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GENERAL INTRODUCTION 

Most of the l i t e r a t u r e i n the f i e l d of neuromuscular 
tra n s m i s s i o n p e r t a i n s to work upon the vertebrates and 
Crustacea. However, the assumption that i n t e r p r e a t i o n s 
obtained from v e r t e b r a t e s or even the crustacea can be 
d i r e c t l y t r a n s f e r r e d to i n s e c t s i s immediately d i s p e l l e d 
on examination of the anatomy of the i n s e c t neuromuscular 
apparatus. 

Vertebrate muscles are composed of many thousands of 

f i b r e s , innervated by many hundreds of motor axons, which 

form p h y s i o l o g i c a l u n i t s , the motor u n i t s , w i t h i n the muscle 

i t s e l f . The motor end-plates of vertebrates are of a very 

complex s t r u c t u r e (Couteaux, 1955; Birks,Huxley and Kata 

1960; Cole, 1955) and u s u a l l y there i s only one end-plate 

per f a s t e x t r a f u s a l muscle f i b r e , or i f more than one, they 

are s t i l l few i n number, occupying d i s t i n c t regions of the 

muscle f i b r e , u s u a l l y a t opposite ends (Alnaes,Jansen, and 

Rudjord, 1 9 6 4 ) . 

On the other hand, the muscles of i n s e c t s are composed 

of s m a l l e r numbers of f i b r e s , innervated by r e l a t i v e l y few 

motor axons. Many i n s e c t muscle f i b r e s , however, do have 

the a b i l i t y to produce d i f f e r e n t e l e c t r i c a l responses under 

the i n f l u e n c e of d i f f e r e n t i n n e r v a t i n g axons (Pringle , 1 9 3 9 ; 
UHIVEB 

^0 SEP WW 
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Hoyle,1957b; Wood,1958). Th i s i s made p o s s i b l e s i n c e i n s e c t 
muscle f i b r e s are u s u a l l y innervated by more than one axon 
of more than one kind,a phenomenon known as polyneuronal 
i n n e r v a t i o n . T h i s l a t t e r f e a t u r e i s t y p i c a l of a l l the 
arthropods so f a r examined. The commonest number of motor 
axons i n n e r v a t i n g a s i n g l e i n s e c t muscle f i b r e i s two. These 
axons were designated ' f a s t ' and 'slow' by P r i n g l e ( 1 9 3 9 ) , 
depending on the time course c h a r a c t e r i s t i c s of the responses 
they i n i t i a t e d . 

I t would thus appear that the neuromuscular systems of 

i n s e c t s are much simpler i n s t r u c t u r e than those of vertebrates. 

I n i n s e c t s , t h e c e n t r a l nervous system i s much more d i f f u s e than 

i s the case i n vertebrates,being present outside the i n s e c t 

head i n the form of segmentally arranged nerve g a n g l i a , t h i s 

being consequent upon the segmental arrangement of the whole 

i n s e c t body. The i n s e c t b r a i n i s l e s s dominant than i s the 

v e r t e b r a t e brain,each ganglion being responsible for muscle 

c o n t r o l i n the segment i t innervates. P e r i p h e r a l control i s 

thus of some importance i n i n s e c t locomotion. This feature of 

p e r i p h e r a l c o n t r o l allows s t u d i e s to be c a r r i e d out on f a i r l y 

i s o l a t e d preparations,such as a complete segment,hence minim­

i s i n g the modifying i n f l u e n c e of the r e s t of the body, 

iathough i n s e c t s can provide e x c e l l e n t preparations for the 
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study of neuromuscular mechanisms, such s t u d i e s l a g f a r 
behind those of crus t a c e a and the v e r t e b r a t e s . 

Hoyle (1957a) has pointed out that advances i n p h y s i o l o g i c a l 

technique have s e t new standards f o r research i n t h i s f i e l d . He 

l i s t s the p r i n c i p l e s required f o r an i d e a l programme of research 

a s : -

1. The nature of the muscle under i n v e s t i g a t i o n should 

be known, along with i t s innervation and end-plate 

d i s t r i b u t i o n , 

2. The i n d i v i d u a l axons in n e r v a t i n g the muscle should be 

stimu l a t e d s e p a r a t e l y . 

3 . Recordings of e l e c t r i c a l phenomena should be made 

wit h i n t r a c e l l u l a r electrodes from s i n g l e muscle 

f i b r e s . 

I n a d d i t i o n to the above points (which are here considered 

v a l i d ) , i t i s important that a chemical i n v e s t i g a t i o n of the 

haemolyraph be c a r r i e d out as p a r t of the work. Not only does 

t h i s enable accurate a r t i f i c i a l s a l i n e s to be constructed f o r 

experimental use, i t also i n d i c a t e s the ions which are most 

l i k e l y to be charge c a r r i e r s i n t h a t p a r t i c u l a r system f o r 

the generation of membrane p o t e n t i a l s . 

The i o n i c hypothesis, given i t s c l a s s i c a l statement by 

Hodgkin, 1951, attempts to expla i n the e l e c t r i c a l a c t i v i t y 

of e x c i t a b l e t i s s u e s i n terms of the d i s t r i b u t i o n and a c t i o n 

o f ions present i n the t i s s u e s , and l a y s great s t r e s s on the 

quantity and r e l a t i v e abundance of the main cations i n blood. 
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Apart from sodium and potassium with t h e i r known e f f e c t s upon 
the a c t i o n and r e s t i n g p o t e n t i a l s , magnesium and calcium are 
a l s o important. Magnesium has been foxind to have a depressant 
a c t i o n upon neuromuscular transmission i n vertebra.tes ( d e l 
C a s t i l l o and Engback, 1954) while calcium has been found p a r t l y 
to antagonise the e f f e c t s of high magnesium, and a l s o to i n c r e a s e 
the a c t i o n p o t e n t i a l amplitude and rate of r i s e . Any i n v e s t ­
i g a t i o n i n t o the processes of neuromuscular transmission should 
thus be i n t e r p r e t e d i n the l i g h t of our knowledge of the i o n i c 
balance i n the animal's blood. I t i s from t h i s viewpoint that 
herbivorous i n s e c t s assume a p o s i t i o n of great importance. I n 
herbivorous i n s e c t s the blood ions are very d i f f e r e n t from those 
i n most animals so f a r s t u d i e d , and t h e i r physiology may w e l l 
be d i f f e r e n t a l s o . 

R e c e ntly, a c e r t a i n volume of evidence has been published 

which i s not e a s i l y r e c o n c i l e d with the i o n i c hypothesis. 

E a r l i e r misgivings over the i o n i c hypothesis were mainly based 

upon the observations of F a l k and Gerard (1954) and Grundfest, 

Kao and Altarairano (1954) who performed potassium i n j e c t i o n 

experiments, i n which i n c r e a s e i n i n t e r n a l pot&ssium was found 

to have no e f f e c t on r e s t i n g p o t e n t i a l i n frog muscle. The 

observation of Tobias (1950) i n which frog muscles were 

depleted of t h e i r i n t e r n a l i o n s , but were found to r e t a i n a 

s i g n i f i c a n t portion of t h e i r r e s t i n g p o t e n t i a l a l s o c a s t doubts 

on the c l a s s i c a l i o n i c theory. The more recent evidence i n 



c o n f l i c t with the c l a s s i c a l i o n i c hypothesis i s mainly 

based upon s t u d i e s of the exact i o n i c gradients across 

e x c i t a b l e t i s s u e s , evaulated by means,of i n t r a c e l l u l a r 

i o n i c a n a l y s i s . When examined c l o s e l y , i o n i c gradiarts 

i n s e v e r a l animals have been found to d i f f e r quite 

markedly from t h e i i d e a l s t a t e proposed i n the i o n i c 

hypothesis. The evidence of Belton and Grundf6st (1962 

a,b). Wood ( 1 9 6 3 , 1 9 6 5 ) , and Keynes (1962) bearing upon 

i o n i c gradients and r e l a t e d membrane p o t e n t i a l s w i l l be 

di s c u s s e d i n d e t a i l i n s e c t i o n I I I where they bear c l o s e l y 

on the s u b j e c t matter under d i s c u s s i o n . I n general, a l l 

these i n v e s t i g a t o r s have found d i s c r e p a n c i e s between 

membrane potentials measured by means of i n t r a c e l l u l a r 

e l e c t r o d e s . 

These f i n d i n g s serve to underline the importance, 

not only of knowing the concentration of ions i n the 

blood, but also the i n t r a c e l l u l a r i o n s , so that i o n 

d i s t r i b u t i o n r a t i o s can be c a l c u l a t e d . So f a r there 

have been few i n v e s t i g a t i o n s of i n s e c t neuromuscular 

mechanisms, and only one (Wood, 1957b,195B) based upon 

a herbivorous i n s e c t . I t i s the aim of t h i s present 

t h e s i s to examine the neuromuscular mechanisms of an advanced 

herbivorous i n s e c t order, the Lepidoptera. The r e s u l t s 

have f a l l e n g e n e r a l l y into three s e c t i o n s . I n the f i r s t 

s e c t i o n the anatomy of the myoneural apparatus i s 

considered, along with h i s t o l o g i c a l s t u d i e s of the 
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t h o r a c i c nerve ganglion, the c r u r a l nerve, and the f l e x o r 
t i b i a l i s muscle, from which most of the records of 
e l e c t r i c a l a c t i v i t y are taken. I n s e c t i o n I I , the 
recording of the normal e l e c t r i c a l and mechanical muscle 
responses from s i n g l e muscle c e l l s i s considered. I n 
s e c t i o n I I I , analyses of the lepidopteran haemolymph 
and myoplasm are di s c u s s e d . The e f f e c t s of c e r t a i n ions 
on muscle membrane p o t e n t i a l s are a l s o i n v e s t i g a t e d and 
d i s c u s s e d i n r e l a t i o n to the i o n i c gradients i n muscle. 
T h i s s e c t i o n i s concluded with an i n v e s t i g a t i o n into the 
r o l e which muscle c e l l metabolism plays i n maintaining 
membrane p o t e n t i a l s . 



SECTION I 

THE ANATOMY AND HISTOLOGY OF THE 

NSUROMUSCUUR SYSTEM IN LEFIDOPTERA. 

INTRODUCTION 

The l i t e r a t u r e on the anatomy and histology of the 

Lepidoptera i s very .scanty indeed. The anatomy of the 

t h o r a c i c nerves i n Sphinx l i g u s t r i has been d e a l t with 

by Newport ( 1 ^ 3 2 ) , but t h i s author l i m i t e d himself to 

the l a r v a l and pupal s t a g e s . I n ad d i t i o n , the drawings 

are sketchy and the l e g nerves are not r e a l l y considered. 

Newport r e f e r s to e a r l i e r work by Heroldt upon P i e r i s 

b r a s s i c a e but gives no p u b l i c a t i o n r e f e r e n c e s . Two 

rec e n t papers by S h a r p l i n (1 9 6 3 a ,b), concerned with wing 

base s t r u c t u r e i n Lepidoptera, cover to a c e r t a i n extent 

the anatomy of the t e r g a l p l a t e s and some of the muscles 

which operate them. A recent paper by Heywood ( 1 9 6 5 ) , 

has covered the development and fus i o n of the c e n t r a l 

nervous system i n P i e r i s b r a s s i c a e , but otherwise there 

i s no recent p u b l i c a t i o n on lepidopteran myoneural anatomy. 

I t was i n i t i a l l y intended to centre t h i s i n v e s t i g a t i o n 

upon a s i n g l e s p e c i e s . Sphinx l i g u s t r K L . ) . but owing to 

the r a t h e r b r i e f period i n the adult stage ( A p r i l to l a t e 

J u l y ) , the work was extended to include Bombyx m o r i ( L . ) . 

T e l e a polyphemus(Cr.). and A c t i a s selene(Huebner). which 

have adu l t stages s l i g h t l y overlapping each other. As 
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a r e s u l t , a d u l t s were a v a i l a b l e f o r experiment from 

March to l a t e September. A l l species were obtained 

i n the pupal stage. During the f i r s t experimental 

year a c e r t a i n amount of d i f f i c u l t y was experienced 

over emergence from the pupae, e s p e c i a l l y i n Sphinx 

l i g u s t r i . I n t h i s s p e c i e s the diapause i s f a i r l y 

lengthy, l a s t i n g from e a r l y autumn u n t i l the following 

s p r i n g . Because of the lengthy diapause, death due to 

n a t u r a l causes such as b a c t e r i a l and fungal attack was 

f a i r l y high. I n a d d i t i o n to t h i s , there was a la r g e 

pupal m o r t a l i t y almost c e r t a i n l y due to d e s i c c a t i o n 

and f a i l u r e to complete diapause through c u l t u r i n g the 

pupae i n unnatural temperatures. The second experimental 

year was much more s u c c e s s f u l as f a r as pupal emergence 

was concerned. By means of a d j u s t i n g the humidity and 

temperature of the c u l t u r e i t was p o s s i b l e to reduce 

pupal m o r t a l i t y i n a l l sp e c i e s examined to about 10^. 

The work involved i n t h i s s e c t i o n of the i n v e s t ­

i g a t i o n has f a l l e n roughly i n t o two p a r t s , study of the 

n e u r a l s t r u c t u r e and study of the muscle organisation i n 

the l e g . The i n v e s t i g a t i o n of the nervous system has 

involv e d study of the metathoracic ganglion, with i t s 

i n t e r n a l s t r u c t u r e and e x t e r n a l nerve d i s t r i b u t i o n , 

the c r u r a l nerve with i t s axon complement, and the end-

p l a t e s upon the muscle f i b r e s . The second part of the 

work has inv o l v e d a study of the muscle s t r u c t u r e i n the 



femur and the r e l a t i o n of the s t r u c t u r e to the mechanical 

e f f i c i e n c y i n the operation of the l e g ; I n some cases 

where l a r g e numbers of routine r e s t i n g p o t e n t i a l recordings 

were taken, followed by muscle e x c i s i o n f o r ion analysis,, 

the d o r s o / v e n t r a l f l i g h t muscle preparation was employed, 

owing to i t s l a r g e s i z e and remarkably p a r a l l e l f i b r e 

arrangement. T h i s s e c t i o n thus contains a d e s c r i p t i o n 

of the anatomy of t h i s p r e p a r a t i o n . 

The innctFvation of I n s e c t muscle. 

I n order to evaluate a c c u r a t e l y the electrophys-

i o l o g i c a l r e s u l t s obtained from muscle, i t i s important 

t h a t the number of motor axons supplying the muscle be 

known, and i n p a r t i c u l a r the number of motor axons supplying 

the i n d i v i d u a l motor end-plates on the muscle f i b r e s . 

Much a t t e n t i o n has been paid to the former, and a great 

deal of information has been provided by a number of 

authors. The p i c t u r e that emerges i s that i n s e c t muscles, 

i n c o n t r a s t to the condition found i n v e r t e b r a t e s , are 

innervated by r e l a t i v e l y few motor axons. From s i n g l e 

up to m u l t i p l e motor axon in n e r v a t i o n of i n d i v i d u a l muscles 

has been reported. The sound muscle of Cicada has s i n g l e 

motor axon i n n e r v a t i o n (Hagiwara, 1953) although double 

motor axon in n e r v a t i o n seems to be most common i n the 

i n s e c t s (Hoyle, 1957a). T r i p l e motor axon innervation 
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has been reported i n Locusta (Hoyle, 1955b), and 
Hydrophilus (Montalenti, 1 9 2 8 ) . I n n e r v a t i o n by four 
or more motor axons has been reported i n s e v e r a l cases, 
mainly i n a s s o c i a t i o n with the f l e x o r t i b i a l i s muscle, 
p a r t i c u l a r l y so i n S c h i s t o c e r c a (Hoyle, 1957a) and 
Romalea ( R i p l e y , 1 9 5 4 ) . Wood (1958) found that i n d i v i d u a l 
u n i t s of the f l e x o r t i b i a l i s muscle i n Carausius morosus 
were d u a l l y innervated each probably by a separate p a i r 
of axons and i t i s po s s i b l e that t h i s i s the case i n 
other i n s e c t s . I t i s not of fundamental s i g n i f i c a n c e exactly 
how many axons supply a muscle as a whole, the important 
point being the number of motor axons which terminate a t 
the end point of the neural system, the i n d i v i d u a l motor 
end-plates. As y e t there i s no evidence of multiple motor 
axon i n n e r v a t i o n of s i n g l e end-plates. On the contrary, 
most of the evidence points to inn e r v a t i o n of end-plates 
by two axons (Hoyle, 1955b,1957a; Wood, 1957b) . This 
i m p l i e s that when there are 3 or more axons to a muscle, 
not a l l f i b r e s r e c e i v e the same kind of in n e r v a t i o n . 

There i s evidence that c a r e f u l l y graded i n c r e a s e s i n 

s t i m u l a t i o n i n t e n s i t y ^ produce a step-wise i n c r e a s e m 

te n s i o n . The tension i n c r e a s e s have only been measured 

over the whole muscle, hence i t i s not necessary to postulate 

t h a t each muscle f i b r e or u n i t * (where present) i s innervated 

by many motor axons. Such.tension i n c r e a s e s could be 

brought about by varying the number of muscle f i b r e s or 
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u n i t s i n operation by a process of recruitment i n a manner 
analagous t o the vertebrate motor u n i t mechanism. 

Such an explanation i s complicated however, due t o the 
property possessed by i n s e c t muscle f i b r e s of responding 
d i f f e r e n t l y to separate i n n e r v a t i n g axons (see Section I I ) . 
'Slow' axons are characterised by the production i n the 
muscle f i b r e of slow, r e a d i l y f a c i l i t a t i n g responses, 
concerned mainly i n maintairiance of tonus and sustained 
c o n t r a c t i o n s . 'Fast' axons produce f a s t , n o n - f a c i l i t a t i n g 
responses i n the muscle f i b r e s and are responsible f o r 
most of the r a p i d body responses. Several f a s t axons may 
supply a muscle as a whole, but any i n d i v i d u a l u n i t or 
f i b r e tiaed only be supplied by one of these axons. 
Evidence i s presented l a t e r i n t h i s section to show t h a t 
only two axons innervate the motor end-plates i n the 
Lepidoptera, even i n f i b r e s where both f a s t and slow 
responses are present. This i s evidence t h a t a t l e a s t 
only one f a s t axon i s necessary i n some, i f not a l l f i b r e s 
i n the f l e x o r t i b i a l i s muscle, even though the muscle as 
a whole receives probably three f a s t motor axons, A 
h i s t o l o g i c a l study of the i n n e r v a t i o n of the f l e x o r 
t i b i a l i s muscle down t o the end-plates by means of s e r i a l 
sections and muscle squash techniques i s thus important 
i n h e l p i n g t o solve the confusion about i n n e r v a t i o n i n 
such polyneuronally innervated muscles. 



12 
Motor nerve endings 

Although much l i t e r a t u r e e x i s t s upon the t o p i c 

of motor nerve endings, there seems l i t t l e i n the way of 

concrete h i s t o l o g i c a l observation. The most important 

f a c t s we need t o know about motor nerve endings are 

t h e i r shape and s t r u c t u r e , t h e i r s i z e , and the distance 

between them. Nerve endings are very d i f f i c u l t t o distinguish 

from other s t r u c t u r e s on the surface of in s e c t muscle 

f i b r e s , and most m e t a l l i c deposit methods of s t a i n i n g 

a f f e c t t o some extent these other s t r u c t u r e s , i n p a r t i c u l a r 

the dense t r a c h e o l o r network i n insect muscle. S i l v e r tends 

to deposit upon nerve endings, the muscle fiinres themselves, 

and the tracheae, but gold usually s t a i n s the nerve 

endings and the muscle f i b r e s only. I n f o r m a t i o n upon 

distance between end-plates i s f a i r l y complete. Foettinger 

(1880), working upon Hfdrophiikus and Chrysomela found 

endings along the muscle f i b r e s about every lOOyU, , and 

^ Hoyle (1955b) found entngs every 60Ji on the muscle f i b r e s 

^ of Locusta, Marcu (1929) observed nerve endings every BOJJ^ 

\h i n Geotrupes muscle and every 5 0 ^ i n the muscles of Musca, 

^ >iwK cind Weiant observed iiQerve endings i n Periplaneta muscle 
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every AOyU. (Unpublished, quoted i n Roeder, 1953) while 
Wood found end-plates every 60/il i n Garausius muscle, 
Morrison (192?) however, working on Apis. and Tiegs 
(1955) working on Erythroneura claimed to observe only 
one end-plate per f i b r e . The l a t t e r two authors seem 
to be the only i n v e s t i g a t o r s to claim s i n g l e p o i n t 
i n n e r v a t i o n i n i n s e c t muscle. I t would %ppear t h a t the 
ins e c t s i n general, l i k e the Crustacea, have m u l t i t e n n i n a l 
i n n e r v a t i o n . 

The morphology of the motor nerve ending has also 

received much a t t e n t i o n . Two main types of ending have 

been described, the Doy^re-cone type and the f i l i f o n n type. 

Morrison (1927) working on Apis. Mangold (1905) working on 

Dytiscus. Hoyle (1957a) working on Locusta, Edwards,Ruska 

and De Harven (195Sa,b) working on Vespula and Cicada, and 

Wood (1957a) working on Carausius a l l describe motor nerve 

endings of the Doyer«-cone type. Marcu (1929) working on 

Geotrupes. Mo n t a l e n t i (1928) working on Dytiscus, and 

H i l t o n (1925) working on Dendroides a l l claim f i l i f o r m 

endings. I n a d d i t i o n both H i l t o n and Marcu claim t h a t 

the nerve endings they observed penetrated the substance 
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of the muscle f i b r e , a cl a i m made also by Teigs (1955). 
The claim t h a t the nerve endings penetrate the muscle 
f i b r e s seems very u n l i k e l y on p h y s i o l o g i c a l grounds, 
since as Katz (1949) has pointed out, the very high 
potassium content of the rayoplasm would very q u i c k l y 
depolarise the unprotected axon terminals permanently, 
preventing neuromuscular transmission. 

I n s e c t muscle i s however, pervaded w i t h a dense 
network of tracheae which do have very obvious f i l i f o r m 
endings, majny of which can be seen to penetrate the 
muscle f i b r e s , and i t i s possible t h a t some e a r l i e r 
authors may have confused these t r a c h e a l endings w i t h 
nerve endings, e s p e c i a l l y i f s i l v e r s t a i n s had been 
employed. This i s very probably the case where endings 
have been described as f i l i f o r m and also penetrating the 
muscle f i b r e s . This l a t t e r argument would seem t o make 
the whole case i n favour of f i l i f o r m endings rather 
dubious, i n insects a t l e a s t . 

The most complete d e s c r i p t i o n so f a r given o f i n s e c t 
motor end-plates i s the e i c t r o n microscope study by 
Edwards e t a l (1958a,b) upon the femoral muscles of 
Vespula and the f l i g h t and tymbal muscles of Cicada. 
The end-plate i n these i n s e c t s i s seen to be of the 
Doyer4-cone type, and i n many ways i s as complex as the 
v e r t e b r a t e end-plate (Birks,Huxley, and Katz, 1960), 
being composed of a t h i c k basement membrane lemnoblast, 
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w i t h axon, f o l d e d mesaxon,nuclei,mitochondria, and 
neuro-filaments i n s i d e the axon i t s e l f . I t d i f f e r s from 
-the v e r t e b r a t e c o n d i t i o n i n not possessing a secondary 
synaptic c l e f t . The end-plate i s f i t t e d i n t o a wedge 
shaped groove on the muscle f i b r e surface, being overfolded 
by the basement membrane of the lemnoblast and the tra c h e a l 
membrane. At the end-plate, the- plasma membranes of the 
axon and the muscle f i b r e are only 12jiyapart. At t h i s 
p o i n t the axoplasm contains numerous synaptic v e s i c l e s . 
The mitochondria of the muscle f i b r e are str o n g l y concentrated 
and o r i e n t a t e d towards the region of the axon t e r m i n a l . 
This l a r g e complex of both nervous and muscular tissues 
composes the end-plate proper, and cl o s e l y p a r a l l e l s the 
c o n d i t i o n i n v e r t e b r a t e s . I t i s reasonable to suppose 
t h a t other i n s e c t end-plates of the Doyere-cone type 
approximate to t h i s d e s c r i p t i o n i n most d e t a i l s . 

Methods 
For t h i s i n v e s t i g a t i o n i t i s e s s e n t i a l to know the 

nerve d i s t r i b u t i o n to the femoral muscles. This was 
determined by d i s s e c t i o n of the nerve ganglion i n the 
thorax, then by t r a c i n g the path of the emergent c r u r a l 
nerve i n the l e g by means of s e r i a l transverse sections. 
Freshly k i l l e d animals were pinned out dorsal surface 
uppermost, and the wings were removed. The dense c l o t h i n g 
h a i r s were removed from the thorax as f a r as possible, then 
the t e r g i t e s were c a r e f u l l y removed to expose the th o r a c i c 
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box. 

Owing to the h i g h l y developed f a c u l t y of f l i g h t , the 
t h o r a c i c segments of Lepidoptera are h i g h l y s p e c i a l i s e d , 
most of the t h o r a c i c space being f i l l e d w i t h the enormously 
enlarged d o r s o / v e n t r a l . l a t e r a l , and oblique f l i g h t muscles. 
Most of these muscles were removed, the preparation was 
flooded w i t h 0.5% methylene blue f o r 30 minutes, and then 
f i x e d w i t h saturated/molybdate. Under these c o n d i t i o n s , 
the nerves appeared a translucent blue against the white 
f a t body and tracheae which i n t i m a t e l y surround the ganglion. 
D i s s e c t i o n under 50fo alcohol was also found w r y u s e f u l , 
the nerves appearing an opaque w h i t e , the only drawback 
of t h i s method being the hardening e f f e c t the alcohol had 
upon the muscle f i b r e s which tended to fragment during the 
d i s s e c t i o n . I n the Lepidoptera, the meso- and methathoracic 
coxae are fused to the th o r a c i c box, the coxal muscles 
being contained i n the thorax. I n such cases i t i s very 
d i f f i c u l t to determine the f u n c t i o n and homology of these 
muscles. 

The most convenient way to study the muscle arrangement 
i n the femur i s to cut s e r i a l s e c t i o n s , and t h i s has been 
done i n a l l f o u r species. The femora were severed a t the 
t r o c h a n t e r a l and t i b i a l ends. Owing t o the long t h i n 
nature of the m a t e r i a l , Carnoy's f i x a t i v e , which was 
r a p i d l y a c t i n g and very p e n e t r a t i n g , was i n i t i a l l y employed. 

Although t h i s f i ^ ^ has the advantage, of s u f f i c i e n t l y f i x i n g 
the centre of the femur, i t was found to cause a f a i r amount 
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of shrinkage. Camoy's f i x a t i v e was l a t e r abandoned i n 
favour of Heidenhain's 'susa' (^Jarleton and Drury, 1957) 
which was found to cause l e s s shrinkage. Some femora were 
s t a i n e d i n bulk, but most were f i r s t sectioned a t lOjui and 
then s t a i n e d . S e v e r a l s t a i n i n g methods were employed, De 
Castro s i l v e r and Ranvier-Loewit gold chloride ( C a r l e t o n 
and Drury, 1957), and the gold toned s i l v e r methods of 
W i l l i s (1954) and F r a z e r Rowell (1963). For general purpose 
h i s t o l o g i c a l work, E n r l i c h ' s haematoxylin and eosin, and 
Heidenhain's i r o n haematoxylin were employed. 

A l l m a t e r i a l was double-embedded i n c e l l i o d i n i n methyl 

benzoate, and vacuum-embedded i n p a r a f f i n wax. Excess 

hardening of the c u t i c l e was counteracted by e i t h e r p l a c i n g 

i n phenol fo r one hour a f t e r f i x i n g (Gray, 1954), or by 

employing t e r t - b u t y l a l c o h o l f o r dehydration instead of the 

normal e t h y l a l c o h o l (Gray, 1954). Attempts to scrape off 

the dense c l o t h i n g h a i r s on the femur u s u a l l y r e s u l t e d i n 

c u t i c u l a r damage, so the s c a l e s and h a i r s were l e f t on, even 

though they tended to fragment when sectioned. S e r i a l s e ctions 

of the femur were cut on a r o t a r y microtome a t lOŷ , t h i c k n e s s . 

The f i x a t i v e u s u a l l y employed for the ganglion and c r u r a l 

nerves was 5% n e u t r a l formol s a l i n e . The s e c t i o n s of nervous 

m a t e r i a l were cut at 5/t thickness and s t a i n e d i n Heidenhain's 

i r o n haematoxylin. For end-plates, the muscles were bulk 

s t a i n e d i n gold c h l o r i d e and then squashed d i r e c t on to the 

s l i d e . The r e s u l t s f o r t h i s s e c t i o n w i l l be considered 

under f i v e separate headings. 
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RESULTS 

A. The t h o r a c i c ganglion and nerve d i s t r i b u t i o n . 

With few exceptions, advanced Lepidoptera possess 

only two t h o r a c i c and four abdominal nerve ganglia (Irams, 

1957; Heywood, 1965). The Le'pidoptera thus show a great 

degree of concentration of the nervous system, only exceeded 

among i n s e c t s - by the D i p t e r a . The f i r s t of the t h o r a c i c 

g a n g l i a i s the p r o t h o r a c i c , but the second i s multiple i n 

o r i g i n , being composed of the fused meso- and metathoraic 

g a n g l i a , along w i t h the f i r s t and p o s s i b l y the second of . 

the abdominal g a n g l i a . The r e s u l t i n g ganglion i s of large 

s i z e (up to 3m.m. long i n Sphinx l i g u s t r i ) , suid i t innervates 

the meso- and metathorax, as w e l l as the a n t e r i o r part of 

t^e abdomen. For convenience, t h i s ganglion w i l l be r e f e r r e d 

to as the metathoracic ganglion. 

The metathoracic ganglia have been examined i n a l l four 

s p e c i e s under i n v e s t i g a t i o n , as w e l l as the prothoracic 

ganglion i n A c t i a s s e l e n e , the l a t t e r to check the p o s s i b i l i t y 

of double neural i n n e r v a t i o n i n the l e g s from two separate 

g a n g l i a . These g a n g l i a are shown i n Figures 1 & 2. I n 

a l l s p e c i e s , the muscles of the femur, which w i l l be 

des c r i b e d l a t e r , appear to be innervated by only one nerve 

from the ganglion, i n the case of a l l l e g s . I n A c t i a s 

s e l e n e . the p r o t h o r a c i c l e g i s supplied by nerve I I I , while 

nerve I s u p p l i e s muscles of the c o l l a r region, nerve I I and 

branches of nerve I I I supply the main coxal muscles, and 
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nerve IV s u p p l i e s the p o s t e r i o r of the prothoracic segment. 

The meso and metathoracic legs are supplied from the 

metathoracic ganglion. Nerve I from t h i s ganglion 

i n n e r v a t e s the fore^^wing base as w e l l as the t e r g o s t e r n a l 

ojad e p i p l e u r a l muscles. Nerves 2 and 3 innervate the coxal 

and a l s o the e p i p l e u r a l muscles. Nerve 4 innervates the 

me.sothoracic l e g , passing down the edge of the epistemum 

and p o s t e r i o r coxal margin to enter the femur without 

d i v i s i o n . Nerves 5 and 6 innervate the c o x a l and e p i p l e u r a l 

muscles of the<netathorax, but the main branch of nerve 6 

s u p p l i e s the hind wing base. Nerve 7 i s large and innervates 

the metathoracic l e g , the side d i v i s i o n s supplying the 

dorso/ventral f l i g h t muscles. One branch of t h i s l a t t e r 

nerve passes i n t o the abdomen to innervate the muscles 

of the a n t e r i o r abdominal w a l l . 

The metathoracic ganglion of Telea polyphemus and 

i t s nerves are s i m i l a r to the above, but i n Bombyx mori 

and i n Sphinx l i g u s t r i nerves 5 and 7 supply r e s p e c t i v e l y 

the meso- and metathoracic l e g s . This d i f f e r e n c e i s 

probably of no r e a l s i g n i f i c a n c e s i n c e the metathoracic 

ganglion i s fused to d i f f e r i n g extents i n a l l these s p e c i e s . 

The nunibered nerves are thus not n e c e s s a r i l y s i m i l a r i n 

o r i g i n i n a l l s p e c i e s . The nerve i n n e r v a t i n g the metathoracic 

l e g has been designated the ' c r u r a l ' nerve i n a l l cases 

s i n c e i t has the f u n c t i o n of the nerve designated ' c r u r a l ' 

i n other i n s e c t s , but t h i s does not imply homology. 
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The f i n e i n t e r n a l h i s t o l o g y of the metathoracic 

ganglion i n Sphinx l i g u s t r i i s seen i n Figures 3,4, and 5, 
the transverse sections i n Figures 3 and 4 showing the 
emergence of the c r u r a l nerve. The body of the ganglion 
and the c r u r a l nerve i s seen to be invested i n a s t o u t 
n eural lamella (the neurilemma of vertebrate l i t e r a t u r e ) . 
This consists of two p a r t s , the lamella and the sheath 
c e l l s d i r e c t l y under i t , the l a t t e r having l a r g e , deeply 
s t a i n i n g muclei. The sheath c e l l s form a continous l a y e r 
under the l a m e l l a i t s e l f , s i m i l a r t o the c o n d i t i o n described 
r e c e n t l y i n the l o c u s t (Ashhurst and Chapman,1961,1962). 
Large, f i b r e tracks of i n t e r n u n c i a l neurones are seen 
coursing outwards and upwards i n the ganglion. To e i t h e r 
side of the centre are seen four groups of l o n g i t u d i n a l l y 
o r i e n t a t e d neurones. The l a t t e r are most probably t r a c t s 
of through conducting neurones from the b r a i n , presumably 
t o the abdomen (Gu t h r i e , 1964). The dorsal and l a t e r a l 
p a r t s of the ganglion are seen to contain non-nucleated 
spaces which can only be regarded as large vacuoies, but 
t h e i r f u n c t i o n i s u n c e r t a i n . 

By f a r the l a r g e s t c e l l s present i n the ganglion 
sections are the c e n t r a l motor neurone c e l l bodies which 
supply the axons to the l a t e r a l emergent nerves. These 
c e l l s average 20 to 30^ i n diameter. An. enlargement of 
a group of these c e l l s from a transverse section of Sphinx 
metathoracic ganglion i s shown i n Figure 5. The c e l l s are 



f i g u r e 4. L.S. C r u r a l nerve,Sphinx l i ^ u s t r i . 

Ganglion 

Motor neurone 
c e l l bodies 

^ o a t h c e l l s 

iTeurileiariia 



J 

i'igure 5. Transverse s e c t i o n of Sphinx l i g u s t r i 
raetatiioracic ganglion snowing a group of lar g e 
c e n t r a l motor neurone c e l l bodies at the edge 
near the emergence of tne c r a r a l nerve root, 
titained i n naiderinain's i r o n naeiuatoxylin. 
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seen t o be c o n l i a l i n shape w i t h very large n u c l e i , and 
are t y p i c a l of the general shape of vertebrate c e n t r a l 
motor-neurone c e l l bodies. These c e l l s are present on 
e i t h e r side of the ganglion, both above and below the 
emergent nerve r o o t , i n t o which t h e i r axons are channeHad. 

Figure 4 shows a section through the root of the 
c r u r a l nerve as i t leaves the edge of the ganglion. 
Prominently placed are the c e n t r a l motor neurone c e l l 
bodies, which are not confined to the edge of the ganglion, 
some being found,in the proximal p a r t of the c r u r a l nerve 
tr u n k i t s e l f . The c r u r a l nerve i s seen to have a neurilemma 
continous w i t h t h a t of the ganglion, and to contain a 
lar g e number of axons. Osborne (1963) claimed t h a t i n the 
nerve supply to the abdominal s t r e t c h receptor i n Periplaneta, 
each i n d i v i d u a l axon was invested w i t h a sheath which he 
c a l l e d the Schwann c e l l sheath. Such nerves he c a l l e d 
»tunicated*. This does not appear to be the case i n 
l e p i d o p t e r a n nerves (see Figure 6 ) . 

I n transverse s e c t i o n (Figure 6 ) , the c r u r a l nerve 
appears to have two d i s t i n c t neuronal regions. The 
v e n t r a l l y placed region i s composed of large neurones from 
5 to Z)fi i n diameter, there being about 40 of these neurones. 
The e i g h t most v e n t r a l l y placed of these are very l a r g e , 
w i t h an average diameter, of 20/U . The d o r s a l l y placed 
region i s composed of about 150 t o 200 neurones w i t h a 
f a i r l y uniform small diameter, i n the region of about 3^ . 



Figure 6. Transverse s e c t i o n through 
the c r u r a l nerve of tiphinx l l A u s t r i 
showing the d i v i s i o n of the nerve into 
two neuronal types,of about 20u diameter, 
and of about 3u diameter. 
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The c r u r a l neve i s a mixed nerve, g i v i n g motor 

supplies to the f e m u r , t i b i a , and t a r u s , and also containing 
sensory axons connecting to the receptors i n the tarsus. 
I t i s probablfg t h a t the l a r g e neurones i n the c r u r a l nerve 
are the motroneurones supplying the muscles, and the small 
neurones the sensory neurones from the t a r s a l receptors. 

The c r u r a l nerve divides on ent e r i n g the femur t o 
give separate supplies to the f l e x o r and extensor t i b i a l i s 
muscles. Once again the d i v i s i o n of the axons i n t o large 
and small i s present, but the number of large motor axons 
i n each seems t o be reduced to about s i x . Figures 7 and 8 

show transverse sections of the separate nerve supplies to 
the f l e x o r and extensor t i b i a l i s muscles. 

I n comparison to the nervous innervations of vertebrate 
muscles, these i n s e c t muscles would appear to be innervated 
by few axons, a feature f a i r l y t y p i c a l of insects ( P r i n g l e , 
1939; Hoyle, 1957a; Wood,1953). Although Wood (1958) 

described a r e l a t i v e l y large number of axons i n the f l e x o r 
t i b i a l i s branch of the c r u r a l nerve i n Carausius. the 
u l t i m a t e terminals upon the muscle f i b r e contained only 
two axons. Although there are about seven large motor 
axons i n the f l e x o r t i b i a l i s branch of the c r u r a l nerve 
i n Sphinx l i g u s t r i . evidence i s presented l a t e r to show 
t h a t the nerve terminals on the muscle f i b r e also contain 

only two axons. 
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Figure 7. Transverse section of the c r u r a l nerve 
branch to the f l e x o r t i b i a l i s muscle.Sphinx l i g u s t r l . 
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Figure 8, Iransverse section of the c r u r a l nerve 
branch to the extensor t i b i a l i s muscle.Sphinx l i g u s t r l . 
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The number of axons i n the c r u r a l nerve i s of no r e a l 
s i g n i f i c a n c e since i t i s not postulated t h a t a l l the muscle 
f i b r e s i n the f l e x o r t i b i a l i s muscle are innervated by 
ex a c t l y the same two axons. Although the muscle i s not 
di v i d e d up i n t o separate motor u n i t s , as are the muscles 
of those insects which have separate supplies f o r each 
u n i t ( o r group o f u n i t s ) , i t i s q u i t e possible t h a t i n 
Sphinx l i g u s t r i , separate regions of the f l e x o r muscle 
have t h e i r own i n d i v i d u a l supplies from c e n t r a l motor 
neurones i n the ganglion. This would explain the d i s p a r i t y 
i n the number of motor neurones i n the c r u r a l nerve, and 
the number of motor neurones a t the i n d i v i d u a l end-plates. 

B. The morphology of the l e g . 
I n a l l f our species the l e g morphology was s i m i l a r . 

The coxae are more or less completely fused to the th o r a c i c 
s c l e r i t e s , the subcoxal plates being p a r t i c u l a r l y prominent. 
Figure 9 shows the meso- and metathoracic coxae of Telea 
Polyphemus. A meron,epimeron, and episternum are q u i t e 
l a r g e and d i s t i n c t , the eucoxa being fused along i t s 
a n t e r i o r r i m to the episternum, and along i t s p o s t e r i o r 
r i m t o the epimeron. This allows p r a c t i c a l l y no movement 
of the coxae, the femoral muscles being l a r g e l y responsible 
f o r movements of the l e g . I n the prothoracic l e g , the 
coxae are r e l a t i v e l y independent and mobile. The meso and 
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Figure 3. T.S. k e t a t h o r a c i c ganglion.Sphinx l i g u s t r i . 
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metathoracic coxae p o i n t d i r e c t l y inwards to such an extent 
t h a t the trochanters almost touch i n the v e n t r a l m i d l i n e . 

The trochanter i s a small boat-shaped segment, being 
fused to the femur and moving against the coxae by a 
d i c o n d y l i c a r t i c u l a t i o n . This allows l e v a t i o n and depression 
but l i t t l e i n the way of r o t a t i o n . The femur i t s e l f i s 
the l a r g e s t s e ^ e n t i n the l e g , being very stout and held 
h o r i z o n t a l l y a t r e s t . The femur has a d i c o n d y l i c a r t i c u l a t i o n 
w i t h the t i b i a , which has a prominent spur f i t t i n g i n t o a 
groove i n the a n t e r i o r c u t i c l e on the i n s i d e . The tarsus 
has f i v e Joints and a large claw, and i s the only p a r t of 
the l e g capable of f r e e movement i n a l a t e r a l plane and 
capable of any degree of r o t a t i o n . From the viewpoint of 
muscular c o n t r o l of locomotion, the femur i s thus by f a r 
the most important l e g segment, and i t s two muscles, the 
f l e x o r and extensor t i b i a l i s are p a r t i c u l a r l y important. 

G. Anatomy and h i s t o l o g y of the femoral muscles. 
The muscle arrangement i n the femur i s s i m i l a r i n a l l 

f o u r species studie d , there being however, v a r i a t i o n s i n 
s i z e and o r i e n t a t i o n of the muscle f i b r e s . The sketch i n 
Figure 10 shows the general muscle arrangement. This 
arrangement consists of a d o r s a l l y placed f l e x o r t i b i a l i s 
muscle, and a v e n t r a l l y placed extensor t i b i a l i s muscle. 
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Both muscles are g e n e r a l l y s i m i l a r i n c o n s t r u c t i o n , the 
f l e x o r being usually the smaller of the two. The f i b r e s 
of these muscles do not run the length of the long axis 
of the femur, but are t y p i c a l l y 'pinnate' muscles of the 
k i n d already described i n the l o c u s t (Hoyle, 1955b), and 
i n the s t i c k i n s e c t (Wood, 1958) . Both f l e x o r and extensor 
muscles have a c e n t r a l , v e t t i c a l l y o r i e n t a t e d apodeme (Figure 
11) w i t h l a t e r a l l y placed f i b r e s running out from the 
apodeme w i t h i n s e r t i o n s upon the l a t e r a l c u t i c l e of the 
femur. The h i s t o l o g i c a l d e t a i l s of the apodemal o r i g i n s 
of the f l e x o r t i b i a l i s muscle f i b r e s are seen i n Actias 
selene i n Figure 12c, and i n Sphinx l i g u s t r i i n Figure 13 
a and b. The i n d i v i d u a l muscle f i b r e s i n any one species 
showed a f a i r degree of diameter v a r i a t i o n but the mean 
diameter of twenty randomly selected f i b r e s was not found 
to vary g r e a t l y between species, being the range 25 to 2B^ 

f o r the f l e x o r muscle. 

Although the general muscle arrangement i s s i m i l a r to 
t h a t of the s t i c k i n s e c t (Wood, 1958), a l l four lepidopteran 
species d i f f e r e d to some extent as f a r as i n t e r n a l d i v i s i o n s 
of the muscle were concerned. The f l e x o r t i b i a l i s muscle 
of the s t i c k i n s e c t i s divided up i n t o approximately 17 

p a i r s of motor u n i t s , but no such d i v i s i o n of the lepidopteran 
f l e x o r or extensor t i b i a l i s i s seen. I n both these muscles, 
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the muscle f i b r e s simply run i n banks from t h e i r o r i g i n 
on the apodeme to t h e i r i n s e r t i o n s on the l a t e r a l c u t i c l e 
(see Figure 14). The apoderaes do not run the whole l e n g t h 
of the femur, hence, beyond the apodemal ends there are 
banks of f i b r e s running l a t e r a l l y w i t h no separating c e n t r a l 
apodeme. Sections cut a t t h i s p o i n t of the femur may thus 
give the impression of the H x i s t a n c e of two extensors or 
f l e x o r s , even though the muscles involved are single e n t i t i e s 
(Figure 13b). 

Various transverse sections of femora are shown i n 
Figures 11,12, and 13. Although the muscle arrangement 
i s s i m i l a r i n a l l species, d i f f e r e n c e s i n r e l a t i v e size and 
f i b r e o r i e n t a t i o n are seen depending upon the p o s i t i o n along 
the femur a t which the sections were cut. This i s p a r t i c u l a r l y 
so i n A c t i a s selene since the muscles i n t h i s species do 
not run the whole l e n g t h of the femur. Figure 15 shows the 
femur of Actias selene cut i n l o n g i t u d i n a l s e ction. The 
f l e x o r and extensor t i b i a l i s muscles are separated by a 
lar g e group of c e n t r a l tracheae, o f t e n equal i n size to 
the muscles themselves. 

I n Figure 12c, the femur of Actias selene i s seen cut 
i n transverse s e c t i o n near the t i b i a l end a t the p o i n t where 
the f l e x o r muscle f i r s t begins. The f i b r e s are seen to 
r a d i a t e out over a wide angle to i n s e r t on a large area o f 
the l a t e r a l c u t i c l e . This d i f f u s e spread of muscle f i b r e s 
i s t y p i c a l of pinnate muscles, p a r t i c u l a r l y i n s e c t l e g 
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of femur. No apoderae v i s i b l e i n 
the f l e x o r t i b i a l i s muscle. 
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muscles. I n t h i s p a r t i c u l a r s e c t i o n , the muscle f i b r e s 
are seen to be f a i r l y s t r a i g h t , but i n the main body of 
the muscle, as seen i n other sections, the f i b r e s slope 
a t an angle, hence cross sections cut the f i b r e s a t various 
angles. I n Figure 14, from a section cut i n the..main body 
o f the f l e x o r t i b i a l i s of Sphinx l i g u s t r i . a l l the f i b r e s 
are seen to slope at an angle away from the c e n t r a l apodeme. 

D. The f l i g h t muscle preparation. 

For the r o u t i n e measurement of l a r g e numbers of r e s t i n g 
p o t e n t i a l s of muscle f i b r e s , followed by excision of the 
muscle f o r i n t r a c e l l u l a r i o n a n a l y s i s , a l a r g e r preparation 
than the f l e x o r t i b i a l i s muscle was sought f o r both convenience 
and accuracy, since c h l o r i d e analyses can become inaccurate 
when small q u a n t i t i e s of muscle t i s s u e are used. The 
p r e p a r a t i o n f i n a l l y selected was the dorso/ventral f l i g h t 
muscle mass. The main advantages of t h i s preparation were 
ease of d i s s e c t i o n , l a r g e s i z e , convenient p o s i t i o n f o r 
e x c i s i o n , and close s i m i l a r i t i e s i n e l e c t r i c a l c h a r a c t e r i s t i c s 
w i t h the f l e x o r t i b i a l i s muscle of the l e g . I n a l l species, 
the e l e c t r i c a l c h a r a c t e r i s t i c s of the f i b r e s i n t h i s 
p r e p a r a t i o n were found to be s i m i l a r to those of the f i b r e s 
of the f l e x o r t i b i a l i s muscles. A diagram of the preparation 
i s shown i n Figure 16 . The mesoscutellum was s l i t sideways 
s l i g h t l y i n f r o n t of the median ridge and r a i s e d , while the 

edges were cut forwards and sideways. The i n s e r t i o n s of 



C e n t r a l apodeme 

Trachea 

Muscle f i b r e s 

Figure 14. i%. l o n g i t u d i n a l eection through the f l e x o r 
t i b i a l i s muscle of .rt-ctias selene showing 
the c e n t r a l l y placed apodeme and the 
t r a c h e a l network i n the rauscle. 
Stained i n tiaidenhain's i r o n haeraatoxylin. 
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the d orso/ventral muscles are c l e a r l y v i s i b l e on the 
c u t i c l e of the raesoscutum, and the forward cuts were 
c a r r i e d up u n t i l jmst i n f r o n t of the i n s e r t i o n s . The 
f l a p of c u t i c l e so formed was cut o f f , exposing the bank 
of p a r a l l e l arranged f i b r e s of the underlying muscle. 

tn some cases, the space between the mesoscutellum 
and the underlying muscle was f i l l e d w i t h a white f a t t y 
connective t i s s u e . This was dissected away to reveal the 
surface of the muscle. Using t h i s method Oi d i s s e c t i o n , 
no damage was done t o the tracheal supply, which enters 
the muscle from i t s lower ( i n s i d e ) surface. This preparation 
could be kept i n good co n d i t i o n f o r periods of up to 15 
hours, a l l o w i n g extended i n v e s t i g a t i o n s to be c a r r i e d out. 
Since action..potentials were not recorded from t h i s 
p r e p a r a t i o n , no d i s s e c t i o n of the nervous supply to the 
muscle from the l a s t two ganglionic nerves was necessary. 

E. Motor nerve endings. 
The motor nerve endings were found t o be very r e f r a c t o r y 

to s t a i n i n g . Best r e s u l t s were obtained when the muscle 
was teased, then bulk stained i n gold chloride as described 
e a r l i e r , and then l e f t i n g l y c e r o l f o r two days p r i o r to 
examination. Such treatment l e f t the muscle f i b r e s f a i r l y 
supple, so t h a t on subsequent squashing under a cover s l i p 
the f i b r e s d i d not fragment. 

The motor nerve was found to branch u l t i m a t e l y upon 
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-the muscle f i b r e s f a i r l y f r e q u e n t l y , the nerve endings 
appearing i n groups at r a t h e r i r r e g u l a r i n t e r v a l s . 
However, w i t h i n the groups the endings were f a i r l y 
r e g u l a r l y placed. I n Sphinx l i g u s t r i the i n d i v i d u a l end-
p l a t e s were placed about 60ji^ apart, but due to the expanded 
nature of the i n d i v i d u a l end-plates, the edge of one end-
p l a t e was found to almost touch the edge of the next one 
i n l i n e . I n f i g u r e 17 an end-plate from the f l e x o r t i i i i a l i s 
muscle of Sphinx l i g u s t r i i s shown i n some d e t a i l , but 
although the axon terminals have stained w e l l , the n u c l e i 
have not stained a t a l l . Figure IB shows three end-plates 
i n a row from Telea polyphemus. but a l l have been damaged 
i n the teasing process. 

The motor nerve ending i s seen to have the general 
shape of a spatulate claw w i t h i r r e g u l a r o u t l i n e , each 
ending covering an area of about 25jn , and being close to 
the edge of the next ending. The lepidopteran motor nerve 
ending can thus be regarded as t y p i c a l Doyere-cone type. 
The i n d i v i d u a l axons can ofte n be seen r i g h t up to the 
end-plate i n a s u f f i c i e n t l y stained preparation. I n Figure 
17 the axons to the end p l a t e are f a i r l y obvious, and are 
seen to be two. i n number. Hoyle (1957a) has reported two 
axons to the i n d i v i d u a l end-plates of the l o c u s t , and Wood 
(I95S) reported two axons also i n the s t i c k i n s e c t . The 
axons to the end-plate are covered by a f i b r e sheath, which 
i s presumably a c o n t i n u a t i o n of the neural lamella from 



Figure 17. Single end p l a t e froiii th.e f l e x o r t i b i a l i s 
muscle o f apninx l i ^ u s t r i . Stained i n gold 
c i i l o r i d e . 



Figure 18. Tliree end p l a t e s i n a row from the f l e x o r t i b i a l i i 
muscle o f Telea polyphemus. Teased preparation 
bulk stained i n g o l d c n l o r i d e . 
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p. 

the raetathoracic ganglion. The sheath appears to stop a t 
the end-plate, and at t h i s p o i n t i t i s no longer possible 
to d i s t i n g u i s h any separation of the two axons i n the end-
p l a t e ground cytoplasm. There also appears to be no 
d i v i s i o n of the end-plate i n t o separate regions r e l a t e d 
t o the two i n n e r v a t i n g axons. This may mean tha t the 
substance of the end-plate may be non-specific to e i t h e r 
axon. 

The muscle f i b r e i n insects and i n other arthropods 
i s capable of g i v i n g d i f f e r e n t types of responses, such 
as ' f a s t ' and 'slow', and these responses must both have 
t h e i r o r i g i n a t the end p l a t e . Since the end-plate# 
seems to be non-specific to e i t h e r axon, i t may be t h a t 
the s p e c i f i c i t y of response l i e s i n the muscle f i b r e 
r a t h e r than i n the end-plate, although an a l t e r n a t i v e 
hypothesis p o s t u l a t i n g s p e c i f i c neurosecretion down the 
axon body i s f e a s i b l e . I f the former hypothesis were to 
?be c o r r e c t , then the muscle f i b r e could possible respond 
i n d i f f e r e n t ways to d i f f e r e n t q u a n t i t i e s of the same 
j t r a n s m i t t e r substanc_e,.lj.ber_ated by the_end-plate~under 
the i n f l u e n c e of d i f f e r e n t axons. 

aJ''^ rpj^jg end-plate i t s e l f does not appear to be covered 

_J^^ by the neurilemma extension which sheaths the nerves, and 
i t may be t h a t the end-plate i s capable of operating i n 
an i o n i c medium i n which the nerve can not. Hoyle (1952) 
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showed t h a t i n j e c t i o n of high potassium salines under the 
sheath of Locusta nerves r a p d i l y blocked conduction. 
Recently, however, Treherne {1965a) showed t h a t conduction 
could be maintained in.Qarausius desheathed nerves even 
i n s a l i n e s w i t h high potassium concentration. This l a s t 
f i n d i n g , and the observation t h a t end-plates whidi have 
no sheath at a l l , can operate i n high potassium salines 
s t r o n g l y suggests t h a t Hoyle*s e a r l i e r f i n d i n g was spurious, 
p o s s i b l y r e s u l t i n g from damage to the axons during the 
m i c r o - i n j e c t i o n . - — Tii^&.h V l ; r r 

. ^ { v . ^ ^i-^^^ 
The muscle f i b r e s so f a r seen w i t h i n t a c t ending^\.^C^-£j" 

i n d i c a t e t h a t the endings are a l l placed on one side of 
the f i b r e . I n squash preparations i t i s d i f f i c u l t to get 
any idea of the size or nature of the primary synaptic 
c l e f t between the nerve and muscle parts of the end-plate. 
For t h i s purpose a transverse section r i g h t through the 
end p l a t e i s needed. E l e c t r o n microscope work upon 
verte b r a t e s by Eccles and Jaeger (1958) showed the synaptic 
c l e f t t o be i n the region of /tOO t o 500 °A. This distance, 
which i s only about 0.5^ i s Just at the l i m i t of r e s o l u t i o n 
of the l i g h t microscope, hence l i g h t microscope work here 
w i l l be of l i t t l e use. 

I n the i n t r o d u c t i o n to the l i t e r a t u r e i t was suggested 
t h a t some e a r l i e r authors who described f i l i f o r m nerve 
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endings i n i n s e c t s may have been confusing nerve endings 

w i t h the t r a c h e a l endings which are strongly f i l i f o r m . 

A group of such t r a c h e a l endings i s shown i n Figure 19,and 

they are seen to be very d i f f e r e n t indeed from the true 

nerve endings seen i n F i g u r e s 17 and 18. However,the 

t r a c h e a l endings follow quite c l o s e l y the s o r t of d e s c r i p t i o n s 

a t t r i b u t e d to nerve endings by both karcu(l929) and H i l t o n 

(1925),and t h i s s t r o n g l y suggests that these authors were 

i n e r r o r . Apart from having an annulated trunk(quite u n l i k e 

an axon sheath),the t r a c h e a l endings are very s m a l l , l e s s 

than one tenth the s i z e of a Doy^re-cone nerve ending. 



i 

Figure 19. T y p i c a l t r a c h e a l endings i n the 
f l e x o r t i b i a l i s m s c l e of Sphinx 
l i K u s t r i stained i n s i l v e r . 
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SECTIOM I I 
RECORDING OF NEUROMUSCULAR MECHANISMS 

IN THE MUSCLES OF LEPIDOFTERA. 
INTRODUCTION 

A p o t e n t i a l d i f f e r e n c e i s found t o e x i s t across 
the membrane of a muscle f i b r e . I n the r e s t i n g fibre 
t h i s p o t e n t i a l d i f f e r e n c e i s such t h a t the outside of 
the f i b r e i s p o s i t i v e to the i n s i d e . An impulse 
a r r i v i n g a t a motor nerve ending r e s u l t s i n a p a r t i a l 
r e v e r s a l , or d e p o l a r i s a t i o n of t h i s r e s t i n g p o t e n t i a l . 
This e a s i l y measurable d e p o l a r i s a t i o n i s usually temed 
the end plate p o t e n t i a l . I f of a s u f f i c i e n t s i z e , t h i s 
primary d e p o l a r i s a t i o n evokes a f u r t h e r secondary depol­
a r i s a t i o n i n the muscle f i b r e membrane. I n the ' f a s t ' 
v e r t e b r a t e e x t r a f u s a l muscle f i b r e s , the a d d i t i o n a l 
d e p o l a r i s a t i o n i s r e f e r r e d t o as the spike p o t e n t i a l 
and t h i s u s u a l l y overshoots the zero p o t e n t i a l l e v e l 
t o a considerable degree. By t h i s means, adjacent 
regions of the f i b r e are excited so t h a t the process 
of d e p o l a r i s a t i o n t r a v e l s the whole length of the f i b r e . 
I t i s t h i s spike p o t e n t i a l which i n i t i a t e s the con t r a c t ­
i l e process. We are thus presented w i t h a mechanism 
i n which the primary d e p o l a r i s a t i o n i s l o c a l , but the 



34 

secondary response i t produces i s subsequently independent 
of the end p l a t e p o t e n t i a l , and causes the contraction 
of the whole f i b r e . Since there i s usually only one end 
p l a t e per f i b r e i n v e r t e b r a t e s k e l e t a l e x t r a f u s a l f i b r e s 
of the f a s t type, a mechanism i n v o l v i n g a f a s t propagated 
d e p o l a r i s a t i o n i s necessary to explain the e f f i c i e n t f a s t 
c o n t r a c t i o n of the i n d i v i d u a l f i b r e s . 

The response of any one s i n g l e f i b r e of t h i s type 
i s an a l l or nothing event. I f the end plate p o t e n t i a l 
i s s u f f i c i e n t l y large t o evoke a spike p o t e n t i a l , t h e n 
the whole f i b r e w i l l c o n t r a c t . I f the end p l a t e p o t e n t i a l 

i s not large enough then there w i l l be no c o n t r a c t i o n of 
the whole f i b r e since the primary d e p o l a r i s a t i o n i s not 
propagated, but simply decays away expon e n t i a l l y , only 
causing very l o c a l contractions i n the end p l a t e region. 
A graded c o n t r a c t i o n of a whole f i b r e i s thus not possible 
w i t h t h i s mechanism, A muscle as a whole may e x h i b i t 
graded contractions but these are brought about by varying 
the numbers of f i b r e s c o n t r a c t i n g a t any one time. Since 
v e r t e b r a t e muscles are innervated by large numbers of 
motor axons each w i t h i t s complement of innervated muscle 
f i b r e s forming motor u n i t s w i t h i n the muscle, graded 
contractions enabling very d e l i c a t e muscle c o n t r o l can 
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be brought about by progressive recruitment or e l i m i n a t i o n 
o f a c t i v e motor u n i t s . 

The possession o f a f a s t propagated d e p o l a r i s a t i o n 
i s one method o f o b t a i n i n g an e f f i c i e n t c o n t r a c t i o n of 
a s i n g l e muscle f i b r e , but c e r t a i n l y not the only method. 
An a l t e r n a t i v e method i s one i n which the muscle f i b r e 
could have many f o c a l points along i t s l e n g t h , each f o c a l 
p o i n t i n i t i a t i n g a l o c a l c o n t r a c t i o n . I f these f o c i 
were innervated from the same source then synchronisation 
would r e s u l t i n the v i r t u a l l y simultaneous contraction of 
the whole f i b r e . 

I n s e c t muscles, l i k e those of other arthropods, are 
innervated by only a small number of motor axons, and each 
axon o f t e n supplies most of the f i b r e s i n the muscle. There 
are also a large number of motor nerve endings along the 
le n g t h of the i n d i v i d u a l muscle f i b r e s (see section I ) , 
These f a c t s s t r o n g l y imply t h a t the mechanism of muscle 
f i b r e c o n t r o l i n insects i s l i k e l y to be very d i f f e r e n t 
from t h a t found i n the vertebra t e f a s t e x t r a f u s a l f i b r e , 
and i s l i k e l y t o approximate more to the alternative 
mechanism r e f e r r e d to above. The possession i n insects 
of only small numbers of muscle f i b r e s and very few 
motor axons does, however, pose griaat problems r e l a t i n g 
to the method o f f i n e c o n t r o l of such muscles. 

This simple p i c t u r e has been complicated by the 
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diacovery of P r i n g l e (1939) t h a t two separate types of 
e l e c t r i c a l response e x i s t i n the f l e x o r t i b i a l i s muscles 
of the cockroach. This f i n d i n g has now been w e l l 
s u b s t a n t i a t e d , and two types of response are now known 
to e x i s t i n many insects (Hagiwara, 1953; Wilson 1954; 
Hagiwara and Watanabe, 1954; Hoyle, 1955a,b,1957a; Wood 
1958). These two types of response seem to be l i n k e d 
to the a c t i v i t y of two separate motor axons. As early 
as 1932, R i j l a n t showed t h a t two types of nerve impulse 
passed t o the muscles of Musca domestica. Further 
evidence of the widespread p r o b a b i l i t y of two separate 
muscle responses i n s i n g l e muscle f i b r e s i s given by 
the general p i c t u r e of dual i n n e r v a t i o n i n insect muscle 
f i b r e s (see s e c t i o n I f o r d i s c u s s i o n ) . 

Although the type of myoneural anatomy so t y p i c a l of 
i n s e c t s was dstjribed f a i r l y e a r l y (see section I ) , i t was 
not u n t i l P r i n g l e published the r e s u l t s of h i s i n v e s t i g a t i o n s 
upon the cockroach i n 1939 t h a t other workers i n the f i e l d 
of i n s e c t physiology began to consider insect neuromuscular 
transmission as d i f f e r e n t i n fundamental character from 
t h a t i n v e r t e b r a t e s . As l a t e as 1933 F r i e d r i c h considered 
the neuromuscular physiology of Carausius to be s i m i l a r 
i n character t o the v e r t e b r a t e system. Pringle (1939) 
named the two motor axons i n n e r v a t i n g the cockroach 
f l e x o r t i b i a l i s muscle ' f a s t ' and 'slow'. Subsequent 
workers have followed t h i s terminology which i s also 
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used i n t h i s work. 
A ' f a s t ' axon, when stimulated by a single pulse, 

produces a f a s t t w i t c h c o n t r a c t i o n i n the muscle. Repetitive 
s t i m u l a t i o n of t h i s axon r e s u l t s i n the development of a 
powerful tetanus i n the muscle. Single impulse s t i m u l a t i o n 
of the 'slow' axon u s u a l l y produces no or very l i t t l e 
observable movement. R e p t i t i v e s t i m u l a t i o n at high 
frequency r e s u l t s i n a slow smooth c o n t r a c t i o n i n the 
muscle. The greater the frequency of the s t i m u l a t i o n , 
the g r e a t e r i s the tension produced. The two types of 
motor axons thus produce very d i f f e r e n t r e s u l t s i n the 
muscle, even though they d i f f e r l i t t l e h i s t o l o g i c a l l y . 
I n some cases, diameter d i f f e r e n c e s can be seen, such 
as i n Geotrupes (Marcu, 1929) and i n Schistocerca and 
Locusta (Hoyle, 1957b) where the f a s t axon i s s l i g h t l y , 
l a r g e r than the slow axon, but t h i s i s not always the 
case. I n the l o c u s t there i s the added complication i n 
the extensor t i b i a l i s muscle of t r i p l e i n n e r v a t i o n , there 
being one f a s t axon, one slow axon, and one axon designated 
a 'hyperpolariser' by Hoyle (1955c), and now thought to 
be i n h i b i t o r y by Usherwood and Grundfest (1965). 

Thus, although the number of motor axons i n n e r v a t i n g 
i n s e c t muscles i s s m a l l , a t l e a s t two d i f f e r e n t types 
of response can be obtained from most f i b r e s . This 
allows a mechanism f o r the d e l i c a t e c o n t r o l of the 
whole muscle by modulation and superimposition of 
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one type of response upon the other. Such a mechanism 
can produce the fineness of c o n t r o l so c h a r a c t e r i s t i c 
o f i n s e c t s , even though some f u n c t i o n a l l y important 
muscles i n very small i n s e c t s can only be composed of 
a few f i b r e s . Insects can have a graded type of response 
which i s equal i n d e l i c a c y to t h a t of the v e r t e b r a t e s , 
but i t i s simply achieved by a d i f f e r e n t mechanism to 
compensate f o r the small number of motor axons present. 

As was o u t l i n e d i n the general i n t r o d u c t i o n , any 
complete i n v e s t i g a t i o n of the process of neuromuscular 
transmission should t r y to r e l a t e the physiology of 
transmission t o the myoneural s t r u c t u r e present, and 
shoula also r e l a t e the e f f e c t s of ions to the generation 
of the membrane p o t e n t i a l s observed. As w i l l be seen 
from the haemolymph and myoplasra analysis r e s u l t s i n 
s e c t i o n I I I of t h i s work, the Lepidoptera c e r t a i n l y 
form an ' i n t e r e s t i n g ' group i n the l i g h t of accepted 
i o n i c theory. The aim of the present i n v e s t i g a t i o n s 
i n the Lepidoptera i s to elucidate the neuromuscular 
mechanisms i n t h i s advanced herbivorous group, and t o 
r e l a t e such mechanisms to the myoneural s t r u c t u r e . I n 
s e c t i o n I I I , attempts w i l l be made to r e l a t e the obsery.ed 
e f f e c t s of ions upon the membrane p o t e n t i a l s to the 
generation of these p o t e n t i a l s . 
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METHODS 

The experimental animals used i n t h i s i n v e s t i g a t i o n 
were placed w i t h t h e i r v e n t r a l surface uppermost upon a 
'Flasticene' bed i n s i d e a shallow d i s h . The animals were 
fastened to t h i s bed by s t r i p s of 'Plasticene' passing 
over the legs proximal to the f e m o r o / t i b i a l J o i n t . Such 
a procedure, while i m o b i l i s i n g the animal, allowed the 
t i b i a e t o move f r e e l y , the l a t t e r being needed i n experiments 
where mechanical performance of the legs was being measured. 
The legs to be examined were surrounded w i t h 'Plasticene' 
which was worked to form a w e l l around the femur. The 
most convenient access to the f l e x o r t i b i a l i s muscle was 
provided by removing p a r t or a l l of the v e n t r a l c u t i c l e . 
I f t h i s c u t i c l e was p u l l e d o f f from near the t r o c h a n t e r a l 
j o i n t to near the t i b i a l j o i n t i n one s i n g l e s t r i p , the 
muscle could u s u a l l y be exposed w i t h l i t t l e damage to.the 
t r a c h e a l supply or the l a t e r a l muscle attachments to the . 
c u t i c l e . I n c e r t a i n cases, when p u l l i n g o f f the v e n t r a l 
s t r i p , the l a t e r a l c u t i c l e became f r a c f u r e d . Such 
preparations could no longer be used to measure mechanical 
performance, but could s t i l l be used f o r the measurement 
of e l e c t r i c a l responses. When d i s s e c t i n g preparations 
f o r experimental use, i t was found to be very important 
t h a t the large group of c e n t r a l tracheae should remain 
undamaged as f a r as po s s i b l e . I n cases where t h i s t r a c h e a l 
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group was damaged due t o c u t i c l e f r a c t u r e , a d i s t i n c t 
depression i n the a c t i v i t y of the muscle f i b r e s was 
seen, usually accompanied by a f a l l i n the r e s t i n g 
p o t e n t i a l of the i n d i v i d u a l f i b r e s . When the preparation 
was ready f o r use the whole dish could be mounted on 
the stage of the manipulator f o r the recording of responses 
i n the manner t o be described. 

THE MANUFACTURE AND TESTING OF ELECTRODES 

To measure the r e a l values of p o t e n t i a l differences 
across c e l l membranes, i t i s necessary to i n s e r t an electrode 
i n s i d e the c e l l i t s e l f , causing as l i t t l e damage as possible 
to the c e l l membrane. The i n v e n t i o n * of the glass c a p i l l a r y 
i n t r a c e l l u l a r microelectrode by Graham and Gerard (1946), 
and i t s subsequent development by Ling and Gerard (1949) 
has made t h i s p o s s i b l e . The o r i g i n a l electrodes used by 
Graham and Gerard (1946) were drawn from 1 m.m. 'pyrex* 
g l a s s , and when f i l l e d they had to be cemented i n t o a 
much wider glass shank f o r f i n a l connection to the recording 
apparatus. The electrodes used i n t h i s present work were 
i n i t i a l l y drawn from 7 m.m. 'pyrex' glass. This was p u l l e d 
out i n an oxy-gas flame to about 0.5 m.ra. diameter. This 
was f u r t h e r drawn out by gentle heating i n a small coal 
gas flame i s s u i n g from a c a p i l l a r y tube. The glass was 
then p u l l e d sharply when i t was s u f f i c i e n t l y hot. 
Successful electrodes p u l l e d i n t h i s way had a t i p diameter 
of about 0.5 but were large enough to permit d i r e c t 
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connection to the recording apparatus without cementing. 
When drawn, electrodes were placed i n a p i l e of possibly-
acceptable ones or immediately r e j e c t e d f o r redrawing. 
Examination under the microscope (Ling and Gerard, 1949) 
revealed electrodes w i t h broken,closed, or over-wide 
t i p s , and such electrodes were r e j e c t e d . Electrodes 
w i t h a long,even, tapering t i p were accepted, and even 
though 0.5 i s a t the l i m i t of r e s o l u t i o n of the l i g h t 
microscope, the appearance of a good t i p could generally 
be recognised. At a l a t e r stage i n the work, some electrodes 
were p u l l e d by machine, on a Palmer microelectrode p u l l e r , 
type H 101. By c a r e f u l adjustment of the rat e of applied 
heat, electrodes could be p u l l e d w i t h t i p s s i m i l a r i n 
e l e c t r i c a l c h a r a c t e r i s t i c s to those p u l l e d by hand. Electrodes 
p u l l e d by t h i s method had a shank diameter of 2.0 m.m. 
This demanded a separate electrode holder, but i n a l l other 
respects the two types of electrodes were s i m i l a r . 

Acceptable electrodes were f i l l e d w i t h 3 molar potassium 
c h l o r i d e as e l e c t r o l y t e , using the f i l l i n g method of Tasaki, 
P o l l e y , and Orego (1954). The electrodes-were suspended 
i n a beaker of methanol which stood i n a vacuum dessicator 
connected t o a water pump (Figure 20). The electrodes were 
f i l l e d w i t h methanol under reduced pressure, then the 
methanol was replaced at normal pressure w i t h d i s t i l l e d 
water. The water was subsequently replaced w i t h the 



To vacuum pump 

3 molar KGl 

El e c t r o d e 

F i g u r e 20. Iviethod of f i l l i n g electrodes 
at reduced pre s s u r e . The electrodes are 
h e l d on the c e n t r a l c y l i n d e r by e l a s t i c 
bands. 
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f i n a l e l e c t r o l y t e , 3 molar potassium chloride,again 
a t reduced pressure. This method allowed electrodes 
to be f i l l e d a t room temperature, and avoided the 
breakage which occurred i n the e a r l i e r methods of 
b o i l i n g i n potassium c h l o r i d e d i r e c t l y . The second 
stage of r e p l a c i n g the methanol w i t h d i s t i l l e d water 
avoided the development of potassium chloride c r y s t a l s 
i n the electrode t i p , which tended to occur when 
electrodes were taken from methanol to potassium 
c h l o r i d e d i r e c t l y . 

The f i n a l c r i t e r i o n f o r the acceptance of electrodes 
depended upon t h e i r e l e c t r i c a l c h a r a c t e r i s t i c s . Nastuk 
and Hodgkin (1950) have shown tha t f o r the best r e s u l t s 
the electrode should have a t i p of about 0,5 ̂ , and a 
resistance of between 10 to 30 megohms. The e l e c t r i c a l 
p r o p e r t i e s of the electrodes used i n t h i s i n v e s t i g a t i o n 
were t e s t e d by the a p p l i c a t i o n a square pulse t o the 
t i p i n the presence and absence of a 20 megohm shunt, 
n o t i n g the percentage drop i n trace height each time. As 
a comparison standard, a 10 megohm r e s i s t o r was used i n 
place of an electr o d e , the percentage drop on switching 
i n a 20 megohm shunt across the inputs being takai as 
the standard f o r electrode acceptance. I n f i g u r e 21, 
the r e s u l t s of such a t e s t are shown against a t e s t 
w i t h an el e c t r o d e . To measure the absolute impedence 



A. Trace of a square pulse 
recorded through a 10 megohm 
r e s i s t o r i n p l a c e of an 
ele c t r o d e . Superimposed i s a 
pulse recorded through the same 
when a 20 megohm shunt i s 
switched across the inputs. 

B. Trace of a square pulse 
recorded through an acceptable 
el e c t r o d e . Superimposed i s a 
pulse recorded through the same 
when a 20 megohm shunt i s 
switched across the inputs. 

Both s e t s of t r a c e s on same s c a l e . 

Figure 21. 
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of an ele c t r o d e , the voltage e f f e c t upon a sqaare pulse 

can be measured before and a f t e r s witching the 20 megohm 

shunt across the i n p u t s . I f the i n i t i a l voltage was V, 

and the shunt and the r e s u l t a n t voltage V, then the 
# i 

electrode impedence (Re) w i l l be given by the r e l a t i o n : 

Re = R (V - V) 

^ i 
(Donaldson, 195S) 

V 
i 

I f an electrode showed an exces3i;\^e drop i n trace height 
w i t h a 20 megohm r e s i s t o r across the i n p u t s , then i t s 
t o t a l irapedence was too high, probably having a r e s t r i c t e d 
t i p . S i m i l a r l y , a very small drop i n trace height i n 
such circumstances would i n d i c a t e an electrode w i t h low 
resi s t a n c e . Electrodes w i t h e l e c t r i c a l c h a r a c t e r i s t i c s 
l i k e t h a t shown i n f i g u r e 2 were accepted f o r use. I t 
sometimes happened t h a t electrodes contained small a i r 
bubbles near the t i p , producing a d i s t o r t e d trace on 
the oscilloscope screen. I f such electrodes were of 
the c o r r e c t resistance c h a r a c t e r i s t i c s they were returned 
to the potassium c h l o r i d e bath and retested a t a l a t e r 
date. I n many cases these electrodes l o s t the d i s t o r t i o n , 
presumably by d i f f u s i o n of the a i r bubble i n the electrode 
bath. 
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APPARATUS 
The microelectrodes which were used to impale the 

s i n g l e muscle f i b r e s were f i x e d i n t o the modified holder 
assembly of a Towers grease p l a t e micro-manipulator. By 
means of the c o n t r o l s on the holder column, the electrode 
could be c a r e f u l l y manouvred a few microns a t a time over 
the surface of the muscle f i b r e s of the muscle under 
i n v e s t i g a t i o n . The preparation and the electrode t i p 
were viewed during t h i s process by means of a bench 
mounted Beck binocular miecoSGOpe. The. membrane p o t e n t i a l s 
picked up by the electrode had to be a m p l i f i e d and displayed 
f o r viewing and q u a n t i t a t i v e measurement. 

The apparatus which was employed i n recording responses 
from s i n g l e muscle f i b r e s i s shown schematically i n Figure 
22. The complete assembled equipment i s seen i n general 
view i n Figure 23. The shielded recording leads from 
the microelactrode and the i n d i f f e r e n t electrode i n the 
rmuscle bath were tkken d i r e c t l y to a Cathode f o l l o w e r 
i n p u t stage. An i n p u t stage of t h i s type was necessary 
because of the very high impedence of the s i g n a l source. 
The cathode f o l l o w e r used was modified from the c i r c u i t 
designed by Bishop (1949) using EF 37A pentodes instead 
of the o r i g i n a l 954 acorn valves, and matched w i t h 22 
megohm r e s i s t o r s to earth to s u i t the electrodes employed. 
This modified c i r c u i t i s shown i n Figure 24. The 20 megohm 
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F i g u r e 2'6* * The complete recording system. 



T 22M 

Figure 24. Cathode follower input stage. 
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shunt f o r the t e s t i n g of electrodes was b u i l t i n t o the 
cathode f o l l o w e r along w i t h a simple c a l i b r a t i o n u n i t . 
The c a l i b r a t i o n u n i t was a simple c i r c u i t based on Ohm's 
law, and i s i l l u s t r a t e d i n Figure 25. This u n i t provided 
ten and one m i l l i v o l t steps by switching i n u n i t s on the 
10's and 100's decade r e s i s t o r boxes. 

From the cathode f o l l o w e r , the inputs were l e d to a 
D.C. coupled p r e a m p l i f i e r w i t h wide range D.C. balance 
c o n t r o l (Copeland, 1952), and then i n t o a Cossor 194S 
Mk. I l l o s c i l l o s c o p e . The oscilloscope was f i t t e d w i t h 
a Cossor 1428 Mk 2 camera w i t h a d i f f e r e n t i a l drive u n i t 
f o r s t a t i o n a r y spot recording on moving f i l m . I l f o r d 
5G 91 f i l m was used f o r recording purposes throughout the 
work. A loudspeaker a m p l i f i e r (Dickinson, 1951) worked 
i n conjunction w i t h the oscilloscope i n p u t so t h a t s i g i a l s 
could be heard as w e l l as seen. This f a c i l i t y was p a r t i c u l a r l y 
u s e f u l when undivided a t t e n t i o n was needed during a d i f f i c u l t 
p e n e t r a t i o n . 

Nerve s t i m u l a t i o n was eff e c t e d by means of a Palmer 
square wave s t i m u l a t o r which was also used to t r i g g e r the 
oscilloscope sweeps. S t i m u l a t i n g pulses were applied to 
the p r e p r a r a t i o n by means of s i l v e r wire electrodes made 
by t a p e r i n g O.oo? i n . diameter s i l v e r by e l e c t r o l y s i s i n 
s i l v e r n i t r a t e s o l u t i o n . These electrodes were i n s u l a t e d 
almost t o the t i p by means of p a r a f f i n wax. The bared 
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Figure 25. C a l i b r a t o r c i r c u i t . 
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ends were hooked so t h a t they could be i n s e r t e d under the 
nerve and used to r a i s e the nerve from the surrounding 
s a l i n e f o r s t i m u l a t i o n . Manipulation of the s t i m u l a t i n g 
electrodes was achieved by means of Palmer rack-work, 
placed behind the mounting stage of the Towers manipulator. 

When the oscilloscope was i n use f o r actual recording, 
the screen could not be viewed due to the presence of the 
camera. To overcome t h i s , a monitor (Figure 26) was b u i l t 
to work i n conunction w i t h the main oscilloscope. This 
monitor had a long a f t e r glow screen which was useful f o r 
the i n s p e c t i o n of t r a n s i e n t responses. 

The mechanical responses of the f l e x o r t i b i a l i s muscle 
were recorded by means of a simplf electro-mechanical 
transducer. This consisted of a glycerine resistance bath 
w i t h a small p o t e n t i a l d i f f e r e n c e across i t , i n t o which 
dipped a piano w i r e . The t i p of the t i b i a was attached 
to the piano wire w i t h a small piece of cotton, and 
movements of the wire were fed i n t o a simple c i r c u i t 
(Figure 2?) f o r a m p l i f i c a t i o n and subsequent display on 
the A2 i n p u t of the os c i l l o s c o p e . For accurate time base 
records i n a c t i o n p o t e n t i a l recordings, an Advance signal 
generator, type H 1 was employed. This was fed t o the A2 
i n p u t of the o s c i l l o s c o p e . The s t i m u l a t o r , o s c i l l o s c o p e , 
and s i g n a l generator were purchased commefcially, but a l l 
the other apparatus was b u i l t by the author f o r the work 
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contained i n t h i s t h e s i s . 

CRITERIA FOR ELECTRODE PENETRATION 

When the microelectrode and the reference ele ctrode 
were both i n the s a l i n e bath surrounding the preparation, 
the Y l trace on the oscilloscope screen represented zero 
p o t e n t i a l . The 11 trace was then superimposed upon the 
Y2 t r a c e . By means of the micromanipulator, the electrode 
t i p was manouvred u n t i l j u s t above the muscle f i b r e membrane. 
The electrode was slowly lowered, and a t one p o i n t , the Yl 
tra c e was suddenly dropped, j u s t as the microelectrode t p 
crossed the muscle f i b r e membrane. The r e s u l t i n g drop i n 
p o t e n t i a l on the oscilloscope screen was the negative 
r e s t i n g p o t e n t i a l of the muscle f i b r e . I n some cases, 
s l i g h t f l u c t u a t i o n s were obvious i n the p o t e n t i a l trace 
probably caused by blockage of the electrode t i p during 
the p e n e t r a t i o n , e s p e c i a l l y i f the electrode had been 
used many times .before. Often the blockage of the electrode 
t i p was a temporary a f f a i r , being r e l i e v e d as the t i p was 
withdrawn from the muscle f i b r e . Any electrode which 
(Eontinued to show e r r a t i c p o t e n t i a l l i n e s was discarded. 

I n normal circumstances, the plasma membrane would 
seal around the electrode t i p , i n s u l a t i n g the i n t e r i o r of 
the f i b r e from the ex t e r n a l s a l i n e . When a c t i o n p o t e n t i a l s 
were being recorded, i t was necessary to use the Y2 trace 
as a time base. The p o t e n t i a l drop on entering the f i b r e 
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could s t i l l be d i j^ly seen, however, on the long a f t e r ­
glow of the monitor. Although muscle a c t i o n p o t e n t i a l s 
could be picked up by the microelectrode t i p from the 
outer surface of the muscle f i b r e , once the t i p had 
entered the f i b r e such p o t e n t i a l s increased g r e a t l y i n 
magnitude and became monophasic. This afforded another 
i n d i c a t i o n of c o r r e c t p e n e t r a t i o n . 

Sometimes a f i b r e became damaged e i t h e r during the 
pe n e t r a t i o n or i n the i n i t i a l d i s s e c t i o n of the preparation. 
This caused a gradual steady f a l l i n the value of the a c t i o n 
and r e s t i n g p o t e n t i a l s , the f i b r e becoming depolarised i n 
a short time. I n most experiments, the ex t e r n a l saline 
bathed the preparation f o r between two to s i x hours before 
records were taken. By t h i s time, any damaged f i b r e s 
i n v a r i a b l y showed membrane p o t e n t i a l l e v e l s quite d i s t i n c t i v e 
by t h e i r very low value, and records from such f i b r e s were 
discarded. The probable reason f o r the f a l l i n r e s t i n g 
p o t e n t i a l i n these damaged f i b r e s could be traced to two 
sources, damage t o the trachea, w i t h the r e s u l t a n t depression 
of the muscle f i b r e metabolism, and the damage to the muscle 
f i b r e s themselves. The''latter would cause a release of 
the very high concentration of i n t e r n a l muscle potassium 
i n the immediate, v i c i n i t y of the other muscle f i b r e s , 
causing a f u r t h e r depression i n t h e i r r e s t i n g p o t e n t i a l . 
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METHODS OF STIMULATION 

E a r l i e r i n v e s t i g a t i o n s of i n s e c t neuromuscular 
mechanisms, upon the l o c u s t (Hoyle, 1955a), the cockroach 
( P r i n g l e , 1939), and. the s t i c k .insect (Wood, 1957b), 

i n v o l v e d d i r e c t s t i m u l a t i o n of the c r u r a l nerve i n the 
thorax j u s t a f t e r the nerve had l e f t the ganglion. Such 
a method allowed the study of one pa r t of the animal 
vdthout any disturbance from movements of the r e s t of the 
body. I n the Lepidoptera, however, such a simple method 
of i n d i r e c t muscle f i b r e s t i m u l a t i o n was not possible i n 
the meso- and metathoracic segments of the body owing to 
the h i g h l y s p e c i a l i s e d development of the thorax. I n the 
meso- and metathoracic segments of these animals the coxae 
are fused along t h e i r length to the underside of the thoracic 
box i n such a way t h a t the trochanters meet i n the mid 
v e n t r a l l i n e . Any d i s s e c t i o n of the thorax to reveal the 
metathoracic ganglion would thus involve d i s s e c t i n g o f f 
the coxae.^ To overcome t h i s problem, two methods of 

i n d i r e c t s t i m u l a t i o n were developed. I f a small s t r i p 
of the v e n t r a l j f i u t i c l e was removed from the f i r s t abdominal 

segment, the v e n t r a l nerve cord commisures from itha 
metathoracic ganglion could be e a s i l y exposed. With 
experience i t became possible to place the s t i m u l a t i n g 
electrodes only about two m.m. away from the actual 
ganglion. Another method used was to remove a small s t r i p 
of the v e n t r a l c u t i c l e from the mesothoracic segment, 
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exposing the v e n t r a l nerve cord as i t entered the 
metathoracic ganglion. The s t i m u l a t i n g electrodes 
could then be placed under the nerve cord. Using these 
methods i t was possible to stimulate the nerves emerging 
from the metathoracic ganglion, i n c l u d i n g the c r u r a l 
nerve which innervates the l e g muscles. However, i t was 
not possible to study c o n t r a c t i o n of l e g muscles without 
causing c o n t r a c t i o n of the other muscles innervated from 
the metathoracic ganglion. A c e r t a i n amount of body 
movement could not be avoided, e s p e c i a l l y movements of 
the legs on the other side of the body from t h a t being 
s t u d i e d , since a l l of the nerves emerging from the ganglion 
on both sides were being s t i m u l a t e d . To check t h a t these 
methods of s t i m u l a t i o n were not leading to spurious 
recordings due to a c t i v i t y of the other muscles of the 
l e g and thorax, some recordings were made from the protharacic 
l e g . I n t h i s l e g , the coxae are more or less f r e e , so t h a t 
conventional d i r e c t s t i m u l a t i o n of the emergent ganglionic 
nerves was p o s s i b l e , '̂̂o s i g n i f i c a n t differences were 
n o t i c e d i n recordings by t h i s method, and i n recordings 
by other methods used f o r the metathoracic l e g . 

DIFFERENTIAL STIMULATION OF SLOW AND FAST AXONS 
Separate s t i m u l a t i o n of the slow and f a s t axons 

r e q u i r e d d i r e c t access t o the c r u r a l nerve, hence experiments 
to o b t a i n the slow responses i n Lepidoptera were performed 
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of necessity on the pro t h o r a c i c l e g . The two motor 
axons i n the equivalent of the c r u r a l nerve i n the 
p r o t h o r a c i c segment could be stimulated separately by 
means of the anodal blocking technique developed by , 
K u f f l e r and Vaughan Williams (1953) i n which the distance 
between the electrodes i s v a r i e d , and the anode of the 
s t i m u l a t i n g erectrodes i s placed nearest the muscle and 
the cathode.nearest the ganglion. The method r e l i e s 
upon the existence of small d i f f e r e n c e s i n the diameter 
of the slow and f a s t axons, which i s usually the case 
found i n i n s e c t s , even though the differences may not 
appear great when examined i n section (see section 1 ) . 

When the separate axons i n a nerve are of d i f f e r e n t 
diameter, the impulses which i n i t i a t e a t the cathode 
propagate along the i n d i v i d u a l axons a t d i f f e r e n t speeds. 
By choosing a s u i t a b l e gap between thd s t i m u l a t i n g 
electrodes and by va r y i n g the width of the s t i m u l a t i n g 
square pulse, i t can be bj'ought about t h a t one impulse 
w i l l j u s t be passing the leading anode as the anodal 
pulse developes, and w i l l thus be o b l i t e r a t e d by the 
anodal pulse. The other nerve impulse, which i s t r a v e l l i n g 
a t a d i f f e r e n t speed, and which i s e i t h e r f o l l o w i n g or 
has preceeded the supressed impulse w i l l continue on 
i t s way t o the muscle s i n c e i i t has not coincided w i t h 
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the anodal pulse. By s u i t a b l e arrangement, i t i s 
possible to suppress the f a s t nerve impulse leaving 
only the slow, thus p e r m i t t i n g separate study of the 
slow muscle responses. 

The salines used f o r t h i s s e c t i o n of the i n v e s t i g a t i o n 
wore made up from the a n a l y t i c a l r e s u l t s contained i n 
s e c t i o n I I I . I n general they contained from 40 t o 50 

mM potassium,5 mM calcium and sodium, and from 30 to 40 

mM magnesium. 

RESULTS 
A. MECHANICAL RESPONSES 

A s i n g l e s u p r a l i m i n a l stimulus applied to the ' f a s t ' 
axon r e s u l t e d i n a f a s t t w i t c h of the f l e x o r tibialis 
muscle. This was accompanied by a tv;itch i n the t i b i a 
which was, however, r a t h e r small compared w i t h the very 
v i s i b l e muscle t w i t c h . A series of such t i b i a l twitches 
are shown i n Figure 2S(A). These twitches are s i m i l a r 
i n magnitude t o those reported i n the s t i c k i n s e c t (Wood, 
1956), but are smaller than those reported i n the l o c u s t 
(Hoyle, 1955b). 

A graded increase i n stimulus i n t e n s i t y applied to 
the f a s t axon, s t a r t i n g a t the p o i n t j u s t required f o r 
a mechanical response caused a stepwise increase i n the 
amplitude of the t w i t c h c o n t r a c t i o n . This suggests a 
gradual recruitment of d i f f e r e n t groups of muscle f i b r e s , 
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1^'igure 28. iviechanical responses from f a s t axon 
s t i r a u l a t i o n . 

A. S e r i e s of s i n g l e muscle twitches. 

B. E f f e c t of stimulus i n t e n s i t y i n c r e a s e 
on twitch height. 

C. Twitches from r e p e t i t i v e s t i r a u l a t i o n 
at 10/second. 

D. Tetanus a f t e r s t i m u l a t i o n at 25/second. 
Note f a i r l y r a p i d l o s s of tension i n 
both C and D. 
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and i s i l l u s t r a t e d i n successive twitches i n Figure 28 

( B ) . 
Del C a s t i l l o . , H o y l e , and Machne (1953) reported t h a t 

high i n t e n s i t y shocks applied to i t s ' f a s t ' axon were 
fo l l o w e d by a tetanus i n the extensor t i b i a l i s muscle 
of the l o c u s t . Wood (195S) was unable to c o n f i m t h i s 
i n the s t i c k i n s e c t , nor has i t been observed i n the 
Lepidoptera here examined. 

R e p e t i t i v e s t i m u l a t i o n of the ' f a s t ' axon was found 
to r e s u l t i n a f u s i o n of the mechanical responses i n t o a 
tetanus a t about 20 s t i m u l i per second (Figure 28(C+D)). 
I n many cases however, the muscle q u i c k l y f a t i g u e d , and 
the peak tension developed was soon l o s t (Figure 28(D)). 

B. MEMBRANE POTENTIALS 
The r e s t i n g membrane p o t e n t i a l s of i n d i v i d u a l muscle 

f i b r e s were measured by impaling the f i b r e s w i t h micro-
e l e c t r o d e s . I n salines approximating to the i o n i c 
composition of the insect's own haeraolymph, the membrane 
p o t e n t i a l s recorded from the fo u r separate species of 
Lepidoptera under i n v e s t i g a t i o n are shown i n table I , . 
I n each species, the range of r e s t i n g p o t e n t i a l s was 
r e l a t i v e l y wide, being from 38 to 64 mV. i n Telea polyphemus. 
34 t o 48 mV. i n Bombyx mori, 34 to 58 mV. i n Actias selene. 
and 39 to 60 m?. i n Sphinx l i g u s t r i . The small d i f f e r aices 



Table 1. 

Species R e s t i n g p o t e n t i a l 
(raV) Mean + S.E. 

Action p o t e n t i a l 
(mV) icean + S.E. 

Bombyx mori. 

T e l e a 
polyphemus 

Sphinx 
l i g u s t r i . 

41.8 + 1.4 

48.2 ± 1.8 

44.5 + >;.2 

40.1 + 2.1 

44.0 + 1.2 

42.3 + 1.8 

A c t i a s selene. 46.4 + 1.3 45.0 + 2.3 
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between the mean values f o r r e s t i n g p o t e n t i a l s i n these 
species are th e r e f o r e not r e a l l y s i g n i f i c a | | t , considering 
the range of values f o r each species. I t has been argued 
(K9man,1960: 1963) t h a t recordings taken i n a r t i f i c i a l 
s a l i n e s may d i f f e r from those a c t u a l l y found i n the plasma 
of the animal. However, a t the very beginning of an 
experiment the deeper muscle f i b r e s were s t i l l bathed 
i n the animal*s own haemolymph, and one can thus compare 
r e s u l t s f o r surface and f o r deeper f i b r e s . I n one experiment 
ih^ Bombyx m o r i , ten of the deeper f i b r e s were examined 
and found to have a mean r e s t i n g p o t e n t i a l of 42.3 mV, 
w i t h a range of 36 to 49 mV, values d i f f e r i n g very 
l i t t l e from those of the surface f i b r e s i n the same 
experiment, which are given i n ta b l e I# 

When the f a s t axon was st i m u l a t e d , the muscle f i b r e 
r e s t i n g p o t e n t i a l was abolished by the production of the 
a c t i o n p o t e n t i a l , and the muscle f i b r e s contracted i n 
the form of a quick t w i t c h . The threshold seemed t o 
vary f o r d i f f e r e n t f i b r e s i n the muscle, since not a l l 
of the f i b r e s could be guaranteed to contract unless the 
stimulus i n t e n s i t y was w e l l above the minimum required 
f o r a c o n t r a c t i o n i n c e r t a i n f i b r e s . This i s probably 
l i n k e d w i t h the increased c o n t r a c t i o n noticed w i t h 
increases i n s t i m u l a t i o n i n t e n s i t y , (see above). 

The normal a c t i o n p o t e n t i a l s i n Lepidoptera are shown 
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i n F i g u r e 29. The a c t i o n p o t e n t i a l * of Telea polyphemus, 
F i g u r e 29(B) was recorded on a f a s t time base to show 
the compound nature of the r i s i n g phase. The a c t i o n 
p o t e n t i a l s g e n e r a l l y rose to a peak i n about 5 m i l l i s e c o n d s , 
being followed by a f a i r l y long decay phase of 20 m i l l i s e c o n d s 
or so. The decay phase time course was mainly taken up 
i n the form of a prolonged negative a f t e r p o t e n t i a l . 

The a c t u a l values of the a c t i o n p o t e n t i a l s are given 

i n Table I . Once again, a f a i r l y wide degree of v a r i a t i o n 

i n value i n any one muscle i s seen i n the case of each 

s p e c i e s . I n T e l e a polyphemus the range was 40 to 50 M7, 

i n Sphinx l i g u s t r i . 36 to 52 mV, i n Bombyx mori 30 to 

50 mV, and 32 to 54 mV i n A c t i a s s e l e n e . Not only did 

the a c t i o n -potentials vary i n amplitude from f i b r e to 

i n the 3a.e . . s o l e . . . t s u o o ^ i v e aoUon p o t e n t i a l , 

i n the same f i b r e were s u b j e c t to some v a r i a t i o n a l s o as 

a r e s u l t of v a r i a t i o n i n the a c t i v e membrane response. 

T h i s can be seen i n groups of a c t i o n p o t e n t i a l s recorded 

from the same f i b r e i n Sphinx l i g u s t r i , shown i n Figure 30. 

As can be seen i n Table I , very l i t t l e i n the way 

of overshooting of the zero p o t e n t i a l l e v e l was present 

i n these i n s e c t s . I n most f i b r e s there was no overshoot, 

but i n the few cases where an overshoot did occur i t was 

noticed that the r e s t i n g p o t e n t i a l of the f i b r e s involved 

was near the high end of the r e s t i n g p o t e n t i a l range f o r 
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F i g u r e 29. Lepidopteran a c t i o n p o t e n t i a l s , A & B, 
T e l e a pol.yphemus ;C & D.Actias selene ;E & P.Bombyx 
mori. C a l i b r a t i o n s i n m i l l i s e c o n d s and m i l l i v o l t s . 



Figure 30. Successive a c t i o n p o t e n t i a l s recorded 
frorn the same f i b r e i n the f l e x o r 
t i b i a l i s muscle of Sphinx l i g u s t r i over 
a period of f i v e minutes. C a l i b r a t i o n s 
i n m i l l i v o l t s , t i m e s c a l e 200 c y c l e s / s e c . 
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the animal. The mean amplitude of an ac t i o n p o t e n t i a l 
i n a f i b r e appeared to be r e l a t e d t o the value of the 
r e s t i n g p o t e n t i a l o f t h a t f i b r e . This tended to r e s u l t 
i n f i b r e s w i t h low r e s t i n g p o t e n t i a l s having low a c t i o n 
p o t e n t i a l s . However, when the r e s t i n g p o t e n t i a l of 
muscle f i b r e s was a r t i f i c i a l l y lowered by a p p l i c a t i o n 
of increased e x t e r n a l potassium c h l o r i d e , i t was noticed 
t h a t most f i b r e s l o s t the overshoot completely, even those 
which had shown an overshoot i n normal s a l i n e . I n Bombyx 
mori, a few f i b r e s w i t h high r e s t i n g p o t e n t i a l s (45 mV. 
plus ) were found to have overshoots o f zero p o t e n t i a l 
as high as 6 t o 8 Mv, but as i n Telea polyphemus most 
f i b r e s i ^ r e found to be without overshoot, and the 
a c t i o n p o t e n t i a l seemed to be r e l a t e d to the r e s t i n g 
p o t e n t i a l value. 

Del C a s t i l l o . ,Hoyle, and Machne (1953) l i n k e d the 
absence of an overshoot w i t h the decay of t h e i r l o c u s t 
p r e p a r a t i o n s . I n the Lepidoptera however, even f i b r e s 
from, f r e s h preparations ( t e n t o f i f t e e n minutes a f t e r 
d i s s e c t i o n ) showed l i t t l e or no overshoot. 

• Belton (1958) reported r e s t i n g p o t e n t i a l s i n the 
range of 40 t o 65 mV., and a c t i o n p o t e n t i a l s i n the range 
4O to 70 mV. i n several species of Lepidoptera, while 
Van der Kloot (1963) reported r e s t i n g p o t e n t i a l s i n the 
range 42 t o 73 mV., and a c t i o n p o t e n t i a l s as high 56 mV. i n 
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the intersegmental muscles of Hyalophora and Telea, The 
r e s u l t s d e t a i l e d above seem w e l l i n the range reported by 
these e a r l i e r workers. One recent r e p o r t however, i s i n 
contr a s t w i t h these r e s u l t s . Carrington and Tenney (1959) 

working upon the l a t e pupae of Telea polyphemus, reported 
r e s t i n g p o t e n t i a l s of only 15.4 mV. Since the haemolymph 

. concentrations of pupae vary l i t t l e from those of the 
a d u l t (see Duchateau et a l , 1953), i t i s d i f f i c u l t to 
re c o n c i l e such low r e s u l t s w i t h those of other authors 
and those given above. I t i s possible t h a t these authors 
may only have recorded from the embryonic membranes around 
the maacle i n the pupae, producing spurious r e s t i n g p o t e n t i a l 
values from e x t e r n a l l y recorded muscle a c t i o n ^ p o t e n t i a l s . 
This i s however, d i f f i c u l t to check since the authors 
reproduced no photographs of ac t u a l responses i n t h e i r 
paper. 

•̂ n normal s a l i n e the a c t i o n p o t e n t i a l almost always 
showed a r i s i n g phase w i t h a s l i g h t i n f l e x i o n , i n d i c a t i n g 
t h a t more than one phenomenon was associated i n the r i s e . 
The i n f l e x i o n became p a r t i c u l a r l y obvious when the a c t i o n 
p o t e n t i a l was observed on a f a s t time base (Figure 29,b, 
d , f ) . The r i s i n g phase of the a c t i o n p o t e n t i a l was seen 
to be composed of two component events, the f i r s t being 
the j u n c t i o n a l p o t e n t i a l , the second the a c t i v e membrane 
response. The term ' j u n c t i o n a l p o t e n t i a l ' has been employed 
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J . f .if-

f o r many years i n r e l a t i o n to crustacean and i n s e c t m a t e r i a l , 

s i n c e i t was o r i g i n a l l y thought that such ma t e r i a l did not 

have the complex motor end organs of the type present i n 

the v e r t e b r a t e s (see Hoyle, 1957b). Recent e l e c t r o n 

microscope work by Edwards et a l (1958a,b) has shown t h a t 

the wasp and cicada a t l e a s t do have end-plates r i v a l l i n g 

the v e r t e b r a t e type i n both s i z e and complexity, and there 

seems no reason why other i n s e c t s may not be s i m i l a r . 

The r e s u l t s of d e t a i l e d l i g h t microscope work are very 

scan t y , but the drawings of i n s e c t end-plates shown by 

Hoyle (1957a) and by Wood (1957a), and the evidence 

presented i n s e c t i o n I of t h i s i n v e s t i g a t i o n i n d i c a t e 

t hat i n s e c t s do have Doy^re cone endings of large s i z e 

and complexity. As y e t the ^en l i g n e ' type endings so 

t y p i c a l of crustacea and mammalian i n t r a f u s a l f i b r e s 

are unknown i n i n s e c t s , hence i t i s the opinion of t h i s 
i 

author t h a t no r e a l o b j e c t i o n can be r a i s e d to the term 

\̂  'end-plate p o t e n t i a l ' i n i n s e c t s , and the t e r n w i l l be 

used throughout the work. On the other hand although 

the a c t i v e membrane response i s i n some ways analagous 

with the ver t e b r a t e 'spike p o t e n t i a l * , i t d i f f e r s i n 

r 
M> the important respect of being non-propagated i n a l l 

^ i n s e c t s so f a r s t u d i e d , and so the former term w i l l be 

i 4 
I n Telea polyphemus the end-plate p o t e n t i a l has a 

^ value of about 15 mV., while the a c t i v e membrane response 
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i s about 29 mV. The o v e r a l l r a t e of r i s e of.the a c t i o n 
p o t e n t i a l was 9.2 V o l t s per second, t h a t of the end-plate 
p o t e n t i a l being 6.4 V/second, and t h a t of the active 
membrane response 12 V/second. I n Bombyx mori the rate 
of r i s e of the a c t i o n p o t e n t i a l was 10 . 7 v o l t s per second. 
The end'plate p o t e n t i a l was 14 mV, the a c t i v e membrane 
response was 26 mV. The two components had s l i g h t l y 
d i f f e r i n g rates of r i s e , being 8 .5 and 12 v o l t s per 
second r e s p e c t i v e l y . 

C. THE NEGATIVE AFTER POTENTIAL 
An i n t e r e s t i n g and p e r s i s t a n t f e a t u r e of the 

lep i d o p t e r a n a c t i o n p o t e n t i a l was the p a r t usually r e f e r r e d 
to as the negative a f t e r p o t e n t i a l (see Brazier, 1960). 
The negative a f t e r p o t e n t i a l could extend the decay phase 
of the a c t i o n p o t e n t i a l by as much as 20 to 30 milliseconds 
(Figure 29 a,b , d , f ) . The negative a f t e r p o t e n t i a l i n Telea 
polyphemus was about 15 mV and i n Bombyx mori i t was 13 mV . 
Generally the decay r a t e was negative a l l the way except 
i n a few cases (Figure 29 d,f) where a small p o s i t i v e 
region was present. Quite prolonged negative a f t e r 
p o t e n t i a l s were present i n recordings of acti o n p o t e n t i a l s 
i n the s t i c k i n s e c t (Wood, 1957 b ) , the cockroach (Wood, 
1961), the l o c u s t (Hoyle, 1955a ; Hagiwara and Watanabe, 
1954 ; Wood, 1961), the cicada (Hagiwara 1953), and 
several Lepidoptera ( B e l t o n , 1958). A f t e r p o t e n t i a l s 
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are a l s o present i n both the muscle f i b r e s and axons of 

a wide range of v e r t e b r a t e s . Persson (1963) e l i c i t e d 

a c t i o n p o t e n t i a l s i n quick succession so that subsequent 

a c t i o n p o t e n t i a l s f e l l w i t h i n t h e . a f t e r p o t e n t i a l of th« 

f i r s t , and not i c e d that no summation or a l t e r a t i o n of any 

kind took place i n the value of the negative a f t e r p o t e n t i a l , 

Frank (1957) however, found that the decay of the a f t e r 

p o t e n t i a l was f a s t e r a f t e r s e v e r a l impulses i n the f i b r e 

i n quick s u c c e s s i o n . I n add i t i o n , Frankenhauser and 

Hodgkin (1956) working upon squid giant axons, and Narahashi 

and Yamasaki (1960) woricing upon the cockroach giant axons 

found that s u c c e s s i v e negative a f t e r p o t e n t i a l s added i n 

a l i n e a r manner. The evidence from the Lepidoptera, on 

the other hand, supports Persson*s f i n d i n g s . I n Bombyx 

Mori muscle f i b r e s no add i t i o n was seen during successive, 

a f t e r p o t e n t i a l s (Figure 3 1 ) . I t seems p o s s i b l e ) t h a t 
" • ' • A 

axons and muscle f i b r e s behave quite d i f f e r e n t l y i n t h i s 
r e s p e c t , 

D. THE EFFECT OF PHARMACOLOGICAL PREPARATIONS UPON MEMBRANE. 

POTENTIALS 

S e v e r a l pharmacological substances, known to have quiste 

d e f i n i t e e f f e c t s upon the process of neuromuscular transmission 

i n v e r t e b r a t e muscle f i b r e s were applied to muscle f i b r e 

preparations of Bombyx mori and Sphinx l i g u s t r i . The 

substance used were a c e t y l c h o l i n e (10""^ to 10~^) , 



Figure 31. Successive a c t i o n p o t e n t i a l s from the 
f l e x o r t i b i a l i s muscle of BomTjyx mori 
showing no p o t e n t i a i i o n of the negative 
a f t e r p o t e n t i a l . C a l i b r a t i o n s 20 msec, 
and 40 m i l l i v o l t s . 
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atropine (10"'^ to l O ' ^ ) , a d r e l a l i n byidrochloride ( 1 0 t o 
l O ' ^ ) , and chlorpromazine hydrochloride (10"^ to IJO"^). 
These substances were added to the normal s a l i n e s of the 
animals concerned. The t e s t s a l i n e s were allowed to bath 
the preparations f o r s e v e r a l hours, membrane p o t e n t i a l 
recordings being checked a t i n t e r v a l s . I n no case was any 
a l t e r a t i o n i n amplitude and time course of the a c t i o n 
p o t e n t i a l seen, nor was any a l t e r a t i o n of the r e s t i n g 
p o t e n t i a l seen with any of these substances. 

E . THE SLOW RESPONSE. 

During many experiments, slow spontaneous movements 

of the t i b i a were observed. These mechanical responses 

were not of the twitch type a s s o c i a t e d with the f a s t axon, 

but were due to a separate mechanism. Because of the very 

slow time r e l a t i o n s of the mechanical changes observed, t h i s 

type of response has be«n c a l l e d the 'slow' response. 

I n t r a c e l l u l a r e l e c t r i c a l recordings of some of these responses 

e l i c i t e d by nerve s t i m u l a t i o n (see s e c t i o n on stimulation) 

are shown i n Figure 32 . The slow response i s much smaller 

i n amplitude than the f a s t response, being only about ten 

m i l l i v o l t s . Unlike the f a s t response, there i s no obvious 

i n f l e x i o n i n the r i s i n g phase of the slow responses so the 

l a t t e r may be considered to be a phenomenon which i s s i m i l a r 

i n o r i g i n to the end pl a t e p o t e n t i a l , d i f f e r i n g only i n 

the f e a t u r e of time course, i n which resp e c t the slow 

response has only one quarter of the ra t e of r i s e of 



F i g u r e 32. Slow responses, A , s i n g l e response ; B,a t r a i n 
of responses ; G,fast and slow responses combined. 
C a l i b r a t i o n s : Time,^0 c y c l e s per second,Voltages,A- S mV. 
stages,B and G 10 niV stages. 
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the end pl a t e p o t e n t i a l . The decay phase i s of the normal 
exponential shape found a l s o i n the end plate p o t e n t i a l , 
but being about four times slower. 

REFETITIVE STIMULATION OF THE SLOW AXON 

At a s t i m u l a t i o n frequency of 20/3econd, the slow 

responses are seen to fuse together (Figure 32b). At a 

s t i m u l a t i o n frequency of 30/second the membrane d e p o l a r i s a t i o n 

was f u r t h e r i n c r e a s e d (Figure 32 c ) , and i t would seem that 

membrane d e p o l a r i s a t i o n l e v e l depended.on st i m u l a t i o n 

frequency. A s i n g l e slow response was found to produce 

no observable mechanical response i n the t i b i a , and i t 

would appear t h a t any movements of value to the animal 

executed by the slow responses would have to be i n the 

form of t e t a n i c responses produced by long t r a i n s of 

impulses passing down the slow.axon. This would c e r t a i n l y 

have to be the case i n the very long protracted movements 

a s s o c i a t e d with maintainance of posture, not only i n the 

l e g muscles but i n the body w a l l muscles a l s o . 

I n s e v e r a l experiments using the anodal blocking 

technique ( K u f f l e r and Vaughan Williams, 1953) i n order 

to obtain slow responses by themselves, the f a s t axon was 

a c c i d e n t a l l y s timulated during the development of the 

slow responses. The r e s u l t was that i n c e r t a i n cases, 

both f a s t and slow responses were ctotained together from 

the f i b r e (Figure 3 2 c ) . I n the cases where t h i s d id 
happen, the f a s t responses were seen to add on to ths 
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d e p o l a r i s a t i o n already produced by development of the slow 
responses. Since the time courses of the f a s t and slow 
responses are very d i f f e r e n t , a s i n g l e slow response 
having a f u l l time course of 30 to 50 m i l l i s e c o n d s , and 
a f a s t response having a time course.of about 10 m i l l i s e c o n d s , 
the components of the f a s t response were impossible to 
f o l l o w . The t o t a l d e p o l a r i s a t i o n however, of these combined 
responses was greater than that of the f a s t response alone, 
overshooting the zero p o t e n t i a l l e v e l to the extent of about 
10 m i l l i v o l t s . T h i s large overshoot i s s i m i l a r i n most 
r e s p e c t s to the i n c r e a s e d overshoot found by Wood (1958) 
i n the s t i c k i n s e c t when c l o s e l y p a i r e d shocks produced 
combined a c t i o n p o t e n t i a l s greater i n amplitude than a 
s i n g l e response. The overshoot of lO mV, i n Bombyx mori 
( F i g u r e 32c) i s much greater than the s o r t of overshoot 
found i n c e r t a i n f i b r e s with s i n g l e responses of the f a s t 
type alone, and i s by f a r the highest recorded overshoot 
i n Lepidoptera so f a r . 

F a s t responses have been found i n a l l f i b r e s impaled 

b u t slow responses do not seem to be so evenly d i s t r i b u t e d 

s i n c e they have only been foimd i n about h a l f of the f i b r e s 

i n which they have been looked f o r . This does not n e c e s s a r i l y 

mean t h a t they were not present i n other cases, sinc e t h e i r 

d e t e c t i o n depends on c o r r e c t a p p l i c a t i o n of the anodal 

blocking technique. Hoyle (1957a) reports slow axon 

i n n e r v a t i o n v a r y i n g between 30 to 50^ of muscle f i b r e s , 
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depending upon which l e g was examined i n Locusta, but 

Wood (1957a) found slow responses i n a l l f i b r e s examined 

CarausiU3« I t i s pos s i b l e that i n t h i s respect the 

f l e x o r t i b i a l i s muscle of Carausius i s simply u n s p e c i a l i s e d . 

The r e l a t i v e l y u n s p e c i a l i s e d p r o t h a r a c i c extensor t i b i a l i s 

muscle i n Locust contained 50!̂  slow f i b r e i n n e r v a t i o n , v/hile 

the h i g h l y s p e c i a l i s e d metathoracic extensor had a 

corresponding f i g u r e of only 30^ (Hoyle, 1957a) . I t would 

seem that s p e c i a l i s a t i o n of muscles f o r extra a c t i v i t y 

i s c o r r e l a t e d with a reducation i n the number of i n d i v i d u a l 

f i b r e s having an inn e r v a t i o n by slov/ axons. I n t h i s scheme, 

the Lepidoptera would appear to be r e l a t i v e l y s p e c i a l i s e d , 

but not to the extent of the l o c u s t . 
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DISCUSSION 

The r e s t i n g p o t e n t i a l s of the four species of 

Lepidoptera given i n Table I of t h i s s e c t i o n can be seen 

to be i n good agreement with the e a r l i e r r e s u l t s of Belton 

( I 9 5 S ) and Van der Kloot ( I 9 6 3 ) . This serves to strengthen 

the argument t h a t the very low resulite of Carrington and 

Tennoy (1959) are probably spurious. The r e s t i n g p o t e n t i a l 

values of between 40 to 50 m?. f o r Lepidoptera are however, 

r a t h e r low compared to the usual values given f o r i n s e c t s . 

Hoyle (1955a) quotes values of 60 ra? f o r Locusta and 

P e r i p l a n e t a , but a more r e c e n t . i n v e s t i g a t i o n by Wood (1963) 

gives values of 63 mV and 53 mV r e s p e c t i v e l y . Hoyle (1957a) 

a l s o g i v e s a value of 60 mV f o r the r e s t i n g p o t e n t i a l i n 

S c h i s t o c e r c a . G a l l i p h o r a . and D y t i s c u s . while values of 50 to 

7D mV have been recorded i n the l o c u s t Oxya (Hagiwara, 1 9 5 3 ) » 

Romalea (Gerf,Grundfest,Hoyle, and McCann, 1957) and Tenebrio 

( B e l t o n and Grundfest, 1962a & b) . The r e s t i n g p o t e n t i a l s 

of Lepidoptera are not however the lowest so f a r recorded 

among the i n s e c t s . Hagiwara and Watanabe (1954) found only 

41 raV i n the l o c u s t Mecopoda and 42 mV/ i n the Cicada G r a p t o p s a l t r i ^ 

while Wood (1957b) found only 4 I mV i n Carausius. Very low 

r e s t i n g p o t e n t i a l s i n the region of only 35 mV have r e c e n t l y 

been reported i n the muscle f i b r e s of A s c a r i s by Del C a s t i l l o 

Mello, and Morales (1963). 

Belton and Grundfest (1962b) have shown however, that 
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Tenebrio muscle f i b r e s can e a s i l y be s e t to a wide range 

of r e s t i n g p o t e n t i a l values depending upon the concentration 

of potassium ions i n the e x t e r n a l s a l i n e (from 40 to 90 mV 

i n Tenebrio f o r only a change of 1.5 to 7.5 mM potassium). 

Wilson (1954) obtained a value of only 45 mV f o r the r e s t i n g 

p o t e n t i a l i n P e r i p l a n e t a i n a s a l i n e containing only 2.7 niM 

potassium i o n s . These c o n f l i c t i n g r e s u l t s serve to underline 

the n e c e s s i t y ofneasuring e l e c t r i c a l p o t e n t i a l s only i n 

s a l i n e s which approximate c l o s e l y i n i o n i c composition to 

the haemolyraph of the i n s e c t concerned, p a r t i c u l a r l y i n 

view of the r e s u l t s of Wood (1957b), and the r e s u l t s i n 

S e c t i o n I I I of t h i s i n v e s t i g a t i o n which show the e f f e c t , 

not only of potassium but a l s o of sodium ions upon i n s e c t 

r e s t i n g p o t e n t i a l s . 

The comparable f i g u r e s of r e s t i n g p o t e n t i a l f o r Crustacea 

are much higher than those i n i n s e c t s . F a t t and Katz (1953) 

reported 70 mV i n muscle f i b r e s of Potunus and Carcinus, 

while Atv;ood (1964) reported 71 mV i n Cancer magister. 

Values of about 70 mV were obtained by Furshpan ( i n Hoyle, 

1957b) i n muscle f i b r e s of Cambarus and P a n u l i r u s , The 

h i g h e s t r e s t i n g p o t e n t i a l values of a l l are those reported 

i n v e r t e b r a t e s , these u s u a l l y being i n the region of 90 mV. 

Such a value was reported i n Rana^Nastuk, 1953 ; K u f f l e r and 

Vaughan Williams, 1953) and i n t e l e o s t f a s t f i b r e s ( B a r e t s , 

1 9 6 1 ) . Mammalian muscle f i b r e s a l s o have high r e s t i n g 

p o t e n t i a l s . In the r a t , Kernan ( I 9 6 3 ) found 91 mV, H)ffman 
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and S u c k l i n g (1953) reported 35 mV i n the dog, while V/est 

(1955) reported 78 mV i n the r a b b i t . The f a s t f i b r e s of 

the h a g f i s h however have r e s t i n g p o t e n t i a l s ranging from 

60 mV to 77 m?, the mean being 66 m? (Alnaes et a l I 9 6 4 ) . 

T h i s value i s considerably lower than that normally met 

with i n v e r t e b r a t e s . 

An i n t e r e s t i n g feature of vertebrate f a s t and slow 

f i b r e s i s the d i f f e r e n c e they e x h i b i t i n r e s t i n g p o t e n t i a l 

v a l u e . While the hagfish f a s t f i b r e s have a mean r e s t i n g 

p o t e n t i a l of 66 mV, the slow f i b r e s have a mean value of 

only 40 mV (Alnaes at a l I 9 6 4 ) . The comparable r e s u l t s f o r 

t e l e o s t s are 55 mV f o r the slow f i b r e s and 90 mV f o r the 

f a s t f i b r e s ( B a r e t s , 1 9 6 1 ) . . K u f f l e r and Vaughan Williams, 

( 1 9 5 3 ) , found a r e s t i n g p o t e n t i a l of only 60 mV i n the frog 

slow muscle f i b r e s , whereas the f a s t f i b r e s show 90 to 95 mV. 

Recently, Atwood ( I 9 6 4 ) reported two d i s t i n c t types of muscle 

f i b r e , phasic and t o n i c , w i t h i n the same muscle i n Cancer 

l/^ magister. These f i b r e s have r e s t i n g p o t e n t i a l s of 71 and 

57 mV r e s p e c t i v e l y . This author reports that such r e s t i n g 

p o t e n t i a l d i f f e r e n c e s are present i n other crab muscles, 

and i t may be t h a t such systems are widespread i n the 

Crustacea as w e l l as the v e r t e b r a t e s . 

I n a d d i t i o n to possessing f a s t and slow muscle f i b r e s 

with d i f f e r i n g r e s t i n g p o t e n t i a l s , V9]?tebrate muscles are 

f u r t h e r complicated by the possession of i n t r a f u s a l f i b r e s 

which form the muscle spindle receptor organs. Eyzaguirre 
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and Du V i a l ( 1956 ) , working on the toad showed that the 

r e s t i n g p o t e n t i a l s of the i n t r a f u s a l muscle f i b r e s ranged 

from 61 to BB mV. Koketsu and N i s h i (1957) found an average 

value of 40 ftiV f o r the i n t r a f u s a l muscle f i b r e s of the frog. 

These values are w e l l below the normal r e s t i n g p o t e n t i a l 

.of a x t r a f u s a l f a s t f i b r e s , and i n the case of the frog, the 

i n t r a f u s a l f i b r e s have even lQw;er r e s t i n g p o t e n t i a l s than 

the e x t r a f u s a l slovj f i b r e s . 

The d i f f e r e n c e s found i n r e s t i n g p o t e n t i a l between 

muscle f i b r e s i n the same muscle, such as f a s t and slow i n 

the Crustacea, and i n t r a f u s a l i n ad d i t i o n i n the vertebrates 

are very remarkable and show a great c o n t r a s t to the condition 

found i n i n s e c t s . I n an i n s e c t muscle, probably a l l the 

f i b r e s r e c e i v e a f a s t motor i n n e r v a t i o n , and many i n addition 

a l s o r e c e i v e a slow motor inn e r v a t i o n , depending upon the 

l e v e l of s p e c i a l i s a t i o n of the musc le . No s i g n i f i c a n t 

d i f f e r e n c e s are found however, i n the published values of 

r e s t i n g p o t e n t i a l between the i n d i v i d u a l muscle f i b r e s i n 

any one muscle, although a case may r e c e n t l y have been found 

i n the l o c i i s t (Usherwood, 1 9 6 5 ) . U n t i l th^^position of the 

l a t t e r i s c l a r i f i e d , the bulk of the evidence i s s t i l l i n 

favour of the exis t e n c e of only one type of i n s e c t skeletd. 

rauscle f i b r e i n any one muscle. I t seems remarkable that 

the Crustacea, which have an innervation pattern s i m i l a r 

i n most r e s p e c t s to the i n s e c t type should show r e s t i n g 

p o t e n t i a l d i f f e r e n c e trends r a t h e r l i k e the vertebrates 
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to which they show no s i m i l a r i t i e s i n innervation p a t t e r n . 

I n the case of the frog slow system ( K u f f l e r and Vaughan 

Wi l l i a m s , 1953), there i s no overlap between the f a s t 

and the slow i n n e r v a t i o n . The slow muscle f i b r e s i n t h i s 

case have a very d i f f e r e n t i n n e r v a t i o n from the f a s t 

muscle f i b r e s which are i n the majority, and t h i s oould 

p o s s i b l y e x p l a i n the d i f f e r e n c e s i n r e s t i n g p o t e n t i a l 

between the two types of muscle f i b r e . I n the muscle 

s p i n d l e s of the toad ( E y z a g u i r r e , 1957), an overlap of 

the f a s t and slow i n n e r v a t i o n to the i n t r a f u s a l muscle 

f i b r e s i s present, and t h i s may w e l l be the case i n 

other muscle s p i n d l e s . The crustacea also show* an 

overlap of f a s t and slow i n n e r v a t i o n to any one muscle 

f i b r e , and i n t h i s respect a t l e a s t , the toad muscl* 

sp i n d l e and the crustacea are, s i m i l a r i n innervation to 

the i n s e c t s . Considering these s i m i l a r i t i e s i n innervation 

i t i s very d i f f i c u l t to e x p l a i n why crustacea and vertebrates 

show tfuch r e s t i n g p o t e n t i a l d i f f e r e n c e s w i t h i n a s i n g l e 

muscle while the i n s e c t s show no such d i f f e r e n c e s 

The a c t i o n p o t e n t i a l s of the Lepidoptera which r e s u l t 

from f a s t motor axon s t i m u l a t i o n are s i m i l a r i n most 

r e s p e c t s to those recorded from other i n s e c t muscles, and 

from the Crustacea. The values of 9.2 and 10 ,7 Volts/second 

f o r r a t e s of r i s e of the Lepidopteran a c t i o n p o t e n t i a l s , 

although higher than the 5 to 7 volts/second of Carausius 
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(Wood, 1958) are very low i n terms of the v e r t e b r a t e s , 

and r a t h e r low i n terras of other i n s e c t s . The frog 

a c t i o n p o t e n t i a l has a reported r a t e of r i s e of 670 

volts/second (Nastuk, 1953), while the cockroach has 

a r a t e of r i s e f o r the a c t i o n p o t e n t i a l of 36 V o l t s / 

second (Hoyle, 1955a), The l o c u s t (Oxya) wing muscl« 

has a rate of r i s e of about 35 Volts/second (estimated 

from Hagiwara, 1953). The l o c u s t ( S c h i s t o c e r c a ) extensor 

t i b i a l i s muscle has a r a t e of r i s e f o r the a c t i o n p o t e n t i a l 

of 17 Volts/second (Hoyle, 1955b). 

The slowness of the r i s i n g phase of a c t i o n p o t e n t i a l s 

i n Arthropods i s not c o r r e l a t e d with p a r t i c u l a r l y weak 

muscles. The c l o s e r muscles of the claws of the crustaceans 

Portunus and Carcinus have a c t i o n p o t e n t i a l s with a r a t e 

of r i s e of only 20.5 Volts/second ( F a t t and Katz, 1953) 

but these muscles are very powerful indeed. What does 

seem to stand out i s that t h e j n u s ^ e s of herbivorous 

i n s e c t s have the slowest r i s i n g a c t i o n p o t e n t i a l s so f a r 

reported. I t i s i n t e r e s t i n g to note that Lepidopteran 

muscle f i b r e s have been found to be rather impenneable to 

most of the normal ions found i n p h y s i o l o g i c a l s a l i n e s 

( s e e s e c t i o n 3) compared with the corresponding p e r m e a b i l i t i e s 

i n the v e r t e b r a t e s (Hodgkin, 1951). This could w e l l be 

the cause of the slowness of the time course of the ac t i o n 

p o t e n t i a l i n herbivorous i n s e c t s , s i n c e any ion fl u x e s 

which may take place w i l l be considerably slowed down. 
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By means of techniques such as recording a t low 

temperatures, and a l s o by recording on s u i t a b l e time 

bases, the i n s e c t a c t i o n p o t e n t i a l has been shown to be 

a compound phenomenon composed of s e v e r a l parts (Hagiwara, 

1953 : Hoyle, 1954,1957a ; Wood, 1957b). This can a l s o 

be seen to be the case i n the Lepidoptera. The concept 

of a compound r i s i n g phase i s based upon the evidence 

of an i n f l e x i o n i n t h i s phase, and the e f f e c t of ions 

such as calcium upon t h i s i n f l e x i o n (see Wood, 1957b), 

which i s quite d i s t i n c t i v e i n most i n s e c t s . The two 

components of the r i s i n g phase of the i n s e c t a c t i o n 

p o t e n t i a l are considered to correspond to the end pla t e 

and spike p o t e n t i a l s of vertebrates (Hoyle, 1957b). I t 

has been argued e a r l i e r i n t h i s s e c t i o n that the term 

fend p l a t e p o t e n t i a l ' should be applied to i n s e c t muscle 

responses, although Hoyle's Cl957b) terra ' a c t i v e membrane 

response* i s used i n s t e a d of the vertebrate term 'spike'. 

I n both Telae polyphemus and Bombyx mori the end 

p l a t e p o t e n t i a l and the a c t i v e membrane response have 

d i f f e r i n g r a t e s or r i s e . Wood (1958) found no such 

d i f f e r e n c e s i n the s t i c k i n s e c t , and from the f i g u r e s of 

Hoyla (1955a) i n the cockroach and l o c u s t , any dif f e r e n c e s 

i n the two components were s l i g h t . I n the Lepidoptera, 

the d i f f e r i n g time courses of these two components are 

obviou's and remain so even during a l t e r a t i o n of the 

amplitude of the a c t i o n p o t e n t i a l under the influence 
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of potassium ions (see s e c t i o n I I I ) , I n the frog 

(Nastuk, 1953), the end pla t e p o t e n t i a l had a ra t e of 

r i s e of 220 volts/second, while the spike response had 

a r a t e of r i s e of 670 volts/second. T h i s l a r g e difference 

i n r i s e time between the two components i s t y p i c a l of 

v e r t e b r a t e s (Hoffman and Suckling, 1953 ; West, 1955 ; 

lifaughan VJilliams, 1959 ; Bar e t s , 1961) but there seems 

to be no obvious reasons why the Lepidoptera should 

resemble the v e r t e b r a t e s i n t h i s r e s p e c t . This r i s e 

time d i f f e r e n c e i m p l i e s that two separate processes may 

be involved. I n the case of the vertebrates the very 

f a s t spike responses i s probably r e l a t e d to the need f o r 

a f a s t propagated spike to a c t i v a t e the whole f i b r e quickly 

f o r a c o n t r a c t i o n , and although propagated spikes have 

been claimed i n the C r u s t a c e a ( F a t t and Katz, 1953) no 

such claims have been made f o r the a c t i v e membrane responses 

i n i n s e c t s . 

F a l k (1961) suggested that the s p e c i f i c permeability 

changes which give r i s e to the a c t i o n p o t e n t i a l r i s i n g 

phase would have ceased by the time of the onset of the 

negative a f t e r p o t e n t i a l . From t h i s F a l k argued that the 

a f t e r p o t e n t i a l would represent a passive recharge of the 

membrane. Frankenhauser (1962) and Persson (1963) have 

r e j e c t e d t h i s hypothesis s i n c e measurements of the membrane 

r e s i s t a n c e during the negative a f t e r p o t e n t i a l indicate 

that p e r m e a b i l i t y changes were s t i l l appreciable as l a t e 
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as t en m i l l i s e c o n d s a f t e r the a c t i o n p o t e n t i a l peak. 

F u r t h e r , these authors point out that the f i r s t p a r t of 

the negative a f t e r p o t e n t i a l i s not exponential, as would 

be expected during a passive recharge. These authors 

have suggested that the negative a f t e r p o t e n t i a l i s due 

to c e r t a i n permeability changes i n the membrane such as 

a small l a t e i n c r e a s e i n sodium permeability, or a non­

s p e c i f i c general permeability i n c r e a s e . The negative 

a f t e r p o t e n t i a l i s a delay i n the r e p o l a r i s a t i o n process, 

and could be due to e i t h e r or both of two main causes. 

I f there was to be a temporary f a l l i n the permeability 

of the membrane to potassium ions, t h i s would r e s u l t i n 

a r e p o l a r i s a t i o n delay,such a delay would a l s o come about 

i f the membrane developed a secondary permeability to 

sodium io n s . The former would seem to be the more probale 

s i n c e sodium ions have two f a c t o r s governing t h e i r movement 

F i r s t l y , a membrane which i s r e l a t i v e l y impermeable to 

them, but p a r t i c u a r l y so during the r e p o l a r i s a t i o n phase, 

and secondly, the a c t i v e sodium pump which would be 

e f f e c t i v e l y e j e c t i n g sodium ions from the f i b r e a f t e r the 

peak of the a c t i o n p o t e n t i a l . Any secondary permeability-

to sodium would thus have to be very l a r g e to overcome 

these two damping f a c t o r s . However, the permeability 

r e s u l t s of F a l k (1961) and Frankenhauser (1962) show 

tha t a f t e r the a c t i o n pote n t i a l ^ permeability of the 

membrane to sodixim i s f a i r l y low, c e r t a i n l y not of 
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the order needed. I n s e c t i o n I I I of t h i s thesis evidence 
w i l l be presented to i n d i c a t e t h a t , i n any case, sodium 
does not have the importance, i n r e l a t i o n to the transport 
of charge i n the Lepidoptera t h a t i t has i n many animals 
which have been studi e d . 

There i s however, another t o t a l l y d i f f e r e n t mechanism 
which could be responsible f o r the negative a f t e r p o t e n t i a l , 
t h a t of a c t i v e t r a n s p o r t . Macfarlane and Meares (1958a,b) 
found t h a t the negative a f t e r p o t e n t i a l was r e v e r s i b l y 
abolished by metabolic i n h i b i t o r s such as 2 :4 d i n i t r o p h e n o l 
and sodium azide. The authors suggested t h a t the a f t e r 
p o t e n t i a l could represent an a c t i v e inward t r a n s p o r t of 
cations or e x t r u s i o n of anions, depending on energy from 
o x i d a t i v e phosphorylation. They also found t h a t the 
a f t e r p o t e n t i a l a l t e r e d i n voltage and time course w i t h 
change of temperature and they suggested t h a t the therm-
o l a b i l i t y of the a f t e r p o t e n t i a l i n d i c a t e d t h a t active 
t r a n s p o r t was involved i n i t s generation. 

Evidence w i l l be presented i n section I I I of t h i s work 
to i n d i c a t e t h a t a c t i v e t r a n s p o r t of ions i s a phenomenon 
associated w i t h generation of membrane p o t e n t i a l s i n some 
insects at l e a s t , and i n the Lepidoptera i t seems probable 
t h a t a c t i v e t r a n s p o r t of sodium ions i n t o the muscle f i b r e 
may w e l l be the main f a c t o r c o n t r i b u t i n g t o the negative 
a f t e r p o t e n t i a l . 

The end p l a t e p o t e n t i a l s of the Lepidoptera are 
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remarkable i n being of r a t h e r low amplitude, generally 
f a l l i n g i n the range 14 to 25 M7. The l a r g e s t p o r t i o n 
of the a c t i o n p o t e n t i a l i s the a c t i v e membrane response, 
which t y p i c a l l y f a l l s i n the range 23 to 30 mV. Other 
Lepidoptera i n v e s t i g a t e d by Belton (195S) are s i m i l a r . 
The s i t u a t i o n i n which the a c t i v e membrane response i s 

l a r g e r than the end pla t e p o t e n t i a l i s the reverse of 
the trend i n other i n s e c t s , but i s s i m i l a r to the a n d i t i o n 

i n the vertebrates (see Table 2 ) . 
Del C a s t i l l o e t a l (1953) showed t h a t i n the l o c u s t , 

the size of the end p l a t e p o t e n t i a l was d i r e c t l y p r o p o r t i o n a l 
t o t h a t of the r e s t i n g p o t e n t i a l . This r e l a t i o n has been 
t a c i t l y understood to be a trend i n other insects as w e l l , 
so t h a t between in s e c t s there may be thought to e x i s t a 
constant r e l a t i o n s h i p between size of end plate p o t e n t i a l 
and s i z e of r e s t i n g p o t e n t i a l . . The published r e s u l t s 
which have been compiled i n Tables 2 and 3, and the graphs 
obtained from them (Figure 33) show t h a t the r a t i o of the 
end p l a t e p o t e n t i a l t o r e s t i n g p o t e n t i a l i n insects i s 
a c t u a l l y f a r from constant, and t h a t the r a t i o of end 
p l a t e p o t e n t i a l t o a c t i v e membrane response i s also quite 

v a r i a b l e . I t i s possible t h a t i n an i n d i v i d u a l i n s e c t 
the end p l a t e p o t e n t i a l / r e s t i n g p o t e n t i a l r e l a t i o n may 
be constant, but there i s c e r t a i n l y no o v e r a l l trend 
suggesting t h a t there i s a f i x e d constant r a t i o f o r a l l 
i n s e c t s . What does emerge from the c o l l e c t e d r e s u l t s i n 
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Table 2 i s t h a t the r a t i o of r e s t i n g p o t e n t i a l to ac t i o n 
p o t e n t i a l i s f a i r l y constant over a wide range of values. 
The graph from these r e s u l t s shows a l i n e a r trend i n the 
r e l a t i o n s h i p between a c t i o n p o t e n t i a l and r e s t i n g p o t e n t i a l , 
not only i n i n s e c t s , but i n crustacea and vertebrates 
a l s o . The '.^x'teiit:-ofV''the? ^ ^ p o l a r i s a t i o n of the f i b r e may 
s e t f the extent t d which i t can be depolarised or even 
reversed. 

Hoyle (1957a) has reported t h a t when ac t i o n p o t e n t i a l s 
f a i l t o overshoot or even reach zero p o t e n t i a l , t h i s i s 
ne a r l y always associated w i t h low r e s t i n g p o t e n t i a l s i n 
the f i b r e s concerned. The r e l a t i o n between r e s t i n g and 
a c t i o n p o t e n t i a l disciassed above would tend to agree 
w i t h Hoyle'3 suggestion, i n th a t one would expect to 
f i n d low a c t i o n p o t e n t i a l s i n muscle f i b r e s w i t h low 
r e s t i n g p o t e n t i a l s . However, i t should be stressed t h a t 
a l l data used i n the above tables i s based on mean values 
of r e s t i n g and a c t i o n p o t e n t i a l s given by authors. Such 
mean values, e s p e c i a l l y i n cases where a c t i o n p o t e n t i a l 
i s equal to or s l i g h t l y less than the r e s t i n g p o t e n t i a l , 
can hide some overshoots i n i n d i v i d u a l f i b r e s . Wood 
(1957b) has shown t h a t i n Carausius which has a low r e s t i n g 
p o t e n t i a ] ^ may f i b r e s had some ( i f small) overshoots of 
zero p o t e n t i a l , even though the mean ac t i o n p o t e n t i a l was 
smaller i n size than the mean r e s t i n g p o t e n t i a l . I n 
Carausius there i s thus a mean uncfershoot as there also 
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•^nimal End p l a t e A c t i v e mem­ Ratio of Reference 
p o t e n t i a l brane resp. epp/ arrir. 

(mV) (mV) 
epp/ arrir. 

Garausius 29 18 1.6 Wood(1957a) 

Loc u s t a 41 28 1.5 Hoyle(l954) 

P e r i p l a n e t a 42 22 1.9 

Oxya 30 20 1.5 Hagiwara(l953) 

S c h i s t o c e r c a 30 30 1.0 Usherwood(l963) 

A T c t i a 28 26 1.1 Belton(l958) 

A c t i a s 28 30 0.9 I I I I 

Philosaraia 25 . 30 0.8 I I I I 

Hyalophora 22 19 1.2 der Kloot(l963) 

T e l e a 15 ^i9 0.5 O r i g i n a l 

i i c t i a s 18 23 . 0.8 I I 

Borabyx 14 26 0.5 I I 

Carcinus 40 40 . 1.0 . Patt & Kat z ( l 9 5 3 ) 

Portunus 30 40 0.75 I I I I I I 

Cambarus 30 30 1.0 Furshpan(lN Hoyle, 
1957b) 

Panuliru_s _40 _ _38 _ _1.1_ I I I I 

Rana 40 65 0.6 Nastuk(l953) 

T e l e o s t 37 83 • 0.5' B a r e t s ( l 9 5 l ) 
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Anim a l R e s t i n g 
p o t e n t i a l 

(mVj 

A c t i o n 
p o t e n t i a l 

(mV) 

Ratio of 
A.P./R.P. 

Reference 

Carausius 41 39 0.95 Wood(1957a) 
Lo c u s t a 64 69 1.08 Hoyle(1954) 

P e r i p l a n e t a 58 66 1.13 I I I I 

Oxya 50 50 1.00 Hagiwara(l953) 

S c h i s f o -
c e r c a 

A T c t i a 

50 

45 

60 

54 

1.20 

1.20 

Usherwood(l963) 

Belton(l958) 

ACtias 52 56 1.08 t i I I 

P h i l o s a m a 50 55 1.10 I I I I 

Hyalophora 50 42 0.84 der Kloot(l963) 

T e l e a 48 44 0.92 O r i g i n a l 

A c t i a s 46 41 0.90 I I 

Borabyx 42 40 0.95 I I 

Carcinus 70 80 1.14 F a t t and liatzil9&3) 

Portunus 70 70 1.00 I I 1 1 I I 

Cambarus 

P a n u l i r u s 

70 

70 

60 

78 

0.86 

1.11 

Purshpan(in Hoyle 
1957a) 11 I I 

Rana 90 13d6 1.2« >Has-liliic,^-i9^) 

T e l e o s t 90 120 1.33 B a r e t s ( l 9 6 l ) 

Rabbit 
I t 

75 
78 

100 
90 

1.33 
1.15 

Vaughan \ / i l l i a m s ( l 9 5 9 ) 
West(l955) 

Dog 85 105 1.23 Hoffman & Suckling 
(1953) 
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i s i n Lepidoptera. 

The extent of co n t r a c t i o n of a muscle f i b r e i s said 
to be r e l a t e d to the extent of d e p o l a r i s a t i o n o f the f i b r e 
membrane by Ho.yle, ,(1957a). The a c t i o n p o t e n t i a l i n 
herbivonsus i n s e c t s i s small, hence one would expect a 
r e l a t i v e l y weak c o n t r a c t i o n to accompany each a c t i o n 
p o t e n t i a l i n respect of the f a s t system only. The slow 
and f a s t responses can combine i n c e r t a i n cases (see 
Figure 32 and Wood, 1958) . The r e s u l t of t h i s combination 
of responses i s a superimposition of the f a s t d e p o l a r i s a t i o n 
upon the slow d e p o l a r i s a t i o n which r e s u l t s i n a response 
which not only has a high degree of d e p o l a r i s a t i o n , but 
overshoots zero p o t e n t i a l to a considerable degree. I n 
normal a c t i v i t y of the animal these two responses may 
w e l l combine when extra d e p o l a r i s a t i o n i s needed f o r 
e x t r a tension development. With the responses combined, 
the extent of d e p o l a r i s a t i o n i n Lepidoptera i s as high 
as i n most other insects w i t h d i s t i n c t overshoots and 
high d e p o l a r i s a t i o n . 

The very small magnitude of the t w i t c h r e s u l t i n g 
from s i n g l e nerve s t i m u l a t i o n requires some comment. 
Nagai (1953) s t i m u l a t e d s i n g l e crustacean muscle f i b r e s 
and showed t h a t the maximal c o n t r a c t i o n d i d not occur 
w i t h only one stimulus. He suggested t h a t i n Arthropods, 
the c o n t r a c t i l e m a t e r i a l of the f i b r e was not f u l l y 
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a c t i v a t e d by simple s i n g l e d e p o l a r i s a t i o n s , and t h a t a t 
l e a s t more than one was necessary. Hoyle (1955b) has 
suggested that/may alsD be the case i n i n s e c t s . This can 
exp l a i n q u i t e w e l l the small nature of the single muscle 
t w i t c h e s , and the great d i f f e r e n c e i n tension developed 
between a s i n g l e t w i t c h and a tetanus. I n Telea polyphemus 
the t e t a n i ; ^ t w i t c h r a t i o was high, two estimates being 
8 : 1 and 12 : 1 . Wood (1958) and Hoyle (1955b) also 
r e p o r t e d high t e t a n u s / t w i t c h r a t i o s i n Garausius and 
Schistocerca r e s p e c t i v e l y . This great d i f f e r e n c e i n 
tension development i s not e a s i l y explained i n terms of 
simple mechanical summation, A concept of progressive 
development of f u l l a c t i v a t i o n of the muscle c o n t r a c t i l e 
m a t e r i a l such as Hoyle (1955b) and Nagai (1953) suggested 
seems t o f i t Arthropod r e s u l t s much more e a s i l y . This 
concept of f a c i l i a t i o n of the c o n t r a c t i l e system seems 
a much b e t t e r p o s t u l a t i o n than one of progressive increase 
i n t r a n s m i t t e r release or mechanical summation. F a c i l t a t i o n 
used i n t h i s context i s defined as the potention of a 
second response e i t h e r e l e c t r i c a l or mechanical by a 
previous response. Summation i s defined as a simple 
a d d i t i o n of e i t h e r e l e c t r i c a l or mechanical responses. 
The f a s t responses i n the Lepidoptera show no f a c i l i t a t i o n , 
e i t h e r e l e c t i d c a l or mechanical, indeed a s l i g h t drop i n 
heig h t i n the e l e c t r i c a l record i s u s u a l l y noticed when 
several a c t i o n p o t e n t i a l s f o l l o w each other q u i c k l y (see 
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Figure 3 1 ) . Wood (1957a) has reported summation of f a s t 
responses i n Garausius i f they are s u f f i c i e n t l y close, 
but states t h a t f a c i l i t a t i o n of the mechanical response 
or the a c t i v e membrane response does not occur. He 
n o t i c e d t h a t the end pl a t e response, which i s a graded 
phenomenon would f a c i l i t a t e when pairs are e l i c i t e d 
close together, and explained his r e s u l t s on t h i s basis. 

The small mechanical r e s u l t of a single t w i t c h 
c o n t r a c t i o n i n Lepidoptera makes i t evident t h a t i n normal 
f u n c t i o n i n g of the f l e x o r t i b i a l i s muscle, any movement 
of the l e g , no matter how small, would involve more than 
j u s t s i n g l e t w i t c h e s . Movements of the l e g probably 
i n v o l v e long t r a i n s of impulses i n both the f a s t and slow 
axons, b r i n g i n g about a tetanus i n the muscle. By means 
of the slow axon being used i n conunction w i t h the f a s t 
axon, very f i n e muscles movement i s made more possible 
than would be the case i f the f a s t axon only was present. 

The slow responses i n Lepidoptera are l i k e those i n 
Carausius (Wood, 1958) , and c e r t a i n Crustacea (Furshpan, 
1955) and are r a t h e r small compared to the f a s t response, 
being only about one quarter of the amplitude of the 
l a t t e r . No i n f l e x i o n i s found i n the r i s i n g phase, hence 
the slow response can be considered t o be an end pl a t e 
p o t e n t i a l w i t h a r a t h e r slow time course, about 40 milliseconds, 
R e p e t i t i v e s t i m u l a t i o n of the slow axon produces a fusion 
of the slow responses i n t o a p l a t e a u - l i k e tetanus. The 
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g r e a t e r the frequency of s t i m u l a t i o n , the higher the 
pla t e a u , t h a t i s , the greater the d e p o l a r i s a t i o n . Since 
the slow responses are graded, t h i s behaviour i s i n d i c a t i v e 
of a process of f a c i l i t a t i o n . 

The lack of e f f e c t of agents w e l l known f o r t h e i r 
pharmacological e f f e c t s upon vertebr a t e neuromuscular 
j u n c t i o n s i s very s t r i k i n g . Since the insect neuromuscular 
j u n c t i o n , l i k e other synapses, possesses a primary synaptic 
c l e f t (Edwards et a l 1958a,b), neuromuscular transmission 

^g^^ftT^will almost c e r t a i n l y be e f f e c t e d by chemical agents. This 
'i^)^ i s borne o u t ^ y the diphasic nature of the a c t i o n p o t e n t i a l 

t ^ * ^ ^ obtained from the muscles. The evi"crence^above'"shows t h a t 
A<Lt ^ t h i s transmission agent i s c e r t a i n l y not a c e t y l c h o l i n e , 

^ even though t h i s substance i s abundant i n Lepidoptera 

i n the secondary sex glands (Morley and Schachter, 1963) 

and i n the c e n t r a l nervous system of other insects (Lewis 
and Smallman, 1956) , Roeder and Weiant,(1950) and Wood 
(1958) working upon the cockroach and s t i c k i n s e c t 
r e s p e c t i v e l y reported t h a t a c e t y l c h o l i n e was not the 
neuromuscular t r a n s m i t t e r i n those i n s e c t s . 
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SSCTION I I I 
BLOOD AND MYOPLASM IONIC COMPOS.ITION AND THE EFFECT 

OF IONS ON MEMBRANE POTENTIALS 
INTRODUGTION 

I t i s now over a century since Matteucci and du Bois-
Reymond showed that e l e c t r i c a l currents could be obtained 
from l i v i n g muscle f i b r e s , and t h a t the e l e c t r i c a l e f f e c t s 
observed were r e l a t e d i n some way to the c o n t r a c t i o n of 
the muscle. The e l e c t r i c a l p o t e n t i a l s which are known 
to e x i s t across the membranes of nerve and muscle c e l l s 
have been the o b j e c t o f much i n v e s t i g a t i o n , p a r t i c u l a r l y 
i n r e l a t i o n to t h e i r o r i g i n and behaviour during a c t i v i t y . 
The most documented theory of the nature and o r i g i n of 
such membrane p o t e n t i a l s centres around a concept of 
passive t r a n s p o r t of some of the common cations o f nerve 
and muscle, the ions moving along t h e i r electrochemical 
gradients w i t h no expenditure of metabolic energy. At 
the beginning of t h i s century, Bernstein(1902 ,1912) 

suggested t h a t the r e s t i n g f i b r e membrane was permable 
t o potassium i o n s , but not to sodium io n s , and t h a t these 
ions were d i s t r i b u t e d according t o a Donnan e q u i l i b r i u m , 
which r e s u l t e d i n the establishment of a p o t e n t i a l d i f f e r e n c e 
across the membrane. Boyle and Conway(1941)j a f t e r analysis 
of f r o g muscle and blood gave f u r t h e r evidence to support 
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the o r i g i n a l idea of Bernstein, A f t e r various modifications 
to account f o r overshoots i n a c t i o n p o t e n t i a l s , and act i v e 
exclusion of sodium ions i n f i b r e s a t r e s t , t h i s o r i g i n a l 
t heory, g e n e r a l l y c a l l e d the I o n i c Hypothesis has survived 
remarkably w e l l to t h i s day. The f u l l e s t statement of 
the i o n i c hypothesis i s given i n the review by Hodgkin 
(1951) , supplemented by reconsiderations i n Hodgkin 
(1958,1964) . 

There has always been a c e r t a i n amount of c r i t i c i s m 
of the i o n i c hypothesis (Falk and Gerard,1954 ; Grundfest 
e t a l , 1954 ; Tobias, 1950) mainly from r e s u l t s of 
i n j e c t i o n experiments, i n which no r e s t i n g p o t e n t i a l 
e l e v a t i o n was no t i c e d when potassium, was .injected i n s i d e 
f i b r e s , or from the observation that the r e s t i n g p o t e n t i a l 
was not t o t a l l y abolished when i n t e r n a l ions were removed 
from f i b r e s . This work i s rather o l d , and has not been 
foll o w e d up, but more r e c e n t l y new c r i t i c i s m of the i o n i c 
hypothesis has a r i s e n over r e s u l t s which are not e a s i l y 
r e c o n c i l e d with the c l a s s i c a l .theory. Wood(1963). working 
on Garausius,Periplaneta & Locusta has shown that even 
though the r e l a t i o n between and r e s t i n g p o t e n t i a l i s 
f a i r l y close i n these i n s e c t s , the a c t i o n p o t e n t i a l i s 
more confused. The t h e o r e t i c a l overshoot(Ejjg^) which t h i s 
author c a l c u l a t e d from analysis of i n t e r n a l and ex t e r n a l 
sodium concentrations i n muscle f i b r e s bore no r e l a t i o n 
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to the actual values which were measured w i t h i n t e r n a l 
e l e ctrodes. Belton and Grundfest (1962 a + b) showed 
t h a t the i n t e r n a l and external potassium concentration 
i n the muscles of Tenebrio m o l i t o r . using the Nernst 
equation, gave a t h e o r e t i c a l Ê ^ of only - 17 mV. The 
a c t u a l recorded values f o r r e s t i n g p o t e n t i a l ranged from 
^ 50 mV to - ?D m¥. Thus Wood found a large discrepancy 
i n v o l v i n g sodium ions while Belton and Grundfest have 
found a large discrepancy i n v o l v i n g potassium ions. I n 
a d d i t i o n , Keynes(1962,1963) has r e c e n t l y shown t h a t the 
p o s i t i o n of the c h l o r i d e i o n i n Sepia axons i s f a r from 
i d e a l . His a n l y s i s has shown t h a t the chloride d i s t r i b u t i o n 
i n Sepia i s d i f f e r e n t from what had been formerly supposed, 
g i v i n g a c a l c u l a t e d E^-^ of only 39 mV. This value i s 
much lower than the r e s t i n g p o t e n t i a l a c t u a l l y measured, 
and Keynes has proposed a system of a c t i v e t r a n s p o r t of 
c h l o r i d e ions to e x p l a i n these r e s u l t s , a simple Donnan 
e q u i l i b r i u m could not apply. Recently, Wood(1965) has 
foimd t h a t c h l o r i d e ions had l i t t l e e f f e c t on r e s t i n g 
p o t e n t i a l i n Locust and Cockroach muscle f i b r e s , and t h a t 
no c o r r e l a t i o n e x i s t e d between the r a t i o K̂ AQ Cl^/Cl^. 
Such a c o r r e l a t i o n should be found i n theory. 

The evidence o u t l i n e d above i n r e l a t i o n to the 
t h e o r e t i c a l aspects of the i o n i c hypothesis very c l e a r l y 
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underlines the necessity of not only c a r e f u l l y measuring 
the e f f e c t s of ions upon membrane p o t e n t i a l s , but also 
of c a r e f u l measurement of ion concentrations both i n the 
blood of the animal, and i n the myoplasra. This i s 
important since many ions have very w e l l known s p e c i f i c 
e f f e c t s on neuromuscular transmission, hence measurement 
of both i n t e r n a l and e x t e r n a l concentrations of these 
various ions w i l l show t o what extent the t h e o r e t i c a l 
aspects of the ionicf hypothesis are followed i n insect 
muscle, and w i l l also show how the muscle f i b r e membrane 
behaves under e x t e r n a l i o n i c s t r e s s . 

I n a l l the experiments i n t h i s section i n v o l v i n g 
/sodium,potassium, and chlor i d e ions, i n a d d i t i o n to 
, measurements of membrane p o t e n t i a l s , i n t e r n a l i o n i c 

^ concentrations have been measured a l s o , a l l o w i n g t h e o r e t i c a l 
consideration^ to be taken i n t o account when discussing 
membrane behaviour. 

As a r e s u l t of a series of i n v e s t i g a t i o n s on insect 
neuromuscular transmission, p a r t i c u l a r l y i n v o l v i n g magnesium, 
calcium, and potassium ions, Hoyle(1953,1954,1955a) 
concluded t h a t neuromuscular transmission i n insects was 
e s s e n t i a l l y s i m i l a r to the process i n vertebrates. As 
f a r as the l o c u s t and cockroach are concerned, t h i s i s 
very probably the case, since such insects have blood 
i o n i c concentrations s i m i l a r to those found i n the 
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v e r t e b r a t e s . However,when typic a l - h e r b i v o r o u s i n s e c t s are 

examined,a r a t h e r d i f f e r e n t i o n i c concentration p a t t e r n i s 

encountered. The i o n i c concentrations i n the haemolymph of 

insects, are thought to be r e l a t e d to t h e i r d i e t (Bene, 1944 ; 

C l a r k & Craig,1953 ; Duchateau et al,1953). The r e s u l t i s 

that i n t y p i c a l herbivores, the blood sodiurn i s low, and the 

blood potassium i s ver^ high, both the sodium:potassium and 

calcium:Magnesium r a t i o s are w e l l below u n i t y . This I s a 

complete r e v e r s e of the s i t u a t i o n found i n carnivorous and 

omnivorous i n s e c t s and the vertebrates(Duchateau et al,1953 ; 

Hoyle,1955a). The only previous complete i n v e s t i g a t i o n into 

the neuromuscular mechanisms of a herbivorous i n s e c t was that 

of Yifood(1957a,b ; 1958)upon Carausi u s . Even though the blood 

potassium i n Carausius i s high,with r e s u l t i n g l y low r e s t i n g 

p o t e n t i a l s , t h e muscles were found to be e f f i c i e n t and possessed 

considerable c o n t r a c t i l e powers. This i s strange i n the l i g h t 

of the very high magnesium concentration of the haemolyraph. 

Hoyle(1955a) found that only 20 neqt.magnesium was enough to 

g r e a t l y reduce the end p l a t e p o t e n t i a l i n locust,but t h i s l a t t e r 

c o ncentration i s onlv about one f i f t h of the magnesium i n 

Ca r a u s i u s haeraolymph(V/ood, 1957bj. .i-J.though Carausius i s a 

herbivore i t s i o n i c concentrations are modest compared with 

the very unusual composition of ions found I n some herbivores. 

The Lepidoptera are extreme.examples of herbivores with xmusual 
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blood concentrations (Duchateau et al , 1 9 5 3 ) . I n some 
cases sodium i s present i n only vanishingly small 
concentrations, w i t h a potassium/sodium r a t i o i n the 
haemolymph as high as 5 0 : 1 . The calcium/magnesium r a t i o 
i s also o f t e n o f t h i s order. No data, however, i s a v a i l ­
able concerning the i n t r a c e l l u l a r muscle ion concentrations 
i n most i n s e c t s , and the l i t t l e data there i s has only 
very r e c e n t l y been published (Wood,1961,1965; Carrington 
and Tenney,1959 ; Belton and Grundfest , 1962 a + b ) . 

This section describes the r e s u l t s of i o n i c analysis 
of both the haemolymph and the muscle c e l l s i n the f o u r 
species of Lepidoptera under i n v e s t i g a t i o n , as w e l l as the 
e f f e c t s of c e r t a i n ions upon the membrane p o t e n t i a l s of 
the muscle f i b r e s . I n the cases of sodium,potassium, and 
c h l o r i d e ions, i n t r a c e l l u l a r muscle .ion analysis has also 
been performed to allow discussion of the t h e o r e t i c a l 
aspects of the i o n i c hypothesis. 
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ANALYTICAL PROCEDURE 
Analyses of haemolymph concentration of the main 

ions were c a r r i e d out on a l l f o u r species o f moth. A 
small p r i c k was made i n the a r t h r o d i a l membrane of one 
of the t h o r a c i c segments, and from the drop of haemolymph 
that oozed out a small measured q u a n t i t y was taken up i n 
a p i p e t t e , and then mixed w i t h a small q u a n t i t y of 
d i s t i l l e d water. The ad u l t s of a l l species.contained 
enough haemolymph f o r several samples t o be taken i n a 
p e r i o d o f one week wi t h o u t harming the i n s e c t s . Potassium, 
sodium, and calcium were estimated i n the samples by means 
of an <Eel' flame photometer. For magnesium and phosphate 
estimations^ the p r o t e i n s of the haemolymph were f i r s t 
p r e c i p i t a t e d by the a d d i t i o n of t r i c h l o r o a c e t i c a c i d , then 
a f t e r c e n t r i f u g i n g , a p r o t e i n free f l u i d was obtained. 
Magnesium was estimated by the method of Heagy(194S), 
using T i t a n Yellow, the red colour produced being estimated 
i n an 'Eel' colorimeter. 

The procedure f o r i n t r a c e l l u l a r muscle ion analysis 
was much more lengthy. The optimum weight of muscle 
t i s s u e needed f o r a three i o n analysis was i n the region 
of 4 to 8 m i l l i g r a m s . I f much below t h i s q u a n t i t y , the 
c h l o r i d e analysis was found to give f l u c t u a t i n g r e s u l t s . 
The muscle to be anlysed had to be excised c a r e f u l l y to 
cause as l i t t l e damage as possible to the muscle f i b r e s . 
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The c u t i c l e below the f l e x o r t i b i a l i s vfas removed i n a 
s t r i p and the scalpel i n s e r t e d and drawn down e i t h e r 
side of the- muscle which was l i f t e d out on i t s apodeme. 
The muscle was then q u i c k l y washed i n d i s t i l l e d water to 
remove contaminating ions from the outside and from the 
e x t r a c e l l u l a r muscle spaces. The l a t t e r proved very easy 
since the muscle f i b r e s tended-to f a n outwards'from the 
apoderae when t h e i r i n s e r t i o n s were- cut. A f t e r the washing 
the muscle was q u i c k l y scfaped o f f the apodemej b l o t t e d , 
and placed i n a preweighed tube, then reweighed. The tubes 
of muscle t i s s u e were placed i n a rack inside an oven 
maintained at 10 5° C, and the muscles were dried to constant 
weight ( u s u a l l y t a k i n g about 16 hours) and then reweighed. 
The exact weight of muscle water could then be determined. 
The d r i e d muscles were dissolved i n a drop of concentrated 
n i t r i c a c i d and when the r e a c t i o n was complete the r e s u l t a n t 
s o l u t i o n was completely d r i e d . Twenty microlittfes of 
concentrated n i t r i c acid were added to t h i s and mixed a t 
room temperature f o r one hour. Ten m i c r e l i t r e s of t h i s 
were removed f o r chloride i o n a n l y s i s , and the remaining 
ten m i i c r o l i t r e s were d i l u t e d to one or two c.c. (depending 
on the weight of the o r i g i n a l sample) and t h i s s o l u t i o n 
was used f o r potassium and sodium a n a l y s i s . The two l a t t e r 
ions were estimated using an 'Eel' flame photometer as f o r 
haemolymph a n a l y s i s . The c h l o r i d e i o n was estimated i n 
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the f i r s t p a r t of t h e 3arapl« using a m o d i f i c a t i o n of the 
Volhard b a c k - t i t r a t i o n (Wigglesworth,1936 ; Shaw,1955), 
i n which a measured excess of s i l v e r n i t r a t e was added to 
the sample on a ' f l u o n ' t i l e . This was t i t r a t e d against 
sodium thiocyanate i s s u i n g from a c a p i l l a r y b u r e t t e , using 
f e r r i c ammS)nium sulphate as i n d i c a t o r . During the t i t r a t i o n 
the bubble was s t i r r e d by a f i n e j e t of a i r from a c a p i l l a r y 
tube attached to an a i r pump. At the end p o i n t the bubble 
turned a maroon colour. The procedure f o r analysis of 
haemolymph c h l o r i d e ion was s i m i l a r , the haemolyraph being 
t r a n s f e r r e d t o concentrated n i t r i c acid and s i l v e r n i t r a t e 
on the t i l e . 

A l l r e s u l t s of i n t r a c e l l u l a r ion anlysis were expressed 
i n terms of mM per kilogram tissue water. Although the 
e x t r a c e l l u l a r muscle space was not a hindrance to the 
accuracy of ion analysis from a contamination point of 
view (see above) i t was considered i n t e r e s t i n g t o determine 
the muscle space f o r two main reasons. I f ' the muscle 
e x t r a c e l l u l a r space was large i t would be necessary to 
take t h i s i n t o account when evaluating i n t e r n a l ions i n 
teicms of weight of muscle water, since the space would 
c e r t a i n l y be f l u i d f i l l e d , and also i f the space was' large 
i t would be possible f o r i n t e r n a l ions t o leak i n t o i t , 
hence possibly a f f e c t i n g e l e c t r i c a l records from deep f i b r e s 
i n the muscle. 
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The e x t r a c e l l u l a r muscle space was determined by a 
m o d i f i c a t i o n of the i n u l i n clearance method (King and 
Wotton,1956). When warmed i n the presence of HCl and 
r e s o r c i n o l , i n u l i n forms a. cherry red colour which can 
be measured i n a colorimeter. The whole muscle was allowed 
to soak overnight i n a 1% i n u l i n s o l u t i o n made up i n 
s a l i n e ( t o prevent osmotic i n t e r f e r e n c e ) . The muscle was 
then washed and placed i n . an HCl/resorcinol mixture. 
I n u l i n from the e x t r a c e l l u l a r space was extracted by 
squeezing the muscle and soaking. The cherry red colour 
produced was measured i n an 'Eel' colorimeter against 
standards and the q u a n t i t y of i n u l i n i n the sample was 
found. Since t h i s came from the e x t r a c e l l u l a r space, the 
l a t t e r was e a s i l y found. Two determinations were c a r r i e d 
out i n Sphinx l i g u s t r i g i v i n g 5% and 7% f o r the e x t r a c e l l u l a r 
muscle space. Wood(1963).using a d i f f e r e n t i n u l i n method 
obtained values around 4% f o r t h i s space i n Carausius, 
Locusta, and Periplaneta. The e x t r a c e l l u l a r muscle space 
i s thus very small compared to the whole bulk of the muscle 
and has been ignored i n evaluating r e s u l t s . 
RESULTS OF 'ANmSIS-

The r e s u l t s of haemolymph analysis of a l l f o u r species 
of moth are given i n Table 4. The r e s u l t s show f a i r l y good 
agreement w i t h the f i n d i n g s of e a r l i e r workers, w i t h the 
exception t h a t calcium i s s l i g h t l y lower than found e a r l i e r . 

From these r e s u l t s experimental salines were constructed f o r 
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a l l f o u r species, using stock s o l u t i o n s already made up 
i n one molar strengths. A l l salines were made i s o t o n i c 
w i t h the lepidopteran haemolymph by the a d d i t i o n of 34.2 
gms per l i t r e (lOe mM-) of sucrose (Belton,1956). These 
sal i n e s a l l d i f f e r e d from the ^moth s a l i n e ' of Belton(195g) 
i n containing more magnesium and less sodiurn. Belton 
claimed t h a t his 'moth s a l i n e ' corresponded to haemolymph 
concentrations i n Actias selene (Duchateau et al,1953), 
but i n f a c t he employed i n his sa l i n e 30 mM sodium, instead 
of 4.6 mM, and 10 mM magnesium instead of 30 mM magnesium. 
His 'moth s a l i n e ' i n f a c t d i d not correspond to any of the 
lepi d o p t e r a n Jiiaemolymph analyses i n Duchateau et al(1953). 
The r e s u l t s of i n t e r n a l i o n analyses are given i n Table 5. 
The only other i n v e s t i g a t i o n in.Lepidoptera (and one of the 
very few i n any i n s e c t ) i s t h a t of Carrington and Tenney 
(1959) on Telea polyphemus and t h i s can be seen to be i n 
reasonable agreement w i t h the r e s u l t s i n the t a b l e . 

I n considering the above i o n i c analysis r e s u l t s , an 
important question arises as to v/hat extent the Ions are 
f r e e or bound. I n s e c t blood has high concentrations of 
amines,amino a c i d s , and pdroteins and i t i s possible t h a t 
some of these may have a binding e f f e c t upon the ions 
present. Wood(1957a) a f t e r studying the e f f e c t of various 
cations upon the t i t r a t i o n curve of blood amino-acids i n 
Carausius concluded t h a t the only ion l i k e l y to be bound 
i n any s i g n i f i c a n t manner was magnesium, and hermade the 
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Table 4. 

The r e s u l t s of i o n i c analysis 
of Haemolymph. A l l concentrations 
expressed as m i l l i m o l e s per l i t r e . 



HAEMOLYMPH IONS in mM/L 

S P H I N X L I G U S T R I ( L ) 

K Na C a Mg Phosphate CI Author 

49.8*1.3 
[12 ] 

3.6 ±.3 
[ 9 ] 

4.9 ± . 3 
[ 8 ] 

36±2 .5 
[10] 

14.5 ± 0.7 
[13] 

61.3±2.8 
[13] 

Original 

48 .4 4 . 3 7.5 - - Drilhon .1934 

5 2 . 8 2.6 8 .2 24.6 - - Duchateau et a l . 
1953 

T E L E A POLYPHEMUS (CR) 

41±1.7 
[ 6 ] 

3.3 ± .3 
[ 8 ] 

3.1 ± .14 
[ 6 ] 

29 ±3 .1 
[ 7 ] 

7.5 ± 1.0 
[ 6 ] 

67.5 ± 3 
[ 8 ] 

Original 

3 4 . 6 9 .8 8.1 - Drilhon, 1934 

54.1 2.5 5.8 3 6 - 20 .8 Garrington and 
Tenney , 1959 

BOMBYX MORI ( L ) 

41.3*1.2 
[9] 

9 ± .5 
[11] 

7 . 7 ± . 4 
[9] 

4 2 . 3 ± 4 
[8] 

15 ± 2.1 
[9 ] 

68.2 ±3.2 
[8] 

Original 

3 5 . 9 1 2 . 2 - - - - Tobias, 1948 

4 1 . 5 1 1 . 3 1 2 34 .7 - - Duchateau et a l . 
1953 

A C T I A S SELENE(HUEBNER) 

47.2 ±L5 
[ 7 ] 

9 . 1± .5 
[ 7 ] 

8.7± .9 
[8 ] 

2 6 ± 2 . 6 
[6 ] 

- 75.7 ±3.3 
[61 

6rj|lii»l 

51.3 4.8 15.7 3 0 - - Duchateau et a l . 
1953 
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necessary s l i g h t allowance f o r t h i s i n making up s a l i n e s . 
An allowance of 5 mM i n the magnesium concentration has 

.been 
thus/made i n salines used i n t h i s work. As f a r as myoplasmic 
ions are concerned i t i s probable t h a t the sodium,potassium, 
and c h l o r i d e r e s u l t s represent the free s t a t e , but since 
both calcium and magnesium are involved i n the c o n t r a c t i l e 
process i t i s very l i k e l y t h a t the f i g u r e quoted f o r 
i n t e r n a l calcium does not represent the f r e e s t a t e . 

I n c o n s t r u c t i n g experimental salines f o r the work i n 
t h i s s e c t i o n the various ions had to be a l t e r e d i n 
concentration by a l t e r i n g t h e i r c h l o r i d e s . I n the 
experimental ptoassium s a l i n e s , zero potassium was obtained 
by o m i t t i n g KCl and using choline c h l o r i d e to compensate 
f o r c h l r i d e l o s s . Above the normal blood concentration of 
KCl, potassium was r a i s e d by a d d i t i o n of potassium sulphate. 
Sodium salines were a l t e r e d i n a s i m i l a r manner using 
choline c h l o r i d e to maintain blood c h l o r i d e concentration. 
The replacement of c h l o r i d e i t s e l f presented the greatest 
problems. Although glutamate has been used i n the past, 
B o i s t e l and F a t t (1958) have shovm t h a t glutamate caused a 
lar g e increase i n membrane conductance. Acetylglycine was 
found by these authors to cause r e p e t i t i v e nerve discharge* 
The main disadvantage of sulphate i s t h a t i t tends to 
remove some of the ionised calcium i n the saline (Hodgkin 
and Horowic2,1959). As f a r as the r e s t i n g p o t e n t i a l i s 
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Table 5. 

Results of analysis of myoplasm. 
A l l concentrations expressed as 
m i l l i m o l e s per kilogram t i s s u e 
water. 
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concerned t h i s i s no r e a l problem since a f i f t e e n f o l d 
a l t e r a t i o n i n e x t e r n a l calcium only a f f e c t s r e s t i n g 
p o t e n t i a l by about 11 raV. For most chlor i d e replacement 
experiments, sulphate was used, and the calcium 
concentration was doubled (see Wood,1965), 

Roeder and Weiant (1950) and Wilson (1954) both 
added some sucrose t o the salines they used i n the cock­
roach. Hoyle (1953;1955<J and Hagiwara (1953) added no 

sucrose to the sa l i n e s they used i n various Orthoptera 
and n e i t h e r author noted any adverse e f f e c t s upon the 
muscle f i b r e s . Wood (1957b) however, noticed t h a t when 
sucrose was not added to the s a l i n e f o r Carausius. the 
a c t i o n p o t e n t i a l declined i n magnitude. Belton (1958) 
used sali n e s containing sucrose f o r the Lepidoptera, and 

although there i s no evidence t h a t lepidopteran preparations 
/by 

are adversely affected/osmotic s w e l l i n g , a l l salines used 
i n t h i s work contain 100 i r i M / l i t r e . sucrose. For general 
purposes, a moth s a l i n e was constructed containing the 
f o l l o w i n g ions i n mM per l i t r e . K,50;Na,5;Ga,5;M§,35; 
Phosphate 10. The pH of t h i s s a l i n e was 6 . 4 . 

RESULTS OF EXPERIMENTS ON EFFECT OF IONS UPON MEMBRANE 

POTENTIALS. 
E f f e c t of Potassium Ions 

As e a r l y as 1902, Bernstein postulated t h a t the 

r e s t i n g plasma membrane was s e l e c t i v e l y permeable to 
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potassium i o n s , and since that data a s e r i e s of di s t i n g u i s h e d 

c o n t r i b u t i o n s to the l i t e r a t u r e (Hodgkin and Huxley,1939, 

1945 ; C u r t i s and Cole,1940 ; Hodgkin and Katz,1949 ; 

Hodgkin,1964,1951) have c l a r i f i e d the p o s i t i o n of the 

potassium ion as w e l l as supplying a convincing weight 

of experimental data i n support of a modified v e r s i o n of 

B e r n s t e i n ^ s o r i g i n a l i d e a . I f the membrane was i n f i n i t e l y 

permeable to potassium ions then the membrane p o t e n t i a l 

i n the r e s t i n g s t a t e would be r e l a t e d to t h e i r d i s t r i b u t i o n 

according to the Nemst equation 

Ej^ = R _ l logg XK : ) i 
J O F " (K, 

Where K i and Ko are the r e s p e c t i v e potassium concentrations 

i n s i d e and outside the f i b r e , R the gas constant, T the 

absolute temperature, and F the Faraday.. The only assumptions 

involved are t h a t the a c t i v i t i e s of potassium are the same 

on e i t h e r s i d e of the f i b r e (the work of Hodgkin and Keynes 

1950, supports t h i s ) and that the membrane i s i n f i n i t e l y 

permeable to potassium i o n s . 

P r e l i m i n a r y i n v e s t i g a t i o n s upon Telea polymphemus 

and Bombyx mori have shown that a l t e r a t i o n of external 

potassium concentration a f f e c t s the r e s t i n g p o t e n t i a l 

a f t e r a c e r t a i n delay. A replacement time of 30 minutes 
V ^ -
was. allowed before records were taken. R e s u l t s of a 

t y p i c a l experirpent s e r i e s are shown i n Table 6 and Figure 34. 
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The r e s t i n g p o t e n t i a l was at i t s highest value i n low 
potassium s a l i n e s , and f o r a t h r e e f o l d increase i n 
e x t e r n a l potassium the membrane was depolarised by 80^, 

Since the p r e l i m i n a r y experiments involved no 
measurements of the i n t r a c e l l u l a r j p o t a s s i u m concentration, 
i t was not possible t o see whether the r e s t i n g p o t e n t i a l 
r e s u l t s f o l l owed the Nemst equation or n o t . More 
d e t a i l e d i n v e s t i g a t i o n s were hence c a r r i e d out i n Sphinx 
Z i g u s t r l a n d Actias selene^, i n which i n t e r n a l potassium 
content of the muscles was anlysed a t each external 
potassium concnetration, i n a d d i t i o n to the measurement 
of r e s t i n g p o t e n t i a l s over a wide range of external 
potassium concentrations. The dorso/ventral f l i g h t 
muscle p r e p r a t i o n was used i n the case of Sphinx, the 
f l e x o r t i b i a l i s i n A c t i a s . A replacement time of 30 
minutes was considered r a t h e r inadequate so the 
preparations were bathed i n the experimental salines f o r 
s i x hours p r i o r to recording. The r e s u l t s of two separate 
experiments are shown i n Figure635 and 36 and Tables 7 
and 8. These graphs of observed r e s t i n g p o t e n t i a l p l o t t e d 
against the logarithm of the exte r n a l potassium concentration 
have the same general hyperbolic s h ^ e as t h a t f o r Bombyx 
mori and t h a t foimd i n many other e x c i t a b l e tissues 
{Hodgkin,1951). I n Sphinx, f o r a t h r e e f o l d increase i n 
potassium concentration, the muscle f i b r e membrane was 
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Table 6. The e f f e c t of external potassium 
concentration upon r e s t i n g p o t e n t i a l i n 
Bombyx mori. 

E x t e r n a l Potassium 
i n mM. 

Number of 
Samples. 

Mean r e s t i n g pot­
e n t i a l (m?) * S.E. 

16 51.0 1.0 

10 9 43.6 1.6 
50 10 41.8 * 1.4 
73 14 22.6 1.1 

100 16 16.8 * 0,6 
150 15 8.6 0.8 
200 14 4.6 

D 

0.4 
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muscle f i b r e s . 
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depolarised by 60^,and the corresponding f i g u r e f o r 
A c t i a s being 65^. The values f o r the concentrations 
of i n t r a c e l l u l a r potassium are shown i n Tables 7 and 8, 
As the e x t e r n a l potassium was increased there was a 
corresponding increase i n i n t e r n a l potassium, showing 
t h a t the membrane was permeable to potassium i o n s . 
However, the r a t e of increase of i n t e r n a l potassium was 
smaller than th a t of the external potassium, so t h a t 
i n high potassium salines the c o n d i t i o n arose where 
i n t e r n a l potassium f i r s t equalled then f e l l below 
e x t e r n a l potassium concentration, so that the potassium 
gradient became reversed. From the values obtained f o r 
i n t e r n a l potassium i t was possible to p l o t the t h e o r e t i c a l 
membrane p o t e n t i a l s which should have applied a t the 
various ext e r n a l potassium values by using the Nernst 
equation. The t h e o r e t i c a l was found i n both Actias 
and Sphinx t o be almost a s t r a i g h t l i n e . This would 
tend to support the idea t h a t the i n s e c t muscle f i b r e 
membrane behaves i n the s t r i c t t h e o r e t i c a l manner w i t h 
respect to potassium p e r m e a b i l i t y . However, t h i s i s 
c e r t a i n l y not the case i n e i t h e r Actias or Sphinx. I n 
these insects the potassium outgoing r e s t i n g p o t e n t i a l became 
up t o +8 mV i n Sphinx and +4 mV i n A c t i a s . No such 
p o s i t i v e r e s t i n g p o t e n t i a l has been recorded i n e i t h e r 
i n s e c t , n e i t h e r approach more than - 10 mV to the zero 

{ to SEP 1965 ): 
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Table 7. The e f f e c t of e x t e r n a l potassium 
concentration upon the r e s t i n g 
p o t e n t i a l i n Sphinx l i g u s t r i . 

E x t e r nal K"̂  
i n mM 

I n t e r n a l K"*" 
i n mlVI per Kgm, 
tis s u e water 
Mean * S.E, 

The o r e t i c a l Resting 
P o t e n t i a l 
Mean̂ = S.E 

(mV) 

1 ;. 45.4 3.0 - 96.1 53.6* i . 2 
5 61.4 3.2 - 63.2 52.0* 1.0 

20 71.0 4.2 - 31.9 49.9# 1.5 
50 84.4 7.0 - 13.4 47.4* 1.0 
7D- 96.0 3.3 - 7.9 34.7* 0,8 

: 100 111.2 3.0 - 2.7 25.4* 1.2 
150 130.1 4.6 + 3.6 18.2* 0,7 
200 145.6 8.3 + 8.0 10.7* 0.6 
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Table 8. The e f f e c t of ex t e r n a l potassium 
concentration upon the r e s t i n g 
p o t e n t i a l i n Actias selene. 
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E x t e r n a l 
Potassium 
i n mM. 

I n t e r n a l K"*" 
i n laM per Kgm. 
Tissue water. 
Mean S.E. 

Th e o r e t i c a l 

(mV) 

1 
Resting 
P o t m t i a l 
Mean * S.E. 
(mV) 

1 61.9 5.5 - 103.9 54.4 4̂  1.1 

5 -74.6 4,6 - 68.0 54.1 + 1.0 

20 80,6 6.4 - 34.9 51.5 f 1.4 

50 115.6 5.2 - 21.0 46.4 +• 1.3 

131.4 4.2 - 15.9 32.9 • 1.6 

100 149.7 7.4 - 10.2 21.9 "t* 1.1 

150 157.1 2.2 -. 1.2 15.2 + 0.7 

200 171.1 
0 

5.0 + 3.9 12.0 * 0.9 
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p o t e n t i a l l e v e l . , I n both insects i t i s obvious t h a t 
there i s l i t t l e r e l a t i o n between r e s t i n g p o t e n t i a l 
p r e d i c t e d from the potassium ion gradient, and the 
a c t u a l observed p o t e n t i a l . The two sets of values 
diverge most widely a t the very low and the high external 
potassium concentrations. The normal blood l e v e l of 40 
t o 50 mM potassium i s nearer the t h e o r e t i c a l than most 
other|parts of the graph. I n ImM e x t e r n a l potassium the 
d e f i c i t between observed r e s t i n g p o t e n t i a l and predicted 
r e s t i n g p o t e n t i a l may be as high as 50%. I n high potassium 
sa l i n e s the reverse was the case, the observed r e s t i n g 
p o t e n t i a l being greater than the t h e o r e t i c a l p o t e n t i a l . 
This r e s t i n g p o t e n t i a l 'surplus' . amounted to about 19 mV 
iri,^Sphinx and 16 mV i n A c t i a s . I n t h e ^ i d d l e range of 
e x t e r n a l potassiura, which i s the range met w i t h i n the 
blood, the graphs of observed and calculated r e s t i n g 
p o t e n t i a l approach p a r a l l e l c o n d i t i o n s , w i t h a l i n e a r 
d e f i c i t of 22 to 30 mV i n Sphinx and 15 to 25 mV i n 
A c t i a s . At no p o i n t i s there any obvious c o r r e l a t i o n 
between observed and calculated r e s t i n g p o t e n t i a l s . 
Belton and Grundfest(1962 a + b) found t h a t i n Tenebrio 
the muscle f i b r e membrane di d not behave l i k e a potassium 
e l e c t r o d e . I n normal conditions they found a large 
r e s t i n g p o t e n t i a l d e f i c i t ^ from 33 to 53 mV. 

Since the r a t i o s K̂ Â  were known f o r Sphinx and 
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Actias i t was possible to p l o t .these against external 
potassium concentration. Th<* graph (Figure 37) shows 
the r a t e of change of the p e r m e a b i l i t y of the membrane 
under the i n f l u e n c e of e x t e r n a l l y applied potassium. 
The i o n i c hypothesis s t i p u l a t e s t h a t the r e s t i n g f i b r e 
membrane i s r e a d i l y permeable to potassium ions. Thus 
K^/K^ f o r a wide range of e x t e r n a l potassium values 
should be a s t r a i g h t l i n e when p l o t t e d against external 
potassium, and the slope of the l i n e , i . e . the rate of 
decrease of ^^/^^ should be p r o p o r t i o n a l to the slope o f 
the r e s t i n g p o t e n t i a l value di v i d e d by a constant (R.T./F), 
and should be constant i t s e l f . The graphs i n Figure 37 
are f a r from t h i s i d e a l c o n d i t i o n . As external potassium 
i s r a i s e d , the membrane permeability to patassium increases 
r a p i d l y i n an e x p o ^ n t i a l manner. The membrane appears 
to be unable to keep potassium out and the r a t i o K|./K̂  

f a l l s d r a m a t i c a l l y from 63 to 0.8 f o r a two hundredfold 
increase i n e x t e r n a l potassium. The p e r m e a b i l i t y of the 
l e p i d o p t e r a n muscle f i b r e membrane thus deviates greatly 
from the conditions of the Wernst equation. The perme­
a b i l i t y of the membrane even i n the p h y s i o l o g i c a l range 
i s e v i d e n t l y much lower than had formerly been supposed 
f o r i n s e c t m a t e r i a l . Red'ently, Mai sky (1963) showed t h a t 
i n f r o g muscle f i b r e s the resistance ( i . e . permeability) 
v a r i e d w i t h e x t e r n a l potassium. Raiding external potassium 
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Table 9. The e f f e c t of exte r n a l potassium upon 
the r a t i o of external to i n t e r n a l 
potassium i n Actias selene and 
Sphinx l i g u s t r i . 

E x t e r n a l Potassium 
i n mM. 

K./K i n Actias 
1' 0 

selene. (A) 

K̂ /K̂  i n Sphinx 

l i g u s t r i (B) 

1 61.9 45.4 

5 14.9 12.3 
20 4.0 3.6 

50 2.3 1.7 
70 1.9 1.4 

100 1.5 1.1 

150 1.1 0.$7 
200 0.85 0,73 



L x l K ( M m ) 
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Figure 37 
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to 100 mM caused a sevenfold f a l l i n membrane resistance. 
A l t e r a t i o n of external potassium concentration was 

found to a f f e c t the. a c t i o n p o t e n t i a l , but only a f t e r 
a delay of 40 t o 60 minutes. High external potassium 
sialines had a depressant e f f e c t on the a c t i o n p o t e n t i a l 
which declined i n amplitude and increased i n time course 
as the potassium was raised(Figures 38 and 39). The 
l a r g e s t a c t i o n p o t e n t i a l s were recorded i n zero potassium 
s a l i n e s i n Telea polyphemus,and these had an amplitude 
of 63 mV w i t h an overshoot of zero p o t e n t i a l of about 
8 mV, and a ra t e of r i s e of 12.6 volts/second. The 
n o m a l a c t i o n p o t e n t i a l i n 50 mM external potassium was 
44 mV * 1.2 w i t h a ra t e of r i s e of 9.2 volts/second. As 
the e x t e r n a l potassium was raised f u r t h e r , the a c t i o n 
p o t e n t i a l continued t o decline i n amplitude, and the 
production o f the a c t i v e membrane response became 
pro g r e s s i v e l y delayed from the end-plate potentL a l 
(Figure 38 G). At 100 mM extern a l potassium the ra t e 
of r i s e of the a c t i o n p o t e n t i a l was only 4 volts/second, 
w h i l e a t 150 mM ex t e r n a l potassium the active membrane 
response had disappeared completely, leaving only a 
very attenuated end-plate p o t e n t i a l . An i n t e r e s t i n g 
p o i n t about the lepidopteran a c t i o n p o t e n t i a l i s t h a t 
the a c t i v e membrane response and the end-plate p o t e n t i a l , 
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over a wide range of potassium s a l i n e s , have d i f f e r e n t 
rates of r i s e . I n normal s a l i n e (potassium 50 mM) the 
rates were 12 and 6.4 v o l t s per second r e s p e c t i v e l y . 
Increase i n e x t e r n a l potassium d i d not have a uniform 
e f f e c t on r i s e time, the a c t i v e membrane response being 
more r e a d i l y reduced i n r i s e time than the end-plate 
p o t e n t i a l . Hoyle(1955a) and Wood(1957a) have reported 
t h a t i n high potassium salines the amplitude of the 
a c t i v e membrane response declined i n simple c o r r e l a t i o n 
w i t h the amplitude of the end-plate p o t e n t i a l . I n Telea 
polymphemus (Figure 40) the a c t i v e membrane response 
declined much more r a p i d l y in. high potassium salines 
than d i d the end-plate-potential... ..In very high external 
potassium, the end-plate p o t e n t i a l was always present, 
no matter how small, but the a c t i v e membrane response 
r e q u i r e d a c r i t i c a l value of the end-plate p o t e n t i a l , 
about 10 mV, before i t was produced. 

Potassium thus a f f e c t s the a c t i o n p o t e n t i a l of 
Lepidoptera i n a manner s i m i l a r to t h a t already reported 
by Hoyle(1955a) and Wood(1957b) i n other insects. The 
magnitude of the end-plate p o t e n t i a l i s roughly p r o p o r t i o n a l 
to the concentration of external potassium, but t h i s i s 
most probably mediated by the e f f e c t of potassium ions 
upon the r e s t i n g p o t e n t i a l i t s e l f . As can be seen i n 

Figure 40, both the end-plate p o t e n t i a l and the a c t i v e 
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Table 10. The e f f e c t of potassium ions upon the 

ac t i o n p o t e n t i a l of Telea polyphemus. 

E x t e r n a l K 
Concentration 

Mean Action pot. 
e n t i a l S.E. 
(mV) 

Number of 
Samples. 

0-
50 

100 
150 

63.0 =̂ 1.0 
44.0 1= 1.3 
25.3 * 1.4 
9.0 * 0.6 

7 
12 
5 
3 

Table 1 1 . The e f f e c t of potassium ions upon 
0 The j u n c t i o n a l p o t e n t i a l 
0 The a c t i v e membrane response 

i n Telea polyphemus. 

Ex t e r n a l K 
Concentration 
(mM). 

Mean j u n c t i o n a l 
p o t e n t i a l * S.E, 
(mV) 

Mean a c t i v e 
membrane resp. 
* S.E. (mV) 

0 
50 

100 
150 

22.0 1= 0.6 

15.0 ^ 0.7 
12.0 1= 0.8 
9.0 =̂ 0.6 

41.0 4. 1.2 

29.0 * 1.0 
13.0 * 1.2 

Zero 



K MM. 

Figure 39. The e f f e c t of potassium ions upon the a c t i o n 
p o t e n t i a l of T e l e a pol.yphemus. 

50 mMK'' 100 150 

Figure 40. The e f f e c t of potassium ions upon the j u n c t i o n a l 
p o t e n t i a l ( f u l l c i r c l e s ) and a c t i v e membrane response(hollow 
c i r c l e s ) i n T e l e a polyphemus. 
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response have*3traight l i n e r e l a t i o n s h i p ^ w i t h the 

concentration of ex t e r n a l potassium ions, and when 

r e s t i n g p o t e n t i a l i s p l o t t e d against both the a c t i v e 

membrane response and the end-plate p o t e n t i a l , although 

the curves are not completely l i n e a r , the r e l a t i o n of 

r e s t i n g p o t e n t i a l t o both components i s f a i r l y s i m i l a r . 

The a l t e r n a t i v e hypothesis, t h a t potassium ions d i r e c t l y 

a f f e c t the a c t u a l t r a n s m i t t e r mechanism producing the 

end-plate p o t e n t i a l i s discussed by Hoyle(1955a) and 

r e j e c t e d . The r e s u l t s here would tend to support h i s 

argument. Hoyle has claimed t h a t i n the lo c u s t the 

a c t i v e membrane response declined progressively w i t h 

increase of e x t e r n a l potassium, but d i d not disappear 

u n t i l the preparation was ageing. The r e s u l t s here 

however, d i f f e r from those of Hoyle i n t h a t at 150 mM 

e x t e r n a l potassium no sign of the a c t i v e membrane response 

was ever evident, even i n f r e s h preparations. Wood(1957b) 

found t h a t the a c t i v e membrane response i n the s t i c k 

i n s e c t p e r s i s t e d up to 100 mM extern a l potassium but 

above t h i s i t tended to disappear. However, the a c t i v e 

membrane response sometimes p e r s i s t e d up tol50 mM potassium 

but r a t h e r r a r e l y (personal communication). 
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The e f f e c t of Sodium and Quaternary ammonium ions 
A l t e r a t i o n s of the sodium concentration i n the 

bathing salines were found to a f f e c t the magnitude of 
both the r e s t i n g and a c t i o n p o t e n t i a l s i n Bombyx mori 
muscle f i b r e s a f t e r a delay. The graph i n Figure 41 
shows the r e s u l t s of a t y p i c a l experiment i n t h i s species. 
Up to about 100 mM external sodium the graphs of both 
the r e s t i n g and a c t i o n p o t e n t i a l are very cleac, and above 
100 iriM e x t e r n a l sodium they only diverge to a small 
e x t e n t , the a c t i o n p o t e n t i a l graph r i s i n g more steeply. 
Even a t a concentration of 200 mM external sodium however, 
the a c t i o n p o t e n t i a l i s only a matter of 4 mV l a r g e r than 
the r e s t i n g p o t e n t i a l . The p a r a l l e l nature of the two 
graphs suggests t h a t the e f f e c t of sodium on the a c t i o n 
p o t e n t i a l may only be a secondary e f f e c t , being mediated 
by the e f f e c t of sodium on the r e s t i n g p o t e n t i a l . I n 
s e c t i o n I I of t h i s t h e s i s , arguments were advanced to 
suggest t h a t i n the normal i o n i c c o n d i t i o n of the heamolymph 
the size of the a c t i o n p o t e n t i a l may be r e l a t e d d i r e c t l y 
to the size of the r e s t i n g p o t e n t i a l , and t h i s may be the 
case here. 

Figure 42 shows the e f f e c t of a l t e r a t i o n of external 
sodium i o n concentration upon the a c t i o n p o t e n t i a l i n 
Bombyx mori. I n high sodium concentratiorsthe r a t e of 
r i s e of the a c t i o n p o t e n t i a l was s l i g h t l y increased, and 
the r e p o l a r i s a t i o n phase was s l i g h t l y more r a p i d , but the 
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e f f e c t of sodium on the actual amplitude of the a c t i o n 
p o t e n t i a l was s m a l l . 

I t i s i n t e r e s t i n g to note t h a t sodium ions had an 
obvious e f f e c t on the r e s t i n g p o t e n t i a l . A s i m i l a r e f f e c t 
was noticed by Wood(1957b) i n Carausius. but Narahashi 
and Yamasaki (1960) found t h a t sodium ions had no 
measurable e f f e c t on the r e s t i n g p o t e n t i a l of cockroach 
g i a n t axons. Although there i s one other reference i n 
the l i t e r a t u r e to the e f f e c t of sodium ions on the r e s t i n g 
p o t e n t i a l (Huxiy and Stampfli(1951) sodium only a f f e c t i n g 
the r e s t i n g p o t e n t i a l by 1 - 3 mV i n f r o g mus.cle, 
observations of t h i s nature are not general. U n t i l more 
in f o r m a t i o n i s a v a i l a b l e the e f f e c t of -sodium on the 
r e s t i n g p o t e n t i a l can be considered e s s e n t i a l l y as a 
s p e c i a l i s e d f e a t u r e of the neuromuscular physiology of 
herbivorous i n s e c t s . 

I n most e x c i t a b l e tissues so f a r i n v e s t i g a t e d , the 
r e s t i n g p o t e n t i a l i s e x p l i c a b l e almost e x c l u s i v e l y i n 
terms of the d i s t r i b u t i o n of potassium ions, and i t i s 
d i f f i c u l t to see how sodium could f i t i n t o the c l a s s i c a l 
i o n i c hypothesis r e l a t i n g to the r e s t i n g p o t e n t i a l without 
i n v o k i n g a concept of a m u l t i - i o n electrode i n the muscle 
f i b r e membrane, an explanation which seems the most l i k e l y 
i n herbivorous i n s e c t s . Such an explanation hasjalready 
been advanced f o r Tenebrio m o l i t o r muscle f i b r e s by 
Belton and Grundfest(1962a,b), although the data presented 
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Table 1 2 . Magnitudes of the r e s t i n g and ac t i o n 

p o t e n t i a l s i n a i f f e r e n t sodium concentrations 

« 

mM sodium 
per l i t r e . 

Number of 
samples. 

Mean r e s t i n g 
p o t e n t i a l i n 
m i l l i v o l t s 
* S . E . 

Mean ac t i o n pot, 
i n m i l l i v o l t s . 

1 9 38.4 • 0 .8 37.8 =̂ 1.4 

9 10 41 .8 * 1.4 40.1 * 2.1 

50 9 42.0 4= 0 . 6 42.1 * 1.1 

100 10 44 .5 * 0 . 6 44 .8 ^ 1.4 

150 7 46.5 <f. 0 .8 48.3 * 1.1 

200 10 48 .6 * 0 . 5 52.6 ^ 1.8 
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-Figure 41. Tiie e f f e c t of e x t e r n a l sodivun 

concentration on the r e s t i n g 

p o t e n t i a l ( c i r c l e s ) and a c t i o n 

p o t e n t i a l ( s t a r s ) i n Bomb.yx mori. 



Figure 42. The e f f e c t of sodium ions on the 
a c t i o n p o t e n t i a l i n Bomb.yx mori. a , 200 mli/l; 
B,100 miVl/1 ;G,50 mJvi/1 ;D, 1 mlVl/1. C a l i b r a t i o n 
500 cycles/second. 
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by these authors i s not alto g e t h e r c l e a r , and some of the 

r e s u l t s r a t h e r confusing. One p o s s i b i l i t y i s that Naions 

ex e r t a d i r e c t e f f e c t on the membrane, and modify responses 

to other i o n s . 

Apart from i t s unusual e f f e c t on the r e s t i n g p o t e n t i a l , 

the sodium i on i s a l s o r a t h e r remarkable i n Lepidoptera 

s i n c e i t s e f f e c t on the a c t i o n p o t e n t i a l i s r a t h e r s m a l l . 

Wood(1957b) noted that i n Garausius, a two hundredfold 

i n c r e a s e i n e x t e r n a l sodium ions caused only a ten m i l l i v o l t 

change i n the a c t i o n p o t e n t i a l . I n Bombyx mori a two 

hundredfold i n c r e a s e i n ext e r n a l sodium concentration caused 

only a 14 .B m i l l i v o l t change in.the a c t i o n p o t e n t i a l . I t 

i s postulated by the i o n i c hypothesis that the membrane of 

an e x c i t a b l e c e l l i s r e l a t i v e l y impermeable to sodium ions 

i n the r e s t i n g s t a t e . During a c t i v i t y , the sodium ions 

enter the f i b r e along t h e i r electrochemical gradient, and 

i f the f i b r e i s f r e e l y permeable to sodium ions, the membrane 

approaches the s t a t e of a sodium electrode, and i t s membrane 

p o t e n t i a l w i l l be p r e d i c t a b l e by the sodium v e r s i o n of the 

Nernst equation, i n which: 

%A = R i i log (Na)o 
F ^ M a l l 

where (Na)o and ( N a ) i are the sodium ion concentrations 

outside and i n s i d e the f i b r e r e s p e c t i v e l y . The value 

obtained f o r Ej^^ w i l l show the extent to which the membrane 

can be expected to deviate from zero p o t e n t i a l i n a p o s i t i v e 
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d i r e c t i o n , and i s the c a l c u l a t e d E^^^ or the c a l c u l a t e d 
overshoot. 

I n many e x c i t a b l e t i s s u e s , the general trends of the 

i o n i c hypothesis o u t l i n e d above have been confirmed, 

p a r t i c u l a r l y the par t r e l a t i n g the extent of the r e v e r s a l 

of the membrane p o t e n t i a l to the concentration of sodium 

ions present(Hcdgkin and Katz,1949 ; Nastuk and Hod^in, 

1950 ; Huxley and Stampfli , 1951 ; Cole,1949 ; Draper and 

Weiderman,1951). Compared to such f i n d i n g s as these, the 

e f f e c t s of sodium ions on the ac t i o n p o t e n t i a l i n 

Lepidoptera and i n Carausius are very small indeed so 

f u r t h e r experiments were devised to see to what extent 

sodium ions followed the Nernst equation i n the generation 

of the a c t i o n p o t e n t i a l . Bombyx mori muscle was again used, 

but i n t r a c e l l u l a r sodium was now measured at each external 

sodium concentration, so that the t h e o r e t i c a l sodium 

e l e c t r o d e p o t e n t i a l could be c a l c u l a t e d . 

The r e s u l t s of a t y p i c a l experiment are given i n Table 

13 and i n the graph. Figure 43. Wood(1963) woricing on 

Garausius,Locusta, and P e r i p l a n e t a found that the muscle 

f i b r e s of these i n s e c t s possessed the a b i l i t y to maintain 

a f a i r l y constant i n t r a c e l l u l a r sodium ion concentration 

i n s p i t e of wide a l t e r a t i o n s i n the concentration of the 

e x t e r n a l sodium i o n s . Bombyx mori muscle f i b r e s do not 

appear to possess quite t h i s degree of r e g u l a t i o n . A two 
hundredfold i n c r e a s e i n external sodium i on concentration 
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produced a 3 .5 times gain i n the concentration of 

i n t r a c e l l u l a r sodium i o n s . Although t h i s gain i n 

i n t e r n a l sodium i s s l i g h t l y higher than that found by 

Wood(1963) i n Carausius i t was s t i l l very small indeed, 

and the trend i n these r e s u l t s i s s i m i l a r to the trend 

found by Wood. -In e v a l u a t i n g h i s r e s u l t s , the l a t t e r 

author was able to r a t i o n a l i s e the i n t e r n a l sodium 

concentration f o r the purposes of c a l c u l a t i n g overshoots, 

but i n the r e s u l t s presented here, the t h e o r e t i c a l overshoot 

has been c a l c u l a t e d using the sodium concentration experiment­

a l l y determined f o r each d i f f e r e n t e x t e r n a l sodium value i n 

view of the higher v a r i a t i o n i n i n t e r n a l sodium. 

From the values of i n t e r n a l and e x t e r n a l sodium 

concentration the t h e o r e t i c a l overshoot was determined f o r 

each e x t e r n a l sodium concentration, and these were plotted 

along with the values of the a c t u a l overshoot, determined 

experimentally with i n t r a c e l l u l a r electrodes against the 

logarithm of the e x t e r n a l sodium concentration. I n many 

e x c i t a b l e t i s s u e s , p a r t i c u l a r l y vertebrate nerve and muscle, 

and i n the squid giant axon, the overshoot of the a c t i o n 

p o t e n t i a l has been foupd to approach the t h e o r e t i c a l E,, 
Na 

determined from i n t e r n a l and e x t e r n a l sodium concentrations. 

However, i n Bombyx mori not only i s i t obvious that the 

t h e o r e t i c a l bears no r e l a t i o n to the observed overshoot, 

but the a c t u a l shapes of the two graphs are d i f f e r e n t . 
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l i s 

Wood(1963) found s i m i l a r r e s u l t s i n Garausius,Locusta, 

and P e r i p l a n e t a muscle f i b r e s . I t i s i n t e r e s t i n g to note 

that the two graphs bnly cross each other ( t h a t i s , the 

t h e o r e t i c a l overshoot approaches the observed overshoot) 

a t about the value of sodium normally found i n the 

heamolymph of the i n s e c t . A p a r e l l e l s i t u a t i o n has 

al r e a d y been d e s c r i b e d i n r e l a t i o n to potassium ions i n 

which the t h e o r e t i c a l E-^ approaches nearest to the observed 

r e s t i n g p o t e n t i a l value i n the normal p h y s i i o g i c a l range 

f o r potassium i n the heamolymph. 

An even more i n t e r e s t i n g point, brought out i n Table 13 

i s that i n the normal s t a t e , the i n t e r n a l sodium concent­

r a t i o n of the muscle f i b r e i s greater than that of the 

haemolymph sodium concentration. This i s a r e v e r s a l of the 

i d e a l s t a t e proposed i n the i o n i c hypothesis and i s true 

of a l l Lepidoptera studied i n t h i s i n v e s t i g a t i o n ( s e e Tables 

4 and 5) , and was a l s o noticed by Garrington and Tenney 

(1959) i n Telea polymphemus although these authors made no 

f u r t h e r comment on t h e i r sodium r e s u l t s . I n ibmbyx mori 

i t i s only a t about 15 mM e x t e r n a l sodium concentration 

t h a t the e x t e r n a l sodium e q u a l l s the i n t e r n a l sodium. 

Below t h i s value of e x t e r n a l sodium, a l l c a l c u l a t i o n s with 

the Nernst equation give a negative value ("Undershoot") 

f o r the predicted overshoot of zero potential('^Jegative" 

a c t i o n p o t e n t i a l ) . The a c t u a l observed undershoot p e r s i s t s 

up to about 50 mM e x t e r n a l sodium, a t which concentration 
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the predicated E^j^ i s 30 mV p o s i t i v e . 

The Lepidoptera are the only animals so f a r i n v e s t i g a t e d 

to have a reversed sodium gra d i e n t ( r e v e r s e d that i s , i n 

terms of the i o n i c h y p o t h e s i s ) . This f i n d i n g must c e r t a i n l y 

c a s t doubt on the a c t u a l f u n c t i o n of t h ^ sodium ion i n 

r e l a t i o n to the a c t i o n p o t e n t i a l i n the Lepidoptera. With 

a d i s t r i b u t i o n of t h i s nature, sodium ions could c e r t a i n l y 

make l i t t l e or no con t r i b u t i o n to the inward current 

generation of the a c t i o n p o t e n t i a l , s i n c e , during membrane 

a c t i v i t y there .would be no sodium i n f l u x along the sodium 

grad i e n t s i n c e t h i s gradient i s outgoing. I f passive 

t r a n s p o r t were s o l e l y involved, the muscle f i b r e would 

tend to lose sodium ions during a c t i v i t y . On the other 

hand, i f a c t i v e t r a n s p o r t of sodium ions against t h e i r 

g r a d i e n t was involved, then sodium ions could make some 

co n t r i b u t i o n to the generation of the action p o t e n t i a l , 

although the c o n t r i b u t i o n would be small since sodium i s 

present i n such small concentrations i n the haemolymph of 

herbivorous i n s e c t s . 

Although sodium ions are regarded as being indispensable 

f o r the generation of ac t i o n p o t e n t i a l s i n vertebrate 

m a t e r i a l ( s e e Hodgkin,1951,1964) t h i s i s not n e c e s s a r i l y the 

case i n the i n v e r t e b r a t e s . I n the l a t t e r i t i s often 

p o s s i b l e to s u b s t i t u t e other ions for sodium i n attempts 

to e l u c i d a t e the r o l e of sodium without l o o s i n g the action 
p o t e n t i a l i n the muscles. I n an attempt to solve the anomaly 
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of the sodium ion i n Lepidoptera, experiments were performed 

i n which the sodium content of the s a l i n e s was e n t i r e l y 

r e p l a c e d by equivalent amounts of various quaternary 

ammonium compounds i n Bombyx mori. 

F a t t and Katz(1953) working on Carcinus and Portunus 

and Wood(1957) working on Carausius have shown that the 

e x c i t a b i l i t y i n the muscle f i b r e s of these animals could 

be maintained i n the absence of sodium ions when the l a t t e r 

were replaced by equivalent amounts of various quaternary 

ammonium compounds. Choline chloride maintains the normal 

e x c i t a b i l i t y without causing a f a l l i n the r e s t i n g p o t e n t i a l 

i n many e x c i t a b l e t i s s u e s ( L o r e n t o de No,1949 ; Nastuk and 

Hodgkin,1950 ; Wood,1961). I n the Crustacea however, F a t t 

and Katz(1953) reported t h a t choline not only maintained 

the r e s t i n g p o t e n t i a l of the muscle f i b r e s but also increased 

both the amplitude and duration of the a c t i o n p o t e n t i a l 

enormously. This l a t t e r phenomenon has not been recorded, 

elsewhere. I n Bombyx mori and Te l e a polymphemus. choline 

maintained the normal l e v e l of p o l a r i s a t i o n of the muscle 

f i b r e s , the choline r e s t i n g p o t e n t i a l being 3^.4 * 0.8 mV 

compared with the normal 41.8 * I . 4 i n Bombyx mori. The 

a c t i o n p o t e n t i a l was not a f f e c t e d by r e p l a c i n g the sodium 

with c h o l i n e . I n these circumstances choline would appear 

to be an i n e r t c a t i o n which i s p e r f e c t l y capable of t o t a l l y 

r e p l a c i n g sodium i n the Lepidoptera, 

A c e t y l c h o l i n e , the w e l l known vertebrate neuromuscular 



t r a n s m i t t e r (Dale.Feldberg, and Yogt ,1936 ; Brown,1937) 

was found to have no noti c e a b l e e f f e c t on e i t h e r the 

r e s t i n g or a c t i o n p o t e n t i a l of e i t h e r Bombyx mori or Telea 

polymphemus when added to s a l i n e s with or without sodium 

pr e s e n t . 

Three other quaternary .sammonium compounds have also 

been employed, t e t r a b u t y l , t e t r a e t h y l , and tetramethyl-

ammonium c h l o r i d e . The tetrabutyl-ammonium s a l t could 

only be obtained commarially as the bromide. This was 

converted to the chl o r i d e by a modification of the method 

of F a t t and Katz ( 1 9 5 3 ) . The bromide was shaken with s i l v e r 

c h l o r i d e i n a c i d i f i e d methanol, the qua ternary/aaimonium 

c h l o r i d e then being r e c r y s t a l l i s e d from d i s t i l l e d water. 

To determine the percentage of r e t a i n e d water, the s a l t 

was t i t r a t e d a g a i n s t s i l v e r n i t r a t e , u s i n g potassium 

chromate as an i n d i c a t o r . I n the following experiments, 

the membrane p o t e n t i a l s were recorded from f l i g h t muscle 

preparations of Bombyx mori. 

T e t r a b u t y l ammonium ionsCTBA) 

A f t e r a short period of vigorous spontaneous a c t i v i t y 

( s e e Figure 4 4 j ) , TBA inns i n concentrations as low as 10 

mM caused the muscle f i b r e s to become i n e x c i t a b l e a f t e r 

only'about 20 to 30 minutes. This i n e x c i t a b i l i t y could 

not be reversed by r e t u r n i n g the preparation to normal 

s a l i n e . The onset of i n e x c i t a b i l i t y was accomparsed by a 
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F i g u r e 44, The e f f e c t o f T e t r a b u t y l ammonium c h l o r i d e 
i o n s on the muscle f i b r e s o f Bombyx m o r i . 

J . Spontaneous m i n i a t u r e o s c i l l a t i o n s o f 
membrane p o t e n t i a l i n 10 raivi T B a . 

B. i ^ c t i o n p o t e n t i a l r e c orded a t the time 
o f a d d i t i o n o f Tiiii. i o n s t o p r e p a r a t i o n . 

C. . t i C t i o n p o t e n t i a l recorded from same 
f i b r e as ( B ; a f t e r 60 minutes i n 50 mivi 
T B a i o n s . 

C a l i b r a t i o n s i n m i l l i s e c o n d s ' and m i l l i v o l t s 
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Jirogressive f a l l i n the value of both the r e s t i n g p o t e n t i a l 

and the a c t i o n p o t e n t i a l ( F i g u r e 4 4 b ,c). The a c t i v e membrane 

response soon disappeared l e a v i n g only a small end-plate 

p o t e n t i a l . S i m i l a r e f f e c t s were reported by Wood(1957b) 

i n Carausius muscle, and F a t t and Katz (1953) i n Crustacea. 

I n c r e a s e i n the concentration of TBA ions r e s u l t e d i n an 

a c c e l e r a t i o n of the decli n e of the r e s t i n g p o t e n t i a l . This 

i s shown f o r four concentrations of TBA i n Figure 45. 

F i g u r e 46 shows the e f f e c t i n increase of TBA ions on the 

ra t e of de c l i n e of the r e s t i n g p o t e n t i a l measured as the 

time taken f o r the r e s t i n g p o t e n t i a l to f a l l to one h a l f 

i t s o r i g i n a l v a l u e . As TBA concentration was increased, 

the r a t e of d e c l i n e of the r e s t i n g p o t e n t i a l i n c r e a s e d . 

I n c r e a s e i n the concentration of TBA ions p r o g r e s s i v e l y 

reduced the time taken f o r i n e x c i t a b i l i t y to se t i n the 

muscle f i b r e . 

T e t r e a t h y l ammonium ions(TEA) 

TEA ions were found to a f f e c t both the r e s t i n g and action 

p o t e n t i a l s i n Bombyx mori. S a l i n e s with TEA ions up to 

about 150 mM/litre caused an i r r e v e r s i b l e f a l l i n the value 

of the r e s t i n g p o t e n t i a l , s i m i l a r i n nature to some e a r l i e r 

r e p o r t s ( F a t t and Katz,1953;Wood,1957iJ. The ra t e of de c l i n e 

of the r e s t i n g p o t e n t i a l f o r four d i f f e r e n t concentrations 

of TEA ions i s shown i n Figure 47. For a s i x f o l d , i n c r e a s e 

i n TEA i o n s , the r a t e of d e c l i n e of the r e s t i n g p o t e n t i a l 



122 

Table 14. The e f f e c t upon the r e s t i n g p o t e n t i a l i n 
Bombyx mori of various concentrations of 
Te t r a b u t y l ammonium i o n s . 

TBA 10 mM per Time a f t e r a d d i t i o n 
> • 

Mean Resting pot­
l i t r e . of TBA s a l i n e ( m i n s . ) e n t i a l * S.E. 

( m i l l i v o l t s ) 

0 39.3 2.4 
60 33.0 1.7 

120 23.7 2.0 
lao 15.5 * 1.8 

TBA 20 mM per 
1.6 l i t r e . 0 42.1 1.6 

30 36.0 * 1.4 
60 25.5 1.5 
90 19.3 1.0 

TBA 30 mM per 
41.8 l i t r e . 0 41.8 1.5 

30 33.2 • 1.6 
60 21.6 0.8 
90 13.0 0.8 

TBA 50 iM^per 
41.6 l i t r e . 0 41.6 * 2.9 

20 32.4 1.4 
40 25.4 1.0 
60 14.3 * 0.7 
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Table 1$. The e f f e c t of increase i n TBA ions on the 
r a t e of decline of the r e s t i n g p o t e n t i a l . 

TBA concentration 
(mM per l i t r e ) 

10 

20 

30 

50 

Time i n mins f o r f a l l 
of r e s t i n g p o t e n t i a l 
to 50fo i n i t i a l value 

150 

82 

64 

48 

Rate of decline 
of r e s t i n g pot­
e n t i a l (MV .per 

hour) 

8.0 

15.3 

19.7 

26.2 



so-I 

TBA 

iConcentrationi 
mM. 

90 
Mns 

100 
— I 
150 

Figure 46. The e f f e c t of TBA ion concentration 
on the d e c l i n e of the r e s t i n g p o t e n t i a l 
i n Bombyx mori muscle f i b r e s . Measured 
as the time taken for the r e s t i n g 
p o t e n t i a l to d e c l i n e to dO/o of i t s 
o r i g i n a l value. 
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increased from 5.5 mV/hour to 13.8 mV/hour. 

TEA ions caused the muscle f i b r e s to become highly-
e x c i t a b l e , the f i b r e s showing considerable spontaneous 
a c t i v i t y which consisted of miniature end-plate p o t e n t i a l s 
(Figure 48d). At 25 mM TEA ion s , the period of increased 
spontaneous a c t i v i t y l a s t e d about 90 minutes, and was then 
f o l l o w e d by t o t a l i n e x c i t a b i l i t y . As the TEA concentration 
was increased, the i n i t i a l period of increased spontaneous 
a c t i v i t y was progressively reduced, u n t i l a t about 150 mM 
l E A / l i t r e there was no observable period of high a c t i v i t y 
a t a l l , the f i b r e s passing from the normal state i n t o t o t a l 
i n e x c i t a b i l i t y . This i n e x c i t a b i l i t y was i r r e v e r s i b l e even 
when the preparation was returned to salines w i t h increased 
sodium content. 

TEA ions caused a progressive f a l l i n the amplitude 
of the a c t i o n p o t e n t i a l , (see Figure 48 E to I ) , and i n 
high TEA concentrations(100 to 150 mM/litre) the action' 
p o t e n t i a l was g r e a t l y lengthened i n time course, being 
extended from 13.3 milliseconds i n 25 mM to 30.3 milliseconds 
i n 100 mM(see Figure 49 k to o ) . Conversely, the rate of 
r i s e of the a c t i o n p o t e n t i a l increased w i t h increase i n TEA 
concentration, and i t would appear t h a t TEA ions progressively 
delayed r e p o l a r i s a t i o n of th e .membrane. I n 100 mM TEA, some 
f i b r e s showed a t e t a n i c - l i k e f u s i o n of the a c t i o n p o t e n t i a l , 
a f t e r only one or two s t i m u l i followed by t e t a n i c mechanical 
responses i n the muscle i f s u f f i c i e n t f i b r e s were a f f e c t e d . 
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Table 16. The e f f e c t of various concentrations of 
Te t r a e t h y l ammonium ions upon the r e s t i n g 

' p o t e n t i a l of Bombyx mori muscle f i b r e s . 

TEA:,25 mM 
per l i t r e 

TEA 50 mM 
per l i t r e 

TEA 100 mM 
per l i t r e 

TEA 150 mM 
per l i t r e 

Time a f t e r a d d i t i o n Mean r e s t i n g p o t e n t i a l , 
o f TEA saline(Mins) mV 1= S.E. 

0 40.4 * 1.1 
60 38.5 * 1.3 
90 33.8 * 1.0 

130 28.8 * 1.6 
150 25.6 * 1.1 
ISO 23.0 * 1.4 
120 20.8 * 1.3 

0 40.0 * 1.4 
30 34.8 * 1.2 
60 30.6 + 1.1 
90 25.Q * 1.0 

120 22.2 • 0.8 
150 17.6 * 0.8 
igo 16.5 * 1.4 

0 40.9 * 2.0 
30 36.0 * 1.5 
45 32.0 * 1.7 
75 26.7 * 1.1 

105 
• 

22.7 * 1.2 

0 38.1 * 1.4 
20 32.9 * 0.5 
kO 28.7 * 0.7 
60 22.9 ^ 0.9 
80 20.3 * 0.9 

100 16.8 * 0.8 
120 

) -. 
15.0 * 0 .7 

) 
) s 
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Figure 48. Th.e e f f e c t of t e t r a e t h y l ainmoniiim 
ions on Borabyx mori muscle f i b r e s . 

D. Spontaneous miniature end p l a t e 
p o t e n t i a l s i n 25 raM TEA ions. 

E to I P r o g r e s s i v e f a l l i n the amp­
l i t u d e of the a c t i o n p o t e n t i a l i n 
25 mM TEA ions. 

C a l i b r a t i o n s i n m i l l i s e c o n d s and 
m i l l i v o l t s . 
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Figure 49. The e f f e c t of 100 mm. TEA ions on the action 
p o t e n t i a l i n Bombyx mori muscle f i b r e s . 

K. to 0 . P r o g r e s s i v e lengthening of the 
time course i n a s i n g l e f i b r e . 

P & v4. 'i'etaiius l i k e response froiu a muscle 
f i i j r e a f t e r a s i n g l e stimulus. 

G£.librations i n irdliiseconds and m i l l i v o l t s 
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To examine.; the f a l l i n a c t i o n p o t e n t i a l amplitude, a c t i o n 
p o t e n t i a l s were recorded a t a standard time of 20 minutes 
a f t e r the preparation was t r a n s f e r r e d to the TEA s a l i n e . 
For a f o u r f o l d increase i n TEA ion s , the ac t i o n p o t m t i a l 
declined by one t h i r d of i t s amplitude(Figure 50 ) . 

Tetramethyl ammonium i o n s l T M ) 

TMA ions possessed none of the prope r t i e s of TBA and 
TEA ions f o r i n c r e a s i n g e x c i t a b i l i t y and reducing the 
r e s t i n g p o t e n t i a l value. Of the three quaternary ammonium 
ions examined i n d e t a i l , TMA most resembled sodium i n i t s 
e f f e c t s on membrane p o t e n t i a l s . I n TMA ions the membrane 
remained p o l a r i s e d a t about the normal l e v e l . However, 
increase i n TMA ions had a greater e l e v a t i n g e f f e c t on the 
r e s t i n g p o t e n t i a l than sodium ions(see Figure 51) . For a 
hundredfold increase i n sodium, the r e s t i n g p o t e n t i a l rose 
by 5.1 mV, the corresponding f i g u r e f o r TMA ions was 12.6 

mV. This e f f e c t on the r e s t i n g p o t e n t i a l was completely 
r e v e r s i b l e by r e t u r n to sodium containing s a l i n e s . 

The e f f e c t of c h l o r i d e ions. 

According to the i o n i c hypothesis, the r e s t i n g muscle 

f i b r e membrane i s r e a d i l y permeable to potassium and chloride 

ions which exchange across i t s o l e l y by d i f f u s i o n under the 

conditions of a Donnan e q u i l i b r i u m . The r e s t i n g membrane 

p o t e n t i a l , E^, i s r e l a t e d to the r e l a t i v e concentrations of 

potassium and c h l o r i d e ions by the equations. 
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Table 17. The e f f e c t of T e t r a e t h y l ammonium ions 
upon the a c t i o n p o t e n t i a l of Bombyx mori 
muscle f i b r e s . Action p o t e n t i a l s recorded 
at a standard time of 20 minutes a f t e r the 
a d d i t i o n of the TEA s a l i n e . 

TEA concentration 
(mM/litre) 

Number of 
readings 

Action p o t e n t i a l 
mV t S.E. 

0 10 36.0 + 1.0 

25 11 27.7 + 0.7 

50 11 21.7 + 1.3 

100 ' • 13 . • 18.4 + 1.4 • 13 . • 



1 0 - ^ 
"25" 

n*(.TEA 

— I — 
50 75 

Fignare 56. The e f f e c t of TEA ions on the a c t i o n 
p o t e n t i a l of Bomb.yx mori muscle f i b r e s . 
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Table 18. The magnitude of the r e s t i n g p o t e n t i a l of 
Bombyx mori muscle f i b r e s i n d i f f e r e n t 
concentrations of sodium and tetramethyl 
ammonium ions. 

Concentration 
(mM/1.) 

Number of 
samples. 

• 

.Mean r e s t i n g pot­
e n t i a l + B.E. 

TMA io n s . 
0 13 32.0 + 1.0 

25 10 37.4 +1-6 

50 9 41.4 + 0.9 

100 9 45.3 + 1.9 

150 10 51.0 + 2.0 

Sodium 
ions 

1 9 38.4 + 0.8 

. 9 10 41.8 + 1.4 

50 9 42.0 +0.6 

100 10 44.5 + 0.6 

150 7 46.5 + 0.8 

200 10 48.6 + 0.5 



1 60 

mM per litre 

200 

Figure 51. The e f f e c t of sodium ions (hollow-
c i r c l e s j and TiviA ions ( f u l l c i r c l e s ) 
on the r e s t i n g p o t e n t i a l of Bomb.yx 
mori muscle f i b r e s . 
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E * R_T l o g ( K ) i = R T l o g (Cl)o 

A r e c i p r o c a l r e l a t i o n w i l l thus e x i s t between the r a t i o s 
of potassium and c h l o r i d e ions so t h a t 

I K j i i = i C l i o 
(K)o ( G l ) i 

There have been very few i n v e s t i g a t i o n s i n t o the r o l e of 
c h l o r i d e ions since, u n t i l r e c e n t l y , the chloride i o n has 
always been regarded as the passive complement to potassium 
ions. I n the Lepidoptera however, the potassium i o n does 
not behave i n a manner expected from the c l a s s i c a l i o n i c 
hypothesis, and i t i s possible t h a t c h l o r i d e ions are 
equally unusual i n t h e i r e f f e c t s i n t h i s group. 

Recently, several i n v e s t i g a t o r s have re-examned the 
whole question of the c h l o r i d e i o n , and the r e s u l t s they 
have obtained are f a r from what had formerly been supposed. 
Robertson(1961) working on Nephrops muscle found t h a t there 
was a f a i r l y large discrepancy between the r a t i o s of i n t e r n a l 
to e x t e r n a l potassium and exte r n a l to i n t e r n a l c h l o r i d e . 
Keynes(1963) found t h a t i n the squid g i a n t axon the i n t e r n a l 
c h l o r i d e was higher than formerly thought, and t h a t the 
t h e o r e t i c a l membrane p o t e n t i a l Ê -̂  d i d not approach the 
a c t u a l recorded r e s t i n g p o t e n t i a l . This author proposed 
a system of a c t i v e t r a n s p o r t of c h l o r i d e ions to explain 
h i s r e s u l t s . Wood(1965) found t h a t i n the cockroach and 
l o c u s t l e g muscles, the t h e o r e t i c a l Eg^calculated from 
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the Nernst equation did not equal the observed r e s t i n g 
p o t e n t i a l , and--that there was no r e c i p r o c i t y between the 
respective.'potassium and c h l o r i d e ion d i s t r i b u t i o n across 
the muscle f i b r e membranes. 

The above r e s u l t s are a l l i n c o n f l i c t w i t h the 
conditions proposed i n the i o n i c hypothesis, and i t was 
t h e r e f o r e decided to examine the r e l a t i o n between the 
r e s t i n g p o t e n t i a l and c h l o r i d e ions i n the muscle f i b r e s 
of Sphinx l i g u s t r i . I n these experiments the e x t e r n a l 
c h l o r i d e concentration was a l t e r e d from 1 mM to 200 mM 
per l i t r e , and a t each concentration, the r e s t i n g p o t e n t i a l , 
along w i t h i n t r a c e l l u l a r c h l o r i d e , sodium, and potassium • 
were measured. With such infor m a t i o n i t was possible to 
c a l c u l a t e the t h e o r e t i c a l Ê -̂ĵ  f o r each value of external 
c h l o r i d e and t o compare i t s value w i t h the observed r e s t i n g 
p o t e n t i a l . I t was also possible to calculate b c t h ( C l ) o / ( C l ) i 

( . and ( K ) i / ( K ) o at each concentration of external 
c h l o r i d e to check t h e i r r e c i p r o c i t y . 

Results from a t y p i c a l group of experiments are shown 
i n Table 19. The graphs i n Figures 52 and 53 are derived 
from these r e s u l t s . As can be seen from the t a b l e , 
a l t e r a t i o n of the e x t e r n a l c h l o r i d e concentration over a 
wide range produced l i t t l e a l t e r a t i o n i n the i n t r a c e l l u l a r 
muscle c h l o r i d e concentration. This suggests t h a t e i t h e r 
the muscle f i b r e membrane i s only s l i g h t l y permeable to 
c h l o r i d e ions or t h a t ifc i s a c t i v e l y maintaining a more 
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Figure 52 
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or less constant i n t e r n a l c h l o r i d e . I f the memlDrane 
were r e a d i l y penneable to ch l o r i d e i o n s , as i s ptstulated 
i n the i o n i c hypothesis, the r a t i o of e x t e r n a l to i n t e r n a l 
c h l o r i d e should be constant w i t h i n a wide range of ex t e r n a l 
c h l o r i d e concentrations. This, however, i s f a r from what 
i s encountered here,, the r a t i o of c h l o r i d e d i s t r i b u t i o n 
being seen to vary enormously. The i n t r a c e l l u l a r potassium 
was l i t . t l e a f f e c t e d by the e x t e r n a l c h l o r i d e ions, and the 
r a t i o ( K ) i / ( K ) o was constant f o r the whole range of external 
c h l o r i d e concentrations. I n Figure 52, the r a t i o s ( K ) i / 
(K)o and ( G l ) o / ( G l ) i have been p l o t t e d aginst external 
c h l o r i d e . Far from being r e c i p r o c a l , the two r a t i o s are 
seen to be widely d i v e r g e n t , e s p e c i a l l y i n the high 
c h l o r i d e concentrations which f ^ t l n the normal p h y s i o l o g i c a l 
range i n the Lepidoptera. There does not appear to be 
any passive r e c i p r o c i t y between the d i s t r i b u t i o n of 
potassium and c h l o r i d e ions, on the contrary, the chloride 
ions seem to be q u i t e independent of the potassium d i s t r i b ­
u t i o n . 

A l t e r a t i o n o f the e x t e r n a l c h l o r i d e concentration 
a f f e c t e d the r e s t i n g p o t e n t i a l as i s shown i n Figure 53. 

For a two hundredfold increase i n c h l o r i d e concentration, 
the r e n t i n g p o t e n t i a l was raised by 14 m i l l i v o l t s , 
approximately a 30% change. The t h e o r e t i c a l Ê ^̂ , calculated 
from the c h l o r i d e d i s t r i b u t i o n by means of the Nernst 
equation was also p l o t t e d i n Figure 53. L i t t l e c o r r e l a t i o n 
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can be seen between the r e s t i n g p o t e n t i a l actually-
recorded, and the predicted EQ-J_« C o r r e l a t i o n was 
gre a t e s t i n high c h l o r i d e concentrations(near the 
normal s a l i n e c h l o r i d e of 140 mM per l i t r e ) , but a t 
low c h l o r i d e concentrations the t h e o r e t i c a l diverged 
g r e a t l y from the observed r e s t i n g p o t e n t i a l . I n very 
low c h l o r i d e concentrations, the r a t i o ( C l ) o / ( C l ) i 
became less than u n i t y , thus the Nernst equation using 
such values produced a membrane p o t e n t i a l w i t h a reversed 
sig?i, becoming t h e o r e t i c a l l y p o s i t i v e . No such p o s i t i v e 
p o t e n t i a l was ever observed. The magnitude of the 
discrepancy between predicted and observed r e s t i n g p o t e n t i a l 
i n these experiments i s s i m i l a r to the discrepancy 
encountered i n v o l v i n g potassium i o n s . 

The evidence of the r e l a t i o n of potassium ions to the 
r e s t i n g p o t e n t i a l , the lack of r e c i p r o c i t y of chloride 
and potassium, and the anomalous p o s i t i o n of the sodium 
i o n i n the Lepidoptera seem to suggest t h a t the membrane 
p o t e n t i a l s i n the Lepidoptera may not' be governed by 
s i n g l e i o n flu x e s as i s thought to be the case i n vert e b r a t e s , 
but may be more general i n i on usage, possibly being 
r e l a t e d to a l l the major ions present, i n the form of a 
muscle f i b r e membrane being a m u l t i - i o n electrode. The 
concept of a m u l t i - e l e c t r o d e muscle f i b r e has already been 
postu l a t e d i n Tenebrio by Belton and Grundfest(1962a,b) to 
e x p l a i n t h e i r unusual potasadium r e s u l t s . I f t h i s was also 
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the case i n the Lepidoptera, the membrane pot e n t i a l s 
would not approach the values proposed by the 
Donnayequilibrium/Nernst equation system which works on 
the concept of s i n g l e i o n f l u x e s , but would be more 
r e a d i l y e x p l i c a b l e ( a t l e a s t f o r the r e s t i n g membrane) 
i n terms of the equation derived from the Constant F i e l d 

theory of Goldman(Goldman,1943;Eccles,1953) i n which 
Pj^(K)i . P^^ONa)i . PQ^(C1)O 

Ej, = . 
Pi,{K)o + P^a(Na)o + ?Q3_(Cl)i 

where P ^ i ^ j j a ' ^Cl r e l a t i v e p e r m e a b i l i t i e s of 
the muscle f i b r e membrane to the respective ions. This 
expression involves a l l the major ions thought to have 
some charge c a r r i e r a c t i o n i n ex c i t a b l e t i s s u e s , and 
should give an accurate d e s c r i p t i o n of the r e s t i n g p o t e n t i a l 
i f passive d i f l x s i o n alone were responsible f o r the generation 
of membrane p o t e n t i a l s . 

When the graph of E^, derived from the constant 
f i e l d theory of Goldman(see Appendix f o r evaluation of 
r e l a t i v e , p e r m e a b i l i t i e s and c a l c u l a t i o n ) i s p l o t t e d 
against observed r e s t i n g p otential!see Figure 53), i t i s 

found to be very s i m i l a r i n shape to the l a t t e r , but 
§Fialler i n value. The s i m i l a r i t y of shape implies t h a t 
the discrepancy i n value i s v i r t u a l l y constant, and the 
Goldman equation gives a much c l o s e r . f i t to the observed 
r e s t i n g p o t e n t i a l than does the predicted p o t e n t i a l t a k i n g 
i n t o consideration only the chlori d e i o n . I t i s thus 
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possible t h a t several ions may be involved i n the 
generation of the r e s t i n g p o t e n t i a l , but i n a d d i t i o n 
another constant f a c t o r seems to be involvecfi. I t i s 
possible t h a t a c t i v e t r a n s p o r t of ions against t h e i r 
electrochemical gradients may be inv o l v e d , and t h i s 
p o s s i b i l i t y i s examined l a t e r i n t h i s s e c t i o n of the 
t h e s i s . 

. A'ny p o s s i b i l i t y t h a t chloride ions take a m^jor 
p a r t i n the generation of the r e s t i n g p o t e n t i a l must be 
r u l e d out since, i n the r e s t i n g s t a t e , the muscle f i b r e , 
membrane i s much less permeable to chlori d e ions than to 
e i t h e r sodium or potassium ions(see Appendix). Nor do 
c h l o r i d e ions appear to have much e f f e c t on the Lepidopteran 
a c t i o n p o t e n t i a l . I n c i d e n t a l observations of a c t i o n 
p o t e n t i a l s from Sphinx l i g u s t r i muscle i n various external 
c h l o r i d e concentrations showed t h a t these act i o n p o t e n t i a l s 
possessed no unusual features except i n very low chloride 
concentrations, when the ac t i o n p o t e n t i a l appeared t o be 
r a t h e r slow i n r e p o l a r i s a t i o n w i t h the r e s u l t t h a t the time 
course of the a c t i o n p o t e n t i a l was s l i g h t l y prolonged. 

The e f f e c t of Calcium and Mag^nesium Ions on the Resting 
P o t e n t i a l 

Increase i n the e x t e r n a l calcium concentration r e s u l t e d 
i n a s l i g h t increase i n the size of the r e s t i n g p o t e n t i a l , 
i n Bofflbyx morl muscle f i b r e s . An increase i n extern a l 
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calcium from 0 to 15 mM.{2 x normal f o r the haeraolymph) 
r e s u l t e d i n an 11 mV increase i n the r e s t i n g p o t e n t i a l 
(see Table 20), 

Magnesium ions exerted l i t t l e e f f e c t on the r e s t i n g 
p o t e n t i a l ( T a b l e 20). I t i s hoped i n the f u t u r e to complete 
studies on the e f f e c t s of calcium and magnesium on,the 
a c t i o n p o t e n t i a l i n Lepidoptera. I n Carausius morosus 
recent i n v e s t i g a t i o n s seem to i n d i c a t e t h a t the magnesium 
ion may be involved i n the charge c a r r y i n g system of the 
a c t i o n p o t e n t i a l i n muscle fibres(Wood,1957b) and i n nerve 
(Treherae ,1965a ,b). Wood found t h a t the ac t i o n p o t e n t i a l 
was impaired below 50 mM Magnesium i n Garausius. a concentration 
f a r above t h a t required to paralyse most neuromuscular 
systems. Depression of the a c t i o n p o t e n t i a l only s t a r t e d t o 
occur a t about 150 mM magnesium. This e f f e c t of magnesium 
on the a c t i o n p o t e n t i a l seems to suggest an active r o l e f o r 
the i o n , and since magnesium i s of t e n the most abundant ion 
present i n herbivorous insects (Duchateau et al ,1953) i t 
i s possible t h a t magnesium ions may be used i n a c t i o n 
p o t e n t i a l generation. 

Studies on the Metabolic I n h i b i t i o n of muscle fibres.. 
I n the i n v e s t i g a t i o n of the e f f e c t of potassium ions on 

the r e s t i n g p o t e n t i a l , i t was seen t h a t a large discrepancy 
e x i s t e d between the r e s t i n g p o t e n t i a l a c t u a l l y measured, and 
the r e s t i n g p o t e n t i a l calculated from the r a t i o s of the 
potassium i o n d i s t r i b u t i o n . A s i m i l a r , but rat h e r smaller 
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Table 20. The e f f e c t s of calcium and magnesium ions 
on the r e s t i n g p o t e n t i a l i n Bombyx mori 
muscle f i b r e s . 

Concentration i n 
raM per l i t r e 

Resting p o t e n t i a l 
(Mean + S.E.) 

No of 
Records 

Calcium 

15 47.7 + 1.2 S 

10 45.7 + 1.1 7 

7.5 42.5 + 1.3 6 

2.5 39.5 + 0.6 7 
0 36.2 + 1.0 6 

Magnesium 

200 39.8 + 1.4 11 

150 42.a + 0.7 15 
100 41.7 + 1.6 12 

50 41.9 + 1.2 14 
0 42.4 + 1.0 12 

• 
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discrepancy was also seen when the e f f e c t of the chloride 
i o n upon the r e s t i n g p o t e n t i a l was i n v e s t i g a t e d . There 
was a p o s s i b i l i t y t h a t i n these cases, passive t r a n s p o r t 
of ions was not the only mechanism involved i n the 
generation of the r e s t i n g p o t e n t i a l . The observed r e s t i n g 
p o t e n t i a l might not have been completely l i n k e d to the 
i o n i c d i s t r i b u t i o n , but also l i n k e d w i t h the metabolism of 
the c e l l i t s e l f . To i n v e s t i g a t e the p o s s i b i l i t y of ac t i v e 
t r a n s p o r t of ions being also involved i n the generation of 
the r e s t i n g p o t e n t i a l , the e f f e c t of c e r t a i n metabolic 
i n h i b i t o r s was i n v e s t i g a t e d . 

According t o the i o n i c hypothesis, i f the metabolism 
of a lepidopteran muscle c e l l were to be i n h i b i t e d , we would 
expect to f i n d only a very small and constant f a l l i n the 
r e s t i n g p o t e n t i a l as sodium ions began to leak i n t o the 
f i b r e from the s a l i n e . Ling and Gerard(1949) however, 
found t h a t when f r o g muscles was soaked i n a 5 mM/litre 
s o l u t i o n of the metabolic i n h i b i t o r b - i n d o l y l a c e t i c 
a c i d , the r e s t i n g p o t e n t i a l f e l l i n two stages, a r a p i d 'A' 
f r a c t i o n , followed by a plateau, then a less r a p i d 'B' 
f r a c t i o n . The authors a t t r i b u t e d the 'A' f r a c t i o n of the 
r e s t i n g p o t e n t i a l d i r e c t l y to the metabolism of the muscle 
f i b r e , and the 'B' f r a c t i o n to a non-metabolic source, being 
only r q l a t e d to metabolism f o r the maintainance of the c e l l 
membrane. Their o v e r a l l conclusion was tha t c e l l metabolism 
was responsible f o r the maintainance of a large p o r t i o n of 
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the r e s t i n g p o t e n t i a l . This work i s now rather o l d , and 
has not been repeated or confirmed elsewhere. I n a more 
recent investigation,Persson(1 9 6 3 ) found th a t the metabolic 
i n h i b i t o r 2:4 d i n i t r o - p h e n o l progressively reduced the 
amplitude of the a c t i o n p o t e n t i a l by about one s i x t h a f t e r 
only 30 minutes. I t was decided to repeat these experiments 
to i n v e s t i g a t e the r o l e played by metabolism i n membrane 
p o t e n t i a l s i n the Lepidoptera. 

Preliminary experiments were c a r r i e d out upon Bombyx 
Mo r i . Figure 54 shows the r e s u l t s of an experiment i n which 
the f i b r e s of the f l e x o r t i b i a l i s muscle were soaked i n 
normal s a l i n e c o n t a i n i n g 2.̂ ,5 raM/litre 2:4 d i n i t r o - p h e n o l , 
a chemical which uncouples o x i d a t i v e phosphorylation. The 
r e s t i n g p o t e n t i a l f e l l i n about two hours to h a l f the normal 
value, which was maintained f o r about one hour, then a slow 
f a l l set i n , the r e s t i n g p o t e n t i a l being 6 mV. a f t e r seven 
hours. There was no secondary r i s e i n the value of the 
r e s t i n g p o t e n t i a l a f t e r the plateau period as reported i n 
f r o g muscle by Ling and Gerard(1949), but these resoalts 
f o l lowed the same general course as those reported by these 
authors. When the preparation was returned to nonnal s a l i n e 
a f t e r the experiment there was no recovery of the r e s t i n g 
p o t e n t i a l t o the normal value. 

Since the p r e l i m i n a r y experiments seemed to confirm the 
f i n d i n g s of Ling and Gerard(1949), i t was decided to carry 
out a more d e t a i l e d i n v e s t i g a t i o n of metabolic i n h i b i t i o n i n 
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Table 21. The e f f e c t of 2.5 mM/lite 2:4 di n i t r o - p h e n o l 
on the r e s t i n g p o t e n t i a l of Bombyx mori muscle 
f i b r e s . 

TIME (MINUTES) RESTING HDTENTIAL 
• 

NUMBER OF 
(Mean + S.E.) RECORDS 

0 43.1 + 1.7 10 
15 39.0 + 1.3 4 
30 , 38.1 + 2.3 8 
45 36.5 + 1.3 7 
60 37.4 " 1.5 . 5 
75 32.2 + 1.9 8 

.90 30.0 + 2 .2 6 
105 27.8 ; 2.0 • 7 120 " 24.7 + 1.1 10 
135 24.1 +1.8 6 
165 23.4 + 1.9 7 
180 22.5 + 2.7 8 
195 20.1 + 1.9 8 
210 18.6 + 1,0 7 
225 17.8 + 1.5 6 
240 1 4 . i + 0.8 7 
255 14.5 + 0 .6 6 
270 13.7 + 1.3 7 
285 12.3 + 1 .2 6 
300 9.2 ? 0.3 7 
315 8.3 7 0.8 7 330 8.5 Z 0.8 6 
345 8.1 + 0.9 7 
360 6.1 ^ 0.8 6 
390 6.0 +0.5 6 
420 5.0 +0.7 6 
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Sphinx l i g u s t r i . Since i t was important to know what e f f e c t 
2:4 d i n i t r o - p h e n o l had on the permeability of the muscle 
f i b r e membrane, sodium and potassium analyses were performed 
a t various stages i n the experiments to f o l l o w any ion move­
ments t h a t may take place. 

I n the p r e l i m i n a r y experiments i t was noticed t h a t the 
e f f e c t s of i n h i b i t i o n were i r r e v s i b l e , a t l e a s t a t the end 
of the experiments. A f u r t h e r group of experiments were 
performed to see a t what po i n t i n the progressive onset of 
i n h i b i t i o n the e f f e c t s became i r r e v e r s i b l e since r e v e r s i b ­
i l i t y i n the ear l y stages of the experiment would i n d i c a t e 
whether an a c t i v e t r a n s p o r t process was involved. 

, I n a l l i n v e s t i g a t i o n s on Sphinx l i g u s t r i . the dorso/ 
v e n t r a l f l i g h t muscle preparation was used. Figure 55 

shows the r e s u l t s from two separate experiments. I n the 
f i r s t ( I ) , the muscle f i b r e s were bathed i n normal s a l i n e 
c o n t a i n i n g 0,5 mM/litre 2:4 d i n i t r o - p h e n o l , and the r e s t i n g 
p o t e n t i a l was recorded every 30 minutes. The r e s u l t s were 
e s s e n t i a l l y s i m i l a r to those i n Bombyx mori described above, 
the r e s t i n g p o t e n t i a l f e l l to about h a l f i t s value i n two 
hours, followed by a plateau, then a f u r t h e r f a l l to 7 tnV 
a f t e r s i x hours. I n the second experiment(2), recordings 
of r e s t i n g p o t e n t i a l were taken every 30 minutes, but a f t e r 
two hours, when the r e s t i n g p o t e n t i a l had f a l l e n appreciably, 
the p r e p a r a t i o n was washed twice then returned to normal 
s a l i n e w i t h o u t the i n h i b i t o r . A f t e r a short delay the muscle 
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f i b r e s made almost a complete recovery to 3 9 mV, about 9 0 ^ 
of the o r i g i n a l r e s t i n g p o t e n t i a l . This almost complete 
recovery of the r e s t i n g p o t e n t i a l suggests t h a t i n the early 
stages of the experiment some a c t i v e t r a n s p o r t process has 
been cut o f f , and t h a t t h i s i s re-established by r e t u r n to 
normal s a l i n e . I n the l a t t e r stages of the experiment the 
r e v e r s i b i l i t y i s not observed, and i t seems possible t h a t 
t h i s may be due to membrane damage. To check t h i s , the 
e f f e c t of i n h i b i t o r s on the membrane permeability was 
i n v e s t i g a t e d . Sphinx l i g u s t r i muscle f i b r e s were bathed i n 
0 . 5 mM/litre 2:4 d i n i t r o - p h e n o l s a l i n e , and every hour muscte 
samples were removed f o r sodium and potassium analysis 
by flame photometry. 

Under the i n f l u e n c e of metabolic i n h i b i t i o n , the muscle 
f i b r e s tend to l o f s e both sodium and potassium ions(see Table 
23 ,Figure 5 6 ) . Both ions tended to leave the muscle f i b r e s 
r a p i d l y a t f i r s t , and then more slowly. A f t e r about four 
hours the i n t e r n a l sodium content of the f i b r e s was between 
4 t o 8 mM per Kgm. t i s s u e water, and the potassium content 
was 4*̂  to 50 mM. The sodium and potassium content of the 
e x t e r n a l s a l i n e was 5 and 5 0 mM/litre r e s p e c t i v e l y . I t 
thus appears t h a t the i n t e r n a l ions declined and eventually 
e q u i l i b r a t e d w i t h the e x t e r n a l s a l i n e , i n d i c a t i n g / t h e muscle 
f i b r e membrane had become f r e e l y permeable under the 
i n f l u e n c e of metabolic i n h i b i t i o n . The curves f o r the 

decline of these two ions i n Figure 5 6 showed no plateau 
i n the centre, which i n d i c a t e s t h a t the e x i t of ions from 
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Table 22. The e f f e c t of 0,5 mM/litre 2:4 d i n i t r o phenol 
on the r e s t i n g p o t e n t i a l of Sphinx l i g u s t r i 
muscle f i b r e s , and the e f f e c t of r e t u r n to 
normal s a l i n e . 

Time Resting p o t e n t i a l Number of Resting p o t e n t i a l Number 
(Minutes) ( I ) mV. records (2) mV. of 

Mean + S.E. Mean + S.E. records 

0 46,5 t 8 43.9 + 1.1 17 

30 35.4 i 9 33.1 + 1.5 10 

60 29 .7 i 1-3 9 27.7 + 1.2 10 

90 26,5 + 1.2 12 23.2 + 1.2 9 

120 24.0 + 1.0 11 20.6 + 0.9 11 

150 22,2 + 0.5 9 21.3 + 1.0 11 

180 22.0 + 0.8 11 20.1 + 1.0 13 
210 21.4 + 0.7 17 24.2 + 1.7 11 

240 17.3 + 1.5 12 29.4 + 1.1 12 

270 13.3 + 0.9 7 32.2 + 1.1 11 

300 11.0 + 0.9 9 35.7 + 1.3 11 

330 7.3 + 0.5 7 39.0 + 1.5 11 

360 6.8 + 0.4 12 _ 
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the muscle f i b r e i s not f u l l y r e l a t e d to the double decline 
of the r e s t i n g p o t e n t i a l seen i n both B:ombyx mori and Sphinx 
l i g u s t r i . I t would seem t h a t the r e s t i n g p o t e n t i a l f a l l i s 
not a l l due to i o n i c l o s s . 

Since both i n t e r n a l and e x t e r n a l potassium were known 
i n these experiments, i t was possible to calculate the 
t h e o r e t i c a l potassium electrode p o t e n t i a l , Ej^ f o r each p o i n t 
on the graph, showing to what extent metabolic i n h i b i t i o n 

a f f e c t e d the Ej^. These predicted p o t e n t i a l s are shown p l o t t e d 
w i t h observed r e s t i n g . p o t e n t i a l s i n Figure S?. I n the l a t t e r 
stages of the experiment the calculated potassium electrode 
p o t e n t i a l s approached e i t h e r side of the zero p o t e n t i a l 
l i n e , so a l l the r e s u l t s have been p l o t t e d to i n d i c a t e the 
s c a t t e r i n both p o s i t i v e and negative d i r e c t i o n s . As the 
metabolism of the muscle f i b r e s was progressively i n h i b i t e d , 
the t h e o r e t i c a l Ej^ began t o approach more closely the 
observed r e s t i n g p o t e n t i a l . A f t e r 5 hours the s c a t t e r of 
r e s u l t s f o r the r e s t i n g p o t e n t i a l and the Ej^ became contiguous. 
This closeness between the observed and calculated r e s t i n g 
p o t e n t i a l s i s remarkable since they d i f f e r e d by about 35 mV 
a t the beginning of the experiment. This evidence would 
seem to i n d i c a t e t h a t the r e s t i n g p o t e n t i a l r e s u l t e d from 

two sources, one metabolic, and one purely from d i s t r i b u t i o n 
of potassium ions. As the metabolic f r a c t i o n i s cut out by 
progressive i n h i b i t i o n , the remaining r e s t i n g p o t e n t i a l 

approached the p o t e n t i a l p r e d i c t e d from i o n i c d i s t r i b u t i o n . 
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Table 23. The e f f e c t of 0 . 5 mM/litre 2:4 d i n i t r o phenol 
on the i n t r a c e l l u l a r potassium and sodium 
content of Sphinx l i g u s t r i muscle f i b r e s . 

Time I n t r a c e l l u l a r K Number of I n t r a c e l l u l a r Number of 
(Hours) mM/Kgm.tissue water records Na"̂  mM/Kgm. records. 

Mean + S.E. tissue water 
Mean ±S.E. 

0 8 4 . 4 + 7 . 0 8 2 0 , 7 + 1 . 6 8 

1 7 8 . 7 + 2 . 5 6 . 1 5 . 9 + 1 . 3 6 

2 5 4 . 2 + 2 . 6 6 9 . 9 + 0 , 6 6 

3 5 2 . 8 + 3 . 8 6 9 . 2 + 0 . 7 6 

4 4 5 . 5 + 3 . 0 6 7 . 3 + 0 . 5 6 

5 4 9 . 5 + 4 . 4 6 7 . 8 + 0 . 5 6 

6. 4 8 . 2 + 2 . 8 6 7 . 0 + 0 . 5 6 
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T h i s i s a l s o the conclusion L i n g and Gerard{1949) drew 
from t h e i r r e s u l t s on frog muscle f i b r e s , using d i f f e r e n t 
techniques. 

To check that the r e s u l t s i n these experiments r e s u l t e d 

from the metabolic i n h i b i t i o n e f f e c t s of 2:4 dinitro-phenol 

and hot from other p o s s i b l e side e f f e c t s of t h i s substance 

upon the muscle f i b r e membrane alone, a f u r t h e r experiment 

was c a r r i e d out using 1 mM sodium cyanide as the metabolic 

i n h i b i t o r . This l a t t e r substance has a more d i r e c t e f f e c t 

by i r r e v e r s i b l y i n a c t i v a t i n g the metallo-protein enzymes 

of the c e l l i nvolved i n oxidation. The r e s u l t s , using the 

f l e x o r t i b i a l i s preparation of Bombyx mori are shown i n 

Figure 5S. The r e s t i n g p o t e n t i a l f a l l was rather more 

r a p i d than that seen with 2:4 dinitro-phenol or b-indolyl 

a c e t i c a c i d ( L i n g and Gerard,1949), but the shape of the 

graph was s i m i l a r to that obtained with the other i n h i b i t o r s . 

A f t e r three hours, 70% of the r e s t i n g p o t e n t i a l was abolished. 

T h i s i s taken as evidence that the i n h i b i t o r s a l l act simply 

by cmtting off c e l l metabolism, and eventually making the 

c e l l membrane more permeable, but not i n i t i a l l y damaging the 

membrane(tthis w i l l happen when osmotic s w e l l i n g of tte c e l l 

becomes g r e a t ) . 

I o n i c Depletion of Muscle. 

An e a r l y i n v e s t i g a t i o n which bears upon the problem of 

i o n i c o r i g i n of the r e s t i n g p o t e n t i a l i s t h a t of Tobias(1950). 

I n a s e r i e s of experiments on frog muscle f i b r e s , he was able 
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Table 24. The e f f e c t of 0,5 mM/litre 2:4 d i n i t r o phenol 
on the t h e o r e t i c a l potassium electrode p o t e n t i a l , 
p l o t t e d with the observed r e s t i n g p o t e n t i a l i n 
Sphinx l i g u s t r i . 

TIME Observed r e s t i n g Number of T h e o r e t i c a l E, Number of 
(Hours) potential(mV) records from(K)i/(K)o records 

+ S.E. mV. 

0 - 46.5 + 1.7 B - 12.4 + 2.3 6 

1 - 29.7 + 1.3 9 - 11,3 + 0.8 6 

2 - 24.0 + 1.0 11 - i . a + 1.2 6 

3 - 22.0 + o.i 11 ^ 1,9 + 1.9 6 

4 - 17.3 + 1.5 12 + 2,4 + 1.8 6 

5 - 11.0 + 0.9 9 - 0.1 + 2.4 6 

6 - 6.g + 0.4 12 + 1.1 + 1.5 6 
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to remove 99fo of the i n t r a c e l l u l a r potassium and 96fo of • 

the i n t r a c e l l u l a r sodium by- soaking the muscles for prolonged 

periods i n cold d i s t i l l e d water. The f i b r e s became oedematous 

and i n e x c i t a b l e as Well as f r e e l y permeable, but s t i l l showed 

a r e s t i n g p o t e n t i a l about Ififo of the o r i g i n a l value. An 

e.ra.f. generative process was s t i l l i n operation since current 

could be drawn from the f i b r e s f o r s e v e r a l hours. These 

r e s u l t s have been confirmed recently(Wood, personal 

communication), Tobias argued that a Donnan equilibrium 

could not be responsible f o r the p o t e n t i a l since the membrane 

was f r e e l y permeable. The author concluded that the r e s t i n g 

potential, l e f t was due to the remaining metabolism of the 

muscle f i b r e s themselves. 

T h i s experiment has been repeated on the f l e x o r t i b i a l i s 

muscle of Bombyx mori and Sphinx l i g u s t r i . The preparations 

were soaked f o r s i x hours i n three changes of d i s t i l l e d water, 

the water being r e g u l a r l y c i r c u l a t e d round the muscles. The 

r e s u l t s i n both spe c i e s are shown i n Figure 59. A f t e r f i v e 

hours, the muscle f i b r e s of Bombyx mori s t i l l showed 12.5^ 

of t h e i r o r i g i n a l r e s t i n g p o t e n t i a l , a f t e r s i x hours the 

corresponding f i g u r e f o r Sphinx l i g u s t r i was 2Sfo even though 

the muscles i n both s p e c i e s were waterlogged and i n e x c i t a b l e . 

A n a l y s i s of muscle f i b r e s of 3phinx a f t e r s i x hours showed 

that sodium had dropped to 8 + 0.7 mM/Kgm. tissue,water, and 

potassium to 5.8 + 1.0 mM/Kgm. t i s s u e water. Since the 

remaining r e s t i n g p o t e n t i a l could not be a t t r i b u t e d to i o n i c 
sources, a metabolic source seems the only p l a u s i b l e a l t e r n a t i v e . 
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Table 25. The e f f e c t of Sodium cyanide(l mM/litre) on 
the r e s t i n g p o t e n t i a l of Bombyx mori muscle 
f i b r e s . 

Time Resting p o t e n t i a l Mean Number of 
(Minutes) + S.E. (mV:̂ . records. 

0 39.3 + 1.1 10 

30 27.6 + 1.1 7 

60 24.9 + 2.1 9 

75 22.6 + 2.3 8 

95 19:.7 + 1-7 8 

110 19.2 + 0.9 8 

125 18,0 + 1 .2 8 

140 16.4 + 0.8 8 

155 14.1 + 1.1 8 

170 12.8 + 0.6 6 

185 11.7 + 0.8 8 



- i 

J. 

h8 

•H 
-P a 
(D 

-P 
O 
ft 

to 
•H 
•P 
CQ 
(D 

(0 
-p 

O 
• 

•H u 

!>5<M 
o 
- 1> 
e H .3 
o 

CO 

o 

o m 

•H 
fn 
O S 

- P 

"a 
(U 

EH O 



150 

The i o n i c hypothesis i s centred around a concept of 
passive t r a n s p o r t of io n s , the ions involved moving along 
t h e i r electrochemical gradients w i t h no expenditure of 
metabolic energy(Boyle and Conway,1941;Conway,1946,1947; 
Hodgkin and Katz,1949;Hodgkin,1951,1964). The sodium pump 
(Dean,1941) i s the only concept involved which has any 
reference to the metabolism of the muscle c e l l . Metabolic 
i n h i b i t i o n should thus have very l i t t l e e f f e c t on membrane 
p o t e n t i a l . The evidence of e a r l i e r workers, and the evidence 
presented above i s not e a s i l y explicable i n terms of a 
simple passive d i f f u s i o n of the type postulated i n the i o n i c 
hypothesis. I t i s i n t e r e s t i n g to note t h a t i n the above 
experiments, the f a l l i n the r e s t i n g p o t e n t i a l follov/ed a 
two phase course, which seems to'suggest t h a t the r e s t i n g 
p o t e n t i a l r e s u l t s from two sources, and not one. 

One i n t e r p r e a t i o n of these r e s u l t s i s t h a t the i n i t i a l 
f a l l i n the r e s t i n g p o t e n t i a l i s d i r e c t l y due to the e f f e c t s 
of the metabolic i n h i b i t o r upon metabolic processes which are 
i n t u r n d i r e c t l y supporting the part of the r e s t i n g p o t e n t i a l 
which i s subsequently abolished. I f t h i s was so, then 
removal of the i n h i b i t o r should lead to a r e s t o r a t i o n of the 
abolished p o t e n t i a l . Evidence is-presented above to show t h a t 
t h i s i s occurs i n these experiments. Such a r e s t o r a t i o n of 
the normal r e s t i n g p o t e n t i a l supports the argument t h a t i t 
i s not the membrane which i s being d i r e c t l y damaged by the 
i n h i b i t o r , but t h a t the e f f e c t i s on the c e l l metabolism only. 
I f t h i s s upposition i s c o r r e c t , then the plateau present i n 
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Table 26. The e f f e c t of prolonged soaking on the 
r e s t i n g p o t e n t i a l of muscle f i b r e s i n 
Bombyx mori and Sphinx l i g u s t r i . 

Time Resting p o t e n t i a l mV, 
(Minutes) Mean + 3.E. 

Number of 
r e s u l t s . 

BOMBYX 

0 46.5 + 1.2 9 
10 37.0 + 2.3 5 
30 29.6 + 1.3 8 
60 21.4 +1 .0 8 
75 14.8 ; 1.0 6 

10 5 12.1 + 0.8 7 
135 12.8 + 0.9 11 
165 10.3 + 1.1 10 
215 8.5 + 0.7 8 
285 5.3 + 6.6 8 
315 5.4 + 0.5 5 

SPHINX • 

0 43 .1 + 1.5 15 
30 37.6 + 2.0 10 
60 31.2 + 1.4 19 
90 27.0 + 1.0 17 

120 24.0 + I . l 19 
150 22.1 + 1.2 14 
180 19.0 + 1.1 33 
210 18.0 + 0.9 15 
240 15.0 + 1.2 17 
270 13.4 + 1.2 12 
300 11.6 + 1.3 14 
330 12.0 + 1.2 12 
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the graphs would represent the r e s t i n g ..potential r e s u l t i n g 
from non-metabolic(i.e. i o n i c ) sources. This i s confirmed 
by the f a c t t h a t t he t h e o r e t i c a l E^ f o r the species 
i n v e s t i g a t e d i s roughly a t the value of the plateau found 
i n these experiments(see Tables 27). The subsequent slow 
f a l l i n r e s t i n g p o t e n t i a l from the plateau under prolonged 
exposure to metabolic i n h i b i t i o n may be due to progressive 
damage to the c e l l membrane caused by cessation of c e l l u l a r 
metabolism, and the e f f e c t t h i s probably has on membrane 
p e r m e a b i l i t y . The observation t h a t the second f a l l i n the 
r e s t i n g p o t e n t i a l i s i r r e v e r ^ b l e adds weight to the argument 
t h a t some physical change has set i n w i t h i n the membrane 
i t s e l f . This secondary f a l l i s thus not r e l a t e d to the 
metabolism of the c e l l as such, but i s more l i k e l y t o be 
r e l a t e d to progressive osmotic stress i n the c e l l . As the 
c e l l loses i t s sodium and potassium ions . the second f a l l 
i n membrane p o t e n t i a l e v entually sets i n . 

I f the r e s t i n g p o t e n t i a l was e n t i r e l y m e t a b o l i c a l l y 
supported, one would eicpect that metabolic i n h i b i t i o n would 
cause the r e s t i n g p o t e n t i a l t o decay away i n ah exponential 
manner, whereas t h i s i s not seen. The r e s u l t s above f i t 
much more closely i n t o the i n t e r p r e a t i o n of Ling and Gerard 
(1949) i n v o l v i n g a dual source f o r the r e s t i n g p o t e n t i a l . 

The experiments i n which the muscles were soaked i n 
d i s t i l l e d water can be considered as a r e v e r s a l of the 
i n h i b i t i o n experiments. I n these cases, the i n i t i a l r e s t i n g 
p o t e n t i a l f a l l i s probably due to the increased membrane 
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p e r m e a b i l i t y and subsequent loss of i n t r a c e l l u l a r ions. 
The plateau would then mark the l e v e l of the m e t a b o l i c a l l y 
supported r e s t i n g p o t e n t i a l . This i s maintained u n t i l 
progressive waterlogging and i o n i c stress inside the c e l l 
causes a cessation of c e l l metabolism, and then the 
m e t a b o l i c a l l y supported p a r t of the r e s t i n g p o t e n t i a l w i l l 
begin to d e c l i n e . 
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GENERAL CONCLUSIONS 
The ions present i n the haemolymph of an insect are 

thought to be r e l a t e d to the insect's diet(Bone ,1944; 

Duchateau et al ,1953) . I n omnivorous and carnivorous 
i n s e c t s , the sodium to potassium and calcium to magnesium 
r a t i o s i n the haemolymph are usually greater than u n i t y , 
and i n t h i s respect they resemble the ve r t e b r a t e s . 
Herbivorous i n s e c t s , which ingest material r i c h i n potassium 
and magnesium have haemolymph i o n concentrations i n which 
the sodium to potassium and calcium to magnesium r a t i o s 
are less than u n i t y , magnesium o f t e n being i n concentrations 
greater than a l l the other ions together(Duchateau et al,1953; 

Tobias,1948;Wood,1957b;Carrington and Tenney,1959). The 
Lepidoptera are extreme examples of t h i s 'herbivorous type' 
haemolymph (see Tables 4 and 5) . I n Table 27, the various 
electrode p o t e n t i a l s f o r the normal haemolymph i o n i c concent­
r a t i o n s i n the f o u r species of moth have been calculated and 
are shown next to the recorded r e s t i n g and a c t i o n p o t e n t i a l s 
i n these species. 

There seems to be l i t t l e r e l a t i o n between the observed 
r e s t i n g p o t e n t i a l and the t h e o r e t i c a l p o t e n t i a l calculated 
from potassium i o n d i s t r i b u t i o n . I f the lepidopteran r e s t i n g 
p o t e n t i a l was developed i n accordance w i t h the Nernst equation, 
i t should be p r o p o r t i o n a l t o the logarithm of the external 
potassium concentration, g i v i n g a s t r a i g h t l i n e r e l a t i o n s h i p . 
The r e l a t i o n found i s rather hyperbolic, only approaching 
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i d e a l conditions i n high potassium concentrations. Below 
the normal blood l e v e l of potassium, the graph f a l l s 
i n c r e a s i n g l y away from the t h e o r e t i c a l . Even though 
potassium ions have a smaller e f f e c t on r e s t i n g p o t e n t i a l 
i n Lepidoptera than they have i n other animals and even i n 
othe f insects(Hoyle,1953,Wood,1957b,1963), p a r t at l e a s t 
of the r e s t i n g p o t e n t i a l must be r e l a t e d to potassium ions, 
since a l t e r a t i o n of external potassium does have an e f f e c t 
on r e s t i n g p o t e n t i a l , and so does depletion of i n t e r n a l 
potassium i o n s . 

The nearest approach based on the Nernst equation to the 
observed r e s t i n g p o t e n t i a l i s given by the dhloride electrode 
p o t e n t i a l i n the haemolymph i o n range. The r e s u l t s given 
i n Table 27 are about 90% of the observed p o t e n t i a l which 
i s a reasonable f i t . This f i t between the two p o t e n t i a l s 
i s only f o r t u i t o u s , since the ch l o r i d e p o t e n t i a l and the 
r e s t i n g p o t e n t i a l diverge widely outside the ch l o r i d e range 
of the haemolymph. 

I t i s i n t e r e s t i n g to note t h a t the two supposedly 
r e l a t e d electrode p o t e n t i a l s , Ê ^ and Ê -ĵ  are not r e l a t e d 
even i n the normal haemolymp^ range f o r these ions. This 
underlines the lack of r e c i p r o c i t y between these ions which 
i s found a t almost' a l l experimental concentrations i n v e s t i g a t e d . 

The values quoted f o r Ej^^ i n Table 27 are purely hypo­
t h e t i c a l since, the basis on which they were calculated can not 
apply i n the Lepidoptera owing to the reversed soidum gradient. 
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I n no case, however, do the t h e o r e t i c a l sodium electrode 
p o t e n t i a l s approach the a c t i o n p o t e n t i a l s observed. I n 
a l l species the a:ction p o t e n t i a l s were observed to overshoot 
zero p o t e n t i a l on occasions, but the mean ac t i o n p o t e n t i a l s 
i n a l l species showed s l i g h t undershoots of a m i l l i v o l t or 
so. Such undershoots were never as large as the t h e o r e t i c a l 
"undershoots" worked out from sodium d i s t r i b u t i o n . 

One mechanism which could go a long way to explain the 
unusual r e s u l t s above i n terms of the conventional vertebrate 
i o n i c hypothesis would be a mechanism i n v o l v i n g a d i f f u s i o n 
b a r r i e r of some s o r t around the muscle f i b r e s . Such a 
d i f f u s i o n b a r r i e r could create a two compartment system 
around the muscle f i b r e s . I f such a b a r r i e r existed then 
the strange i o n i c c o n f i g u r a t i o n of the haemolymph would 
present no problems since the d i f f u s i o n b a r r i e r could 
s e l e c t i v e l y concentrate ions such as sodium and calcium 
around the muscle f i b r e membrane, and could a c t i v e l y 
e l i m i n a t e potaasium and magnesium ions from t h i s space. 
There i s widespread evidence of a d i f f u s i o n b a r r i e r around 
the nerves of insects(Hoyle,1951;Hughes,1953)» Recently 
Treherne(1965a,b) has put forward a concept of a two-
compartment system w i t h a c t i v e concentration and e l i m i n a t i o n 
of ions around the c e n t r a l nervous system of Garausius. 

I n the Lepidoptera, the c e n t r a l nervous system possesses 
a s t o u t neural la m e l l a which extends along the pe r i p h e r a l 
nerves and may act as a d i f f u s i o n b a r r i e r . There i s some 
p h y s i o l o g i c a l evidence i n favour of a d i f f u s i o n b a r r i e r 
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around the muscles i n Lepidoptera, the most important 
evidence being the very long replacement times needed 
•for the e f f e c t s of ex t e r n a l ions to be obvious on the 
membrane p o t e n t i a l s . The small e f f e c t s of sodium on the 
a c t i o n p o t e n t i a l and the observations of Wood(1957b) t h a t 
t,he concentration of magnesium required f o r neuromuscular 
block i n Carausius was very high indeed might also be 
considered to support such an i n t e r p r t e t i o n although 
magnesium i n low concentrations caused the r e s t i n g p o t e n t i a l 
to d e c l i n e . I r i the Lepidoptera there i s no h i s t o l o g i c a l 
evidence of a d i f f u s i o n b a r r i e r around the muscles. The 
long replacement times f o r e x t e r n a l ions may be due to 
the dense tracheolar network i n the muscle, making penetration 
i n t o muscle spaces r a t h e r d i f f i c u l t . HoweVer, there i s no 
evidence t h a t any b a r r i e r to d i f f u s i o n caused by tracheal 
membrane i s sdective f o r c e r t a i n ions, the delay i n 
pe n e t r a t i o n of ions seems qu i t e general. 

The i n u l i n clearance technique suggests t h a t the i n t K a -
muscular space i n Lepidoptera i s small, and Wood reported 
s i m i l a r r e s u l t s i n Garausius(1963)« This space i s considerably 
smaller than t o t a l haemolyraph volume and i t seems u n l i k e l y 
t h a t such a small intramuscular space could regulate ions 
to the degree required i n such an unfavourable haemolymph 
of t h a t s i z e . 

Hoyle(1957b) considered the processes of neuromuscular 

transmission i n insects to be e s s e n t i a l l y s i m i l a r to the 
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v e r t e b r a t e process. He considered the unusually large 
concentrations of magnesium and potassium to be s p e c i a l i s a t i o n s 
due to d i e t , and thought t h a t the insects were at the extreme 
p o i n t of tolerance t o these ions. On t h i s view, insects 
are j u s t an extreme extension of.the normal i o n i c hypothesis. 
Tolerance of magnesium i s possible i f the neuromuscular 
t r a n s m i t t e r i s not magnesium-sensitive. Magnesium reduces 
the q u a n t i t y of vertebrate t r a n s m i t t e r released from the 
nerve t e r a i n a l 3 j [ d e l C a s t i l l o and Engback,1954) , but there 
i s no evidence t h a t magnesium has t h i s e f f e c t i n herbivorous 
i n s e c t s . Tolerance of potassium i s possible owing t o the 
smaller e f f e c t which t h i s i o n has on the membrane p o t e n t i a l s 
of herbivorous i n s e c t s . Since the i n s e c t muscle f i b r e w i l l 
c o n t r a c t i n the absence of an a c t i v e membrane response 
concentrations of potassium which a b o l i s h t h i s but do not 
ab o l i s h the end-plate p o t e n t i a l can be t o l e r a t e d . I n the 
Lepidoptera t h i s concentration of potassium may be as high 
as 150 mM per l i t r e . An explanation of insect neuromuscular 
transmission i n v o l v i n g simple tolerance of ions may apply 
t o non-herbivorous insects which are r e l a t i v e l y near to the 
verteb r a t e s as f a r as haemolymph ions are concerned, but i t 
does not seem possible to extend the accepted i o n i c 
hypothesis to explain neuromuscular transmission i n herteivoriRs 
where sodium and calcium are present i n such very small 
concentrations while magnesium and potassium are present 
i n such large concentrations. The suggestion t h a t 
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magnesium may play an a c t i v e p a r t i n membrane p o t e n t i a l 
generation(Wood,1957b;Treherne,1965a,b) i s a s p e c i a l i s a t i o n 
very d i f f e r e n t from accepted i o n i c theory, and i n any case, 
the reversed sodium gradient i s i n e x p l i c a b l e i n terms of 
the i o n i c hypothesis. 

Herbivorous insects do not appear to be extensions and 
s p e c i a l i s a t i o n s of the normal accepted i o n i c hypothesis, 
instead a q u i t e d i f f e r e n t mechanism seems to be responsibl e 
f o r muscle membrane p o t e n t i a l s i n these animals. This 
leaves two a l t e r n a t i v e s . E i t h e r the membrane p o t e n t i a l s 
are i o n i c i n o r i g i n , but r e s u l t from very d i f f e r e n t ions 
from those normally invoked i n the i o n i c hypothesis, or 
the membrane p o t e n t i a l s are e i t h e r p a r t l y or wholly 
supported by a c t i v e t r a n s p o r t of ions i n v o l v i n g expenditure 
of energy from c e l l metabolism. 

The former a l t e r n a t i v e does not seem very l i k e l y . 
The major ions i n the haemolymph of herbivorous insects 
are of the same type as i n other animals, and none of the 
electrode p o t e n t i a l s from these ions seem to f i t closely 
to. the observed r e s t i n g p o t e n t i a l s ( w i t h the f o r t u i t o u s 
exception of the c h l o r i d e p o t e n t i a l ) . Even when the main 
ions are a l l taken i n t o account i n Goldman derived equations 
the f i t i s not close, although the f i t i s closer than the 
Nernst equation i n v o l v i n g s i n g l e ions. This does suggest 
t h a t the muscle f i b r e s are m u l t i - i o n electrodes. 

The second a l t e r n a t i v e seems the most l i k e l y . The 
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membrane p o t e n t i a l s are probably not t o t a l l y supported 
by a c t i v e t r a n s p o r t of ions since metabolic i n h i b i t o r s 
only p a r t l y abolish the membrane p o t e n t i a l s i n the muscle 
f i b r e s , and the Goldman equation does show tha t the main 
ions make somd c o n t r i b u t i o n to the r e s t i n g p o t e n t i a l . The 
plateau noticed i n the metabolic i n h i b i t i o n experiments 
probably represents the. j u n c t i o n between tvjo separate 
p o t e n t i a l s which form the r e s t i n g p o t e n t i a l . The tendency 
f o r the potassium electrode p o t e n t i a l to approach the 
observed r e s t i n g p o t e n t i a l under the influence of metabolic 
i n h i b i t i o n also suggests a twofold o r i g i n f o r the r e s t i n g 
p o t e n t i a l : p a r t a c t i v e t r a n s p o r t which i s e a s i l y abolished 
by metabolic i n h i b i t o r s , and p a r t passive which i s only 
abolished as the c e l l o r g anisation breaks down. 

Such a mechanism i s very d i f f e r e n t from accepted 
i o n i c theory and represents a s p e c i a l i s a t i o n i n herbivorous 
inse c t s to ensure t h a t the muscle f i b r e s operate e f f i c i e n t l y 
i n an unfavourable i o n i c medium imposed on the animals due 
to food source. 



162 

SUMMARY 

1 . A l l f o u r species examined had a s i m i l a r type of 
neuromuscular anatomy, the metathoracic t i b i a l i s ( f l e x o r ) 
muscle being supplied by one nerve from the 
metathoracic ganglion, 

2. The muscle f i b r e s were m u l t i t e r m i n a l l y innervated. 
End-plates w e r e . d i s t r i b u t e d along the f i b r e s a t 
i n t e r v a l s of approximately 60^, and were of the 
Doyere-cone type, 

3. Examination w i t h i n t r a c e l l u l a r electrodes showed 
two types of e l e c t r i c a l response i n the muscle 
f i b r e s . F a s t , n o n - f a c i l i t a t i n g responses of about 

40 mV were concerned w i t h t w i t c h contractions and 
r a p i d movements, while slow r e a d i l y f a c i l i t a t i n g 
responses t)f about 10 mV were concerned w i t h slow 
graded movements and the maintainance of tonus and 
posture. 

4. These two responses r e s u l t e d from separate axons, often 
v i s i b l e as separate e n t i t i e s up to the end plate.. The 
muscle f i b r e s were thus polyneuronally innervated. 

5. I n a l l species the r e s t i n g p o t e n t i a l ranged from 40 

to 50 mV. Although &11 species had some muscle f i b r e s 
which showed a s l i g h t overshoot of zero p o t e n t i a l , t h e 
mean a c t i o n p o t e n t i a l was always s l i g h t l y smaller than 

the mean r e s t i n g p o t e n t i a l . 
J i v e 

6. m i s i n g phase of the a c t i o n p o t e n t i a l was composed of ai 
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end-plate p o t e n t i a l and an a c t i v e membrane response, 
and the decay phase l a s t e d up to 30 milliseconds due 
mainly to a prolonged negative a f t e r - p o t e n t i a l . 

7. Haemolymph analysis has shown t h a t a l l four species 
are t y p i c a l herbivorgig . containing large concentrations 
of potassium and magnesium and having sodium to 
potassium and calcium to magnesium r a t i o s less than 
u n i t y . 

6. Analysis of the myoplasm reveals high i n t e r n a l potassium 
and low i n t e r n a l sodium and c h l o r i d e . Moreover, the 
r a t i o of i n t e r n a l to e x t e r n a l sodium was greater than 
u n i t y , and the r a t i o of i n t e r n a l to external potassium 
was low. 

9. Potassium ions exerted a d e p o l a r i s i n g e f f e c t upon the 
muscle f i b r e membrane, and i n high external potassium 
the a c t i v e membrane response was abolished. The r e s t i n g 
p o t e n t i a l was only p r o p o r t i o n a l t o the logarithm of the 
e x t e r n a l potassium concentration i n the middle range. 
Above and below t h i s large discrepancies appeared. 
The t h e o r e t i c a l Ê ^ d i d not approach the r e s t i n g p o t e n t i a l 
values i n e i t h e r normal or experimental s a l i n e s . 

10. A l t e r a t i o n of e x t e r n a l sodium ions had a s l i g h t e f f e c t 
on both the r e s t i n g and a c t i o n p o t e n t i a l . The t h e o r e t i c a l 
% a unrelated to recorded a c t i o n p o t e n t i a l and was 
negative up to 50 mM/litre e x t e r n a l sodium, 

11. E x c i t a b i l i t y could be maintaned i n the absence of 
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sodium. Tetramethyl ammonium ions were an adequate 
s u b s t i t u t e f o r sodium, although the e t h y l and b u t y l 
homologues caused increased membrane e x c i t a b i l i t y 
f ollowed by i n e x c i t a b i l i t y . I t i s postulated t h a t 
sodium ions are not e s s e n t i a l f o r the development 
of the a c t i o n p o t e n t i a l . 

12. Increase i n external c h l o r i d e ions s l i g h t l y elevated 
the r e s t i n g p o t e n t i a l but had l i t t l e e f f e c t on the a c t i o n 
p o t e n t i a l . I t i s suggested t h a t the lepidopteran muscle 
f i b r e membrane i s at l e a s t i n p a r t , a m u l t i - i o n electrode. 
There was no r e c i p r o c i t y between the r a t i o s of i n t e r n a l 
to e x t e r n a l potassium and external to i n t e r n a l c h l o r i d e . 
The EQ-Ĵ  bore l i t t l e r e l a t i o n to the observed r e s t i n g 
p o t e n t i a l , except i n normal s a l i n e . I t i s argued t h a t 
t h i s agreement i s q u i t e f o r t u i t o u s . 

13. The equation derived from the Goldman constant f i e l d 
theory gave a closer f i t t o observed r e s t i n g p o t e n t i a l 
than the Nernst equation. This seems to provide f u r t h e r 
evidence of a m u l t i - i o n electrode muscle f i b r e . However, 
a constant discrepancy was encountered, 

14. Magnesium and calcium had very small e f f e c t s on the r e s t i n g 
p o t e n t i a l . The e f f e c t s of these ions on the a c t i o n 
p o t e n t i a l ( i f anyj were not i n v e s t i g a t e d , 

15. A p p l i c a t i o n of metabolic i n h i b i t o r s r e s u l t e d i n a f a l l 
i n the r e s t i n g p o t e n t i a l of the muscle f i b r e s . I n early 

stages t h i s e f f e c t was r e v e r s i b l e but i r r e v e r s i b l e a t 
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l a t e r stages. The r e s t i n g p o t e n t i a l decline was 
bi-phasic, w i t h a c e n t r a l plateau. I t i s suggested 

t h a t the i n i t i a l f a l l i s due t o d i r e c t i n h i b i t i o n of 
an a c t i v e t r a n s p o r t process. The plateau i s taken as 
the l e v e l of r e s t i n g p o t e n t i a l due to i o n i c sources. 
I n Bombyx mori and Sphinx l i g u s t r i the Ej^ i s roughly equal 

to t h i s value. As metabolic i n h i b i t i o n progesses, 
the r e s t i n g p o t e n t i a l approaches the value of the 
Nernst equation derived from potassium d i s t r i b u t i o n . 

16. Prolonged soaking i n d i s t i l l e d water casued muscle 
f i b r e s to lose i n t e r n a l potassium and sodium, and the 
r e s t i n g p o t e n t i a l also declined. A di-phasic decline 
of r e s t i n g p o t e n t i a l was found. I t i s suggested t h a t 
the plateau i n t h i s case marks the l e v e l of the r e s t i n g 
p o t e n t i a l due to metabolic support. The secondary f a l l 
i n r e s t i n g p o t e n t i a l may be due to damage of the muscle 
c e l l by progressive osmotic s t r e s s . 

17. I t i s concluded t h a t the membrane p o t e n t i a l i n the 
Lepidoptera has i t s o r i g i n i n both passive d i s t r i b u t i o n 
of ions across the muscle f i b r e membrane, and i n active 
t r a n s p o r t of -ions maintained by membrane metabolism. 
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Appendix. The evaluation of r e l a t i v e p e r m e a b i l i t i e s and the 
Goldman constant f i e l d equation* 

I f more than one i o n were to be involved i n the generation 
o f the r e s t i n g p o t e n t i a l , t h e n more than one ion must be taken 
i n t o account when c a l c u l a t i n g p o t e n t i a l s using the Nernst 
equation. I n i s o l a t e d preparations o f the Lo l i g o g i a n t axon, 
Which were gaining sodium and l o s i n g potassium,Hodgkin & Katz 
(1949) used the constant f i e l d theory of Goldman(l943) to 
calculate, the r e s t i n g p i o t e n t i a l . The equation they derived was 

Pl^(K)i + Pj^^(Na;i + ^QiiOl)o 
= E_T logg 

F 

where P̂ ,P̂ ^̂ , and were the r e l a t i v e " p e r m e a b i l i t i e s of the 
.erabrane to the resioective ions. To evaluate the equation, the 

• r e r a t l v e ' p e r r a e a b i l i t i e s are needed. 
I n t h i s investigation,experiments have been performed i n 

which the e x t e r n a l concentrations of potassium,sodium, and c h l o r i d e 
have been altered,and the changes i n i n t e r n a l ions measured i n 
various Lepidoptera. Such i o n changes allow us to ca l c u l a t e the 
r e l a t i v e p e r m e a b i l i t y of the lepidopteran muscle f i b r e membrane 
to these ions. I t has been assumed th a t the two d i f f e r e n t l e p i d ­
opteran species used here d i f f e r l i t t l e i n t h e i r p e r m e a b i l i t y 
characteristics,hence the sodium r e s u l t s from Bombyx mori have 
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been used to c a l c u l a t e sodium p e r m e a b i l i t y . 

A l t e r a t i o n of the extern a l c h l o r i d e concentration i n 

Sphinx l i g u s t r i from 1 to 200 i T i i v i / l i t r e produced an i n t e r n a l 

change o f 7ITIM c h l o r i d e ion(see Table 19). 

A l t e r a t i o n o f the extern a l sodium concentration i n Bomb.vx 

mori from 1 to 200 nM/l±tre produced an i n t e r n a l change of 16 mM 

i n sodium ions(see Table 13). 

A l t e r a t i o n of the extern a l potassium concentration i n 

Sphinx l i g u s t r i from 1 to 200 m i v i/litre-produced an i n t e r n a l 

change o f 100 mi potassium ions (see Table 7 ) . 

Taking the c h l o r i d e p e r m e a b i l i t y as u n i t y , t h e r e l a t i v e perm­

e a b i l i t i e s are 

. Chloride Sodium Potassium 

' 1' 16/7 = 2.3 100/7 = 14.3 

VYhen these p e r m e a b i l i t i e s are used i n conjunction w i t h 

the r e s u l t s i n Table 19(section I I I ) , w e obtain the f o l l o w i n g 
o 

r e s u l t s ( a t 20 ^ ) f o r the various e x t e r n a l 01 concentrations. 

At ImM e x t e r n a l c h l o r i d e . 
= 58 l o g 14.5(77.5) + 2.5(20.0) + l ( l . O ) 

14.3(50.0} + 2 . 3 ( 3 . 6 ) + 1(10.5) 

a 58 l o g 1.573 

= 11.4 mV* 
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Using t h i s c a l c u l a t i o n , t h e r e s u l t s at the other external 
c h l o r i d e concentrations are :-

At. 5 mM e x t e r n a l c h l o r i d e 

= 11.6 mV. 
At 20 raM e x t e r n a l c h l o r i d e 

= 12.4 raV. 
At 50 mM e x t e r n a l c h l o r i d e 

E^ = 15.4 mV. 
At 100 mM. e x t e r n a l c h l o r i d e 

Ep = 14.4 mV. 
At 140 mM e x t e r n a l cialoride 

Ej, = 16.0 mV. 
At 200 mM ex t e r n a l c h l o r i d e 

= 19.9 mV. 

These r e s u l t s f o r the constant f i e l d theory p o t e n t i a l 
have been p l o t t e d along w i t h the ch l o r i d e electrode p o t e n t i a l , 
EQ-^ against the observed r e s t i n g p o t e n t i a l i n Figure 53 
(s.ection I I I ) . 
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