also 

tried unsuccessfully. Attempts to s often the chitin with mush-

room extract (Carlisle 1960) were equally frui t less. Sections 

of the legs were, however, succes~fully cut using Wigglesworth 

(1959) Agar/Ester wax doubl e embedding technique. Plates 1.4 

and 1.5 are photomi crographs of s ections of the femur of 

Sphodromantis and Ectrichodia t o show the spatia l arrangement 

of the mus cles and nerves . However~ aven with this double em-

bedding t echnique it proved impossible to obta in a complete 

series of sections and any attempt to r econstruct in t his manner 

the ultimate pathways of the axons of nerves 3b and 5 had to be 

abandoned. 

A series of phot omi cr ographs of t he l eg nerves of Maphyteus , 

Periplanet a , ~~hodromantis and Ectri chQQi~ are shown i n Pl ates 

1.6 t o 1.13. Each nerve is enclosed in a thick sheath (ns ) 

wh i ch encl oses not only tracheol es ( t r) but very l arge numbers 

of nerve axons themselves encl osed within f i ner axon sheaths. 

Examination of t he original s ect i ons shows the axons to f all 

i nto two maj or cat egor ies , l a rge axons , which fol l owing Wi ggles-

worth, ar e assumed to be mot or axons, and f i ne axons which 
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PLATE 1.4. Cross-section through the proximal portion of the meta­

thoracic femur of Sphodromantis gastrica showing the spatial re­

lationships of the muscles and nerves. TD - Flexor tibiae5 TF -

Extensor tibiae; dd - diaphragm dividing the extensor and flexor 

tibiae muscles? TaF Tarsal flexor muscle? mn - the major nerve 

in the femur1 tr - tracheae; ch - femoral exoskeleton • 

To • ToF 

PLATE 1.5 . Cross-section through the proximal porti on of the 

metathoracic femur of Ectrichodia Ql!X.. showing the spatial r e­

lationships of the muscles and nerves. TD - Flexor tibiae; 

TF - Extensor tibiae~ TaF - Tarsal flexor muscle; mn - major 

nerve in the femur~ tr - Tracheae . 

f acilitate sectioning. 

Exoske l eton removed to 
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PLATE 1.6. A transverse section of Nerve N5 of Maphyteus 

leQros~~~ sectioned at 8 microns and stained in Regaud ' s I ron 

Haematoxylin . rna -motor area comprising large motor axons~ 

sa - s ensory area comprising small sensory axons ~ tr - tracheae? 

ns - nerve sheath (perilemma ). 



15 • 

.. 

PLATE 1. 7. A transverse section of Nerve f\5 of Periplaneta 

americana 5 sectioned at 8 microns and stained in Regaud's Iron 

Haematoxylin. Remaining legend as for Plate 1.6. 
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20).l 

PLATE 1.8. A transverse section of Nerve N5 of Sphodromanti s 

gastrica, sectioned at 8 microns and stained in Regaud ' s Iron 

Haematoxylin. Remaining legend as for Plate 1. 6. 
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PLATE 1.9. A transverse section of Nerve N5 of Ectrichodia ~ 

sectioned at 8 microns and stained in Regaud ' s Iron Haematoxylin. 

Remaining legend as for Plate 1.6. 
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20 )l 

PLI-~.TE 1.10. A transverse section of Nerve N3b of Maphyteus 

leprosus 5 sectioned at 8 microns and stained in Regaud's Iron 

Haematoxylin. The remainder of the legend as for Plate 1.6. 
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? 

' . -

PLATE 1.11. A transverse section of Nerve N3b of Periplaneta 

americana, s ectioned at 8 microns and stained in Regaud ' s I ron 

Haematoxylin.o fc - cells of fatty tissues ~ sc - possibl e 

Schwann cell? The remainder of the legend as for Plate 1.6. 
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PLATE 1.12. i1 transverse section of Nerve N3b of Sphodromantis 

gastrica, sectioned at 8 microns and stained in Regaud ' s Iron 

Haematoxylin. fc - cells of fatty tissue. 

the legend as for Plate 1. 6. 

The remainder of 
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PLATE 1.13. A transverse section of Nerve N3b of Ectrichodia 

~' sectioned at 8 microns and stained in Regaud ' s Iron Haema-

toxylin. The remainder of the legend as for Plate 1 . 6. 
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appeur in the photomicrographs as an amorphous mass and are assumed 

to be sensory in function. 

It is immediately apparent to cursory examination that in all 

cases the r2lativc area occupied by the motor axons is far greater 

in the more anterior nerve 5 tentatively identified as nerve 3b, 

than in the more pos terior nerve identified as nerve 5. I\ precise 

areal analysis is shown in Table 1.2. 

TABLE 1.2. 

, ... 

I !rea 
t ~ Total I Total Total % 

I Nerve 
cross- area area area 

Animal cctional 

1 

occupied !occupied occupied occupie 

I 
iarea in by motor by motor : by by 
I sq. )..1.. axons. axons. ! sensory 1 sensory 1 ! I 

1 axons. 
I 

! axons. , 

Maphyteus 5 17473 9185 52.56 8289 47.44 

Periplaneta 5 32419 21129 65.17 11290 34.83 

Sphodromantis 5 9320 5253 52 . 36 4067 43 . 64 

Ectrichodia 5 6244 2632 42.15 3612 57.85 

Av.% 54.06 Av.% 45.94 

Maphyteus 3b 3284 2651 80.73 633 19.27 

Periplaneta 3b 2284 1856 81.27 428 18.73 

Sphodromantis 3b 1829 1407 76.92 422 23.08 

Ectrichodia 3b 1954 1568 80 . 25 386 19.75 

f-\V .% 79.79 Av.% 20.21 

The data show a further point of general interest. The total 

cross-sectional area of nerve 3b is of the same order in all four 

animals stud i ed but there is a great difference in the cross-sectional 

areas of nerve 5. Some of this might be explained in terms of dif-

ferences of size of the particular insects but even if allmvance is 

made for this 9 nerve 5 of Periplaneta is still disproportinately 

large. One possible explanation lies in some correlation between 

axonal mas s and activit y. Neither Sghodromantis or Ectrichodia 
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are active runners while Maohyteus is sluggish~ r~lying on its 

repugnatorial glands and startle display for protection. 

It is clear that these comparisons of the finer structure of 

the nerves support the provisional identification of nerves 3 and 

5. There remains one final criterion. We have seen that the 

pathways of the various axons cannot be determined by gross anatomy. 

It is, however, possible to characterize the motor axons carried by 

these two nerves by direct electrical stimulation of their roots 

coupled with observations on the responses of the limb. Such an 

analysis has been undertaken and it is clear from Table 1.4 on 

page 42 tha t~ except for the metathoracic extensor muscle of the 

grasshopper v~ich is known to be exceptional, the r esults obta ined, 

with the grasshopper and mantid at least, offer convincing support 

for the homologies that have been proposed. 

Having thus ascertained~ with some certainty, the homologi es 

of the nerves supplying the femoral mus cles, it remains to compare 

the thickness and structure of the nerve sheath (perilemma) in 

these four animals. 

The thicknesses of the nerve sheaths surrounding nerves 5 and 

nerves 3b in ~~phyteus, Periplaneta, SQhodromant~ and Ectrichodia 

are summarised in Table 1.3. 

Animal Nerve 

Maphyteus 5 

Periplaneta 5 

Sphodromantis 5 

Ectrichodia 5 

Maphyt~us 3b 

Periplaneta 3b 

Sphodromantis 3b 

TABLE 1.3. 

Nerve 
Major 
Axis 

180 

234 

107 

96 

., 
Nerve 

Sheath 
Thickness 

1-l. 

2.08 - 2.40 

2.00 3.00 

1.73- 2.19 

1.50 - 2.20 

Average .. ! 
Thickness 

2 . 24 

2.50 

1.96 

1.85 

70 1.66 - 2.50 2. 08 

54 1.43 - 2 .00 1.95 

Ectrichodia 3b 
65 l. 60 - 2 . 30 l. 71 t 

------~----~------~---5_2 __ ~ __ 1_.4_o~ __ 2_.2_o~----~-1_.8_o ___ 
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From this table it is clear that in all four animals the 

sheath surrounding nerve 3b is of approximately the same thick­

ness. This i~oediately suggests that the idea proposed in the 

introduction, that correlated with a higher blood potassium, 

phytophagous and omnivorous animals might have thicker nerve 

sheath barriers than predatory forms, is erroneous. This con-

elusion receives strong support from the results obtained by 

Treherne in a recent series of papers (1960, 1961 a,b,c,d 9e, and 

1962) where he has demonstrated that~ in the cockroach central 

nervous system, radioactive potassium and sodium ions are able 

to pass rapidly through the nerve sheath (perilemma) from the 

haemolymph, into an extracellular space between the nerve sheath 

and the nervous tissue itself. This is in direct opposition to 

the ideas of Hoyle and Twarog and Roeder. Treherne has shown 

that the concentration of sodium and potassium ions in the extra­

cellular space beneath the perilemma is significantly higher than 

that in the haemolymph and that the chloride ion concentration is 

f~r lower in the former than in the latter. He suggests that 

the composition of this extracel lular space may be governed by a 

Donnan membrane equilibrium. He postulates that when the p0ri-

lemma is removed the resulting change in the ionic composition 

and especially the fall in concentration of sodium ion, permits 

a rapid depolarization of the nerve axons. Treherne has further 

demonstrated the presence of ion pumps which must lie within the 

nerve beneath the perilemma. 

Treherne 's studi es are as yet incomplete and his experiments 

have mostly been made with the nervous tissues bathed in salines 

of low potassium concentration, lower than those normally found 

in cockroach blood and far lower than those reported for phyto­

phagous ins ects . One is l ed to conclude that the "deep" ion 

pumps are the c:ffective barriers which protect the individua l 

nerve: axons from potassium block, but this is as yet unproven. 
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What is~ however~ clear is that the perilemma itself is not a 

diffusion barrier and it is therefore not to be expected that 

its development will reflect the ionic composition of the blood. 

Indeed the more remarkable aspect of this sheath is its 

constancy of thickness around nerves of comparable size. Apart 

from its role as a barrier to large anionic molecules which 

allow the es tablishment of a Donnan equilibrium, it seems likely 

that the sheath serves a purely mechanical function. Twarog 

and Roeder (1956) have described an "expl osive bursting out" of 

nerve substance from the nerves of Periolanet~ when the sheath 

is pierced. This is probably due to the fact that the osmotic 

pressure within the perilemma is greater than that of the haemo­

lymph and the perilemma is required to meet the mechanical pres-

sure arising from the difference in osmotic pressure. If then 

the sheath is a mechanical necessity, it is possible that the 

larger bundles of axons require a more robust wrapping. The 

cellular perineurium of the perilemma does not extend into the 

nerves and the differences in sheath thickness recorded here 

relate only to variations in thickness of the fibrous neural 

lamella~ that is they r eflect mechanical rather than metabolic 

properties of the nerve sheath. It is thus very likely that 

these differences in thickness of the neural lamella correlate 

with mechanical factors and have no relation to protection of 

the nerve axons from the ions of the haemolymph. 

Treherne's studies upon ion fluxes in the nervous s ystem 

of £eriolaneta make it clear that the perilemma is freely 

permeable to ions and inulin while Wigglesworth (1960) has 

shown that t he neural lamella does not exclude trypan blue. 

It seems unlikely therefore that the perilemma will constitute 

an effective barrier to the entry of drugs. The deeper barrier 

whose pr esence is suggested by Treherne ' s studies may possibly 

protect the axons from drugs. 
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Clearly the properties of these deeper barriers can as yet 

only be approached indirectly and a preliminary investigation of 

their properties has been made by comparing their efficacy in 

protecting the axons against varying external potassium ion con­

centrations in the different insects being studied. 

It will be shown in the following pages that the nerves of 

the entomophagous Sphodromuntis are more susceptible to high ex·­

ternal potassium ion concentrations than those of the phytopha-

gous Maphyteus. This observation is open to two interpretat ions 

and furth er preliminary studies of drug action on these animals~ 

however~ favour one interpretation rather than the other . 

APPARA~US AND TECHNIQUES. 

The arrangement used in the present experiments follo~ the 

procedure of other workers (Hoyle 1953, Ripley 1954) and calls for 

almost no comment. As has been emphasised elsewhere care must 

be taken to avoid damaging the salivary glands. In the reduviid 

these are extremely large and overlie the nervous structures in 

the thorax. Further nerves in Ectrichodia are not found super-

ficially just beneath the ventral sclerites but run through a 

mass of tissue and beneath t he coxa l cavities of the meso- and 

metathoracic limbs. As a r esult such preparations arc difficult 

and unsati sfactory~ the main study of the neuromuscular physio­

logy of an entomophagous form has therefore been upon the mantid. 

The operative procedure usually takes 20 to 30 minutes, the 

tissues r emaining bathed in the animal's haemolymph during this 

time. Initial records of both mechanical and electrical respon-

ses of the muscle were made in the haemolymph, but subsequently 

the preparation was moistened with saline or the haemolymph com-

pletely replaced by artificial solutions. A wide variety of 

salines have been developed for use with insects ( Roeder and 
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Roeder 1939, Griffiths and Tauber 1943, Hayln 1953~ Barsa 1954, 

Becht, Hoyle and Usherwood 1960, Yamasaki and Narahashi 1959 and 

1960, Vereshtchagin et al. 1961.) Of these Hoyle's (1953) 

standard saline was used without addition of dextrose . 

Again following normal practice the nerve trunks were stimu-

lated by square waves. These were supplied from a stimulator 

built to Ead's (1951) design (Plate 1.14), a voltage regulator 

and stabilizer circuit following the design of Attree (1955, quoted 

in Donaldson 1958) (Plate 1.15), being included between the power 

pack (Plate 1.16) and the stimulator. Ead ' s stimulator employs 

two controlled multivibrator stages as docs that of Bernstein (1950). 

Experi ence has sho\'tn th;:~t the l atter , although simpler in design, 

is unstable if continuously variable controls are used and with 

preset values it offers a far smaller range of repetition fre-

quencies . 

Mechanical recordings were made on a Palmer Electrical 

Kymograph using either frontal or gimbal levers with Locusta and 

Maehyteus. The laboratory temperature was raised to approxi-

0 mately 24 C and the relative humidity raised to 70 - 8~ before 

the start of any experiment . 

RESULTS. 

A series of experiments were conducted in which the responses 

of the tibial extensor and flexor muscles of Maphyteus and Sphodro-

mantis were examined using Hoyle's saline. These experiments 

were conducted in order to gain a knowledge of the innervation 

patterns of the mantid and to establish whether the innervation 

patterns in the metathoracic limb of Maphyteus~ which is not 

markedly specialized for jumping, is the same as those described 

by Hoyle (1955a~l957) for the powerful, jumping, metathoracic 

limbs of Schistocerca and Locusta. Hoyle has also described the 

innervation patterns in the pro- and mesothoracic limbs of Schisto-



28. 

•300-400V 

R4 RS R20 

C2 
6L6 

Rl4 

Rl3 

~ 6SN7 

Cl 

R8 Rl2 Rl7 
Output 

C3 

C7 OV 

Trig outT 
Rl8 Rl9 

Jrri -IOOV 
0 

£A D'S STIMULATOR 

PLATE 1.14 . Circuit diagram of Ead ' s (1951) stimulator. The 

values of the fixed resistances are as fol l ows~- R3, R4 - 47 k; 

R5 - 1M~ R6 - 250 k;; R8 - 22 k; R9, RlO - 20 k~ Rll - 5M;; 

Rl2 - 10 k; Rl3 - 1M; Rl4 - 47 k; Rl6 - 18 k; Rl7 - 2.2 k; 

Rl9 - 100 k? R20 - 200 k . There are three potentiometers, 

R7 - 25 k9 Rl5 - 2. 2 k; and Rl 8 - 100 k. The switched values 

of the resistances Rl are 2Q~ and 10M, and those of R2 are 20M, 

10M, 4 . 7M, 3M, 1.5M, and 1M. The values of the condensers are=-

C3 - O. l~F; C4 - O.OOOl~F and C6, C7 - l . ~F . The switched 

va lues of condenser Cl are O.C6~F, O. OOl~F? and O . OOOl~F~ and 

those of C2 are 2~F, 0.05~F and O . OOl~F. (A tabl e of switched 

RC va l ues for each stimulus frequency is given by Ead (1951) 

and Donaldson (1958)). The duration of the stimulus output is 

controlled largely by the bank of four condensers C5 whose values 

are O.OOOl~F, O . OOl~F~ O.Ol~F and O.l~F. 
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PLATE 1.15 . Circuit diagram of itttree's (1955 ) voltage r egulator 

and stabilizer. The values of the fixed resistances are as 

follows ~ - Rl - 10-R; R2 - 47Q; R3 - 47k~ R4 - 100-R; R5 -

220k ; R6 - 2.2M; R7 - 33k, R8 - 15k ; R9 - 18k. There is 

one 5k pot entiometer Rl O. 
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~ and Locusta and the innervation of the tibial muscles in 

these two segments of Maohyteus and Sphodromantis was investi­

gated to establish whether Hoyl e's results are generally appli­

cable. 

Experiments were then carried out to study the effects of 

changes in ionic compos ition of the 11 haemolymph11 on the mechani­

cal responses of thes e muscles. 

The discussion of the r esults may conveniently be divided 

into four sections:-

1. The responses of the tibial extensor and flexor muscl es 

t o nervous stimulation. 

2. The effects of changes in the ionic composition of the 

saline on the mechanical responses of the muscles. 

3. The effects of changes in the ionic composition of the 

saline on the threshold of the nerves. 

4. The action of drugs on phytophagous and predatory forms. 

l. THE RESPONSES QF THE TIBIAL E_!C.TIJ'JSOR AND FLEXeR MUSCLES TO 

NERVOUS STIMULATION. 

(A) RESPONSES OF f>iAPHYTEUS METATHCRACIC TIBIAL MUSCLES. 

The following technique was adopted in all these experiments. 

Firstly the apodeme of the muscle antagonistic to that about to be 

tested was cut, thus severing the muscle from the tibia. Next the 

thorax was opened and the nerve innervating the muscle was ligatured 

and hooked up to the s timulating electrodes. The rest of the 

nerves coming from the ganglion were cut. In al l experiments 

the thresholds for r esponse were measured at a stimulat ion fre­

quency of 35 stimuli per second with a pul se duration of approxi­

mately 1 msec. 

(i) Respons es of the extens or ti~ with stimulati on of 

nerve 5. (Preparation a L 

The extensor tibi a muscle of the grasshopper shows a typical 
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fast totani c response at frequencies above 20 stimuli per s econd 

( Trace 1.1) . The threshold for t his response is ca. 0 .34 vol ts. 

This value is dependent to some extent on the size of the animal 

but the results quoted all refer to l arge females and the thresholds 

were found to be very consistent in these cases. At high stimula-

tion frequencies (20 per s econd or more) there i s no recruitment 

of muscle fibres wit h increases in stimulation intens ity, The 

contraction is all-or-none. 

The muscle responds with d i screte twitches to low s timulation 

frequencies f rom l to 3.0 per second . At a stimulus frequency of 

6 per second the twitches summate into a clonic contraction. At 

20 stimuli per second the muscle responds with a smooth t etanus 

(Traces 1.2 and 1.3 ). These results are in accordance wi th 

Hoyle's findings (l955aand b~ 1957) . 

In some experiments, the fa s t response shown by this muscle 

appeared to be inhibited by stimu l ation at certain intensities~ 

this effect was~ however 9 eliminated by t he insertion of a 0 ,5 

microfarad condenser in t he output lead of the stimulator as re-

commended by Hoyle ( 1957 ) . 

A slow response could not be evoked from this muscle with 

stimulation of nerve 5 at any stimul ation frequ ency, duration or 

intensity. 

(ii) Responses of the extensor tibiae with stimul~n of 

nerve 3. ( Preparat io£L...!2.2 . 

Hoyle reports ( l955a, 1957) that the extensor tibiae of the 

grasshoppers Schi stocerca and Locusta receives two "slow" axons 

via nerve 3. These he names s1 and s2 . Stimul ation of the 

l atter produces no mechanical response in the muscl e but stimu­

l ation of s1 
resu l ts in a " slow" contraction of the muscle. The 

speed of extension during the s l ow response varies considerably, 

depending on the frequency of stimul ation , from a very slow ex-
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TR!,CE l.J:.. ''Fast" tetanic response of MaQ.h_yteu§_ metathoracic 

extensor tibiae muscle with stimulation of nerve 5. (Preparation 

a). Frequency 20 per second. Time trace: 1 sec. 

TRACE 1.2, Responses of Maohyt~ metathoracic extensor tibiae 

muscle, with stimul ation of nerve 5 , (Preparution a ), t o in6reases 

in stimulation frequency . Frequency increments 2 9 3.2, 6 and 20 

per second. Time trace : 1 see. 
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TRACE 1. 3. Frequency responses of Maphyteu~ metathoracic extensor 

tibiae muscle with stimulation of nerve 5. (Preparation a). Fre-

quency increments 1 , 2~ 3.2 9 6, and 20 per second. Time trace 1 

sec. (Note the relaxation delay after cessation of the stimulus 

1'/hich was apparently due to some defect in the mecha nical recording 

apparatus.) 

"Slow" response of r.)aphyteus metathoracic ext ensor 

tibiae muscle with stimulation of nerve 3. (Preparation b). 

Stimulation frequency 20 per second. Time trace ~ 1 sec. 
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tension taking several seconds to develop, to a very rapid exten-

sian. This r apid extension is noticeably s l ower than the fast 

extension which results from stimulation of the fast axon in nerve 

5. The fast fibre in nerve 5 is utilized when the animal jumps. 

In Maphyteus stimul ation of nerve 3 evokes from the extensor 

muscle responses which differ from those shown vmen nerve 5 is 

stimulated. At a frequency of 20 shocks per second and at a cri­

tical threshold of ca. 0.40 volts depending on the animal, a slow 

response can be evoked which takes s evera l seconds to develop 

fully (Trace 1.4) . At a higher frequency of 35 shocks per second 

there is a much more rapid contraction from the muscle which is 

broadly similar in appearance to the fast response in preparation 

(a) yet not as rapid as the l atter. 

Below 20 shocks per sec ond the muscle responds with very 

small discrete twitches which were too weak to be r ecorded while 

the tibia was attached to the vrriting l ever. Hoyl e reports 

similar "minute" twitches with this preparation but only at a 

frequency below 15 shocks per second, and only with exceptiona lly 

large animals. 

(iii) Responses of the flexor tibiae with stimulation of 

nerve 5. ( PreQa ration c} . 

The flexor tibiae muscle of ~~phyte~ responds to high fre­

quency stimulation ( 35 shocks per second and above ) of nerve 5 

with a normal fast tetanic contraction. The threshold for 

the r espons e is ca. 0.24 volts. At threshold intensity and low 

frequencies of stimulation the mus cle responds with rather sma ll 

discrete twitches. The muscle shows a clonic response at 20 

s t imuli per second, and a tetanic response at 35 stimuli per 

second (Trace 1.5). In preparation (c) there is some evidence 

to suggest that the flexor muscle is supplied vdth sever al fa~ 

axons (i .e. it is polyaxonic) as r eported by Hoyle. If the 
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writing lever is disconnected from the tibia and the flexor muscle 

stimulated into ·tetanus at threshold intensity, subsequent incre­

ments in stimulation intensity or frequency, result in the muscle 

going into tighter and tighter tetanic contraction. The resul-

tant movements of the tibia are very slight (because the limb is 

almost maximally flexed) but are indicative of at least three con­

traction levels. 

Hoyle has never r ecorded a slow response from the flexor 

tibiae muscles of Locusta or Schisto~. An apparent slow 

response has, however, boen recorded from the flexor tibiae of 

Maphyteus, when nerve 5 is stimulated at a frequency of 20 shocks 

per second, provided the stimulation intensity is twice threshold 

for the fast response (Trace 1.6). This would be in accordance 

with the results of Wood (1958) who presents rather unconvincing 

mechanical records showing the slow response from the prothoracic 

flexor of ~usius ; and of Wilson (1954) who claims to have re­

corded characteristic slow muscle action potentials from the flexor 

tibiae muscle of the cockroach. There is good reason to believe, 

however, that in the case of the metathoracic flexor of Maphyteus~ 

the s low response is the result of a recording lever which was too 

heavy for the muscle. Subsequent recording with a lighter lever 

failed to show any indication of this slow response. 

(iv) Responses of the flexor tibiae with stimulation of 

nerve 3. (Preparation d). 

The flexor tibiae of the grasshopper does not respond to 

stimulation of nerve 3 at any frequency, intensity or duration. 

In some cases, at exceptionally high stimulation intensities, 

(more t han 10 times threshold for the normal response), the muscle 

was seen to respond. In these cases e lectrotonic spread can 

account for these responses. The current spread must stimulate 

either nerve 5 or the muscle directly. 
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(B) RESPONSES OF SPHODROMANTIS METATHORACIC TIBIAL MUSCLE.§.. 

The innervation patterns and responses of the metathoracic 

tibial muscles of the mantid differ in several respects from the 

condition described for the grasshopper metathoracic limb muscles. 

The greatest difficulty was experienced in obtaining mechanical 

recordings from the tibia of Sphodromantis. In fact it was 

impossible to make recordings from the tibia with even the light-

est of levers. The extremely thin tibial cuticle buck led as a 

result of contruction of the tibial muscles . Ripley (1949) 

has had success with mechanical recordings from the tarsus of a 

gr asshopper 9 using a straw lever but even a lever of this sort 

proved to be too heavy. A light balsa wood lever was devised 

which would record from the tibia but this had such an adverse 

effect on the mechanical response of the muscle that it also 

was eventually rejected. For want of anything better a close 

visual observation was kept on the tibia during experiments and 

the r2sponses of the muscles recorded diagrammatically. 

(i) Responses of the extensor tibiae with stimulation of 

nerve 5. (Preparation §1. 

The extensor tibiae of the mantid does not respond to stimu-

l a tion of nerve 5 at any frequency, intensity or duration. Nerve 

5 innervates severa l muscles in the coxa, trochanter and tarsus 

but not the muscles in the femur. 

(ii) Responses of the ext ensor tibiae with stimul ation of 

nerve 3. l._Pregaration fl. 

Stimulation of nerve 3 at frequencies of 35 stimuli per 

second or more results in a fast tetanic contr?ction from the 

tibial extensor muscl e. The threshold (ca. 0.09 volts) for 

this response is lower than those for any of the grasshopper 

preparations a 9 b and c. 

At frequencies below 35 stimuli per second the muscle 
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responds with discrete twitches. At a stimulation f r equency 

of 5 shocks per second the muscle twitches will summate with 

increas ing int ensity of stimulation~ while at higher intensi­

ti2s still they fuse into a complete tetanus. 

With high frequency stimulations (35 per second) and with 

gradually increasing intensities, there is a clear recruitment 

of muscle fibr es. Four obvious levels of tension are develo~d . 

With a constant stimulation intensity (held j ust above threshold 

level) a simi lar recruitment of musc l e fibres may be induced by 

stimulation frequency increments . 

distinct tens i on levels. 

Here again ther e are four 

With low frequency stimulation (3.0 per second) the twitches 

summate to a definite level and the muscle remains in cloni c con-

traction at that level. An increase in stimulation frequency to 

6 shocks per second results in a fresh summat ion of the twitches 

until a new clonus level is achieved. With augmentation of 

stimulation frequenci es to 20 or 35 shocks per second~ the summa­

tion of the t witches is so rapid that the new clonus l evel is 

attained almost immediately. It is also evident that the 

tetanus fusion frequency of the extensor muscle in the mantid 

is far higher than that of the grasshopper. The latter shows 

smooth tetanus at 20 stimuli per second while the mantid exten­

sor tibiae still twitches s l ightly at 35 sti muli per second . 

Completely smooth tetanus is only achieved at higher frequencies 

1.Ji th the mantid , This difference i n fcsion frequency is also 

manifest in the tibial flexor muscles of the metathorax , and 

the t i bia l flexor and extensor muscles of the pro- and meso­

thorax. 

St~ulation of nerve 3 at intensities just below the threshold 

for the quick response (cu . 0.08 volts) elicits a definite slow 

contraction from the ex t ensor muscle. The slow contraction takes 



40. 

from 2 - 5 seconds to develop to full tension. Although the 

response record€d from this muscle, under these conditions, has 

every appearance of a genuine slow contraction, in some cases 

it was evident that the slow contraction was made up of very 

minute summating twitches. It seems possible that the slow 

response is an artifact brought about by stimulation of the 

fast axon just below its threshold intensity. This probably 

also applies to the extensor muscles in the pro- and mesothoracic 

segments. However, it is important to note that Pringle (1939) 

has des cribed a fast and a slow axon in nerve 3b of Periplaneta 

which supplies the metathoracic extensor tibiae muscle. 

It may thus be concluded that the extensor tibiae of the 

mantid~ innervated by nerve 3, is supplied with at least four 

motor axons (shown by the four distir.ct recruitment levels), 

which produce a fast response, and possibly one axon which 

evokes the slow response. 

(iii) Responses of the flexor tibiae with stimulation of 

nerve 5. (PreQaration g) . 

The flexor tibiae muscle of the mantid responds with 

a fast contraction to stimulation of nerve 5 at high frequencies 

( 35 shocks per second). The t hreshold intensity for this r e··· 

sponse is ca. 0 , 18 volts and is higher than the threshold for 

the fast response in the extensor muscle (preparation f). The 

mechanical characteristics of the fnst response of the flexor 

muscle are very similar to those described for preparation (f). 

In common with preparation (f) the flexor muscle only attains 

smooth tetanus at stimulation frequencies of above 35 shocks 

per second. There is twitch summation at lo·.v stimulation fre-

quencies and the muscle attains different levels of contraction 

with changes in stimulation frequency, intensity and duration . 

These results are in agreement with Hoyle who reports that the 

flexor tibiae muscles of the Orthoptera (~ str~) are 

pol yaxonic. 
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A slow response has never been recorded from preparation (g) 

at any stimulation frequency, intensity or duration. 

(iv) Responses of the fl exor tibiae ~ith stimulation of 

ngrve 3. (Preparation h) , 

Stimulation of nerve 3 does not produce any mechanical response 

from the flexor tibiae muscle of the mantid. 

firmed in several preparations. 

This has been con-

(C) RESPONSES OF MAPHYTEUS AND SPHODROMANTIS NiESOTHORACIC 

AND PROTHORACIC TIBIAL MUSCLES . 

It is clear from the preceding that the innervation patterns 

and mechanical responses of the metathoracic tibial muscles of 

the grasshopper and mantid are different. 

elaborated in the discussion. 

This point will be 

Hoyle (1957) has reported that the innervation patterns to 

t he extensor and flexor muscles in Locusta, in meso- and pro­

t horacic segments, are iuentical but di ffer from those of the 

metathorax. The pro- and mesothoracic tibial ext~nsor muscles 

each receive a single fast axon through nerve 3b \lhile each i s 

innervated by a slow axon running in nerve 5 . The flexor 

tibialis muscles of the pro~ and mesothoracic segments are 

innervated by at least f our fast axons which run in nerve 5. 

This has been confirmed i n Locusta and Schistocerca by Hoyle (1957). 

The pro- and mesothoracic flexor muscles of Locusta and Schisto­

~ are not innervated by any s l ow axons. 

It seemed desirable to try to confirm these observations 

and extend them to a comparison of the innervation patterns of 

the pro- and mesothoracic segments in Maphyte~ and Sphodromantis , 

The results obt~ined from this investigation are presented in 

Table 1.4. 

Three of the responses recorded in Table 1. 4 require further 
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TABLE 1.4. 
--

ANIMAL SEGNiENT MUSCLE NE!i.VE RESPONSE THRESHO 
.i.YOLTS) 

[l.':aphyteus j /t.ieta thoracic Extensor 5 
i I 0.34 Fast 

tviaphyteus /Meta thoracic Flexor 5 Fast 0.24 

Maphyteus r Nietathoracic Extensor 3 

I 
Slow 0.40 

lvlaphyteus jMctathoracic Flexor 3 No response -I 

I 
! 

I ' ·------ ' I I ; 

I I Sphod romantis Meta thoracic Extensor 5 No response -
Sphodromantis Metathoracic Flexor 5 Fast 0.18 

Sphodromantis Meta thoracic Extensor 3 Fast +(Slow?) 0.09 

Sphodromantis 
1 
Met<:!thoracic Flexor 3 i No response -

I ! . r ! ·- ! I 

Maphytaus Mesothoracic Extensor 5 No response -
Maphyteus Mesothoracic Flexor 5 Fast 0.25 

Maphyteus Mesothoracic Extensor 3 

I 
Fast 0.21 

Maphyteus Mesothoracic Flexor 3 No response -
I I I 

' I 

I 
I 

Sphodromantis r.1es othora ci c Extensor 5 No response -
Sphodromantis Mesothoracic Flexor 5 Fast 0.17 

Sphodromantis IMesothoracic [ Extensor 3 Fast+(Slow?) 0.13 
I 

Flexor 3 
l 

Sphodromantis IMcsothoracic I j No response -
i I i ! ! 

I Prothoracic 

I 
i 
I 

Maphyteus Extensor 5 No r esponse I -
Maphyteus Prothoracic Flexor 5 Fast 0.26 

Maphyteus Prothoracic Extensor 3 Fast 0.22 

Maphyteus Prothoracic I Flexor 3 No response -
r i . 

i i ' 
j 

! Sphodromantis Pr othoracic Extens or I 5 No r es ponse -
Sphodromantis Prothoracic Fl exor 5 Fast 0.28 

Sphodr omantis Pr othoruc ic Extensor 3 Fast+( Sl ow?) 0 .24 l Sphodr omantis l Prothoraci c Flexor 3 No r es ponse 
I 
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explanation. 

(i) In the case of the grasshopper there is some variabi­

lity associated with the slow response of the mesothoracic ex­

tensor muscle with stimulation of nerve 3. In the majority of 

preparations there was a definite slow response? but in some a 

slow response could not be evoked with any stimulus. In addi­

tion, in those animals in which a slow r esponse wns recorded, 

the critical stimulus intensity l ny within very fine limits and 

was usua lly just below the intensity required to evoke n fast 

response. Thus it seems that only some of the shocks reaching 

the nerve are stimulating the axon at threshold for the fast 

response and this "counting down" is responsible for the nppear-

ancc of an apparent slow response. Hoyle does not record a 

slow axon in nerve 3 in Locusta or Schistocerca and because of 

the difficulty and inconsistency in obtaining a slow response 

from the Maphyteus pro- and mesothoracic extensor tibiae pre­

paration , it is felt that these results need further confirma­

tion and should be regarded with suspicion. 

(ii) The responses of the grasshopper mesothoracic flexor 

tibiae with stimulati on of nerve 5 call for some comment. The 

fast r esponse from this muscle i s characterized by a definite 

peripheral recruitment of muscle fibres with changes in the stimu-

lation frequency? intensity and duration. This brings to mind 

the very similar responses recorded from the mantid preparation 

(f). The recruitment of muscle fibres in the mesothoracic 

f l exor tibiae of the grasshopper with alteration of frequency, 

duration and intensity is shown clearly in Traces 1.7, 1.8 and 

1.9. These results suggest the presence of atleast four fast 

axons running in nerve 5 which innervate the mesothoracic flexor 

and are consistent with the results of other workers. 

(iii) Hoyle (1957 ) reports that the pro- and mesothoracic 

extensor tibiae musclus of Lo~ and Schistocerca are each 



44. 

Effects of frequency increases (indicated by small 

arrows) on the fast response shown by the Maphyteus mesothoracic 

flexor tibiae muscle with stimulation of nerve 5. Frequency 

increments 2, 3.2, 6, 20, 35 and 120 per second. 

1 sec. 

Time trace g 

TRACE 1.8. Effects of duration increases ( indicated by sma ll 

arrows ) on the fast response shown by the mesothoracic flexor 

tibiae muscle of t~phyteus? with stimulation of nerve 5. Time 

trace~ l sec. 
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TRACE 1.9. Effects of intensity increases (indicated by 

small arrows)on the fast response shown by the mesothoracic 

flexor tibiae muscle of Maphyteus, with stimulation of nerve 

5. Time traceg 1 sec. 
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innervated by a slow fibre running in nerve 5. The pro- and 

mesothoracic extensor tibiae muscles of Mzphyteu~ and Sphodro­

ID~ were never seen to respond mechanically in any way to 

stimulation of nerve 5. 

Table 1.4 shows that in general both the mechanical re­

sponses and the innervation patterns of the mantid and the 

grasshopper are identical except for the grasshopper metathoracic 

extensor tibial muscles which do not conform with the rest. In 

this case the extensor tibiae receives an extra fast fibre via 

nerve 5. Evidently this extr2 innervation has to do with the 

very large size of the metathoracic tibial muscles and the 

specialization of the limb as a saltatoriel organ. There is no 

evidence to support the supposition that because N~chyteus is a 

very weak jumper, the innervation patterns of the metathoracic 

limbs differ in any way from the condition reported by Hoyle f or 

the very powerfully saltatorial limbs of Locusta or §fhistocerca. 

The innervation patterns to the metathoracic limbs of three other 

grasshoppers, characterized by varying degrees of saltatorial 

adaptation 9 namely Zonocerus eleg~ 9 Dictyophorus sp~ and 

Acanthacriq ruficornis have also been studied in the course of 

this investigation and found to conform exactly to each other 

and to the other three species, namely Maphyteus, Schisto~ 

and Locusta. 

A study of the threshold intensities~ for the fast muscle 

response 9 recorded in Table 1.4 reveals some interesting data. 

There is a direct correla tion between the size of the muscle 

and the threshold for response . The l a rger the muscle the 

higher the threshold . This is reflected by the fol l owing 

facts (a) The grasshopper metathoracic tibial muscles are larger 

than any of the other muscles and have correspondingly higher 

thresholds. (b) Only in the metathoracic limb of the grass­

hopper is the flexor mus cle smaller than the extensor and only 
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in the metathorax of the grasshopper is the threshold lower for 

the flexor than for the extensor muscle. (c) The meso- and 

metathoracic muscles of the mantid are very small and corres-

pondingly have low thresholds. The tibial muscles in the rap-

torial limbs of the mantid prothorax are larger and the thresholds 

for response in this case are as high as those for the grasshopper 

pro- and mesothoracic preparations. (d) The correlation between 

threshold and absolute muscle size was finally confirmed in the 

following manner. The metathorocic tibial extensor and flexor 

muscles of a very large female grasshopper and a very small male 

grasshopper were tested for thresholds~ and then dried and weigh-

ed. The correlation between weight of muscle and original 

threshold recorded in Table 1.5 are very striking. 

l 
I i 

~I ANII'viAL 
I 

MUSCLE I MUSCLE DRY I THRESHOLD 
SEX I WT I ( GRI\MS) ( VOLT§j 

I I 

I ' I I 
Maphyteus Female I Extensor~ 5 0.0436 I 0.34 

Maphyteus Female Flexor 1 5 I 0.0142 0,25 
I 

Maphyteus Ma l e Extensor 5 0 .0178 0.27 

Maphyteus Male Flexor 5 0,0069 I 0.21 

The r esults recorded in Table 1.5 suggest that the threshold 

for response is correlated with the number of final nerve endings 

on the muscle~ the larger muscles possessing a larger number of 

end plates. This in turn may imply that the greater number of 

fina l nerve end ings~ the larger the axon leaving the gangl i on. 

Certainly 5 as was shown in the nnatomical study~ the nerve 

fibre diamet er does correlate with the size of the animal and 

thus presumably with muscle size. It seems clear that the axon 

diameter will be correlnted with the number of muscle fibres 

innervated. It was~ however, impossible to determine from the 

transverse section which of the numerous axons visible suppl ied 

a particular muscle; consequently this could not be pursued 

further . 
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2. THE EFFECTS OF CHANGES IN THE IONIC COMPOSITION OF THE SALINE 

ON THE ilflECHANICAL RESPONSES OF THE MUSCLES. 

The innervation and mechanica l responses of the tibial muscles 

in the grasshopper and the mantid h~ving been established with some 

certai nty 9 using a standard saline solution 9 the next step was to 

test the effects of different potassium concentrations on these 

responses. Three different procedures were adopted in these tests . 

(i) Initially an extensive series of experiments was conduct­

ed, using grasshopper and mantid preparations? in which test salines 

were added to the opened thoraxes. The nerves innervating the 

tibial muscles were thus bathed in the sali nes. Test salines were 

made up according to Hoyle's (1953) formula. Two solutions A and 

B were prepared~ A containing 140 mM potassium per litre and 10 mM 

sodium per litre 1 and B containing 0 mM potassium per litre and 

150 mM sodium per litre. By mixing these two solutions in different 

proportions a range of sali ne solutions of different potassium ion 

concentration were prepared. Henceforth in the text 9 to avoid 

unnecessary repetition 9 a test solution containing~ for example~ 

10 mut of potassium per litre will be referred to as a 10 mM potas-

sium saline . At the start of each experiment mechanical record-

ings were made from the femoral muscles before the addition of any 

t est saline. Subsequently the test solution was added and after 

15 minutes the effect of the addition on the preparation was re-

corded. To guard against the possibility of the t est solutions 

affecting the muscles in the femora directly by flowing into the 

leg , the limb was mounted in plasticine above the level of the 

thorax. The results of these experiments were> however, incon-

sistent and confusing. The r esults of one of the experiments are 

quoted here . With preparation (a) the responses of the muscle 

w0re recorded at a stimulation frequency of 10 per second before 

the addition of any saline (Trace l.lOa) . 10 mM potassium saline 

was then added ':klich r esulted in a slight modification of the re­

sponse of the muscle (Trace l.lOb). As could reasonably be 
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1.10 a . 1.10 b. 

1.10 c. 1.10 d. 

TRACES 1.10 Q, b, c and d. Effects of sal ines of different 

potass i um concentrQtion (when added to the opened thorax) on 

the mechanical responses of the metathoracic extensor t i biae 

musc l e of Mnphyteus with stimulation of nerve 5 ( Preparation a ). 

lOb with 10 ~~ potassium sa line 9 lOc - 56 mM, lOd - 70 mM. lOa 

control in normal haemolymph . Stimulation frequency - 6 per sec . 

15 min. lapse between each trace. Time trace: 1 sec. 
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expected addition of 56 m~ potassium saline caused a decrease 

in the contraction level (Trace l,lOc). Subsequent addition 

of 70 mM potassium saline, instead of reducing the contraction 

height still further, caused an increase in contraction height 

(Trace l.lOd), 112 mi., potassium saline completely blocked 

neural transmission in approximately 15 minutes. 

In other preparations addition of 70 mM potassium salines 

had no effect. 112 mM potassium saline again blocked neural 

transmission, Thus the inconsistencies shown in these experi­

ments were too great to allow detailed analysis of the effects 

of additions of potassium, 

These experiments revealed, ho1·1ever, that neural trans­

mission in the grasshopper and mantid is blocked almost immediate­

ly by the addition of 142 mM potassium saline. 112 mM potassium 

saline causes almost immediate neural block in the mantid while 

taking somewhat longer to block transmission in the grasshopper. 

Furthermore 70 mM potassium saline could block neural tra ns­

mission in the mantid within a few hours while having little 

effect on the grnsshopper preparation. In both cases the block 

produced with high potassium salines is reversible if low potas­

sium salines are again added and the preparation l eft for some 

time. These r esults suggest that the axons of the mantid are 

mor e " exposed" or susceptible to high concentrati ons of potas­

s ium in the saline than those of the grasshopper. However, it 

is not clear how much of this difference in susceptibility be­

tween the two animals is to be related to differences in abso­

lute size, and s o conclusions may be drawn only somewhat t enta­

tively. 

( ii) In a second series of tests, saline s elutions of 

differing potassium concentrations were inj ec t ed directly into 

the femora of the grasshopper and mantid, In the majority of 
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the grasshoppers 56 mM potassium saline was sufficient to pro­

duce a compl ete and apparently irreversible block to muscular 

contraction9 in some animals 42 mM potassium saline was suf-

ficient to block the action of the muscles. Injection of 28 mM 

potassium saline had no noticeable effect on the grasshopper 

muscles. With the mantid~ injection of 42 mM potassium saline 

was always sufficient to produce a complete block, and in some 

cases injection of 28 mM potassium saline produced a block. In 

control animals the same quantity of low potassium concentration 

saline was injected into the femora. With grasshoppers and the 

majority of the mantids this control injection had no noticeable 

effect. In some of the mantids 5 however 5 the addition of the 

low concentration potassium saline to the femur was sufficient 

to produce a muscular block. It seems likely that this block 

is caused by the mechanical effects of saline injection, and 

does not necessarily reflect a nervous bl ock brought about by 

the potassium i ons . This snag was the cause of the eventua l 

abandonment of these experiments. 

No rigid conclusions can be drawn about the site of action 

of the salines, on inj ection into the f emora. The results sug-

gest that there may be a difference between the nerves in the 

thorax and those locat~d more peripherally in the leg - the for-

mer bein9 apparently better "protected" than the latter. It is 

possible that the larger nerves in the thorax have more efficient 

ionic '' pumps" than those located peripherally in the leg. This 

suggestion must be regarded as being very tentative, however, 

as the differences may well be attributed to the fact that in 

one case the femoral muscles themselves are exposed to the saline~ 

while they are not in the other case. 

(iii) A third attempt to assess the effect of potassium 

rich salines on the neuromuscular preparations was conducted 

a long the following l ines. The thoracic nerves were exposed 
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in the normal manner~ after which enough cuticle was shaved from 

the femur to enable the flexor tibia muscle to be removed while 

leaving the extensor muscle and its nerve supply intact. A 

space remained in the femur above the extensor muscle surrounded 

by chitinous walls. The "trough'' thus formed on top of the ex­

tensor muscle could be filled with test saline and the effects 

of this addition on the responses of the extensor muscle recorded. 

At the outset this seemed to have potential as a test preparation. 

Again~ however~ an accurate analysis was not possible as the re-

sults of these experiments were too inconsistent. In control 

experiments~ using a grasshopper, the addition of standard Hoyle's 

saline to the femoral trough often had a marked effect on the 

mechanical responses. In other cases the addition of saline 

had no effect at all. An attempt to obtain uniformity of re­

sults was made by setting up preparations as follows. The 

flexor muscles from both metathoracic femora of one animal were 

removed . Each tibia was connected to levers~ both of which 

wrote simultaneously~ one above the other, on a smoked drum. 

Both nerves 5 were stimulated at the same instant with exactly 

the same stimulus. Frequently, before any test s~line had been 

added, the limbs on both sides of t he body reacted similarly to 

the stimulus . Occasionally, hov;ever, the two limbs react com-

pletely differently to an identic~! stimulus. As might be ex-

pected from the initial control experiments, addition of standard 

saline to the femoral troughs, sometimes but not al·,,ays, affected 

the mechanical response of the two limbs. In one preparation 

addition of saline affected one leg and not the other. At 

times 56 mf.i potassium produced a reversible muscular block~ 

though usua lly, addition of 70 mM potassium saline to the femoral 

t roughs was necessary to produce a block. 

Attempts to remove the tibial extensor muscle from the femur 

of the mantid failed. The femur was so weakened by the operation 
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that it buckled when the extensor muscle contracted. 

ments of this type were consequently discontinued. 

Experi-

All these experiments emphasise the inadequacy of simpl e 

mechanical assessments of the effect of potassium rich salines 

on the muscle response. They do show 9 however, that there is 

a difference in the susceptibility to high potassium salines in 

the mantid and grasshopper . In all tests l~ver potassium 

concentrations were required to produce adverse effects on neural 

transmission and muscular contraction in the mantid than in the 

grasshopper, the implications of this will be discussed later. 

It is not clear how far these differences relate to the size of 

the animal, although it is obvious that for an accurate analysis 

of the effects of high potassium saline a quantitatively more 

precise method must be adopted. During the course of the ex-

periments such a method suggested itself. Throughout the ex-

periments it was noted that addition of different salines to 

t he preparations,while not necessarily affecting the mechanical 

response~ had a clear effect on the thr2shold stimulus intensity. 

These threshold changes could eas ily be measured by moni toring 

the stimulus, which was r ea ching thL nerve, on the cathode ray 

oscillograph. Thus the threshold for response could be directly 

and accurately read off from the cathode ray oscillograph. 

3. .I.!jg_g~TS OF CHAf\lGE§_IN THE IONIC COMPOSITION OF THE SALINE 

ON TJ:!L.IHRESHOLD FOO fv',USCULAR RESPONSE. 

A standard procedure was followed throughout thes e experi­

ments. The normal preparation was set up as rapidly as possible 

and the threshold stimulus intensity for muscle response was 

measured immediately (Points S in Graphs 1. 1 t o 1. 8). Ihe test 

saline solution was then introduced into the thorux. The pre-

cautions described pr evi ously were taken to ens ure that none of 
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the saline flowed into the limbs themselves. Subsequently, every 

15 minutes, the nerve to be stimulated ·vas lifted out of the saline 

bath. A threshold reading was taken~ and the nerve lowered back 

into the thorax. Particular care was taken to ensure that no 

t i ssue from the thoracic region was adhering to the nerve or to 

t he e lectrodes. If such adhesion occurred th& insulation thus 

produced markedly increased the threshold . Initial control cxperi -

ments showed that with a suitable salin0 the threshold remained con­

stant for at least 24 hours and often for as long as 36 hour s. 

The results of these experiments are recorded in Graphs 1.1 

to 1.8 in which the threshold stimulus intensity is plotted against 

time in hours. The effects of different potassium concentrations 

on the thresholds for response in the extensor and flexor tibiae 

muscles of rviaphyteus and Sphodromantis are shown in Graphs 1.1 to 

1.4. To facilita te com~arison the same r esults are expressed in a 

different manner in Graphs 1.5 to 1.8~ where the responses of one 

particular musc l e with different potassium concentration salines 

are assembled in one graph. 

(a) In the case of the mantid tibial extensor and flexor 

muscl es, the stimulus intensity required t o produce a response 

increases with an increase in potassium concentration. The l owest 

recorded thresholds for mantid muscles are with 10 rnM potassium 

saline. 28 mM potassium sa line raises the t hreshold, while with 

56 mM potassium and 70 mt.! potassium salines the threshold increases 

very rapidly. After immers i on in 56 and 70 mM potassium, for a 

few hours, nervous conduction is practica lly blocked. With the 

tibial extensor and flexor muscles of the grasshopper the s i tua-

tion is different. Here the lowest thresholds recorded are in 

combination with the 28 mM potassium saline. 10 mM, 56 mM and 

70 mM potassium salines produce uniform threshold increases 

(b) The responsiveness of the grasshopper mus cle is not 

affected as adversely by high potassium concentration sa lines as 
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that of the mantid. In the grasshopper 56 mM potass ium and 70 mM 

potassium salines do not completely block nervous conduction as 

they do within a few hours in the mantid. The fact that the 

grasshopper and mantid muscle is still respons ive, even when nerve 

conduction is blocked, can be shown by stimulating the muscle tissue 

directly. 

The overall picture of the results contained in Graphs 1.1 to 

1.8 is diagrammatically summarized in Graph 1.9 where the percen­

tage muscle responsiveness (or excitability) is plotted against the 

potassium ion concentration in the saline expres sed in millimoles. 

The percentage muscle excitability was calculated at a point four 

hours after the start of the experiments. (This point was taken 

purely arbitrarily). 1QG6 excitability was taken as the lowest 

threshold ever recorded for the muscle in question. From Graph 

1. 9 then it is evident that the nerves supplying the tibial 

muscles in these two animals are adapted to operation in haemolymphs 

of differing potassium concentration. The grasshopper is adapted 

to operation in approximately 28 mM potassium saline and the mantid 

to operation in approximately 10 mM potassium saline, a situation 

which makes functional sense, as it is widely accepted that pre­

daceous insects have a lower haemolymph potassium concentration 

than phytophagous forms. 

In all, these experiments have shown the axons of the entomo­

phagous Sphodromantis to be more susceptible to high external 

potassium ion concentrations than those of the phytophagous Maphy-

What explanation can be offered t o account for these dif-

ferences? Suppose that in the nerves of both animals, beneath 

the level of the peri l emma or surrounding the axons themselves, 

there is some sort of ionic "barrier" (of the type which Hoyle 

has postulated as being in the perilemma itself) which is responsible 
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for the exclusion of ions from the immediate environment of the 

axons. Suppose further hat this barrier may act firstly, as 

a purely passive barrier to the entry of ions, and secondly that 

it has incorporated in i active metabolic "pumps" for the exclu-

sion of ions. From thi we may postul~te two possible explana-

tions to account for th diffcrencu in susceptibility of the axons 

to ions. It might be hat the passive element of the barrier is 

equally well developed n iJiaphyteus and Sphodromantis, but that 

in Maphyteus the postul ted ionic pumps are more effective or more 

numerous, and thus aff rd the axons greater protection, than those 

in the man tid. Alter atively it may be that the pumps are equally 

effective and of equal abundance in both animals but that the 

passive element of th barrier is more highly develof:E d in phyto-

phagous than in preda ory forms. 

diagrammatically in P ate 1.17). 

(This situation is represented 

If ionic pumps re r esponsible for the noted differences in 

the susceptibility o the axons in phytophagous and predatory forms 

it could be expected that addition of drugs (which will not be 

affected 

of these two forms 

following 

predatory and phyt 

forms are less adv 

mantid, and conseq 

haemolymph would affect the axons 

It will, however, be shown in the 

y investigation into the action of drugs upon 

that the axons of phytophagous 

affected by drugs than those of the 

it would seem that the postulated ionic 

pumps are equally in both forms but that the passive 

element in the ba rier is more highly devel oped in the plant 

feeders t han in t e predators. 

4. ~CTION OF DRUGS ON PREDATORY AND PHYTOPHAGOUS FORMS. 

The actions of two drugs, Gamma amino butyric acid,(GABA ) ~ 

and Picrotoxin~ ( PCTX )~ on predatory and phytophagous forms have 

been investigated. 
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The choice of GABA and PCTX as test drugs was prompted 

primarily by many recent reports on the effects of GABA on the 

neuromuscular system of Crustacea (Bazemore et al . 1957, 

Brockman and Burson 1957, Edwards and Kuffler 1957, Kuffler 

and Edwards 1958, McLennan 1957, Werman et al , 1960, and 

Kravitz et al. 1962), as well as the effects of GABA and PCTX 

on the nervous and muscular systems of the Crustacea (Elliot 

and Florey 1956, Robbins and van der Kloot 1958~ van der Kloot 

and Robbins 1959, Grundfest et al, 1958, van der Kloot et al . 

1958~ Robbins 1959, Hichar 1960). In essence these workers 

find that GABA produces an inhibitory effect on the crayfish 

neuromuscular preparation and that this inhibition is blocked 

by PCTX. 

The effects of these drugs on insects were investigated 

in three ways~ (i) standard saline, containing the drugs, was 

injected into live animals and the action of the drugs noted . 

(ii) dilutions of drugs in saline were introduced into the 

thoraxes of the mantid and the grasshopper in similar prepara-

tions to those previous ly described; and (iii) saline and 

drugs were injected into the femora of mantids and grasshoppers 

and their action on the mechanical r esponse of the muscles re-

corded. 

(i) Saline solutions containing concentrations of 10-3 to 

10-6 GABA or PCTX were injected in small doses (0. 2 - 0 , 3 cc,) 

into healthy adult Ma£hyteus, Sphodromantis, Periplaneta and 

Ectrichodia. Control animals injected with larger doses of 

normal saline showed no ill effects. All four different ani-

mals react in a specific manner to both GABA and PCTX. The 

reaction to each drug is clearly defined and very different. 

-3 Injections of GABA at concentrations of 10 resulted in 

an a lmost immediate loss of tonus manifes ted by drooping antennae, 

and slackness of the limbs resulting in the abdominal and thoracic 
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sterna being dragged along the substratum. This lack of tonus 

persisted and was followed by convulsive shivering and a very 

obvious decrease in mechanical efficiency. Eventua 11 y move-

ment ceased and the animals would not respond to violent exter­

nal stimuli (loud sounds~ bright lights and vibrations) though 

they would respond very slightly to mechanical stimuli directly 

on the body. After 6 hours in this relaxed~ almost moribund 

state 5 the animals show signs of recovery and~ after 36 hours, 

in the majority of cases, revival was complete, the insects 

appearing to be normal. This loss of tonus produced by GABA 

points to a general inhibition of muscular activity, (or perhaps 

nervous activity) similar to that reported for the Crustacea. 

Injections of PCTX at concentrations of 10-3 caused very 

rapid tetanus in all the muscles of the body and limbs. The 

abdomen "concertinad" together and the legs flexed strongly 

under the body. The tibial flexor muscles had the dominant 

effect in the limbs of all the insects, except for the meta-

thoracic limb of the grasshopper. Here, the extensor muscle 

being stronger than the flexor, powerfully extended the hind 

limbs. In a short time convulsions set in and during this time 

the animal was hyper-sensitive to stimuli reacting violently 

even to the most gentle stimulation. Eventually the convulsions 

became more intense and death occurred from 6 to 15 hours after 

injection. 

The effects of more dilute drug solutions on the animals 

were also t ested. In all cases injection of 10-4 and 10-5 drug 

solutions produced the same symptoms as the 10-3 concentrations. 

\'.'ith 10- 4 and 10-5 concentrations of GABA the symptoms of poison­

ing took longer to develop and recovery was more rapid. In the 

case of 10-5 GABA injection full recovery took about six hours. 

It was noticeable, however , that injection of GABA in low con-

centrations had a more marked effect on the mantid and reduviid 
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than on the cockroach or locust . 

With 10-4 and 10-5 PCTX there was also a delay in the mani-

festation of symptoms after injection . Injection of 10-4 PCTX 

solutions invariably resulted in the death of the experimental 

animal. Death was delayed for about 36 hours in the cnse of 

the mantid and for 48 hours or more 1rlth the reduviid, grasshopper 

and cockroach. 10-5 PCTX injection killed all the mantids used, 

but this dilution of PCTX did not cause lOC% mortality in the 

other three insects. On the \~ole fewer locusts and cockroaches 

died from the injections than reduviids. It was usually 48 - 80 

hours before the animals died. These results arc again indicative 

of a difference in susceptibility of phytophagous and predatory 

forms. 

Injections of 10-
6 solutions of GABA or PCTX had no noticeable 

effects on the mechanical efficiency or responses of any of the 

animals tested. 

- 3 -4 ~ In several experiments 10 , 10 and 10 PCTX solutions were 

injected following an injection of GABA and after the symptoms of 

GABA intoxication had appeared. This always resulted in the 

disappearance of the symptoms of GABA intoxication and the appear-

ance of symptoms of PCTX poisoning which then took their normal 

- 6 course. Injection of 10 PCTX after the symptoms of GABA in-

toxication had appeared had no effect on these symptoms. In-

jection of GABA after the symptoms of PCTX poisoning had manifest 

themselves was not attempted. 

(ii) Preparations were set up as previously described and 

the nerves in the thorax supplying the f emorul muscles of t he 

mant id and the grasshopper were bathed in salines containing dif-

ferent concentrations of GABA and PCTX. - 4 Solutions of 10 and 

10-S PCTx and GABA had surprisingly little effect on the nerves. 
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-3 -3 
10 GABJ\ ulso had little effect on the nerves~ but 10 PCTX 

produced a rise in nerve threshold followed by an eventual 

transmission block, l~ l though these experiments were conducted 

-3 in a very superficial manner it was clear that 10 PCTX pro-

duced a more rapid rise in nerve threshold and subsequently a 

quickGr transmission block in the nerves of the mantid than in 

those of the grass hopper, 

(iii) -3 Direct injection of 10 GABA saline into the 

femora resulted in a loss of tonus in the tibial extensor muscles~ 

although the effect was not very marked , Inj ection of PCTX~ 

even in low concentrations (10-
4 and 10-5 ) produced very rapid 

tetanus in the musc l es and in some cases injection of 10-
6 

PCTX 

into the femur of the mantid r esulted in a tetanic contraction 

from the muscles, 

These very pre limi nary experiments suggest that the axons 

of predatory insects are less well prot ected from drugs in the 

haemolymph than those of the plant feeders. Fallowing from 

the discussion on page 66 (Plate 1.17) it would seem that the 

postulated ionic pumps in both phytophagous and predatory forms 

are equally effective but that the passive element in the barrier 

is probably more highly developed in the plant feeders than in 

the predators. 
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1. It has been suggested by Hoyle (1953) that the nerve sheath 

surrounding the peripheral nerves of insects serves as a protec­

tive barrier to exclude potassium ions in the haemolymph from the 

immediate environment of t he axons. 

2. This has led to the postulate that in entomophagous insect s 

this barrier might be far less deve l oped than that in phytophagous 

insects since it is known that the blood potassium concentration 

is far lower in predatory insects then that of plant feeding i n­

sects. 

3, The gross anatomy and histology of the peripher a l nerves 

innervating the tibial extensor and flexor muscles of a phytopha­

gous insect 9 Maphyteus l epr~ ~ an omnivore· Peripl aneta americana, 

and two predators, Sohodromantis gastrica and gctrichodia ~' are 

described. 

4. It is shown that there is remarkabl e consi stency in the 

thickness of the nerve sheath around nerves of comparable size i n 

all four animals and that the l arger nerves have the thicker nerve 

sheaths . 

5. This leads to t he conclusion that the differences i n thickness 

of the nerve shenth in different insects correlates with mechanical 

factors and has no relation to pr otection of the nerve axons from 

the ions in the haemolymph. 

6. This conclusion is in agreement with that of Treherne who has 

shown the nerve sheath to be freely permeable to ions in ~iplaneta. 

Treherne ' s studies have a l so suggested the presence of a deeper 

barrier protecting the axons from ions in the haemolymph. 

7. The study into the properties of this deeper barrier has been 

approached indirectly and a preliminary investigation of its pro­

perties has been mnde by comparing its effici Lncy in protecting 
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the axons against varying external potassium ion concentrations 

in the different insects being studied. 

8, This investigation has shown the axons of the entomophagous 

Sohodromantis to be more susceptible to high external potassium 

ion concentrations than those of the phytophagous Maphyteu~. 

9. This leads to the conclusion that some barrier beneath the 

level of the perilemma is more efficient at excluding ions from 

the axons in phytophagous than in predatory forms. 

10. It is postulated that this barrier may be acting either as 

a purely passive barrier to the entry of ions, or that it has in­

corporated in it active metabolic "pumps" for the exclusion of 

ions. Both possibilities may be true. 

11. Preliminary experiments on the action of drugs on predatory 

and phytophagous forms suggest that the passive element in the 

barrier is more highly developed in the plant feeders and that 

there may be no significant difference in the action of the meta­

bolic pumps in the t":Jo forms, 
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PART 2,· 

STUDIES ON THE HISTOLOGY~ AND CERTAIN ASPECTS 

OF THE NEUROVIUSCULAR PHYSIOLCGY OF THE FLIGHT 

MUSCLES IN ~AURELIA CYTHEREA CAPENSIS STOLL. 
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/ 

RESUiv'IE. 

During the course of the work which has been described in 

Part 1~ an outbreak of large saturniid moths (~urelia £Y!herea 

capensis Stoll.) occurred in the Grahamstown area. It was felt 

that an investigation into the properties of the flight motor of 

this moth~ which has an extremely low wing beat frequency~ might 

be rewarding as our knowledge of the flight motor in insects is 

limited to those with very much higher wing beat frequencies than 

that of this moth. The anatomy, innervation and histology of 

the flight muscles of Nudaurelia are described and it is shown 

that the flight motor of this moth is functionally different tO f~ 
/ " 

that of other insP.cts which have been investigated. 

Further~ Nudaurelia shows a characteristic warm-up fluttering 

of the wings prior to flight - this phenomenon has also been 

examined in the following investigation. This study has yielded 

information about the location of a warm-up centre in the central 

nervous system of this moth. 
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PART_1. 

JJ::!TRODUCTION. 

The neuromuscular mechanisms of insect flight have attracted 

the attention of physiological workers for many years. However, 

owing mainly to the practical difficulties involved in devising 

sui table preparations with s uch small animals our knowledge of 

the subject is still rudimentary . The insects which have re-

ceived the most attention in this r espect are those with a very 

high wing beat frequency and asynchronous flight (that is an asyn­

chronous r elationship between the frequency of muscle action poten­

tials and wing bea~s, a situation which is functionally associated 

with fibrillar muscles , McCann and Boettiger 1961), for example 

the Diptera, (Boettiger and Furspan 1950 and 1952, Boettiger 1957, 

Pringle 1949, 1954 and 1957, Sotavalta 1953 and many others); the 

problem here has been to determine how wing beat frequencies of up 

to 1200 cycles per second are achieved with an apparently conven­

tional neuromuscular apparntus. Insects with a lower wing beat 

frequency and synchronous flight (that is a synchronous relation­

ship between the frequency of muscle action potentia l and wing 

beat s, associated with non-fibrillar muscle ty~ s , McCann Jnd 

Boettiger 1961) have been comparatively neglected (Buchthal, Weis­

Fogh and Rosenfalck 1957, Ewer and Ripley 1953~ Nevil l e 1960, 

Weis-Fogh 1956 , Riegert 1962) , In this investigation the neuro­

muscular physiology of the flight motor of a l epidopteran with a 

very low wing beat frequency was studied. 

Furthermore very little attention has been paid to the centra l 

basis of flight in insects (Dingle 1961 and Wilson 1961) and there 

appears to have been no s tudy m1de of the central nervous bas is of 

the preliminary 11 warm-upn which often precedes flight (Krogh and 

Zeuthen 1941) . The moths used i n the present investigation show 

a very pronounced "·varm-up" and consequently offer idea l mat eria l 
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for an investigation of this phenomenon. 

MATERI AL fiND METHODS. 

For the areater part the insect used in this investiga t i on 

was t he very l arge saturniid moth ~reli~herea capensis , 

s ·.;.Jll. the adult of which occurs locally in pine plant at i ons for 

approximat ely two months of t he year (May and June). These 

emperor moths ar e very heavy and have l arge broad wings; wing 

spans of 12-13 em. have been recorded for the l arger femal es . 

In f l ight the wings ar e f l apped s l owly and l aboriously in contrast 

to the fairly high wi ng beat frequency of the sphingid moth ~~ 

~p~si~ Linn~ which has been studied for comparative purposes. 

J~-~~~~ like other hawk moths, has narrow wings and is a ver y 

agile 5 swift flier. Both moths were collected when avai l able and 

used as soon as possible after capture - nei t her lives well in 

captivity~ surviving for a maximum of three to four days in the 

laboratory. 

The t echniques employed wer e as f ollcws~ -

(i ) Recording of musc le action potentials from the dorsa l 

lon0itudinal muscles during f light was a r elatively simple matter. 

The dorsal portion of the thorax was first de-scaled using a 

coarse paint brush. This opera tion is most unpleasant but most 

essentia l as it enabl es the electrodes to be pl aced in the same 

r egion of t he thorax in all subsequent experiments. The moth ' s 

l egs were then strapped 5 with lumps of plasticene, very firmly 

to a plate in the middl e of a sliding micromanipulator. There 

appears to be no overwhelming tarsal r eflex in this anima l as it 

fli es adequately , although not continuous ly , with i ts tarsi 

strapped to the substratum. The wings were trimmed to ensure 

that the wing beat was unhampered by the surrounding apparatus. 

Decreasing the load by amputating the \•lings in this manner makes 

no significant di fference to the wing beat frequency. Recordings 
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were made wi th platinum electrodes inserted into the thorax to a 

depth of about 3 mm., usually just to one side of the mid-dorsa l 

l ine, and connected through a preamplifi er to one channel of a 

double beam oscillograph. The oscilloscope camera was operated 

at a speed of 6" of film per second. In addition a standard 

gramophone crystal pick-up head was l owered onto the thorax of 

t he tethered insect and led directly int o the other channel of 

the osci l loscope. This recorded the dis t ortion of the t horax 

during flight . Care was taken to ensure that the pick-up needle 

only came into contact with the thorax when the l atter was maxi­

mnlly buckled dorsally, during the downstroke, otherwise the 

needl e pierced the cuticle of the thorax. 

Flight is easily i nitiated by pinching the antennae or abdo-

men with forceps or blowing hard on the animal. Usually under 

such provocation the moth wi l l flap its wings violently for a 

few s trokes and then start to "warm-up" and eventually normal 

flight ensues. If the laboratory is kept fairly cool the animal 

will "warm-up" for longer periods before commencing normal flight . 

Normally, however, the laboratory was kept at a temperature of 

23-25°C and at a re l ative humidity between 70 and 8~. The life 

of the preparation was prolonged at this humidity. 

(ii) When it w<:~s necess<:~ry to stimu l<:~te the nerves or muscles 

in the thorax or observe the reactions of t he dorsal longitudinal 

muscles directly through a binocular microscope the following 

t echnique was adopted. The thorax was de-sca led as before and 

the animal decapitated and dissected under the binocul ar micro-

scope. The wings, dorsal longitudinal muscles <:~nd dorso-ventra l 

muscles were removed from the one side of the thorax while leav­

ing the nerves, muscles and wings of the other side intact. The 

animal w<:~s then mounted on <:1 platform on the micromanipulator in 

such a way that the intact wing was free t o move and could easily 

be observed. This was achieved by cutting a suit<:~ bly sized hole 
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in the platform through which the wing could pass and flap freely 

beneath the platform. ~vi th this arrangement it was possible to 

see exactly what wing movements occurred when certain muscles or 

nerves were stimulated and at the same time observe the precise 

movements of the very large dorsal longitudinal muscles. Before 

stimul;J.ting any particular nerve it was ligatured with hair and 

severed from the ganglion. 

For A.C. stimulation Eads' stimulator described in Part l \Jas 

used. The investigation into the ccmtral basis of "warm-up" 

necessitated the building of a D.C. stimulator, the circuit of 

which is illustrated in Plate 2.1. This circuit proved satis­

factory in operation and has the advantage that the polarity of 

stimulation can be altered without altering the intensity of the 

stimul ation dclivcrod. 

Finally it is necessary to r ecord that no artificial saline 

was used for any of these preparations as it was found that there 

was sufficient ha emolymph in the hcmisoctod animal to keep tho 

muscles moist for at leas t n few hours. It was found that the 

use of Hoyle's (1953) saline affect0d the longevity and responses 

of the muscles adversely, 

(iii) The histological methods employed in the study of the 

flight muscles were fairly straightforward. Four fixatives were 

tried for muscle fixation, namely Carney, Bouin~ Alcoholic Bouin 

and Flemming-without-a ceti c. Of these only Alcoholic Bouin and 

F.~.A. were at all satisfactory, the latter givingt by all appear-

ances, more faithful fixation. The muscles were fixed either in 

the thorax and dissected out subsequently, or else, dissected out 

of the living animal and dropped into fixative. The first 

method was far superior to the l atter. The histological sche-

dules followed for preparation of the mus cl es were as follows ~ -
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DIRECT CURRENT STIMULATOR 

PLATE 2. 1. The Direct Current Stimulat or. 

Components ; - 67t Volt Eveready Super 3 Battery . One ON-OFF 

switch Sl. One double pole~ single thr ow switch 52. One 

double pole, double throw s v1i tch S3 . Two ba l nnced 25 k poten-

tiomet ers Pl and P2 . One 25 k potentiometer P3 f or fine out-

put adjustment. One 19 k fixed r es istance Rl . One milli -

a:n:.1ctcr rnA. 



With Alcoholic Bouin 
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Fix fort to 1 hr. 

Rinse several times in 70% Alcohol . 

9(9b Alcohol for} hr. (Several changes). 

Absolute alcohol fort hr. (Two changes) . 

50% Cedar wood oil/5~ Absolute nlcohol 

fort hr. 

Cedar wood oi l - until cl ~ared - usually 

about 1/ 4 hr. 

Wn x 55° for 3j4 hr. in vacuum embedder 

(three changes). 

With Flcmming-without-acetic 

Fix for 20 hr. in fresh fixative . 

Running t ap water for 3 hr. 

3q~ Al cohol for 2 hr. 

5~ Alcohol for 2 hr. 

70% Alcohol for 2 hr. 

90% Alcohol fnr 6 hr. 

Absolute alcohol for 2 hr. 

sq~ Cedar wood oil/5 G'~ abs olute alcohol 

for about 1/ 4 hr. 

Cedar wood oil - until cl eared - usually 

about 1/4 hr. 

55° Wax for 3j4 hr. in vacuum embedder 

( t hree changes). 

All the s ecti ons ':;ere stained with Heidenhain ' s I ron Haematoxylin. 

RESULTS. 

It is convenient t o divide the discussion of the r esults i nto 

three parts (i) anatomy and histology, (ii) neuromuscular physio­

logy~ and (ii i) the central nervous basis of "warm-up". 

(i) Anatomy and_l~stol ogy. 

Dissections of Nudaurelia under the binocular microscope have 
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revealed much of the gross anatomy of the wing mw:cles - the dorsal 

longitudinal muscles in particular - and their innervation. Plate 

2.2 is a camerl lucida drawing of the hemisectud thorax of Nudaurelia 

viewed from a dorco-lateral nngle and Plate ~.3 a photograph of a 

dissection to show the arr<tngemcnt of the muscles und the ganglia. 

It is to be noted that the dors t: l long itudinal muscles (DLtvl) are 

divided into five l nrgc bundles numbered v~ntrodorsally 1-5 , and 

that two s ets of ventrnl longitudina l muscles (VLM) must be removed 

in order to expose the ganglia and associa t ed nerves. Plate 2.4 

is a drawing of the ganglia and the main nerves associated with 

them drawn from a dorsal aspect . Attention i s called to the ner-

vous connection Nl between the prothoracic ganglion and nerve N2 , 

the signific<:J nce of which will become apparent l at er ; a l so to the 

fact that the dorsal longitudina l muscl es are innervated by nerve 

~DL whil e the tergo-sternal musc l es are innervated by three main 

nerves, only one of which, NDV, is shown in the diagram. Nuesch 

in a series of papers (1952, 1953, 1954, 1955 and 1957) has made 

a very extensive study of t he morphology of the thorax of the 

saturniid moth Tel ca QOlyphemus Cr:. and i t would appear t hat the 

thoracic anatomy of both Nudaureli£ and ]heretra are practically 

identical to that of Telea. 

Apart from the gross anatomy of the thorax there ar e two 

other aspects that should be investigat ed . Firstly i t i s 

desirable to know something of the axonal dis t r ibution to the 

flight muscl vs . This problem has been approached indirectly 

by Nuesch (1952 ) in Tele2_ by cutting nerve trunks in the pupa 

and noting which muscles fail to develop i n the adult ; these 

r esults he has subsequently corrected and they are reproduced 

by Pringle (1957). Neuromuscul ar s tudios on Nudaurclia indi ­

cat e that some of Nuesch's results are corr ect but suggest that 

others are erroneous . Lack of fresh materia l after this point 

was appreciat ed has prevented t he necessary histological study 
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5 1lli1l. 

PLATE 2. 3. Photograph of a dissection of Nud~elia from a 

dor so-lateral aspect showing the posit i on of the five dorsal 

longitudinal muscle blocks drawn in Flatc 2.2, the heart,and 

the pro- and pterothoracic ganglia. Note that the two sets 

of ventral longitudinal muscles (VLM ) i llustrated in Pla t 2 2.2 

have been removed to reveal the ganglia. 
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PLATE 2.4. Drawing of the t horacic ganglia of Nudaurel i a from 

a dorsal aspect showing the main nerves , and the position of the 

ventral l ongitudinal muscles (VLM) which obscure the ganglia in 

Plate 2.2. Gl, G2 and G3 are the pro-, meso- and metathoracic 

ganglia respectively. AP is a large apodeme (spina) upon which 

the ventral longitudinal muscles VLM originate. MOD and MO 

represent the broad out l ine of other muscl es that had to be moved 

to one side and trimmed to reveal the ganglia. NDV is one of 

the nerves i nnervating the ter go-stcrnnl flight muscles. There 

are two other nerves innervating these muscl es but they are not 

drawn as they run a lmost ventrally from G2 and cannot be seen in 

this view. NDL is the only nerve that i nnervates the dorsal 

longitudinal f l ight musc les and NW innervates the wing. Nerves 

Nl and N2 are mentioned in the text. IGC is an intergangl ionic 

cv."''"cti ve. 
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from being undertaken. A discussion on Nuesch's results is 

given l ater. 

Secondly Tiegs (1955) and others have recognised several 

types of histologically distinct wing muscle in insects and it 

was necessary to determine which type of wing muscle Nudaurelia 

possesses. 

In order to determine the histological category to which 

the muscles of Nudaurclia may be referred, it is primarily 

essentiol to decide the status of the "cells" so apparent in 

the transverse sections of the emperor moth muscle fibre (Plates 

2.5 to 2.10.). 

Consider first Tiegs's (1955) nomenclature in his discussion 

of the histological appearance of insect flight muscles. A 

muscle can be divided into units called muscle fibres~ each of 
... 

which ~ ensheathed by a thin sarcolemma; the status of these 

muscle fibres is quite clear . The muscle fibres are usually 

gathered together in loose groups - a condition shown by Nudaureli£ 

(Plate 2.11) . The terminology applying to the muscle fibres 

themselves is often confusing and deserves some discussion. Accord-

ing to Tiegs each muscle fibre is subdivided into smaller units 

called f ibri l s and these run as individual entities throughout 

the length of the muscle fibre (diagrammatica lly shown in Plate 

2.12) . The fibrils are bound together in the fibre by the sarco-

plasm which contains granular bodies called sarcosomes. Running 

in a network through the sarcoplasm are strands of a "dark inter-

stitial sarcoplasm" . In transvers e section, of a mus cle fibre, 

this network of "dark insterstitial" material can be seen to 

divide the fibres up into small polygonal areas, each of which 

encloses a number of fibrils. These small areas (which vary 

in size from about 2 - 8 microns) are d0fined as Cohnheim areas. 

The i nterstitial substance i n the sarcoplasm that delimits the 
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PLATE 2.5. Photomicrograph of muscle fibre of Nudaurelia 

under phase contrast. The muscles were fixed in Fi'IA ~ sec-

tioned at 4 microns and stained in Hcidenhain's Iron Haema­

toxylin. Note the honey-comb arrang(.ment of the "cells" 

(fibrils see text) within the fibres. Note also the pre­

sence of nuclei around the periphery of the fibre just be­

neath the sarcolemma~ and the striking difference between 

these secti ons and those shovm in Plates 2.7, 2.8~ 2.9 and 

2.10. 
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10~ 

PLATE 2. 6. Legend as for Plate 2.5. Note that this photo-

micrograph is at a greater magnification t han Plate 2.5 and is 

for comparison with Plate 2.9 (s ee text) , 
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PLATE 2.7. Plates 2.7, 2 . 8~ 2.9 and 2.10 are photomicrographs 

under phase contrast of cross-sections (4 microns thick) of the 

dorsal longitudinal muscle fibres of Nudaurelia. The photo­

micrographs illustrate the difference in appearance depending 

apparently on th8 state of fixation. All the muscles in these 

photomicrographs were fixed in Alcoholic Bouin and should be 

compared with the photomicrographs of the same muscles fixed in 

FWA shown in Plate 2.5. All the sections were stained in 

~0idenhain's Iron Haematoxylin. Sec text for an explanation 

on the signifi cance of these plates. 
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l01J. 

PLATE 2. 9. Legend as for Pl ate 2.7 . Note that Plate 2 . 9 

is at a larger magnification than Plates 2.7, 2 . 8 or 2 .10. 
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0.5 mm. 

PLATE 2.11. Low power photomicrograph of a portion of Nudau:relia 

dorsal longitudinal flight muscle in transverse section. The 

photomicrograph, taken under phase contra st ~ shows the loose 

cohesion of the muscle fibres into groups. 
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SCM 

1 MC 

SCP i 1 !! FB 

PLATE 2.12. Diagrammatic representation, in longitudinal and 

transverse views 9 of a muscle fibre following Tiegs's nomencla-

ture. CA - Cohnheim area; DIS - Dark Interstitial Sarcoplasm; 

FB - Fibril or Sarcostyle; WC - Muscle Column; ~~B - Myofibrils 

NU - Nucleus1 SCM - Sarcosome; SCP - Sarcoplasm; SLM - Sarco-

lemma. The myofibrils are themselves held together in a "ground 

substance" within the fibrils. 
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the Cohnheim areas continues down the length of the fibre . In 

longitudinal section then~ the areas enclosed by the interstitial 

substance are t ermed muscle columns - in other words the muscle 

columns are seen as Cohnheim areas in transverse section. The 

terms are actually used synonymously in some books (Bremer and 

Weatherford 1944) . It is important to realise that because the 

dark interstitial substance is in fact a network, the muscle 

columns, unlike the fibrils, do not retain their individuality 

through the entire length of the muscle fibre. Furthermore~ the 

interstitial substance surrounding the successive muscle columns 

do not run in a longitudinal series, but are irregularly arranged 

relative to each other. Consequently a singl e fibril, in its 

course along the fibre, may form part of two or more muscle 

columns. 

What of the fibrils themselves? It i s at this level that 

Tiegs's nomenclature differs from many writers in the field. 

Tiegs presents rather doubtful histological evidence to show that 

each of the fibrils (which vary in diameter from 0.5 - 5.0 microns 

in insects) are further subdivided into very fine "filaments" 

which he calls myofibrils. These myofibrils are bound together 

within the fibril by a "ground substance" and Tiegs envisages the 

myofibrils as the ultimate contractile units of the muscle. 

Tiegs further proposes that the term sarcostyle be given the new 

meaning of a fibril which is composed of subsidiary myofibrils. 

These concepts ar e diagrammatically r epresented in Plate 2.12. 

This s ynthesis by Tiegs has done little to clear up the con­

fusion in the literature, as authors have not taken r eadi ly to 

his scheme; in some cases muscle columns are confused with 

fibrils or the terms used synonymously . The vast majority of 

modern writers are clear on the latter distinction but use the 

term fibril and myofibril as synonyms~ and where Tiegs ' s myo­

fibrils are mentioned they are called myofilaments. (Edv;ards 



et al. 1954 a and b~ Hodge 1955, Jordan 1955, ~2ximow and Bloom 

1957, Ham 1957, Imms 1957> Pringle 1957 9 Smith 1960, 1961 a and 

b.) Tiegs's nomenclature will? however, be followed in the rest 

of this discussion. 

There are at least five histologically distinct types of 

wing muscle found in insects. 

(a) Tubular muscle - characterised by a central sarcoplasmic 

core, containing nuclei, in the fibre. This condition is typi -

cal of limb muscles but is found in the wing muscles of the 

Blattidae among the Orthoptera ~ lato. 

(b) Secondly the muscles of the Odonat a which are charac­

terised by fibrils radiating from a central sarcoplasmic cone 

which contains the nuclei . 

(c) The close packed or microfibrillar type (Boettiger 1960) 

is characterised by c l osely packed fibrils of l ess than 1.5 

microns, in unfixed material, shrinking to 0.8 microns in fixed 

material. The nuclei are arranged around the periphery of the 

muscle fibre just beneath the sarcol emma. The Cohnheim reticu-

lum is not retained except in some of the primitive Qrthoptera 

(~ ~- (Tettigonidae)). This type of muscle has been 

reported in the Orthoptera and in one Lepidoptera $ a sphingid, 

by Keilich (1918). 

(d) Fourthly, fibri l lar muscle, found in Hymenoptera, 

Coleoptera and Dipter a, which differs from the microfibrillar 

type in two respects:- (i) The fibrils are coarser in the fibril­

l ar types, their diameter being greater than 1 .0 microns and as 

much as 5.0 microns (Pringle 1957) 9 averaging 3.0 microns in un­

fixed material and 1.5 microns fixed (Boettiger 1960). (ii) 

The nuclei are irregularly arranged in the fibre. Pringle 

also says that the fibre diameter of fibrillar types is larger 

than the close packed types. This is certainly true in some 

cases (Tachinidae) but in others the fibre diameter is of the 
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same order in both types of muscle. 

(e) Lastly there is the rather distinctive muscle of the 

cicadas (Plate 2.13) which is thought to be histologically in­

termediate between close packed and fibrillar muscle types and 

which Pringle has called pscudofibrillar muscle. These pseudo-

fibrillar muscle fibres have peripherally located nuclei and the 

fibrils~ which are of the same dimensions as those of close 

packed muscle ~ are arranged in "complex lamellae" < 

Into which of these five categories may Nudaurelia muscle 

be placed? Clearly at the outset they are not of type (a) or 

(b) . To decide between the other categories it is necessary 

first to determine the status of the "cells" visible in the 

transverse section of the muscle in Plates 2.5 and 2.6. Are 

these "cells" of 2.0 microns diameter Cohnheim areas or are they 

large fibrils? The latter alternative is the more likely for 

two reasons. (i) If the cells were Cohnheim areas it could be 

expected that in longitudinal section the muscle columns would 

not retain their individuality throughout the length of a fibre. 

In fact the limits of the ,,cells" may be clearly seen running 

the entire l ength of the fibre and consequently the "cells" must 

be fibrils and not Cohnheim areas. (ii) Secondly if the 

"cells" were Cohnheim areas it could reasonably be expected 

(especially in fixed tissue) that there would be some indication 

of fibrils within the Cohnheim areas when seen in transverse sec­

tiony and within the muscle columns in longitudinal section . In 

fact there is never any indication of any fibril s tructure with­

in these "cells " and consequently we mus t conclude that each of 

the 11 cells 11 must be an individual fibril. 

Steedman (l960c )has pointed out that optimally fixed 

material (approaching sectioned frozen tissue i n appearance) 

may not be the best for revealing the full structure of a tissue 

and very often the poorly fixed material with much shrinkage is 
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PLATE 2.13. Photomicrograph of a muscle fibre of a Cicada of 

unknown species~ under phase contrast. The dorsal longitudi-

nal muscles (photographed here) and the tymbal muscles are of 

very much the same appearance. The muscles were fixed in FWA~ 

s ectioned at 4 microns~ and stained in Heidenhain's Iron Ha ema­

toxylin. 
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more use in this respect. 

Consequently before coming to a final conclusion about the 

status of the flight muscles in Nudaurelia, it is necessary to 

consider the range of histological appearanc~that r esults when 

the same muscle from the same animal is treated with different 

fixatives . Plates 2.5 and 2 . 6 show the excellent fixation 

obtained with Flemming-without-acetic and it is on these sections 

that the preceding discuss ion has been based. Plates 2 .7 ~ 2.8? 

2.9 and 2.10 show the range of histological appearances that can 

result from fixation in Alcoholic Bouin - in some cases fibres 

having these four different appearances may be seen on a single 

slide depending appar ently on the penetrating properti es of the 

fixative. Thtre are two possibl e ways in which the types of 

fibre portrayed in Plates 2.7 to 2 . 10 may be derived from the 

apparently optimal condition of the fibres fixed in FWA . 

(i) It is conceivable that the regions where the fibrils 

abut in the FWA fixed material , Pla tes 2.5 and 2 . 6~ have become 

enlarged? accompanied by shrinkage of the fibrils. It is not 

hard to imagi ne that if one of these re~ions enlarged it would 

become surrounded by four or possibl y five fibrils . If two 

such enlarging spaces coal~sced the resulting space would then 

the surrounded by approximately eight or nine fibrils. This 

appears to be the situation in Plate 2.9 where each of the 

''spaces'' are surrounded by approximately five fibrils (very 

l ight in colour and demarkated by thin dark strands). A 

"transitional stage" between the condition in 2.9 and the HJA 

fixed material is seen in Figure 2 . 8. If this idea were cor-

rect it would be expected that there should be the same number 

of fibrils per unit area in Plate 2. 9 as there are in the FVJA 

mat erial (Plate 2.6 ). A glance at Plat e 2. 9 shows that this 

is not the case - t here are in fact approximately fiv~ times 

as many "fibrils" as there should be~ but there arc approxi-
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mately the correct number of "black spaces" per unit area to 

correspond with the fibrils in the FWA fix ed material. So the 

numerica l discrepancy rules out this interpretation. 

(ii) It is possible to think of this in another way. Sup­

pose the "ground substance" within the fibrils of the RVA fix ed 

material (Plates 2.5 and 2,14) were to shrink - in the l ess 

severe cases of shrinkage it might be expected that t he "ground 

subst;mce" would form dark a r uas in the middl e of the fibril and 

indeed this condition is to be seen in Plates 2.7 and 2.15. As 

shrinkage proceeds the "ground substance" would become more con­

centrated in the middle of the fibril leaving minute threads in 

the resultant space behind it. This could possibly be the con­

dition shown by the mat eri a l in Plates 2,8 and 2,16 . Ultimately 

the condition shown by the mat eria l in Plates 2.9 and 2.17 is 

reached. (Note that Plate 2.9 is at a higher magnifica tion than 

any of the oth~rs). (Reference to the s eri es of sketches and 

photographs ( Pl at es 2.14 to 2 .17) accompanyi ng each of the Plates 

2.5 to 2.9 may assis t in the comprehension of this discussion.) 

The r egularity of the minute threads seen in Plate 2 .9 is very 

difficult to explain in terms of this hypothes is and it is also 

clear that the appearance of the f ibres shown in Plates 2.8 and 

2. 10 are furt her modified by the cracks in the tissue. Finally 

it is necessary to attempt to explain the occurrence of the "dark 

canals" in Plate 2 ,9 which gives the muscle fibre its lamellar 

appearance. It would seem that the origin of these dark canals 

may be traced to the dark regions where the fibrils abut in the 

FWA fixed materia l (Plate 2 .5 ) . Subsequent swelling~ or per­

haps s hrinkage away from the "dark canals" visible in Plate 2.5 

might result in the characteristic lamellar appearance of Plat e 

2. 9 . 

Perhaps of greatest relevance in this di scussion, however~ 

is the resemblance these muscle fibres from Nudaurel i a bear to 



The photomicrograph is an enlarged representative 

area of the FWA fixed muscle shown in Plate 2.5 . The sketch 

is a diagrammatic representation of the FWA fixed muscle show­

ing the "ground substance" (GS) within the fibrils. 

PLATE 2.15. Photomicrograph of an enlarged representative 

area of muscle shown in Plate 2.7. The sketch is a diagram-

matic representation of the photomicrograph showing how the 

"ground substance" in Plate 2.14 is thought to shrink to the 

middle of the fibril where it forms "dark areas'' (DA) leaving 

minute threads (MT) in the fibril as it shrinks. 
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PLATE 2.16. Photomicrogrnph of nn enlarged representative 

area of muscle shown in Plate 2.8. The sketch i s a diagram-

matic repr esentation of the photomicrograph showing further 

shrinkage of the ground substance shown in Plate 2.15. Note 

the minute t hreads (MT) around the dark areas of ground sub-

stance. 

PLATE 2.17. Photomicrograph of an enlarged representative 

area of muscle shown i n Plate 2.9 . The sketch is a diagram-

matic representa tion of the photomicrograph showing the 

shrunken ground substance ( SGS ) and the minute threads (MT) 

r adiating from it. Note the appearance of the dark canals 

(DC ) which give the muscle its lamellar appearance. For 

further explanat ion see text. 
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some of the histological types figured by Tiegs. The FWA fixed 

tissue in Plates 2.5 and 2,6 bears a striking resemblance to cer-

tain frozen sections of both the fibrillar and non-fibrillar types 

of muscle i llustrated by Tiegs. In particular these sections 

from ~udaurelia look like Tiegs's frozen sections of Honey bee 

fibrillar muscle. Secondly the appearance of the muscle shown 

in Plate 2.8 is similar to that of Tiegs's fixed preparations of 

the rat and the scarabid (Aphodius howi tti) l eg muscle (fixed in 

alcoholic fixatives and stained with Iron Haematoxylin). Thirdly~ 

and very strikingly, Nudaurelia muscles of the appearance in 

Plates 2.9 und 2 . 10 look very similar to Ti egs's picture of the 

pseudofibrillar muscle of the cicadas~ further the muscle shown 

in Plate 2. 10 , in particular, looks very similar to my own cross-

sections of cicuda muscle (Plate 2.13) (th2 cicada muscles have 

a similar appcarunce with both alcoholic Bouin and FWA fixution.) 

Lastly it is totally obscure why the Nuduurelia muscl es photo­
w;Jel"' 

graphed in Plutes 2.9 and 2.10 should be so wildly different. 

Thus with Nudaurclia muscles it is possible to obtuin histo-

logical pictures which are very inconsistent and bear noticeablt 

parallels to some of Tiegs ' s muscle types. This would seem to 

suggest that certain of Tiegs ' s muscle types need reinvestigation 

to ensure that fixation artifacts cannot account for some of the 

differences between muscles of different insects . 

We are now i n a position to consider the histological sta tus 

of the flight mus cles of Nudaurelia. The fibrils of Nudaurelia 

are large (2.0 microns and more ) and f a ll within the range speci-

fied for fibrils of fibrillar muscle - they are apparently too 

large for fibrils of the close packed type. However, it is 

fairly clear that Nudaurelia muscl es arc of the close packed or 

microfibrillar type as they have peripheral nucl ei and respond 

to direct electrica l stimulation unlike those of t he fibril l ar 

type. The fibrils are, however, of a particularly large s i ze 
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One of the most striking features of the dorsal longitudinal 

muscles is that if any one of the muscle blocks 1 - 5 (Plate 2 .2) 

is stimuluted directly it is able to contr<:>.ct a lone, and apparent-

ly independently of the others. In other words with direct 

stimulation of a purticular muscle block and suitable adjust-

ments of stimulation intensity any particular one muscle block 

can be made to contract a lone and separately from any of the 

others. This phenomenon was investigated further by directly 

stimulating each one of the muscle blocks separately at a grad-

ually increasing intensity of stimulation and recording the se-

quence in which the five muscle blocks contracted. The results 

of several such expGriments are tabulated in Table 2.1. 

TABLE 2 .1. 

-r Number of muscle .quence of contraction with gradually in-
... , 

block stimulated creasing stimulation intensity. I 
at 10 shocks/sec. i 

:tst 2nd 3rd 4th 5th 

5 5 4 3 2 1 
i} * 4 4 3 5 2 1 
~~ ~( 

3 3 4 5 2 1 

2 4 3 5 2 1 

iH* 
1 4 3 5 1 2 

Denotes that these muscles contracted practically simultaneously 

in the majority of experiments. 

~("~~ 

Note th~t in some cases when muscle block 1 is stimulated, muscle 

bl ocks 1 and 4 are seen to contmct first simultaneously$ follow-

ed in order by blocks 3 9 5 and 2. 

A second series of experiments were conducted in which nerve NDL 

(Plate 2 ,4) was severed from the ganglion, ligatured~ and stimu-

l a ted a t different frequencies and a r Gcord kept of the order of 

contraction of the fiv& muscle blocks. In ea ch case the 
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thresholds of contraction were also recorded. These results 

are tabulated in Table 2.2. 

TABLE 2.2. 

·-··.....--------, 
Stimulation j 
frequency/sec 

Sequence of contraction of the Muscle Blocks. 

! 
I 
I 

\ ·- -~ . ~- =·t- ... 2nd 
. - -;r- ---<·~ ~~· 

3rd 
' I 

··--- -~t_h_··· ·-·'---~-~~-- . ~ 
i~ 

3 ( 0.36 ) 
*i~ 

2 (0.41) 
r, 

4 (0.36) 
>:·* 

1 (0 .41) 
i~ 

5 ( o. 36) 3.25 

u '' ~-,\:. '(, i(. 

5 (0.31) 4 ( o. 31) 3 (0.35) 2 ( 0.45) 1
1 

•• ( 0.45) 6 .50 

i~ 

4'\o.36) * iH~ *'< (0.48) 3 ( 0 . 36) 5 ( o. 36) 2 (0.48) 1 20.0 

3~\ 0 . 36) 
i< {~ ~} ~{- tH< 

4 ( o. 36) 5 ( o. 36) 2 (0.48) 1 (0.48)J 32.0 

~~ i** 
and denotes practically simultaneous contraction. 

Note the figures in brackets are the thresholds for muscular con-

tra ction on stimulation of nerve NDL expressed in volts. 

From these two tabl es it is cl ear that muscle blocks 3, 4 and 

5 and muscle blocks 2 and 1 tend to contract together as function-

al units. From Table 2.2 it is evident that with stimulntion of 

nerve NDL muscle blocks 2 and 1 have a higher threshold than the 

other three and a possible explanati on of the results in Table 

2.1 is tha t when muscle blocks 2 or 1 are directly stimulated, 

the electrotonic spread through the haemolymph is sufficient to 

stimulate muscles 3, 4 and 5 which respond at a lower threshold. 

However, it may well be that when the electrodes are appl ied 

directly to the muscle blocks the nerves within the mus c l e bl ocks 

are themselves being s timulated, and that dromic or antidromic 

impulses stimulate the other blocks. So it may be that even 

with the electrodes placed directly on the muscle, the peripheral 

nerve fibre thresholds are being recorded which may bear little 

r el at ion to the thresholds for the muscl e fibres themselves . In 

all, however~ the data contained in thes e two tables imply that 
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there are probably two axons involved, the one supplying muscl e 

blocks 1 and 2 while the other s upplies muscle blocks 3, 4 and 

5. The significance of this i mplication will become apparent 

later. 

There is one result common to all the preparations which 

does not s eem to aid in any functiona l analys is but which is 

worthy of note. This is the phenomenon of maintained tetanus 

in the flight muscles which continues for s ome time after stimu-

lation of nerve N2 has ceased . Nerve N2 was ligatured and 

severed from the ganglion . Nerve Nl and nerve NW were also 

severed. After t he dorsal l ongitudinal musc l es had been stimu-

l ated into tetanus by high frequency s timulation of nerve N2 it 

was noted that tetanus was mainta ined for varying times after 

cessation of stimulation depending upon the ori ginal st imulation 

frequency. These results a r e pr esent ed in Table 2.3. 

TABLE 2.~. 

Fr equency of 
Stimulation 

1per second . 

Duration of tetanus mai ntenance after 
cessation of s t imulation . 

~0 2 - 3 seconds. 

90 4 - 5 seconds 

10 - 12 seconds 

l 
Approxima tely 30 s econds. 

; · -----------~~-----------------------------------------------

At al l frequencies, tetanus was maintained for five seconds 

after which stimulation was stopped, and throughout the experi-

ments the s timulus output from the stimulator was monitored on 

an osci lloscope and consequently the results cannot be accounted 

for by s ome defect i n t he stimulating apparatus . There would 

appear to be no immediate expl anation of these results. 

(b) Secondly, recordings made of the electrical activity 

of the flight muscl es during flight remain to be considered . 
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As I have already mentioned and as Pringle (1957) has 

emphasised, the flight muscles of insects fall into two distinct 

physiological categories - the more primitive condition in which 

there is a 1 g 1 relationship between the number of action poten­

tials recorded from the flight muscles Jnd the wing beat frequency~ 

and the physiologically more specialised insects in which the wing 

beat frequency exceeds the number of action potentials recorded; 

that is, the ratio is greater t han unity. The term s ynchronous 

flight has been used (McCann and Boettiger 1961, and others) for 

the former condition and asynchronous for the latter . 

Recordings from the dorsal longitudinal f light muscles of 

Nudaurelia, and the hawk moth Theretra capensi~, during flight 

and during warm-up, were made with the following results . 

Recording from Nudaureli£ during normal flight it was evi­

dent that flight was synchronous and that the moth flaps its wings 

at a frequency of about 10 per second. Surprisingly, however, 

there were found to be 4 - 7 action potentials per wing beat (see 

Trace 2.A ) ~ this situation , where there is more than one action 

potential per wing beat~ does not seem t o have been recorded for 

any other insect. Thus Roeder (1951) has recorded one action 

potential for each wing beat from the dorsal longitudinal flight 

muscles in Periplaneta and Agrotis. Baranowski (unpublished -

quoted in Pringle 1957) has also recorded a 1 : 1 relationship 

between muscle action and wing beat frequency in a s phingid. I 

have found there to be one action potential per wing beat in an 

unidentified Cicada. The r emote possibility exists that some 

of the act ion potentials seen on Trace 2.A might be related to 

the contraction of the direct wing muscles, the action poten­

tials being carried to the electrodes by electrotonic spread. 

This is unlikely for three r easons g-

( a) The electrodes were inserted directly into the dorsal 

longitudinal muscles and were about 3 - 4 mm. away from the 



108. 

nearest direct wing muscle. 

(b) The action potentials from the tergo-sternal muscles, 

which are much larger than the direct wing muscles and were in 

much closer proximity to the electrodes, appear as rather small 

potentials between the large action potentials from the dorsal 

longitudinal muscles (Trace 2.A). Thus it is improbable that 

action potentials from the direct muscles would be visible. 

(c) If in fact action potentials from the direct wing 

muscles were leaking through to the recording electrodes in 

Nudaurelia it cou~ be expected that there would be a similar 

effect when recording from the dorsal longitudinal muscles of 

the hawk moth . In the latter case there is clearly one action 

potential from the dorsal longitudinal muscles per wing beat and 

no indication of any ?Otentials from any of the direct wing 

muscles (Trace 2.8). 

It is possible that the s ignificance of the condition in 

Nudaureli~ where there are several action potentials pcr _wing 

beat may be related to the need for a powerful and yet even con­

traction throughout the "power" or downstroke of the wing beat. 

In other words with such l~rge broad wings it would seem function­

ally very inefficient and perhaps impossible to contract all five 

longitudinal muscle bundles simultaneously at the beginning of 

the downstroke. The rational procedure functiona lly would be 

to contract the muscle blocks in sequence through one downstroke 

and so maintain an even contraction during the s troke. Three 

lines of evidence may be considered in relation to this thesis. 

(i) It is evident f rom the results already recorded that, 

with artificial stimulation, the five dorsal longitudinal muscle 

blocks can and do contract independently of eac~ ?ther ~nd that 

muscles 1 and 2 which seem to be responsible for the last part 

of the downstroke have a higher threshold than the other mus cle 

bl ocks irrespective of whether they are stimulated directly or 

by way of nerve N2. However, it cannot be argued that because 
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0.1 SEC. 

TRACE 2.A. Oscillograph records from the dorsal longitudinal 

muscles of Nudaurelia recorded during normal tethered flight. 

The upper trace is the record of action potentials from the 

muscles 9 and the lower trace is a record of the thoracic dis-

tortion . The irregular portion of the lo·,.,er trace represents 

the duration of the downstroke 9 while the straight horizontal 

portion represents the downstroke. Note several action paten-

tials for ench downstroke and the pr esence of several, much 

smaller, action potentials during the upstroke. 
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0.1 SEC. 

TRACE 2.B. Oscillograph record from the dorsal longitudinal 

muscles of Theretra during normal flight, The upper trace 

is the record of the action potentials from the muscles and the 

lower trace is a record of the thoracic distortion. Note one 

action potential per wing beat stroke. 

I I 
0 0 

0.1 SEC. 

].RACE 2 .C. Oscillograph record from the dorsal longitudinal 

muscles of Nudaurelia during "weak" flight. Legend as for 

Trace 2.A except for the presence of only two action potentials 

per wing beat stroke . (See text for further explanation), 
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the nerve fibres have a high peripheral threshold, they also have 

a high central threshold. So there is no reason to believe that 

because the muscles contract independently and in a certain order, 

with peripheral stimulJtion~ that this is the program relayed to 

the muscles from the central nervous system during normal flight. 

In point of fact evidence presented later would seem to substanti­

ate this doubt. 

(ii) In emperor moths when the wings are beating strongly 

there are 5 - 7 action potentials per wing beat (Trace 2.A). How­

ever~ on some occasions the flapping becomes noticeably weaker and 

the arc travers ed during the beat is very much decreased . During 

this "weak" flight the wing beat frequency does not decrease but 

the numb2r of action potentials per wing beat is reduced from 5 

to 2 (see Trace 2.C). This would seem to suggest that only two 

muscle bundles are op..)rative during weak flight and that the power 

of the beat is increased when the other three muscles are activa­

ted , If thvn we believe that during the downstroke there is one 

action potential related to the contraction of each of the five 

muscle blocks, why are there ~n fact normally 7 action potentials 

per downstroke? The solution to this becomes clearer when muscle 

block 5 is examined more closely as it is to be seen that this 

muscle block is in fact divided up into three smaller parts (see 

Plate 2.3). Consequently i t could be expected that there would 

be 7 action potentials per wing beat and that there should be 

three small action potentials and four larger action potentials. 

This situation is not always apparent but is true for many of the 

recordings (see Trace 2 .D). However, at this point there is an 

important fl~w in the argument. If, as has been suggested up to 

now~ the muscle blocks were contracting in sequence from the dorsal 

side ventrally, the three small action potentials, in Trace 2.D~ 

should precede and not follow the four l arger action potentiuls. 

These traces seem to indicate therefore that the sequence of con­

traction of the muscle blocks during normal flight is ventra-
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' • 
0.1 SEC. 

Oscillograph record from the dorsal longitudi na l 

muscl es of Nudaurelia recorded during normal flight to show 

one of the traces in which it is possible t o see four l arge 

action potentials followed by three smaller acti on potentials 

(See text for explanation). 

see Trace 2. A. 

For the remainder of the legend 

0.1 SEC-

Oscillograph record from the dorsal longitudinal 

flight muscles of Theretra during " weak" flight. 

mainder of the legend s ee Trace 2.B . 

For the re-
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dorsal) and is further indication that the results obtained by 

peripheral stimulation and the actual central flight program are 

at vari ance. In any event there does appear to be an obvious 

explanation in mechanica l terms of the possible advantage of a 

sequential ventra-dorsal muscle contraction over a contraction 

in sequence dorso-ventral ly . In essence the dorsal l ongitudi-

nal flight muscles are required to buckle the tergum of the 

thorax dorsally and so produce the downstroke of the wing beat . 

By contracting the muscles in sequence vente-dorsally it is 

clear that the most ventral muscle~ which is the most distal 

from the tergum, will have the maximum leverage and be able to 

initiate the downstroke with the minimal effort . Once this 

inertia has been overcome it is easier for the more dorsal 

muscles to contract and increase the velocity of the downstroke. 

(iii) Further evidence in favour of t he theory tha t a con­

traction of each of five muscle blocks in sequence is a device 

to give extra power in conjuncti on with a smooth contraction is 

gained from i1 study of hawk moths. Hawk moths a ls o may dis-

play both norma l and weak flight. In this case, however, there 

is a decrease in wing beat frequency during weak flight and but 

one action potential per wing beat although its amplitude is 

smaller than the normal (see Trace 2.E). If a hawk moth i s mal­

treated in some way during norma l flight (the antennae are pinched 

or the abdomen squeezed) flight will ceas e temporarily and the 

animal gives a series of slow? extr emely powerful flaps which 

traverse an arc far l arger than that during normal f light and 

equa l to that of normal flight of Nudaurelia. Thi s phenomenon 

may be called "forced flapping11
• The frequency of forced flap­

ping is approximately 11 per second (very nearly equa l to normal 

flight frequency in the emperor moth) and during forced flapping 

several action potentials are recorded from the dorsal longitu-

dinal muscles for each downstroke. As normal flight is resumed 

the condi tion of one action potential per beat is restored - t his 
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point is illustrated in Traces 2 . F and 2.G. 

Finally it must be mentioned that attempts wer e made t o 

verify this hypothesis by recording from only one of the muscle 

bundles in ~aurelia in the hopes that only one action poten­

tial would be r ecorded and that it would be possible to relate 

this action potential to a particular phase of the cycle of the 

down beat. Unfortunately these attempts were unsuccessful i n 

all cases. Even when only the very tips of the electrodes were 

l eft ur.insulated several action potentials were recorded per wing 

beat. It seems likely that electrotoni c s pread accounts f or the 

failure of these experiments - it is known that when recordings 

are made from the dorsal longitudinal muscles the electrodes pick 

up pot entia ls from the dorso-ventral muscles although these 

muscles are relatively remote to the recording s ite (see Trace 2 .A)~ 

What of the action potentials recorded from the dorsal l ongi­

tudinal muscles, in these two species of moth during warm-up? 

Warm-up in both species is a very clearly defined phenomenon and 

very distinct from flight movements. "Warm-up" is a period during 

which the wings vibrate through an arc far less than that found 

during normal flight. The frequency of beat during warm-up in 

Nudaurelia is about twice that of free flight and the arc travers­

ed by the wing tips during warm-up 5 i.e. the amplitude of the 

stroke, i s very sma ll and usually only a few mm . During flight 

the distance traversed by the wi ng tips is at least 10 em. in 

Nudaurelia and about 3 em, in Theretra. This v1arm-up (which 

Pringle describes as being a period of "wing-whirring") may also 

occur between two periods of strong flight. Thus warm- up and 

flight movements are very easily distinguished and are never con­

fused with each other. During warm-up in the emperor moth the 

wings oscillate at a frequency of about twenty per second and 

t here are two action potenti.:~ls per wing beat ( see Trace 2 .H) . 

During •:~a rm-up in hawk moths the wings oscil l ate at about forty 
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f f 
0 .1 SEC. 

TRACE 2.F. Oscillograph record from the dorsal longitudinal 

muscles of Theretra showing normal flight action potentials 

(at either end of the record) interrupted by a series of action 

potentials from "forced flaps". 

0 .1 SEC. 

TRACE 2.G. Legend as for Trace 2 .F . 
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• 
0.1 SEC. 

TRACE 2 . H. Oscillograph record from the dorsal longitudinal 

muscles of Nudaurelia during "warm-up" showing the presence 

of two action potentials for each wurm-up "stroke". 

0 .1 SEC. 

TRACE 2. I. Oscillograph record from the dorsal longitudinal 

muscle of Theretra during "warm-up". Note the presence of 

one action potential for each warm-up stroke. The upper 

trace is the record of action potentials and the lower trace 

the record of the thoracic distortion. 
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beats per second and there is only one action potential per wing 

beat (Trace 2.I). 

Some of the dnta contained in this section are summarized in 

Table 2.4. The implications of these results are consiaered at 

greater l ength i n the discussion. 

TABLE 2d. 

beat~-~-Vi.~g-b~e-at_f_r_e---~~i-~n-po:-~n·~-~ 
quency per I tials per wing I 
I second. l beat. . 

~~~------~------------~----~--------------~----------------, 

Animal. Type of wing 

* Nudaurelia Normal flight 7 - 11 4 - 7 1 

Theretra Forced flapping 11 - 14 5 + 1 

Nudaurelia Weak flight 7 - 11 2 1 

Nudnurelia Warm-up 20 2 1 

Periplaneta Norma l flight 30 1 1 

Theretra Wn rm-up 37 1 1 

Theretra Wen k flight 32 - 44 1 1 

Theretra Normal flight 48 -55 1 1 
I l Diptern Normnl flight !More than 150 1 9 - 18 _ ... ______ ___ 

' 

.,~ 

Note. In very rare cas es there .nre as many as 8 or 9 action 

potentials per wing beat . No explanation can be offered. 

(See Trace 2.J). 

(iii) The Central Nervous Basis of W.nrm-Up in Nudaurelia. 

Until recently the coordination of f light in insects has 

been accounted for in terms of simple reflex controls (Weis - Fogh 

1956 and Pringle 1957). Wilson (1961) , however, presents evi -

dence to support the hypothesis that there is an innate flight 

pattern built into the centra l nervous system which, even in the 

absence of any sensory input 9 is sufficient to produce flight 

movements in the locust. Wilson points out t hat the central 

nervous program can , and is, modified by sensory feedback and 

that t he peripher al s ensory loops might themselves be sufficient 
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to produce flight movements~ but still he visualizes the central 

nervous flight program as being of primary importance . As far 

as is known the central nervous basis of "warm-up" in insects 

has never before been investigated and it seemed worthwhile to 

examine the phenomenon of ''warm-up'' in Nudaur~ in the light 

of ~Jils on's r esults. 

Warm-up is distinct from normal flight in t wo important 

respects - (a) the amplitude of the wing beat is very small, and 

(b) in some cases (in Nudaurelia at least but not in Theretra 

-See Table 2.4)~ the oscillation frequency of the wings is in-

creased. It seems likely therefore that the "warm-up" pro-

grams and flight programs from the central nervous system are 

different. From this the question arises as to whether the 

central "warm-up" program is a r eorganization of the normal 

flight program or whether there is a distinct centre responsible 

for the warm-up progrnm. Tho s ons ory aspects involved are not 

considered in this investigation. 

By reference to Plate 2 . 4 it is evident that the likely 

location for the "warm-up" centre mus t be either in the. pro­

thoracic ganglion or in the combined mesothoracic and meta­

thoracic ganglia (which will be referred to as the pterothora-

cic ganglion in future). If the warm-up centre is located in 

the pterothoracic ganglion the likely axonal pathways are through 

nerve N2 and nerve NDL to the longitudinal flight muscles and 

through nerve NDV and two other nerves, not illustrated in the 

diagram , to the dorso-ventral flight muscles. On the other 

hand the warm-up centre may be located in the prothoracic gangli on 

and the nervous pathways may either run through nerve Nl which 

joins nerve N2 and innervates the dorsal longitudinal muscles, 

or they may run from the prothoracic gang l ion through the inter­

ganglioni c connectives by way of nerve N2 to the dorsal longi tu-

dinal muscles. Also if the warm-up centre is located in the 
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prothoracic ganglion the dorso-ventral muscles must receive axons 

by way of the interganglionic connectives and the anterior portion 

of the pterothoracic ganglion. A more unlikely theory remains to 

be considered and that is that the warm-up centre may be located 

in the pterothoracic ganglion with axonal connectives passing 

through the interganglionic connective IGC to Nl and f rom there 

to the dorsal l ongitudinal muscles. In this case the dorso-

ventral muscles would be innervated directly through nerve NOV 

and others. 

The following observations and experiments indicate which of 

these alternatives is the more likely. 

Initially it was noted that if, during vivisection, the pro­

thoracic ganglion was touched wi th a dissecting instrument, the 

wing muscles could be made to shiver in a manner very simila r to 

warm-up. Touching the pterothoracic ganglion produced violent 

flapping. This suggested that the warm-up centre might be 

located in the prothoracic ganglion. Direct current stimulation 

of the prothoracic ganglion with the wing flapping freely (for 

details see 1~iateri2l and i•·tethods) ~ resulted in apparent v.erm-up 

which backs up the last observation. Direct current stimu-

l ation of the pterothoracic ganglion and more intense stimula­

tion of the prothoracic ganglion produces flapping but warm~up 

could not be induced by stimulation of the pterothoracic ganglion. 

Intens e stimulation of the pterothoracic ganglion r esults in 

tetanic contraction of both sets of wing muscles . The muscl es 

contract tetanically with the vnngs in the up or down position 

depending on the polarity of the stimulating electrodes . What 

determines whether the wings will f lap to the up or down position 

(as both dorsal longitudinal and tergo-sternal muscles seem to 

contract tetanically) i s not clear. 

The possibility that the warm-up centre may be located in 
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the prothoracic gangli on was verified in the following experiments 

in which certain nerves were severed and the effect on the dorsal 

l ongitudinal muscles, and on the movement of the wings, were noted . 

(a) In the almost hemisected preparation after warm-up has 

commenced severing the interganglionic connective IGC close to the 

prot hor acic ganglion i.e . nnterior to the point of entry of Nl, 

immediately stops warm-up . Flap9ing may still be induced by 

stimulating the pterothoracic ganglion although this flapping can­

not be maintained and appears to be Jess powerful than when the 

connectives are i ntact. This might imply t hat there is some 

sensory input entering the prothoracic ganglion (possibly from 

the head) which is modifying in some way the flight program in 

the pterothoracic ganglion. This is in accordance with Wi l son ' s 

(1961) observations where he shows that peri pheral sensory routes 

influence the central program patterning. 

initiated at a l l. 

Warm-up cannot be 

(b) Secondly cutt i ng nerve N2 does not prevent warm-up. 

This operation does, however ~ prevent any consistent flapping 

although occasional flaps are still possible~ presumably brought 

about by the dorso-ventral muscl es and occasional twitches from 

the dorsal longitudinal muscles. 

(c) Thirdly severing the interganglionic connectives at 

the level of the pterothoracic ganglion and cutting nerve N~: while 

nerve Nl was l eft intact had the effect of completely preventing 

any suggestion of flapping. vJarm-up was still possible, however, 

although somewhat weaker than normal and was probably due to the 

action of the dorsal longitudinal muscles . 

(d) Fourthly an experiment was conductvd in which nerve Nl 

was cut while the other nerves were left intact. As could be 

expected from t he previous experiments this did not affect flap­

ping s ignificantly. Weak warm•up was still possible although 

it was clear that the dorsal longitudinal muscles were not assist­

ing in this weak warm-up and that it was due to the dorso-ventral 
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musc l es. 

(e) Finally nerve Nl was severed in addition to the inter-

ganglionic connect ives close to the prothoracic ganglion and 

nerve N2 was left intact. After this operation warm-up could 

never be reintroduced but isolated flapping was still possible. 

The results of these experiments are tabulated in Table 2.5. 

TABLE 2 .5. 

OPERATION, 

Control - all nerves intact 
(for legend see Plato 2 , 4) 

ICiC «~ IV 1)1-

~----/-::=-•- 1 c,1 ~~~ c1 ~ ~-

·-~~1~--'--~~ 
Nl' ~Nl., 

(a) Interganglionic connec­
tives(IGC) anterior to 
Nl seve\r~. 

~/D. -------c: 
~~ 

(b) Nerve N2. severed. 

~---~ 
··-:;:sc:. ----·--..... ~ 
. - · -- ~ 

~~~ 
(c) Nerve N2 and inter­

ganglionic connectives 
severed . 

~~ 
.. '--~ 
(d) Nerve Nl severed. 

~ ====-= C.">~z 
'-~~ 

(e) Nerve Nl and inter­
ganglionic connectives 
severed. 

-~~ 
_:~~~~ 'S 
~· 

EFFECT. 

Normal. 
Moth can be made to warm-up 
and flap strongly for some 
time. 

Warm-up ceases and cannot be 
re-initiated. Weak isol ated 
flaps still possible . 

Warm-up still possible. 
Bursts of flapping prevented 
although singlG occasional 
flaps do occur • 

All flapping prevented. 
Warm-up not prevented but is 
weaker than normal only dorsal 
longitudinal muscles involved? 

Flapping apparently unaffected. 
Very weak warm-up shiver still 
possible involving the dorso­
ventral muscles and not the 
dorsal longitudinal muscles? 

Warm-up completely prevented. 
Isolated flapping still possible. 
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Experiments which were planned involving the severing of 

the nerves supplyi ng the dorso-ventral muscl es were l eft 

until l ast as practica l ly the experiments arc very diffi ­

cult. 1he adult population, however , died before any 

experiments were comp l eted. 

From the simple experiments summarised in Table 2.5 it is 

possi bl e t o come to s ome conclusions about t he l ocation of a 

"warm- up" centre in Nudaurelia. I "t can be stated with some cer-

tainty that the 11warm-up" centre is not located anterior to the 

prothoracic ganglion because decapit at i on does not prevent "warm­

up". This was confirmed in several anima l s . Secondly i f the 

interganglionic connectives are severed 5 anterior to nerve Nl , 

(operation (a) ) warm-up ceas es completely. This must mean that 

the warm- up centre is located i n the prothoracic and not in the 

pterothoracic ganglion . If nerve N2 is severed warm-up is un-

affected (operation ( b)). Where the interganglionic connec-

tives IGC are severed behind nerve Nl and nerve N2 is also cut, 

warm-up is impaired and apparently only involves the dorsal 

longitudinal muscles. Thus there s eems to be an axon from the 

warm-up centr e running via nerve Nl and supplying the dors a l 

longi tudina l muscles. Operation (d) shows the effect of sever­

ing nerve Nl ;·;hile l eaving the interganglionic connectives intact 

- warm-up is again impaired and in this case seems t o invol ve only 

the tergo-stcrnal musc l es. This suggests an axon running from 

the warm-up centre through t he interganglionic connectives t o the 

pterothorax and from there via nerves NOV to the tergo-sternal 

mus cles. I n the fina l exper iment (operation (e)) in which t he 

intergang l ionic connectives and nerve Nl are severed these sup­

positions are conf irmed as all warm-up is prevented. 

Thus it is visualized that axons from the prothoracic warm­

up "centr e" supply the dorsa l longitudina l muscles by way of 

nerve Nl and not via nerve N2, and that the dorso-ventral flight 
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muscles are innervated by axons from the warm-up centre via the 

interganglionic connectives and the mesothoracic ganglion. 

Lastly it is noteworthy that of the dorsal longitudinal 

muscles of Nudaurelia~ muscle blocks 1 and 2 seem to be the main 

muscles involved in producing warm-up. This cannot be stated 

finally as it is extremely difficult to see precisely which 

muscles are involved when the wings and the thorax are shivering 

violently during warm-up. This observation, if true~ solves one 

problem and poses another. If muscles 1 and 2 are the only 

longitudinal muscles involved in warm-up it would explain why 

there are only two action potentials per warm-up stroke (see 

Trace 2.H) . It is tempting to imply from this that muscles l 

and 2 are responsible for the onset of the downstroke and this 

would seem to substantiate the idea gained from Trace 2.D. In 

addition this might explain the differences in peripheral threshold 

between the muscle blocks 3, 4, 5 and 2~ l obtained with stimula­

tion of nerve NDL. What is peculiar~ however, is that Nuesch 

(quoted in Pringle 1957) shows, in his studies on Telea, that 

muscle blocks 1, 2, 3 and 4 are all innervated from the prothora­

cic ganglion via nerve Nl and it is hard to explain why, if the 

warm-up centre is in the prothorax, the muscle blocks 1 - 4 are 

not a ll involved in warm-up. But ther e is the possibility that 

Nudaurelia may differ, in details of innervation, from Telea . 

These results also cont ain implications about the location 

of a "flight centre" and the innervation of the dorsal longitu­

dinal muscles of Nudaurelia which will be considered in the dis-

cuss ion. 

DISCUSSION. 

Several workers (Cremer 1934, Tiegs 1955, Buchthal, Weis­

Fogh and Rosenfalck 1957, Pringle 1957) have commented on the 

fact that~ in insects that possess non-fibrillar flight muscle 
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action potential per wing beat, reflecting the contraction of one 

muscle bundle and not the whole dorsal longitudinal muscle. 

This simpl e hypothesis would account for the recorded wing 

beat frequencies of all those insects with non-fibrillar flight 

muscle and with ~ynchronous flight. It offers an alternative 

explanation to the suggestion forwarded by Buchthal, Weis-Fogh 

and Rosenfalck ( 1957). They point out that during flight in 

~istocerca there is an 8°C rise in temperature in the thorax 

(Sotavalta 1954 as quoted in Pringle 1957 has shown that warm-

ing up movements increase the thoracic temperatures of several 

insects). This increase in temperature has the effect of de-

creasing the twitch duration of..the muscles and th:Ls effective-

ly increases the frequency at which the muscles will go into 

clonus. Tnis explanation muy certainly hold for Schistocerca 

0 
but, Theretra can be i nduced to f ly at a temperature of ca. 17 C 

without preliminary warm-up. However, there was no way of 

estimating the wi ng beat frequency in these conditions as the 

animal was flying freely in the laboratory, and the frequency 

might well be far below that for the normal wing beat. 

It is also well known that the actual cuticle of the thorax 

has elastic properti es which affect the duration of the muscle 

twitch. To what extent this factor may offer a solution to the 

problem in Theretra is unknown. It must be emphasised that the 

achievements of the asynchronous very high frequency fliers fall 

into a completely different category and the problem of high fre-

quency wing beats in these cases has previously been adequately 

·explained . 

Suppose again that the theory of sequential contracti on of 

muscle blocks during the wing beat of Nuda~elia is acceptable, 

the problem arises as to the possible nervous mechanisms that 

would be required to contr ol these contractions. There are two 
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alternatives (i) It could be that the conduction time along the 

nerve NDL supplying the dorsal longitudinal muscles is sufficient­

slow to produce the required delay between the contraction of each 

of the muscle blocks. Measurements were made of the delay between 

each of the five muscle action potentials recorded from the dorsal 

longitudinal muscles of Nudaurelia during a downstroke and this de­

lay was found to vary between 9 and 13 milliseconds (average 11 

msec.) . The approximate distance across one of the dorsal longi ­

tudinal muscle blocks is 1. 3 mm. and thus, if this theory were to 

hold good, the conduction time along the nerve NDL would be 1.3 mm./ 

11 msec . orsin other words, 0.121 metres/sec. Pumphrey and Rawdon­

Smith (1937) and Roeder (1948) report conductionvelocities of 6- 7 

metres/sec. in Periplaneta abdominal nerve cord giant axons, and 

velocities of 2 - 3 metres/sec. in the cereal nerve of the same 

animal. There is no other information on conduction velocities 

in insect nerves but these data are sufficient to indicate that 

the conduction velocities along nerve NDL would have to be absurdly 

low if they were to account for the delay between the contractions 

of the muscle blocks. This alternative is thus ruled out. (ii) 

The second alternative would be in t er ms of a central nervous 

11 Centre" or "centres11 bringing about the sequential contraction of 

the muscle blocks . In this case what evidence i s there about the 

location and functioning of the flight centre and the innervation 

of the dorsal longitudinal muscles from the flight centre in 

J::h!.Q au r e li ,a? Firstly it is evident, in Nudaurelia, that the pro-

thoracic ganglion is concerned in some way with the production of 

flight movements. If the interganglionic connectives bet ween 

the pterothorax and prothorax are severed flight movements are 

very seriously impaired and the animal is only able to produce 

isolated flaps. Wilson (1961) reports tha t in isolated cases 

Schistocerca is able to beat its wings strongly when the ner vous 

connectives anterior to the pterothorax are severed. Chadwick 

( 1953), however~ reports that Periplaneta is unable to beat its 
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wings if the interganglionic connectives are cut just posterior 

to the prothoracic ganglion. This suggests in Nudaurelia and 

~riplaneta , at least 5 that a flight centre is located in the 

prothoracic gangl i on and in additon Wilson does state that 11 The 

main flight control pattern in Schistocerco is established in the 

pterothorax with possibly some necessity for the prothoracic 

ganglion". 

Further 5 the fact that ~~ is able to produce iso­

lated flaps when the prothoracic ganglion is severed from the 

pterothoracic ganglion supports the idea that there might be a 

second flight centre located in the pterothorax. The results 

of peripheral stimulation of nerve NDL to the dors a l longitudi­

nal muscJos of Nudaurelia, have suggested that the muscl e blocks 

1 and 2 are separately innervated from muscle blocks 3, 4 and 5 ; 

muscle blocks 1 and 2 are innervated via nerve Nl from the pr o­

thoracic ganglion - muscle blocks 3, -4 and 5 receive innervation 

from a centre in the pterothoracic ganglion. It i s satis-

factory to note that Nuesch (in Pringle 1957) has r ecorded a 

neural connection between the prothoracic ganglion and the dorsal 

l ongitudinal muscles by way of nerve Nl, a nd from the pterothora­

cic ganglion via nerve NDL to the dorsal longitudinal muscles. 

From this a tentntivc account of the flight centres in 

Nudaurelia can be put forward. There is a prothoracic pacemaker 

or cent re which innervates and initiates contraction in muscle 

blocks 1 and 2 at the beginning of the downstroke. The pro-

thoracic centre also re l ays to the pterothoracic flight centre 

via the interganglionic connectives and the latter centre is then 

respons i ble for activating musc l e blocks 3 , 4 a nd 5 in sequence 

to compl ete t he downs t roke. 

The situation as far as the tergo-sterna l muscles i s con­

cerned is obscure but presumably they ar e also controlred by one 
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centre in the prothoracic ganglion and another in the pterothoracic 

ganglion. 

Finally (a) it is evident that if the sequential contraction 

of the five muscle blocks is the result of a central nervous pro­

gramming of pattern from tho centres~ it should follow that there 

would be some cor1sistency in the pattern and amplitudes of the 

spikes rocorded from the dorsal longitudinal muscles during flight . 

On the contrary~ however~ the patterns and amplitudes of the spikes 

recorded from ~aurelia and Theretra during flight (Traces 2.A and 

2.8) do not show any consistency. (b) Secondly the evidence pre-

sented suggests that there are only two axons involved in the 

innervation of the dorsal longitudinal muscles of ~daurelia and 

this number of axons would be quite inadequate to bring about the 

sequential contractions of five muscle blocks in response to a 

complex program from the central nervous system. 

These facts 9 then, cast serious doubts on any theory in 

favour of a sequential contraction of muscle blocks~ and conse­

quently another more plausible theory r emains to be advanced to 

account for the presonce of soveral action potentials por wing 

beat recorded from NudaureliQ . 

It seems likely thct the flight centres in the centr a l ner­

vous system ar e emitting volleys of pulses associated with each 

wing beat. The frequencies of the pulses within the volley are 

rapid enough (ca. 100 per second) to tetanize the dorsal longitu­

dinal muscles and thus it is possible t o imagine that the volley 

of impulses is concerned with maintaining a tetanus for the whole 

duration of the downstroke . In ~daurelia the duration of the 

stroke is particularly long and might well necessitate a whole 

volley of pulses to maintain tetanus throughout the stroke. In 

forms such as Theretra the duration of the stroke i s so short 

that one single nerve spike will activate the dorsal longitudinal 

muscles for a sufficient l ength of time. Poss ibly the phenomenon 
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of weak flight in Nudaurelia~ where there are only t wo or three 

action potentials per v:ing beat, could be explained in terms of 

this hypothesis ~ the reduced number of action potentials pro-

ducing a less powerful and shorter tetanic contraction. By the 

same token the large number of spikes occasionally recorded from 

the muscles are explained as being longer volleys of pulses de­

signed perhaps to enhance the strength of the downstroke. I n 

any event it is clear that the number 0f pulses in the volley 

would not necessarily need to be very critica l as a volley of 

from 5 - 9 pulses would in a ll likelihood produce equivalent rc-

sponses from the dorsal l"ongitudinal muscles. 

Thus it is visualized that the flight centres of Nudourelia 

~~ ) are different~ those of Theretra~ and the other insects with 

synchronous flight, in emitting volleys of pu~es for each wing 

s troke, a situation which is probably associated with the excep-

tionally long duration and power of the wing beat stroke in the 

emperor moths. 
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SUMIMRY. 

1. Insects with a high wing beat frequency have been extensively 

studied; in this investigation the characteristics of the flight 

motor in a saturniid moth, Nudaurelia cytherea capensi§ Stoll, 

which has an extremely low wing beat frequency have been investi­

gated. 

2. The anatomy and innervation of the dorsal longitudinal flight 

muscles of this moth have been described. 

3. A critical discussion of Tiegs 's (1955) account of the histo­

logical appearance of insect flight muscles, and their classifica-

tion into histological categories~ is included. It is concluded 

after an investigation into the histological appearance of the 

flight muscles of Nudaurelia that these muscles are of the "'close 

packed" type but are atypical in containing fibrils of unusually 

large size. 

4. Two aspects of the neuromuscular physiology of the flight 

motor in this insect have been considered. 

5. Electrical recording from the dors a l longitudinal flight 

muscles during normal flight have revealed that Nudaurelia is 

unique among insects studied to date~ in having several action 

potentials associa ted with each wing stroke. It is suggested 

that this situation is related to the need for a powerful and 

prolonged contraction throughout the "power" or downstroke of 

the wing beat. 

(i) It is suggested that the several muscle action poten­

tials recorded from the dorsal longitudina l muscles during one 

stroke might be a reflection of a sequential contraction of the 

five dorsal longitudinal muscle blocks. Several lines of evi­

dence are presented which support this idea. 

(ii) The implications of this suggestion are considered 
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in relation to those insects with a high stroke frequency in 

which only a single action potential is recorded from the flight 

muscles for each wing stroke. An example of this is given by 

the sphingid moth Iheret~ capensis which has been briefly studied. 

(iii) It was concluded that the idea of a sequential contrac­

tion of muscle blocks of Nudaurelia is unacceptable and an alterna-

tive and more likely interpretation proposed. The latter visualiz-

es the central nervous system emitting volleys of impulses which 

maintain a tetanus for the duration of one wing stroke. 

6. The phenomenon of warm-up in Nudaurelia is studied. 

(i) The warm-up period is described and recordings made 

from the dorsal longitudinal muscles during this period are dis­

cussed. 

(ii) Experiments are d escribed which suggest the presence 

of a "warm-up centre" located in the p:;:-othoracic ganglion of the 

central nervous system. The probable innervation pathways to 

the flight muscles fr om this warm-up centre are described. 

( iii) The results . of these experiments also carry implica­

tions about the l ocation of two postulated "flight centres 11 in 

the central nervous system. Thes e implications are discussed. 
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