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ABSTRACT 

Re s u l t s of optomotor experiments on Musca and 

Drosophila l e d to the formulation of a conceptual model 

•which allows the p r e d i c t i o n of the i n s e c t ' s response to 

defined moving s t i m u l i , A b a s i c requirement of the model 

i s that there should e x i s t i n the ganglion chain, between 

the compound eye and the motor output, cross-connections 

between the channels of information flow i n the ganglia. 

Further optomotor experiments provided evidence about the 

d i r e c t i o n s w i t h i n the ganglion of the cross-connections. 

The f i r s t v i s u a l ganglion of Mgsca i s b u i l t of sub-

u n i t s c a l l e d c a r t r i d g e s , each of which i s composed of s i x 

r e t i n u l a r c e l l axons synapsing onto f i v e d i f f e r e n t neurons; 

some of which are second order neurons, some of higher order. 

One of these f i v e neurons, " l i ^ " , has two long c o l l a t e r a l s a t 

the base of the laimina, which run from the c a r t r i d g e to the 

two neighbcuring c a r t r i d g e s i n the hexagonal array• This 

c o n f i g u r a t i o n i s compatible with that suggested by the optomotor 

experiments f o r the cross-connections postulated by the 

conceptual model. Thus i t was of i n t e r e s t to examine the 

synaptic connections made by the terminations or "endfeet" of 

these c o l l a t e r a l s . T h i s study reports the r e s u l t s of examin

ation, by e l e c t r o n microscopy, of s e r i a l u l t r a - t h i n s e c t i o n s of 

the f i r s t v i s u a l ganglion containing Lk c o l l a t e r a l s . 

The r e s u l t s show that the three c o l l a t e r a l s which 

terminate i n each c a r t r i d g e (two long c o l l a t e r a l s from neigh

bouring c a r t r i d g e s plus one short one from the LẐ  w i t h i n the 



c a r t r i d g e ) do so i n i n t i m a t e c o n t a c t w i t h each o t h e r and w i t h 

t h e two second-order neurons L I and L2, The t h r e e c o l l a t e r a l s 

are p r e s y n a p t i c t o each o t h e r , each t o the o t h e r two. Each 

o f them i s a l s o p r e s y n a p t i c t o the L2 neuron i n t h a t c a r t r i d g e , 

and i t seems t h a t each s y n a p t i c c o n t a c t between two members 

o f the t h r e e c o l l a t e r a l s i s a l s o s i m u l t a n e o u s l y a c o n t a c t w i t h 

L2. No c o n t a c t s are made t o the L I f i b r e , i n c o n t r a s t t o the 

s y s t e m a t i c p a t t e r n o f c o n t a c t s t o the L2 f i b r e . I n a d d i t i o n 

t o t h i s b a s i c scheme o f connections the c o l l a t e r a l s are a l s o 

p r e s y n a p t i c t o some o f the r e t i n u l a r c e l l axons, u s u a l l y R3 

and R5, a p p a r e n t l y i n c a r t r i d g e s from the more c e n t r a l p a r t s 

o f the g a n g l i o n , or t h e r e may be a g r a d i e n t o f c o n n e c t i v i t y 

across t h e g a n g l i o n . 

Since no s t u d i e s , a p a r t from the a n a t o m i c a l ones, 

e x i s t on t h i s n e t w o r k , the c o n c l u s i o n s drawn about the s i g 

n i f i c a n c e o f these r e s u l t s must be t e n t a t i v e . The r e s u l t s 

are n o t i n c o m p a t i b l e w i t h the i d e a t h a t these hk c o l l a t e r a l s 

c o u l d be t h e c r o s s - c o n n e c t i o n s p o s t u l a t e d i n the c o n c e p t u a l 

model. One f u n c t i o n p o s s i b l y mediated by the network c o u l d 

be l a t e r a l i n h i b i t i o n , which has been shown t o occur i n Musca. 
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INTRODUCTION 

I n s e c t nervous systems have been a popular object of 

study r e c e n t l y as i s demonstrated by the following l i s t : 

the b e e t l e s Chlorophanus, L i x u s , Zophobas, the bug Oncopeltus, 

the bee Apis, the grasshopper Locusta, the praying Mantis, 

the dronefly E r i s t a l i s , the blowfly C a l l i p h o r a , the housefly 

Musca, and the f r u i t f l y Drosophila, have a l l been the objects 

of optomotor i n v e s t i g a t i o n s a l o n e ^ " ^ ^ ' ^ ^ E l e c t r o p h y s i o l 

o g i c a l and o p t i c a l s t u d i e s have been performed on a wide range 

of i n s e c t s , sometimes i n conjunction with each other and opto

motor s t u d i e s . 

T h i s p o p u l a r i t y r e f l e c t s not only the advantages of 

small s i z e and ease of cultiare found with i n s e c t s , but s e v e r a l 

other f e a t u r e s a t t r a c t i v e to those i n v e s t i g a t i n g nervous 

systems. F i r s t l y , the number of neurons comprising the 

i n s e c t nervous system i s small i n comparison with that com

p r i s i n g the most v e r t e b r a t e systems. The eye of Man contains 
8 3 h about 10 r e c e p t o r s , that of an i n s e c t only 10 to 10^, Man 

can d i s c r i m i n a t e 4 x 10^ points i n h i s o p t i c a l surroundings, 

an i n s e c t only 10 or 10 . Man has about 10 neurons i n h i s 

o p t i c a l system, an i n s e c t about 10^^^^^. The parsimony of 

neurons found i n i n s e c t s i s f u r t h e r i l l u s t r a t e d by the f a c t 

that muscle i n n e r v a t i o n i n i n s e c t s i s commonly with 2 axons, 

sometimes only with one, sometimes with four, but t h i s i s to 

be contrasted with the i n n e r v a t i o n of muscles by hundreds of 

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

The behaviour of i n s e c t s i s a l s o a t t r a c t i v e to 

1 5 APR 1976 
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i n v e s t i g a t o r s . I t i n c l u d e s v a r i o u s simple s t e r e o t y p e d 

r e a c t i o n s which can be e a s i l y and p r e d i c t a b l y evoked, and 

are thus a v a i l a b l e f o r p r e c i s e q u a n t i t a t i v e measurements ̂  "'"̂'"""̂'"''̂  ̂  

The o p t i c systems o f i n s e c t s o f f e r these same advantages 

t o t h e e x p e r i m e n t e r i n an enhanced form: the o p t i c lobes and 

r e t i n a s are f r e q u e n t l y l a r g e and conspicuous, y e t t h e i r con

s t r u c t i o n i s s i m p l e , b e i n g t o a l a r g e degree achieved by 
(2 3 5 2k) 

r e p e t i t i o n o f s m a l l s u b u n i t s ^ >->'>̂ > / ̂  Such p e r i o d i c con

s t r u c t i o n s i m p l i f i e s the a n a t o m i c a l s t u d y , f o r i f the s t r u c t u r e 

o f one s u b u n i t i s d e s c r i b e d , t h e n the t o t a l s t r u c t u r e i s known 

i n i t s e s s e n t i a l s . The o p t i c systems are n o t o n l y o f obvious 

s i g n i f i c a n c e t o the i n s e c t , b u t they a l s o d e t e c t and process 

s t i m u l i mediated by a medium which i s w e l l - d e s c r i b e d p h y s i c a l l y ; 

l i g h t . T h i s means t h a t s t i m u l i a p p l i e d d u r i n g experiments can 

be a c c u r a t e l y d e s c r i b e d , a q u a l i t y o f g r e a t v a l u e i n b u i l d i n g 

models t o account f o r the beh a v i o u r observed. 

The f l i e s Musca and D r o s o p h i l a have been s t u d i e d w i t h a 

v a r i e t y o f t e c h n i q u e s . O p t i c a l experiments have demonstrated 
(T 8 9 

the p r o p e r t i e s o f the p h o t o r e c e p t o r d i o p t r i c apparatus^ ' ' ' 

23>24>28)^ The study o f optomotor responses has r e v e a l e d 
aspects o f the p r i m a r y p h o t o r e c e p t i v e processes, and a l s o o f 

f 8 13 
the i n f o r m a t i o n p r o c e s s i n g performed by the nervous system^ ' ' 
11^,16,17,38,39)^ ^j^g r e t i n a and lamina o f these f l i e s have 
become well-known s t r u c t u r e s , due t o use o f reduced s i l v e r 

(2 .3.5,2k,k2,k5-k8) 

t e c h n i q u e s and o f the e l e c t r o n microscope^ 

The o t h e r g a n g l i a o f the o p t i c l o b e have a l s o been p a r t l y 

d e s c r i b e d . E l e c t r o p h y s i o l o g i c a l techniques have g i v e n i n s i g h t 

i n t o t h e f u n c t i o n i n g o f i n d i v i d u a l c e l l s and o f c e l l systems i n 
(21) 

the r e t i n a and o p t i c g a n g l i a ^ . Genetic experiments are 
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b e i n g performed on D r o s o p h i l a ^ ^ ^ ^ , w i t h the aim o f under

s t a n d i n g aspects o f nervous f u n c t i o n t h r o u g h the use o f 

n e u r a l l y d e f e c t i v e mutants. Some o f these l i n e s o f r e s e a r c h 

w i l l be d e s c r i b e d i n some d e t a i l h e r e , i n s o f a r as they p r o v i d e 

a c l o s e background and a m o t i v a t i o n f o r the study p r e s e n t e d 

h e r e . These a r e : 

1. the h i s t o l o g i c a l s t u d i e s 

2. the o p t i c a l experiments 

3. the e a r l i e r optomotor experiments 

A n a t o m i c a l s t u d i e s 

The anatomy o f the Musca v i s u a l system w i l l be b r i e f l y 

o u t l i n e d h e r e . D r o s o p h i l a has been shown t o be s i m i l a r . 

The anatomy has been the s u b j e c t o f s t u d i e s w i t h the l i g h t 

m i croscope, u s i n g t he G o l g i ^ ^ - ^ ^ Bodian ̂ ' ^ ^ ^ , Golgi-Cox, 

Holmes-Blest^-^'^'-^^ e t c . , methods o f s t a i n i n g . These a l l 

d e p o s i t reduced s i l v e r , mercury or another m e t a l , i n t o the 

neurones o f the o p t i c g a n g l i a i n a n o n - s e l e c t i v e f a s h i o n , so 

t h a t i n d i v i d u a l neurons can be d i s t i n g u i s h e d from among the 

dense masses o f neurons which comprise the g a n g l i a . The 

anatomy has been s u b j e c t a l s o t o a thorough b u t f a r l e s s 

e x t e n s i v e study u s i n g the e l e c t r o n m i c r o s c o p e ' ^ ^ " ^ ^ ^ . I n 
(22 23) 

t h i s case t h e f i x a t i o n has been a f t e r Karnovsky^ ' \ u s i n g 

formaldehyde and g l u t a r a l d e h y d e , and a p o s t - f i x a t i o n w i t h 

osmic a c i d ^ '. T h i s method has been supplemented i n 

d i f f e r e n t s t u d i e s by mixed Golgi-Karnovsky f i x a t i o n s ^ , and 

i n y e t o t h e r s t u d i e s by d e g e n e r a t i o n and a u t o - r a d i o g r a p h y 

t e c h n i q u e s . The f o l l o w i n g s t r u c t u r e s have been d e s c r i b e d 

i n t h e c h a i n o f v i s u a l g a n g l i a which are shown s c h e m a t i c a l l y 

i n F i g . 8. 
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R e t i n a 

The Musca compound eye has about 3,200 f a c e t s 

a r r a n g e d i n a hexagonal a r r a y . T h i s a r r a y i s n o t r e g u l a r 

b u t i s s t r e t c h e d a t r i g h t angles t o the animal's l o n g a x i s . 

N e v e r t h e l e s s i t i s easy t o i d e n t i f y t h e t h r e e axes o f t h i s 

a r r a y , and they have been l a b e l l e d ( x,y,z F i g . 6) ( 3 ' ^ ) . 

These t h r e e axes can be f o l l o w e d t h r o u g h the c h a i n o f o p t i c 

g a n g l i a ( F i g . 7) and s p a t i a l r e l a t i o n s h i p s w i t h i n each 

g a n g l i o n can thus be r e l a t e d t o the r e l a t i o n s h i p s p r e s e n t 

on t he o u t e r s u r f a c e o f the eyej 

The f a c e t s o f the cornea are p a r t o f the d i o p t r i c 

a p p a r a t u s . T h e i r c u r v a t u r e i s s u f f i c i e n t t o e x p l a i n the 

image-forming p r o p e r t i e s o f the eye, and no rec o u r s e need 

be had t o e x p l a n a t i o n i n terms o f c y l i n d r i c a l lenses 

Beneath the cornea l i e the c r y s t a l l i n e cones, one t o each 

f a c e t . These cones are g e l a t i n o u s . The l i g h t rays t r a v e r s e 

these cones and are br o u g h t t o a focus below them i n the 

r e t i n a . Separated from t he c r y s t a l l i n e cone by f o u r Semper 

c e l l s t h e r e i s the p h o t o r e c e p t i v e system, the " r e t i n u l a " . 

The d i o p t r i c system p l u s t he r e t i n u l a c o n s t i t u t e the 

"ommatidium", one o f which l i e s beneath each f a c e t o f the 

eye. The r e t i n u l a c o n s i s t s o f e i g h t r e t i n u l a c e l l s , o f which 

two, numbers 7, 8 are arranged i n tandem. These c e l l s each 

c o n t a i n a m i c r o v i l l a r rhabdomere, the seven rhabdomeres 

p r e s e n t a t any g i v e n d e p t h o f the r e t i n u l a b e i n g arreinged as 

an u n f u s e d rhabdome. The c o n s t a n t asymmetry o f t h i s rhabdome 

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

r e t i n u l a i s separated from i t s neighbours by pigment c e l l s , so 
(2) 

t h a t the ommatidia are o p t i c a l l y i s o l a t e d ^ \ F i g . 9 xs an 
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e l e c t r o n m i c r o g r a p h o f the r e t i n u l a . 

The rhabdomeres are supposed t o be the l i g h t - s e n s i t i v e 

elements o f the r e t i n a . T h e i r t i p s l i e i n the f o c a l plane 

o f t he d i o p t r i c system^ . F u r t h e r , the m i c r o v i l l i o f the 

rhabdomeres are o r i e n t e d i n a s p e c i f i c way (see F i g . 9) 

e x p l a i n i n g the d i c h r o i c a b s o r p t i o n d e s c r i b e d above. E x t r a c t i o n 

o f photopigments from t he rhabdomeres i s u n s u c c e s s f u l , b u t were 

t h e pigment molecules arranged a l o n g t he membranes o f the 

m i c r o v i l l i , one would expect t he d i c h r o i s m t h a t i s observed. 

The m i c r o v i l l i o f rhabdomeres 7 and 8 are arranged orthogonaHy 

t o each o t h e r . The rhabdomeres show waveguide p r o p e r t i e s , 

( F r a n c e s c h i n i e t K i r s c h f e l d , 1970)^^'"'"^^, and the pseudopupils 

a p p e a r i n g i n s i d e t he eye are images o f the rhabdomere endings 

( o r are v i r t u a l images o f r e a l images o f those endings) or can 

o n l y be e x p l a i n e d on the asstamption t h a t the rhabdomeres are 
(9) 

the l i g h t - c a r r y i n g elements^ '. 

The r e t i n u l a c e l l s c o n v e r t t he l i g h t s t i m u l i they 

r e c e i v e i n t o s i g n a l s (graded p o t e n t i a l s ) and these are f e d 

i n t o t h e n e x t u n i t o f i n f o r m a t i o n p r o c e s s i n g , the f i r s t o p t i c 

g a n g l i o n or "lamina g a n g l i o n a r i s " . The r e t i n a c e l l s send 

axons down i n t o t h i s gang-lion, e i g h t axons from each ommatidium. 

The Retina-Lamina P r o j e c t i o n 

The f u n c t i o n a l u n i t s o f the r e t i n a are c a l l e d ommatidia, 

and those o f the lam i n a g a n g l i o a r i s are the "neurommatidia", or 

" c a r t r i d g e s " . E i g h t axons p r o j e c t from each ommatidium i n t o 

t he l a m i n a , and each c a r t r i d g e r e c e i v e s e i g h t r e t i n u l a axons. 

However, the e i g h t axons p r o j e c t i n g from one ommatidium are 

n o t t he same e i g h t as those a r r i v i n g a t the co r r e s p o n d i n g 

c a r t r i d g e . The axons from one ommatidium d i v e r g e (see F i g . 8) 
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and p r o j e c t t o seven d i f f e r e n t c a r t r i d g e s , and since t h e r e 

are e x a c t l y as many c a r t r i d g e s as oramatidia, i t f o l l o w s t h a t 

each c a r t r i d g e r e c e i v e s axons from seven d i f f e r e n t ommatidia. 

From i t s c o r r e s p o n d i n g ommatidium each c a r t r i d g e r e c e i v e s the 

r e t i n u l a axons number 7 and 8. I f the map o f those rhabdomeres 

o f seven ommatidia which l o o k a t the same p o i n t i n the e n v i r o n 

ment ( F i g . 11) be superimposed on the map r e p r e s e n t i n g the 

p r o j e c t i o n o f seven axons from seven d i f f e r e n t ommatidia onto 

one c a r t r i d g e ( F i g . l o ) , t h e n i t i s seen t h a t the i n f o r m a t i o n 

r e c e i v e d by t h e eye from one p o i n t i n the environment i s 

br o u g h t t o g e t h e r a t one c a r t r i d g e i n the lamina g a n g l i o n a r i s . 

The v a l u e o f t h i s f o r the animal has been discussed above ^ ' ^. 

Lamina g a n g l i o n a r i s 

T h i s w i l l be c a l l e d s i m p l y the lamina. I t i s composed 

o f s u b u n i t s c a l l e d " c a r t r i d g e s " , which are arranged i n a 

hexagonal a r r a y . The t h r e e axes o f t h i s a r r a y have been 

t r a c e d t h r o u g h from t he r e t i n a , so t h a t the x - a x i s o f the 

r e t i n a corresponds t o the x - a x i a o f the la m i n a , e t c . (see Fig.12) 

(l) 
^ . The c a r t r i d g e i s composed o f the e i g h t r e t i n u l a c e l l 
axons whic h p r o j e c t down from the r e t i n a . S i x o f these are 

arr a n g e d i n a c i r c l e and the two o t h e r s l i e beside each o t h e r 

o u t s i d e t he c i r c l e . These two are the axons o f r e t i n u l a 

c e l l s 7 and 8. ( R e t i n u l a c e l l s and t h e i r numbers w i l l be 

denoted as R l , R2, e t c . , i n the f o l l o w i n g ) . These two axons 

make no s y n a p t i c c o n n e c t i o n s a t a l l i n the lami n a , b u t simply 
(2) 

p r o j e c t t h r o u g h i t i n t o the n e x t o p t i c g a n g l i o n , the medulla^ . 

R1-R6 do make s y n a p t i c c o n n e c t i o n s i n the lamina. They 

enclose t he axons o f two l a r g e monopolar neurons, whose c e l l 
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somas l i e a t the d i s t a l end o f the lamina. Three o t h e r 

monopolar c e l l s a l s o send axons t h r o u g h the lamina, and 

these l i e o u t s i d e t h e r i n g o f endings o f R1-R6. The 

s p a t i a l r e l a t i o n s h i p s o f a l l these axons remain s u f f i c i e n t l y 

c o n s t a n t t h a t i n a t r a n s v e r s e s e c t i o n o f the lamina they can 

be i d e n t i f i e d w i t h some c e r t a i n t y ^ ^ ''^^ , ( F i g . 13, F i g . 12). 

As i n t h e r e t i n a , t he l a m i n a i n the n o r t h e r n p a r t o f the 

eye i s a m i r r o r image o f t h a t i n the southern p a r t , and the 

r i g h t eye i s a m i r r o r image o f the l e f t . Thus from a 

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

f r o m which i t came ( F i g , 12). 

The f i v e monopolar c e l l s have been named L1-L5. T h e i r 

p r o f i l e s are shown i n F i g . I 4 . L I and L2 branch i n a r e g u l a r 

f a s h i o n , sending processes between n e i g h b o u r i n g R - c e l l endings 

these processes themselves sometimes b e i n g branched. I t i s 

f r e q u e n t l y i m p o s s i b l e t o i d e n t i f y such a process i n a s e c t i o n 

as o r i g i n a t i n g f r o m L I or L2, The r e m a i n i n g monopolars have 

l e s s r e g u l a r b r a n c h i n g p a t t e r n s , the s i g n i f i c a n c e o f which 

remain u n c l e a r , L4 i s o f p a r t i c u l a r i n t e r e s t i n t h a t two o f 

i t s branches are l o n g c o l l a t e r a l s (Fig,15) r e a c h i n g from the 

c a r t r i d g e c o n t a i n i n g the "mother f i b r e " t o two n e i g h b o u r i n g 

c a r t r i d g e s i n the -x and +y d i r e c t i o n s o f the hexagonal a r r a y 

( F i g . 16) ^^^K 
The c a r t r i d g e c o n t a i n s two o t h e r w e l l - d e s c r i b e d 

components. These are the "alpha" and the "beta" c e l l s . 

The a l p h a c e l l i s i n t r i n s i c t o the l a m i n a , i t s c e l l soma 

l y i n g j u s t beneath the g a n g l i o n . The b r a n c h i n g p a t t e r n o f 

t h i s c e l l remains unloiown, b u t spreads over s e v e r a l c a r t r i d g e s . 

The a l p h a c e l l c o n t r i b u t e s processes t o a number o f d i f f e r e n t 
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c a r t r i d g e s . These processes l i e between and j u s t o u t s i d e 

t h e R1-R6 c e l l s . They are c l o s e l y apposed t o those o f the 

b e t a c e l l . T h i s c e l l a r i s e s i n the medulla and sends up 

a s i n g l e f i b r e t o the l a m i n a , where each o f these f i b r e s 

t h e n branches i n t o a crown o f s i x f i b r e s , a l l o f which 

c o n t r i b u t e t o the components o f one c a r t r i d g e . These l i e 

b e s i d e the processes o f the alpha c e l l . 

The v a r i o u s c e l l types are r e a d i l y r e c o g n i s e d i n 

e l e c t r o n microscope s e c t i o n s by the f o l l o w i n g c h a r a c t e r i s t i c s , 

( p i c t u r e l a o f t h e s e r i a l s e c t i o n shows these c l e a r l y and may 

be compared w i t h F i g . 1 2 ) . R - c e l l s c o n t a i n a c l e a r c e n t r a l 

c y t o p l a s m , u s u a l l y surroianded by a r i n g o f m i t o c h o n d r i a . 

The p e r i p h e r y o f the c e l l i s f i l l e d w i t h ntimerous s m a l l 

v e s i c l e s , a l l o f the sajne s i z e , and whose c o n t e n t s are n o t 

seen on e l e c t r o n m icrographs. Among these v e s i c l e s are 

seen " c a p i t a t e p r o j e c t i o n s " , which are g l i a l p r o j e c t i o n s 

i n t o t h e R - c e l l , capped a t t h e end w i t h a t h i c k e n e d membrane 

which appears t o c o n s i s t o f the i n n e r u n i t membranes o f the 

R - c e l l and the g l i a l c e l l , t o g e t h e r w i t h a f u s e d membrane 

d e r i v e d f r o m t h e o u t e r membranes o f R - c e l l and g l i a l c e l l . 

B l ack pigment g r a n u l e s occur i n these c e l l s . Also p r e 

s y n a p t i c s p e c i a l i s a t i o n s , F i g s . 17 and 18. A l l the R - c e l l s 

are i d e n t i c a l i n e l e c t r o n m i c r o g r a p h s , and none branch. 

L I - L5 c o n t a i n c l e a r cytoplasm w i t h few m i t o c h o n d r i a , 

and a few n e u r o f i l a m e n t s . The o n l y s p e c i a l i s e d s t r u c t u r e s 

f o i m d i n these c e l l s i n the l a m i n a are p o s t - s y n a p t i c s p e c i a l 

i s a t i o n s and, v e r y r a r e l y , a p r e s y n a p t i c s p e c i a l i s a t i o n . The 

two l o n g Lk c o l l a t e r a l s , where t h e y come t o l i e i n s i d e the 

r i n g o f R - c e l l s , between L I and L2, c o n t a i n v e s i c l e s which 
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are a p p a r e n t l y the same s i z e as those i n the R - c e l l s , and 

v e r y o c c a s i o n a l l y p r e s y n a p t i c and p o s t - s y n a p t i c s p e c i a l i s a t i o n s 

( F i g s . 17 and 18). 

The alpha c e l l a l s o c o n t a i n s s i m i l a r v e s i c l e s and 

p r e - 6ind p o s t - s y n a p t i c s p e c i a l i s a t i o n s . The b e t a c e l l 

c o n t a i n s c l e a r cytoplasm and l a r g e i n v a g i n a t i o n s w i t h a 

c o m p l i c a t e d membrane s t r u c t u r e . These " g n a r l s " c o n t a i n 

membranes c o n t r i b u t e d by the alpha c e l l and a l s o by the 

e p i t h e l i a l c e l l s . The r e s u l t i n g c o m b i n a t i o n o f t h r e e 

membrane system i s v e r y e l e c t r o n dense a f t e r normal f i x a t i o n , 

so t h a t the exact r e l a t i o n s h i p s are v i n c l e a r . 

The e p i t h e l i a l c e l l s are o f two t y p e s , one type 

o c c u r r i n g more d i s t a l l y i n the l a j n i n a , the o t h e r p r o x i m a l l y . 

The d i s t a l t y p e u s u a l l y c o n t a i n s dark cytoplasm a f t e r 

f i x a t i o n i n v o l v i n g phosphate i o n s . The presence o f many 

m i t o c h o n d r i a eiahance the dark e f f e c t , and the r e s u l t i s 

t h a t the c a r t r i d g e s s t a n d out v e r y c l e a r l y i n e l e c t r o n 

m i c r o g r a p h s , a g a i n s t a d a r k "background" o f g l i a l c e l l s . 

The p r o x i m a l type o f g l i a l c e l l c o n t a i n s numerous neuro

f i l a m e n t s and e l e c t r o n - d e n s e g r a n u l e s , i n c l e a r cytoplasm. 

The s y n a p t o l o g y o f the lamina has been semi-
(2) 

q u a n t i t a t i v e l y s t u d i e d ^ '. The main c l a s s e s o f synapses, 

a synapse b e i n g d e f i n e d as the c h a r a c t e r i s t i c p r e - s y n a p t i c 

s p e c i a l i s a t i o n o p p o s i t e a c h a r a c t e r i s t i c p o s t - s y n a p t i c 

s p e c i a l i s a t i o n , are l i s t e d below. The preponderance o f 

synapses p r e s y n a p t i c i n t h e R - c e l l s and p o s t s y n a p t i c onto 

L1-L5 i s evidence f o r the s y n a p t i c c h a r a c t e r o f these morpho

l o g i c a l s t r u c t u r e s , s i n c e the i n f o r m a t i o n f l o w i n the lamina 

can r e a s o n a b l y be expected t o be from the R - c e l l s t o t h e L - c e l l s . 
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Medulla (See F i g . 8) 

I n c o n t r a s t t o the r e t i n a and lam i n a t h i s g a n g l i o n i s 

r e l a t i v e l y unknown. I t i s r e a d i l y seen, u s i n g t he l i g h t 

m i croscope, t o be a l a y e r e d s t r u c t u r e , b u t use o f the G o l g i 

t e c h n i q u e r e v e a l s the presence o f a b e w i l d e r i n g v a r i e t y o f 

d i f f e r e n t c e l l t y p e s , w i t h v e r y d i f f e r i n g b r a n c h i n g p a t t e r n s . 

Use o f t h e e l e c t r o n microscope shows t h a t here t o o , a p e r i o d i c 

system o f s u b u n i t s i s p r e s e n t , b u t these s u b t i n i t s have y e t t o 

be d e s c r i b e d , so t h a t t h e i r b a s i c c o n s t r u c t i o n i s unknown. 

I t i s known t h a t t he chiasma between the lamina and medulla 

shows a c r o s s i n g - o v e r , so t h a t t he + d i r e c t i o n o f the z-axis 

becomes t h e - d i r e c t i o n , ̂  ̂  ̂. (See F i g . 7). 

I t i s a l s o known t h a t t he endings o f the L1-L5 neurons 

i n t h e m e d u l l a occur a t d i f f e r e n t depths and have d i f f e r e n t 

b r a n c h i n g p a t t e r n s . R7 and R8 t e r m i n a t e a t d i f f e r e n t 

depths i n the m e d u l l a , b u t i t has been shown t h a t b o t h 

t e r m i n a t i o n s are i n the " p a r e n t " c a r t r i d g e . T h e r e f o r e i t 

i s i n the medu l l a t h a t a l l t he i n f o r m a t i o n o r i g i n a t i n g i n 

one ommatidium i s br o u g h t t o g e t h e r i n one p r o c e s s i n g u n i t . 

L o b u la and Lobula P l a t e 

Only f o u r o r d e r s o f i n s e c t s have a l o b u l a p l a t e 

s t r u c t u r e : t h e D i p t e r a , L e p i d o p t e r a , O r t h o p t e r a and the 

H e t e r o p t e r a . I n t h e l o b u l a t h e r e i s a l s o a p e r i o d i c 

s t r u c t u r e , b u t t h i s i s as y e t t m d e s c r i b e d . This g a n g l i o n 

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

The O p t i c a l S t u d i e s 

There e x i s t t h r e e p r i n c i p a l types o f compound eye^^'^'*^' 

28,25)^ These are the a p p o s i t i o n eye, which i s the commonest 
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t y p e , the o p t i c a l s u p e r p o s i t i o n eye, found f o r example i n 

moths a c t i v e by n i g h t , and the n e u r a l s u p e r p o s i t i o n eye, 

found i n Hemiptera, O r t h o p t e r a , and D i p t e r a . 

A p p o s i t i o n eyes (Ref. 24,28) 

I n these eyes each ommatidium a c t s as a f u n c t i o n a l 

u n i t , and i s o p t i c a l l y i s o l a t e d from i t s neighbours. (Exner's 

d e f i n i t i o n ) . I n t h e case o f Limulus ( t h e horseshoe c r a b ) 

t h e r e are s e v e r a l sense c e l l s ( " r e t i n u l a r c e l l s " ) and an 

e c c e n t r i c c e l l . Only the axon o f the e c c e n t r i c c e l l can 

be s t i m u l a t e d t o produce impulses by l i g h t s t i m u l i , so t h a t 

each ommatidium has p r e c i s e l y one o u t p u t , and corresponds 

p r e c i s e l y w i t h t he d e f i n i t i o n . However, most species w i t h 

a p p o s i t i o n eyes have s e v e r a l r e t i n u l a r c e l l s i n each 

ommatidiiam, and the rhabdomeres o f these c e l l s are c l o s e 

t o g e t h e r , and form a "fused rhabdome". T h i s rhabdome a c t s 

as a l i g h t p i p e , due t o i t s h a v i n g a h i g h e r r e f r a c t i v e i ndex 

t h a n the s u r r o u n d i n g media, so t h a t l i g h t waves are guided 

a l o n g i t and do n o t escape. The l i g h t i s absorbed by the 

rhabdome pigments, and causes impulses i n the axons o f the 

r e t i n u l a r c e l l s . A l t h o u g h the rhabdome i s regarded as an 

o p t i c a l u n i t f o r t h i s reason, the i n d i v i d u a l r e t i n u l a r c e l l s 

m ight be d i f f e r e n t from each o t h e r w i t h r e s p e c t t o t h e i r 

c o l o u r s e n s i t i v i t y or t h e i r s e n s i t i v i t y t o p o l a r i z e d l i g h t . 

Since each ommatidium c o n t a i n s one rhabdome a c t i n g as an 

o p t i c a l u n i t , then each ommatidium i s p e r c e i v i n g l i g h t from 

one p o i n t o f the o p t i c a l environment o n l y . Thus, even though 

each o f the r e t i n u l a r c e l l axons are sending s i g n a l s t o the 

o p t i c a l g a n g l i a , a l l the s i g n a l s from one ommatidium are 

r e l a t e d t o one p o i n t o n l y o f the v i s u a l s u r r o u n d i n g , and 
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t h e r e f o r e t h i s type o f eye too i s regarded as an a p p o s i t i o n 

eye.(Examples: bees, l o c u s t s , a n t s , e t c . ) 

O p t i c a l S u p e r p o s i t i o n eyes (Ref. 24,27,29) 

I n t h i s t y pe o f compound eye t h e r e i s no i s o l a t i o n o f 

an ommatiditmi from i t s n e i g h b o u r s . The e s s e n t i a l , and 

a n a t o m i c a l l y e a s i l y r e c o g n i s a b l e , d i f f e r e n c e between t h i s 

t y p e and the a p p o s i t i o n eye i s t h a t a s u p e r p o s i t i o n eye must 

have a t h i c k l a y e r o f t r a n s p a r e n t t i s s u e between the d i o p t r i c 

a p paratus and the s e n s i t i v e l a y e r o f the r e t i n a . Then i t i s 

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

i n e cones can converge i n such a way t h a t one r e t i n a l element 

can be i l l u m i n a t e d by the r a y s l e a v i n g the t i p s o f s e v e r a l 

cones. I n the case o f the F i r e f l y Lampyris the d i o p t r i c s 

produce e r e c t images, whi c h i s unique among the i n s e c t s . I n 

t h i s case no s a c r i f i c e o f s p a t i a l r e s o l u t i o n i s made i n o r d e r 

t o achieve the h i g h s e n s i t i v i t y o f an o p t i c a l s u p e r p o s i t i o n 

eye. However, i n a l l o t h e r cases, where the d i o p t r i c s 

produce i n v e r t e d images, t h e r e i s a pronounced pigment m i g r a t i o n . 

D u r i n g l i g h t - a d a p t a t i o n the pigment g r a n u l e s are found i n a 

p r o x i m a l p o s i t i o n , beneath the d i o p t r i c system, th e r e b y b l o c k i n g 

the o b l i q u e r a y paths necessary f o r o p t i c a l s u p e r p o s i t i o n t o 

occur. The r e s u l t i s t h a t the eye f u n c t i o n s as an a p p o s i t i o n 

eye, w i t h each f a c e t o f the cornea i l l u m i n a t i n g o n l y one r e t i n a l 

element, a l l o w i n g o f a h i g h s p a t i a l r e s o l u t i o n . I n the dark-

adapted s t a t e the pigment g r a n u l e s are found t o be v e r y d i s t a l l y 

p l a c e d , so t h a t they do n o t b l o c k the o b l i q u e r a y p a t h s , and 

thus s e v e r a l c o r n e a l f a c e t s i l l u m i n a t e each r e t i n a l element. 

The r e s u l t i s a h i g h e r l i g h t - g a t h e r i n g power, but a marked 

decrease i n s p a t i a l r e s o l u t i o n . I t can be shown from g e o m e t r i c a l 
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o p t i c a l arguments t h a t t h e l i g h t - g a t h e r i n g power o f o p t i c a l 

s u p e r p o s i t i o n eyes, i n terms o f the number o f quanta gathered 

per r e c e p t o r from an extended o p t i c a l s u r r o u n d , i s about 

1000 times g r e a t e r t h a n t h a t o f an a p p o s i t i o n eye. O p t i c a l 

s u p e r p o s i t i o n eyes are found i n Lampyris, n i g h t - f l y i n g 

L e p i d o p t e r a , Neuroptera and C o l e o p t e r a . Evidence f o r an 

o p t i c a l s u p e r p o s i t i o n eye i s found i f ( l ) a l a r g e space 

separates d i o p t i c s and r e t i n a , (2) l i m i t e d i l l u m i n a t i o n o f 

eye causes e x t e n s i v e eye glow, and (3) optoraotor responses 

can be induced by p r o j e c t i n g a moving p a t t e r n onto one 

ommatiditim. 

N e u r a l S u p e r p o s i t i o n eyes (Ref. 9»24,25) 

T h i s type o f eye c o n t a i n s ommatidia t h a t are o p t i c a l l y 

i s o l a t e d from each o t h e r . However, here too t h e r e i s a devi c e 

f o r i n c r e a s i n g t h e l i g h t - g a t h e r i n g power o f the eye. The 

ommatidia c o n t a i n s "unfused" rhabdomes, i n which the 

rhabdomeres o f the r e t i n u l a r c e l l s are n o t c l o s e t o g e t h e r 

b u t w i d e l y s e p a r a t e d . I t can be shown t h a t the angles between 

the o p t i c a l axes o f a d j a c e n t rhabdomeres are the same as the 

angles between the o p t i c a l axes o f a d j a c e n t ommatidia. The 

rhabdomes l i e i n s i d e t h e ommatidia i n such a way t h a t a p o i n t 

source o f l i g h t may be a l i g n e d t o i l l u m i n a t e seven d i f f e r e n t 

rhabdomeres o f seven d i f f e r e n t ommatidia. I t can f u r t h e r be 

demonstrated o p t i c a l l y ( t h e phenomenon o f the "reduced c o r n e a l 

p s e u d o p u p i l " ) t h a t seven rhabdomes, each from a d i f f e r e n t 

ommatidium, are " l o o k i n g " a t the same p o i n t i n the environment. 

The axons from these r e t i n u l a r c e l l s t h e n d i v e r g e i n such a 

way t h a t t h e axons from one ommatiditun do n o t a l l t r a v e l t o 

the same element i n the f i r s t o p t i c g a n g l i o n , b u t t o seven 



d i f f e r e n t elements. T h i s p a t t e r n o f divergence b r i n g s 

t o g e t h e r axons from seven d i f f e r e n t onmiatidia, the r e s u l t 

b e i n g t h a t the rhabdomeres which are l o o k i n g at one p o i n t i n 

the environment send axons t o the same element i n the f i r s t 

o p t i c g a n g l i o n ^ ^ ' ^ ^ ^ . Here the s i g n a l s induced i n the 

axons by o p t i c a l changes a t t h a t p o i n t are superimposed. 

T h i s i n c r e a s e s the e f f e c t i v e a p e r t u r e o f the eye by a f a c t o r 
(27) 

o f seven i n comparison t o the a p p o s i t i o n eye^ Since i t 

i s n o t l i g h t - r a y s t h a t are superimposed, as i n the o p t i c a l 

s u p e r p o s i t i o n eye, b u t l i g h t - i n d u c e d s i g n a l s , t h i s type o f 

eye has been named " n e u r a l s u p e r p o s i t i o n " . ( S c h e m a t i c a l l y 

sho-wn i n F i g . 5) 

I f a g i v e n compound eye can be shown t o e x h i b i t a 

"reduced c o r n e a l p u p i l " ^ ^ ' ^ ^ showing t h a t the rhabdomeres o f 

d i f f e r e n t ommatidia are l o o k i n g a t one p o i n t i n the environment, 

and i f t h e r e t i n a l elements map onto the elements o f the f i r s t 

o p t i c c a r t r i d g e i n such a way t h a t the r e s o l v e d p o i n t s o f the 

o p t i c a l s u r round are r e p r e s e n t e d as elements i n t h a t g a n g l i o n , 

t h e n t h e eye may be c o n s i d e r e d t o be o f the n e u r a l s u p e r p o s i t i o n 

t y p e . T h i s type o f eye i s f o m i d i n Musea and D r o s o p h i l a . 

Unfused rhabdomes are a l s o found i n , e.g. G e r r i s . 

I n Musca, D r o s o p h i l a , and C a l l i p h o r a , i t can be shown 

t h a t v i s i o n i s d i c h r o m a t i c ^ ^ ' ^ . Two r e c e p t o r systems are 

p r e s e n t , and they d i f f e r i n a b s o l u t e l i g h t s e n s i t i v i t y , 

s e n s i t i v i t y t o the plane o f p o l a r i s e d l i g h t , c o n t r a s t 
(7) 

s e n s i t i t i v i t y , and s p e c t r a l s e n s i t i v i t y ' - The f i r s t system 

has an e x t i n c t i o n spectrum w i t h a maximum a t about 515nm ( t h e 

green r e c e p t o r ) and i s a s s o c i a t e d w i t h the rhabdomeres Nos.1-6 

i n a g i v e n rhabdome. The a n g u l a r l i g h t - s e n s i t i v i t y o f t h i s 
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system i s 3.5 degrees, and i t has a g r e a t e r l i g h t - s e n s i t i v i t y 

t h a n t h e o t h e r system. The second system has an e x t i n c t i o n 

spectrum w i t h a maximum a t about Zj.70nm ( t h e b l u e r e c e p t o r ) , 

and i s a s s o c i a t e d w i t h t he rhabdomeres Nos. 7 ajid 8 i n a g i v e n 

rhabdome. The a n g u l a r r e s o l u t i o n o f t h i s system i s 1.7 degrees 

and t h e l i g h t - s e n s i t i v i t y i s lower than t h a t o f the f i r s t 
(oil) 

system^ . A m a t e r i a l shows " d i c h r o i c a b s o r p t i o n " i f the 

amount o f p o l a r i s e d l i g h t absorbed by i t depends on the angle 

o f i n c i d e n c e o f the p o l a r i s e d l i g h t ^ . The a b o s r p t i o n 

happening i n the two systems d e s c r i b e d here i s i n each case 

d i c h r o i c . Maximum a b s o r p t i o n occurs i n the d i f f e r e n t 

rhabdomeres o f a rhabdome a t d i f f e r e n t angles o f i n c i d e n c e . 

The Optomotor Experiments 

The f l i e s Musca and D r o s o p h i l a e x h i b i t a common i n s e c t 

r e f l e x , t h e tendency t o f o l l o w the a n g u l a r motion o f o b j e c t s 

w i t h i n t h e i r v i s u a l f i e l d . T h i s i s c a l l e d an "optomotor 

response", such responses b e i n g d e f i n e d as the b e h a v i o u r a l 

response t o movement r e l a t i v e t o the i n s e c t i n i t s v i s u a l 
(8,38,39) s u r r o u n d i n g s ^ -̂̂  » 

I t i s p a r t o f the i n s e c t ' s n a v i g a t i o n a l c o n t r o l system: 

s h o u l d t he animal t u r n i n v o l u n t a r i l y from i t s s t r a i g h t course, 

t h e n t h e apparent movement o f the o p t i c a l surrotmdings e l i c i t s 

t h e optomotor response, which compensates f o r the d e v i a t i o n , 

r e t u r n i n g t h e an i m a l t o i t s p r e v i o u s course ̂'''̂'"'"̂  ̂ . 

Such b e h a v i o u r i s the r e s u l t o f a "feedback l o o p " 

e s t a b l i s h e d between the animal and i t s environment, which 

means t h a t incoming i n f o r m a t i o n i s used by the animal as a 

r e f e r e n c e f o r the c o n t r o l some v a r i a b l e , upon which i n t u r n 
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depends t h e q u a l i t y o f the i n f o r m a t i o n b e i n g m o n i t o r e d . The 

l o o p may be r e p r e s e n t e d as i n Diagram 1. I t may be analysed 

by ( l ) i n j e c t i n g a d i s t u r b a n c e i n t o the i n p u t and then t r a c i n g 

t he response t h r o u g h t h e l o o p , a " c l o s e d l o o p " a n a l y s i s which 

l e a v e s t h e l o o p i n t a c t and the i n p u t under the c o n t r o l o f the 

a n i m a l ; or (2) by b r e a k i n g the l o o p , i n j e c t i n g a d i s t u r b a n c e 

i n t o the i n p u t and measuring the response a t the p o i n t o f 

breakage, the "open l o o p " a n a l y s i s . 

I n the optomotor experiments w i t h f l i e s the d i s t u r b a n c e 

i n j e c t e d i n t o the l o o p i s movement i n the f l y ' s v i s u a l e n v i r o n 

ment, t h e f l y p e r c e i v i n g o n l y the movement (see F i g . 2 a ) , which 

i s u s u a l l y p e r i o d i c , b e i n g c h a r a c t e r i s e d by i t s angular v e l o c i t y , 

c o n t r a s t , s p a t i a l f r e q u e n c y , and s p e c t r a l c h a r a c t e r i s t i c s . I t 

i s c o m p l e t e l y c h a r a c t e r i s e d as a s t i m u l u s i f the angle i t 

subtends t o the f l y ' s l o n g a x i s i s known. 

The c o n t r o l system i s c o n t a i n e d i n the f l y ' s nervous 

system, and so cannot be d i s s e c t e d w i t h o u t g r e a t l y p e r t u r b i n g 

i t . However, the v a r i a b l e s i t c o n t r o l s can be measured 

e x a c t l y : the f o r c e o f f l i g h t t h r u s t or t o r q u e , or the d i r e c t i o n a l 

c hoices made i n w a l k i n g . Both open-loop and c l o s e d - l o o p 

analyses have been performed on the optomotor responses o f 

Musca and D r o s o p h i l a . Only the open-loop experiments and 

t h e i r r e s u l t s are d i r e c t l y r e l e v a n t h e r e , and o n l y they w i l l 

be d i s c u s s e d . 

Open-loop experiments 

The method i s as shown i n F i g . 2a. The animal i s 

h e l d r i g i d l y i n the a x i s o f a h o l l o w c y l i n d e r , the i n s i d e o f 

w h i c h i s l i n e d w i t h a c o n t r a s t p a t t e r n . R o t a t i o n o f the 
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c y l i n d e r causes the f l y t o a t t e m p t t o t u r n i n the d i r e c t i o n 

o f the movement. The f l y and the movement form a feedback 

l o o p , w h i c h i s broken because the f l y i s iina b l e t o e f f e c t i t s 

t u r n i n g movement. The r a t e o f r o t a t i o n o f the c y l i n d e r 

remains under t he c o n t r o l o f the i n v e s t i g a t o r . The s i m p l e s t 

experiment p o s s i b l e w i t h t h i s arrangement i s t o a l l o w the 

f l y t o m a n i f e s t i t s response by choosing l e f t o r r i g h t t u r n s 

as i t walks a l o n g a Y-maze. The s t r e n g t h o f the f l y ' s 

response i s the n measured by: R = W-A/W+A, where W r e p r e s e n t s 

the number o f choices made i n the d i r e c t i o n o f the moving 

p a t t e r n , and A r e p r e s e n t s the number o f choices made i n the 

o p p o s i t e d i r e c t i o n . I t can be shown t h a t R i s then a l i n e a r 

measure o f response s t r e n g t h i f i t i s n o t g r e a t e r than 0.7-

T h i s t y p e o f experiment has been performed on the b e e t l e 
f 13 8 38 3Q) 

Chlorophanus and on the f l i e s Musca and D r o s o p h i l a ^ ' ' ' ^ ' 

L a t e r developments i n tec h n i q u e a l l o w e d the t u r n i n g response 

t o be c o n t i n u o u s l y measured i n f l y i n g f l i e s . I n such 

experiments t he f l y i s a t t a c h e d t o a c o i l t u r n i n g i n a 

magnetic f i e l d produced by a f u r t h e r c o i l . The t u r n i n g 

movement made by the f l y d i s t u r b s the e q u i l i b r i u m i n the 

magnetic f i e l d o f the c o i l s , t h e r e b y i n d u c i n g a s m a l l v o l t a g e 

i n t h e o u t e r c o i l . T h i s v o l t a g e i s a m p l i f i e d , and f e d t o a 

meter f r o m which t he t o r q u e o f the f l y ' s movement can be read. 

The arrangement i s open-loop when p a r t o f the a m p l i f i e d v o l t a g e 

i s r e t u r n e d t o the c o i l s as a compensation c u r r e n t , p r o d u c i n g a 

t o r q u e i n the c o i l s opposing the t o r q u e o f the f l y , so t h a t the 

f l y i s r e s t r i c t e d i n i t s t u r n t o o n l y v e r y s m a l l a n g u l a r 

d i s p l a c e m e n t s , about l/lOO o f a degree. ̂ "̂ ^̂  

However, the r e s u l t s o b t a i n a b l e w i t h the s i m p l e r 
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experiments on Chlorophanug provided the data from which the 

conclusions r e l e v a n t here were drawn, 

(a) A sequence of two l i g h t s t i m u l i impinging on 

adjacent f a c e t s of the compound eye i s the elementary event 

that evokes an optomotor response. 

(b) Two s t i m u l i impinging on the same face t do not 

evoke an optomotor response• ( I t follows that the o p t i c a l 

r e s o l u t i o n of the compound eye i n these experiments i s 

determined by the angle between the axes of neighbouring 

ommatidia)• 

( c ) The stimulus r e c e i v e d by one ommatidium can 

i n t e r a c t only with the stimulus r e c e i v e d by the neighbouring 

ommatidium, and by those once removed. No i n t e r a c t i o n f o r 

movement perception e x i s t s between ommatidia separated by 

more than one unstimulated ommatidium. 

(d) The v i s u a l f i e l d s of adjacent onmiatidia do not 

overlap. 

(e) A maximum response i s e l i c i t e d by s t i m u l i impinging 

s u c c e s s i v e l y under a time d i f f e r e n c e of about I/4 second on 

neighbouring ommatidia. Smaller and l a r g e r time d i f f e r e n c e s 

e l e c i t s m a l l er responses. Responses s t i l l occur with time 

d i f f e r e n c e s of up to ten seconds. 

( f ) I f + denotes a stimulus change from dark to l i g h t , 

and - from l i g h t to dark, then the l i g h t s t i m u l i S** applied to 

a p a i r of h o r i z o n t a l l y neighbouring oramatidia A and B e l i c i t s 

a t u r n i n g response where the + si g n i n d i c a t e s that the 

d i r e c t i o n of the turn follows the d i r e c t i o n of the stimulus 

s u c c e s s i o n , A to B-

*AB ^̂ ^̂ -̂ -̂̂  " —^AB' "^AB " '"AB (g) S " e l i c i t s a response +RAR> """̂ AR ~ """̂ AR' 
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(h) or S^p both give responses opposite to the 'AB 
d i r e c t i o n of the stimulus s u c c e s s i o n s , -RT-D = ""RT^» where 

Ai) AH 

the - s i g n i n d i c a t e s that the d i r e c t i o n of turn i s opposite 

to that of the stimulus s u c c e s s i o n . Thus, the r e l a t i o n 

between stimulus input and response output of the feedback 

loop f o l l o w s the r u l e of a l g e b r a i c sign m u l t i p l i c a t i o n ( F i g , 3) 

F i g . 3 

^ 1 

+R -R 

-R +R 

( i ) The strength of response depends not only on the 

speed of stimulus s u c c e s s i o n ( e ) , but a l s o on the changes of 

l i g h t i n t e n s i t y r e p r e s e n t i n g the s t i m u l i . I f ommatidiura A 

r e c e i v e s a stimulus i n t e n s i t y x, and B r e c e i v e s y, then R i s 

p r o p o r t i o n a l to ( x y ) , that i s , to the product of the 2 s t i m u l i . 

( j ) A s u c c e s s i o n of s t i m u l i to ommatidia ABCD of a 

h o r i z o n t a l row produce a response as i n ( f ) , (g)» (h) above, 

e.g. R t i ^ i - T h i s response i s equal to the sum of a l l the 

p a r t i a l responses evoked, so that R^gQp = + + + 

These r e s u l t s show that i n the Chiorophanus nervous 

system there must be p h y s i o l o g i c a l processes working i n 

accordance with the mathematical operation of m u l t i p l i c a t i o n , 

and l i n k i n g sensory input with motor output^ 

L a t e r work with Musca and Drosophila provided evidence 
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t h a t s i m i l a r processes e x i s t i n those species a l s o '"'"•̂'"'"̂  ' 
16 17 25 38 39) 

* * ' ' ^. On the b a s i s o f these c o n c l u s i o n s a minimum 

m a t h e m a t i c a l model was designed t h a t accounts f o r the 
(8) 

f u n c t i o n a l p r o p e r t i e s o f the p h y s i o l o g i c a l system ( F i g . 2| ) ^ 

a l l o w i n g t h e p r e d i c t i o n o f response s t r e n g t h s to p r e v i o u s l y 

u n t e s t e d p a t t e r n s t i m u l i . The model takes no account o f the 

a n a t o m i c a l s t r u c t u r e s o f the system, s i n c e these were n o t 

c o n s i d e r e d d u r i n g t he optomotor experiments: i t s u p p l i e s 

the s i m p l e s t c o n c e p t u a l scheme which q u a n t i t a t i v e l y d e s c r i b e s 

the processes o c c u r r i n g i n s i d e t he i n t a c t animals t h a t were 

observed^ "'"̂  ̂  . I t w i l l be seen t h a t i t makes some ana t o m i c a l 

p r e d i c t i o n s , however. 

The model has two d e t e c t o r i n p u t s (ommatidia) A and B, 

and one motor o u t p u t . A and B f e e d i n t o two channels, which 

at one p o i n t are cross connected. Before the o u t p u t i s 

reached, the i n f o r m a t i o n i n one channel i s s u b t r a c t e d from 

t h a t i n t h e o t h e r , and the d i f f e r e n c e i s the s i g n a l which 

d i r e c t s t h e o u t p u t response. 

The n a t u r e o f the s i g n a l s p a s s i n g a l o n g the two 

channels i s d e s c r i b e d as f o l l o w s . The two d e t e c t o r s t r a n s f o r m 

the i n p u t s t i m u l u s i n t o two t i m e - f u n c t i o n s , which are s i g n a l s 

v a r y i n g over time i n a manner c o r r e l a t e d w i t h the v a r i a t i o n s 

o f t he s t i m u l i . These two t i m e - f u n c t i o n s undergo f i l t e r i n g , 

w h ich t r a n s f o r m s them i n t o r e l a t e d t i m e - f u n c t i o n s . The 

f i l t e r s i n the model are l i n e a r , s i n c e e x p e r i m e n t a l data from 

Chlorophanus shows t h e r e t o be l i n e a r f i l t e r i n g d u r i n g the 

optomotor response. L i n e a r f i l t e r s have the p r o p e r t y t h a t 

t h e i r o u t p u t s may be superposed, which i m p l i e s t h a t t h e i r 

o u t p u t s f o r any g i v e n i n p u t can be expressed as the sum o f 



- 2 1 -

e l e m entary o u t p u t s i g n a l s t r i g g e r e d by a sequence o f narrow 

i n p u t p u l s e s , ( i n t o which the a r b i t r a r y i n p u t i s decomposed). 

So the response o f the f i l t e r t o a s i n g l e impulse i s a t i m e -

f u n c t i o n . 

For an a r b i t r a r y i n p u t L ( t ) , the o u t p u t i s the super

p o s i t i o n o f the elementary responses which g i v e s the responses, 

l i ^ t ) . I f the s t i m u l u s i n p u t be d e s c r i b e d by a f u n c t i o n 

v a r y i n g around an unchanging mean v a l u e , so t h a t 

= C + G ( t ) and 

= C + G ( t - A t ) , 

t h e n i t f o l l o w s t h a t t h e t r a n s f o r m a t i o n s e f f e c t e d on these 

f u n c t i o n s by the l i n e a r f i l t e r s o f the model can be f o l l o w e d 

e x a c t l y t h r o u g h t he model as they occur, r e s u l t i n g ±i an exact 

q u a n t i t a t i v e d e s c r i p t i o n o f the o u t p u t expected from the model 

f o r any a r b i t r a l ^ i n p u t s t i m u l u s . 

Each f i l t e r t r a n s f o r m s the t i m e - f i m c t i o n s i n t o new 

t i m e - f u n c t i o n s , and the symmetry o f the l e f t - t o - r i g h t and 

the r i g h t - t o - l e f t response i n d i c a t e s t h a t the f i l t e r s i n each 

channel are i d e n t i c a l , i . e . = Fg, = Ĝ , e t c . 

At the cross c o n n e c t i o n each channel r e c e i v e s an i n p u t 

f r o m t h e o t h e r channel. T h i s i s m u l t i p l i e d w i t h the i n f o r m a t i o n 

a l r e a d y p r e s e n t i n t h e chan n e l , so t h a t a f t e r t h i s each channel 

c a r r i e s i n f o r m a t i o n o r i g i n a t i n g from b o t h d e t e c t o r s . ( T h i s 

does n o t i m p l y t h a t each channel i s c a r r y i n g the same i n f o r m 

a t i o n , because each d e t e c t o r g e n e r a l l y r e c e i v e s a d i f f e r e n t 

i n p u t a t a g i v e n t i m e , and a l s o because the f i l t e r s F and H 

have m o d i f i e d t he t i m e - f x m c t i o n s L. and L_ i n d i f f e r e n t ways). 
A rS 

Each channel t h e n performs a t i m e - a v e r a g i n g on the 

t i m e - f u n c t i o n i t i s c a r r y i n g , and then the c o n t e n t s o f one 
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chomiel are subtracted from those of the other. The r e s u l t 

governs the response output, 

The model can be t e s t e d for i t s p r e d i c t i v e power, 
(39) 

T h i s has been done ̂  ' and the responses agree with the curves 

derived from the model. Furthermore, the model p r e d i c t s that 

the optomotor response of the b e e t l e should be i n v a r i a n t to 

phase s h i f t s i n the F o u r i e r components of the v i s u a l surround

ings of the i n s e c t , and t h i s a l s o has been demonstrated to be 

t r u e l 6 , 3 8 , 3 9 ) . 

There i s evidence that the model app l i e s both to 

Musca and Drosophila^^^'"^^ 9^7) ̂  

Use of the model l e d to i n c r e a s e d understanding of 

the o p t i c a l r e s o l u t i o n of the compoimd eye. The fundamental 

p r o p e r t i e s of a compoimd eye are ( l ) the divergence angle Afi 

between the axes of adjacent ommatidia, and (2) the s p a t i a l 

l i g h t - s e n s i t i v i t y range of an ommatidium, expressed by the 

"opening a n g l e " . The values of both these parameters may 

depend on the method applied f o r t h e i r measurement. I t i s 

thus d e s i r a b l e to i n v e s t i g a t e them with v a r i e d methods, and 

t h e r e f o r e o p t i c a l measurements, h i s t o l o g i c a l measurements, 

and optometer behavioural measurements have a l l been madê "̂ '̂"̂ ^̂  

The optomotor measurements proceeded by p r e d i c t i n g the expected 

q u a n t i t a t i v e response of the model on the parameters and 

T h i s was done by d e r i v i n g the equations which express the 

response i n terras of and Ap • The two parameters were 

then measured from Drosophila and Musca, the r e s u l t s being; 

4j2f (average) = k'6 degrees, f o r Drosophila. and 2.0 degrees 

f o r Musca. These both coincide with the measurements made 

h i s t o l o g i c a l l y of the interommatidial angle, i n h o r i z o n t a l 
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s e c t i o n s . i l p =3.5 degrees f o r D r o s o p h i l a , and 1.7 degrees f o r 

Musca. I t can be shown t h a t the two parameters and A 
(38 39) 

are so r e l a t e d t h a t they form an o p t i m a l p a i r ^ '' '. 

That i s , i n c r e a s e d r e s o l u t i o n would i n v o l v e h a v i n g a 

g r e a t e r d e n s i t y o f s m a l l e r ommatidia, which would then a l s o 

have g r e a t e r c o n t r a s t t r a n s f e r : b u t u l t i m a t e l y the l i g h t f l u x 

e n t e r i n g each ommatidium would be so s m a l l t h a t the s i g n a l , 

w i t h i t s e x c e l l e n t r e s o l u t i o n and c o n t r a s t t r a n s f e r , would 

be swamped by quantum n o i s e . T h e r e f o r e the p r o d u c t Ap.Ap> 

s h o u l d exceed a c e r t a i n l i m i t so t h a t the s i g n a l / n o i s e r a t i o 

i s f a v o u r a b l e . Given t h i s l i m i t , t hen the r a t i o o f to Ap 

s h o u l d have an optimum v a l u e a t which the r e s o l u t i o n i s n o t 

too coarse t o e x p l o i t the a v a i l a b l e c o n t r a s t t r a n s f e r , b u t 

a l s o t h e c o n t r a s t t r a n s f e r i s n o t so g r e a t t h a t the l i m i t s o f 

r e s o l u t i o n are exceeded. I t can be shown t h a t , i n t h i s sense, 
(38 39) 

and form an o p t i m a l p a i r ^ ' \ 

I t t h e n f o l l o w s t h a t the o p t i c a l r e s o l u t i o n o f the 

compound.eye i s determined by the a n g u l a r d e n s i t y o f the 

ommatidia, and n o t by the much h i g h e r a n g u l a r d e n s i t y o f the 

r e c e p t o r c e l l s i n the r e t i n a . T h i s i s t r u e r e g a r d l e s s o f 

whether the compound eye i s o f the a p p o s i t i o n , o p t i c a l 

s u p e r p o s i t i o n or n e u r a l s u p e r p o s i t i o n t y p e . This r e s u l t i s 

i m p o r t a n t f o r i t d e f i n e s the number o f i n f o r m a t i o n channels 

p r e s e n t i n the eye. 

I t i s t o be expected from the above r e s u l t s t h a t 

t h e r e e x i s t i n the nervous system o f Musca cross-connections 

between f u n c t i o n a l channels, and t h a t these c r o s s - c o n n e c t i o n s 

are e s s e n t i a l f o r the optomotor r e f l e x : f o r any movement 

d e t e c t i o n , i n f a c t . I t i s on these c r o s s - c o n n e c t i o n s t h a t 
the s t udy p r e s e n t e d here c o n c e n t r a t e s . I t was p o s s i b l e i n 
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f u r t h e r optoraotor experiments to discover f u r t h e r properties 

of these cross-connections, eind these r e s u l t s w i l l be stated 

here. The experiments were done mainly with Drosophila and 

l a t e r v e r i f i e d f o r Musca^'^^'''"^ tJ-7) ̂  These l a t e r experiments 

provided the following conclusions; 

1 , Both eyes of the f l y are equal I n t h e i r motion-

d e t e c t i n g a b i l i t i e s , and both are s e n s i t i v e to motion i n any 

d i r e c t i o n . 

L 2, The motion-detecting subunits possess c e r t a i n 

o r i e n t a t i o n s on the eye s u r f a c e , and they d i s c r i m i n a t e 

between p a t t e r n motions that are pro- and r e g r e s s i v e to these 

o r i e n t a t i o n s , 

3. Pro- and r e g r e s s i v e s t i m u l i e l i c i t opposite 

responses i n the f l i g h t system• 

4. The subunit o r i e n t a t i o n s are expected to group 

i n a t l e a s t two d i f f e r e n t d i r e c t i o n s that share a common 

l i n e of symmetry with the i n t e r n a l eye s t r u c t u r e . The 

minimum model r e q u i r e s the a x i s of symmetry to be the animal's 
. (13,14) long a x i s ^ ' . 

Many more conclusions were drawn from these 

experiments, but are not d i r e c t l y r e l e v a n t here. Of 

p a r t i c u l a r i n t e r e s t are some statements about the minimum 

number of n e u r a l connections necessary to e x p l a i n the 

observed behavioural responses. These conclusions are to 

be found i n r e f e r e n c e s 13,14 & 17-

Tfae Statement of I n t e n t 

The r e s e a r c h described b r i e f l y above provides a number 

of conclusions which made i t i n t e r e s t i n g to exajnlne the neuron 

L4 i n the lamina more c l o s e l y . These conclusions are gathered 

J " + a t o d i n order below; 
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( a ) The optomotor response i n Musca i n v o l v e s 

p h y s i o l o g i c a l processes i n the nervous system, w o r k i n g 

i n accordance w i t h t h e m a t h e m a t i c a l o p e r a t i o n o f m u l t i p l i 

c a t i o n , (p.21-22) 

( b ) The minimum m a t h e m a t i c a l model a c c o t i n t i n g 

q u a n t i t a t i v e l y f o r the observed b e h a v i o u r (optomotor 

response) i s one i n v o l v i n g f i r s t - o r d e r c o r r e l a t i o n . The 

model has a p r i n c i p a l a n a t o m i c a l r e q u i r e m e n t : t h a t the 

nervous system o f the animal should c o n t a i n f i b r e s l i n k i n g 

n e i g h b o u r i n g channels o f i n f o r m a t i o n f l o w ; these f i b r e s are 

expected t o mediate the c r o s s - c o n n e c t i o n s necessary f o r the 

m u l t i p l i c a t i o n process t o occur, (p.20-21) 

( c ) The m o t i o n - d e t e c t i n g s u b i m i t s possess c e r t a i n 

o r i e n t a t i o n on the eye s u r f a c e , and these o r i e n t a t i o n s are 

expected t o group i n a t l e a s t two d i f f e r e n t d i r e c t i o n s t h a t 

share a common l i n e o f symmetry w i t h t h e i n t e r n a l eye 

s t r u c t u r e . The minimvim model s a t i s f y i n g t h i s c o n d i t i o n 

r e q u i r e s t h a t t he a x i s o f symmetry by the animal's l o n g a x i s , 

t h e z - a x i s o f t h e hexagonal a r r a y o f ommatidia. (p.2Z|.) 

( d ) Musca possesses a " n e u r a l s u p e r p o s i t i o n " type o f 

eye. Thus the i n f o r m a t i o n o r i g i n a t i n g i n one p o i n t o f the 

o p t i c a l environment i s b r o u g h t t o g e t h e r as s i g n a l s e n t e r i n g 

the c a r t r i d g e s o f t h e l a m i n a . These, emd n o t the ommatidia, 

are t o be c o n s i d e r e d the channels o f i n f o r m a t i o n f l o w c a r r y i n g 

s i g n a l s d e r i v e d from the v i s u a l environment, f o r the r e s o l v e d 

v i s u a l environment i s mapped p o i n t - f o r - p o i n t onto the c a r t r i d g e s , 

and n o t onto the ommatidia. (p.lZf) 

( e ) I n the l6unina t h e r e i s found a c e l l , L4» which seads 

c o l l a t e r a l branches t o the two c a r t r i d g e s n e i g h b o u r i n g i t s 
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parent c a r t r i d g e , i n the +y and -x d i r e c t i o n s of the hexagonal 

a r r a y formed by the c a r t r i d g e s T h i s means that these 

c o l l a t e r a l s are symmetrical with r e s p e c t to the z-axis of the 

a r r a y , as w e l l as providing the l i n k s between information 

channels r e q u i r e d by the mathematical model of the optomotor 

response. They are therefore the f i r s t s t r u c t u r e s which 

could come under c o n s i d e r a t i o n as being these l i n k s . The 

other neurons of the lamina e i t h e r do not have c o l l a t e r a l s 

p a ssing between c a r t r i d g e s , or i n those which do, then the 

branching p a t t e r n has not been shown to s a t i s f y the conditions 

r e q u i r e d of the l i n k i n g f i b r e s . 

These conclusions provided a motivation f o r studying 

the s y n a p t i c connections made by L4 i n the lamina. P o s s i b l y 

the p a t t e r n found would i n d i c a t e that t h i s neuron mediates 

the m u l t i p l i c a t i o n process of the mathematical model, i n which 

case t h i s model could be t e s t e d and extended by f u r t h e r study 

of t h i s neuron. Such a f i n d i n g would, to a l a r g e extent, 

help i n e x p l a i n i n g the purpose and f u n c t i o n i n g of the remaining 

c e l l s of the lamina. 

Choice of technique. 

Use of the l i g h t microscope was p r o h i b i t e d by the small 

s i z e of the neurons i n the lamina; the whole c a r t r i d g e i s of 
(2) 

the order of 20|1 across*- F u r t h e r , supposing that the 

synapses of L4 could be rendered v i s i b l e i n the l i g h t microscope, 

there remained the f a c t that the three c o l l a t e r a l s of three 

d i f f e r e n t L4 c e l l s which converge onto each c a r t r i d g e , are 

twined i n t i m a t e l y together. I t would be impossible to 

d i s t i n g u i s h the c e l l c o n t a i n i n g a given synapse, and t h i s was 

to be the whole point of the study. I t was, therefore, necessary 
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t o have r e c o u r s e t o the e l e c t r o n microscope. T h i s c o u l d be 

done i n d i f f e r e n t ways. One way was t o assume t h a t the 

L4 c e l l s o f a g i v e n area o f the lamina a l l have i d e n t i c a l 

s y n a p t o l o g i e s , and the n t o proceed w i t h t he G o l g i - e l e c t r o n -

microscopy t e c h n i q u e . T h i s was b e i n g done by o t h e r workers 

i n t h e i n s t i t u t e , as p a r t o f a programme t o study the whole 

l a m i n a by t h i s t e c h n i q u e . T h e i r r e s u l t s appeared b e f o r e 

t h e r e s u l t s o f t h i s study^ . 

T h i s study proceeded t he second p o s s i b l e way. Since 

the c a r t r i d g e i s the i n f o r m a t i o n - p r o c e s s i n g i m i t o f the 

l a m i n a , i t i s o f some i n t e r e s t t o study the s y n a p t o l o g i e s 

o f t h e t h r e e c o l l a t e r a l s o f t h r e e d i f f e r e n t L2| c e l l s which 

converge onto one c a r t r i d g e and end t h e r e ( F i g . 13)• From 

t h i s one c o u l d perhaps deduce t h e i n t e r a c t i o n s mediated by 

these c o l l a t e r a l s i n s i d e one c a r t r i d g e . The r e s u l t s o f t h i s 

s t u d y l a r g e l y c o n f i r m t he r e s u l t s achieved w i t h the Golgi-EM 
^ (6,43) procedure^ . 

S e r i a l s e c t i o n i n g f o r t he e l e c t r o n microscope i s a 

slow t e c h n i q u e , b u t i t a l l o w s o f a q u a n t i t a t i v e d e s c r i p t i o n 

o f t h e o b j e c t thus observed. Since synapses i n s i d e t he L2̂  

c o l l a t e r a l endings were o b v i o u s l y r a r e , whereas o t h e r c l a s s e s 
(2) 

o f synapses were v e r y common, e.g. the R1-R6/L1,L2 synapses,^ ' 

the q u a n t i t a t i v e measurement c o u l d be v a l u a b l e i n l a t e r 

a t t e m p t s t o e x p l a i n t h e d i f f e r e n t frequency o f occurrence o f 

d i f f e r e n t c l a s s e s o f synapses. T h i s aspect would assume 

g r e a t e r s i g n i f i c a n c e i f t he neuron d i d i n f a c t t u r n out 

t o be the one m e d i a t i n g t he l i n k a g e s r e q u i r e d by the optomotor 

response model. These c o n s i d e r a t i o n s , t o g e t h e r w i t h t he f a c t 
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t h a t s e r i a l s e c t i o n i n g was almost the o n l y way o f making the 

r e q u i r e d o b s e r v a t i o n , l e d t o i t s use i n t h i s study. 

METHODS 

The c o n d i t i o n s imposed upon an o b j e c t b e i n g observed 

i n an e l e c t r o n microscope coltmin are w e l l knovm. A vacuum 

o f about l o " ^ T o r r i s necessary t o a l l o w e l e c t r o n s t o pass 

from cathode t o o b s e r v a t i o n s c r e e n , and these e l e c t r o n s are 

focussed by t h e condenser l e n s t o a near cro s s o v e r o r c r o s s 

over p o i n t a t the specimen, so t h a t h i g h f l u x e s o f e l e c t r o n s 

are a v a i l a b l e t o r e n d e r the image v i s i b l e t o the observer. 

Since e l e c t r o n s t r a v e r s e m a t t e r p o o r l y , and a l s o because the 

e l e c t r o n microscope o b j e c t i v e l e n s has a v e r y g r e a t depth 

o f f o c u s , i t i s necessary t h a t the specimen be s l i c e d v e r y 

t h i n t o enable i t s o b s e r v a t i o n . ( T h i c k s e c t i o n s are 

c o m p l e t e l y i n focus so t h a t the image i s v e r y d i f f i c u l t t o 

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

by use o f a v e r y s h a l l o w f o c a l p l a n e , as i n the l i g h t 

m i c roscope, b e i n g a b s e n t ) . F i n a l l y the s e c t i o n s w i l l be 

imaged f a i n t l y u n l e s s they are c o n t r a s t e d w i t h heavy met a l 

d e p o s i t s i n some way, because the image i s formed by use o f 

e l a s t i c a l l y s c a t t e r e d e l e c t r o n s : t h i s s c a t t e r i n g depends on 

the atomic numbers o f the atoms encountered i n the specimen, 

and s i n c e i n b i o l o g i c a l specimens the atomic numbers o f the 

main c o n s t i t u e n t s are v e r y s i m i l a r the images w i l l have an 

i n h e r e n t l a c k o f c o n t r a s t ̂ -^^'^^^. 

Some o f these f a c t o r s are e s p e c i a l l y s i g n i f i c a n t 

d u r i n g any a t t e m p t t o observe a s e r i a l l y s e c t i o n e d o b j e c t 
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i n t he e l e c t r o n microscope, and the methods chosen f o r 

p r e p a r a t i o n o f the specimens used here r e f l e c t t h i s f a c t . 

Of t h e f a c t o r s mentioned above t h e ones t h a t can cause 

d i f f i c u l t i e s a r e : 

( 1 ) n e c e s s i t y o f a minimum f l u x o f e l e c t r o n s t h r o u g h 

t h e specimen t o p r o v i d e a s u f f i c i e n t l y b r i g h t image a t the 

o b s e r v a t i o n screen, 

(2) t h e r e q u i r e m e n t t h a t the s e c t i o n s be t h i n , 

(3) the use o f a c o n t r a s t i n g procedure. 

To reduce these d i f f i c u l t i e s as f a r as p o s s i b l e 

v a r i o u s steps o f t h e p r e p a r a t i v e procedure were m o d i f i e d , and 

these m o d i f i c a t i o n s w i l l be mentioned below. 

F i x a t i o n : 

S t r a i n s o f f l i e s b r e d i n the MPI.Bio.Kyb, were used 

i n the e x p e r i m e n t s . These f l i e s were t h e r e f o r e f r e e l y a v a i l a b l e . 

The animals were stunned by a two-minute exposure t o c o l d , a t 

about -5°C. Other methods, such as s t u n n i n g w i t h e t h e r vapour 

o r COg were t r i e d , b u t were l e s s convenient t h a n use o f a c o l d 

shock; t h e r e was a l s o a s u s p i c i o n w i t h the use o f e t h e r t h a t 

c e l l membranes appeared smudged when seen on the f i n a l p i c t u r e s . 

I n most cases no d i s s e c t i o n was c a r r i e d out b e f o r e f i x a t i o n . 

The head was s l i c e d v e r t i c a l l y i n h a l f w i t h a sharp r a z o r , and 

the eye r e q u i r e d dropped i n t o the f i x i n g f l u i d . To a v o i d l a t e r 

u n c e r t a i n t y about the l o c a t i o n o f the t i s s u e b e i n g examined, 

o n l y t h e r i g h t eye was f i x e d i n these experiments. Thus, any 

a m b i g u i t y c o u l d be r e s o l v e d d i r e c t l y from the micrographs, (p.7) 

The f i x a t i v e f i n a l l y used was Phosphate-buffered formaldehyde 
(Zil 22 23) 

g l u t a r a l d e h y d e m i x t u r e , a f t e r Karnovsky^^ ' ' \ A s e r i e s 

o f f i x a t i o n s u s i n g t h i s f i x a t i v e a t v a r y i n g pH, t e m p e r a t u r e , 

o s m o l a l i t y , and m o l a r i t y o f g l u t a r a l d e h y d e , gave the f o l l o w i n g 
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s o l u t i o n ( s e e b e l o w ) as t h e b e s t r e s u l t . I n an a t t e m p t t o 

b l o c k - s t a i n t h e t i s s u e s , t o a v o i d t h e need t o s t a i n u l t r a t h i n 

s e c t i o n s on g r i d s , s p e c i m e n s were s t a i n e d a f t e r t h e K a r n o v s k y 

m i x t u r e w i t h aqueous p h o s p h o t i i n g s t i c a c i d o r e t h a n o l i c 

t u n g s t i c a c i d ^ " ^ ^ , w i t h u r a n y l a c e t a t e , w i t h p o t a s s i u m 

p e r m a n g a n a t e ' ^ , and w i t h osmic a c i d ^ " ^ ^ ^ . No b e t t e r 

m e t h o d was f o u n d t h a n osmic a c i d f o l l o w e d b y u r a n y l a c e t a t e 

and p h o s p h o t u n g s t i c a c i d i n e t h a n o l . T h i s i s a s t a n d a r d 

p r o c e d u r e , and none o f t h e o t h e r s m a t c h e d i t s q u a l i t y o f 

f i x a t i o n a l t h o u g h p e r m a n g a n a t e d i d g i v e b e t t e r c o n t r a s t , 
(37) 

w i t h o u t o n - t h e - g r i d s t a i n i n g ^ ', D i f f e r e n t p e r i o d s o f 

p o s t - f i x a t i o n i n osmic a c i d showed t h a t 90 m i n u t e s was 

o p t i m a l . The f i x a t i o n f i n a l l y u s e d was as f o l l o w s : 

F i x i n g p r o c e d u r e 

G l u t a r a l d e h y d e / p a r a f o r m a l d e h y d e , pH = 7.20, 2.\ h r s , 4*'C. 

P h o s p h a t e b u f f e r , pH = 7.20, t h r e e 5-minute washes. 

V e r o n a l - b u f f e r e d osmic a c i d , pH = 7.20, f o r 90 m i n u t e s . 

V e r o n a l - b u f f e r , pH = 7.20, t h r e e 5-minute washes. 

30^ e t h a n o l , f o r 10 m i n u t e s . 

509̂  e t h a n o l , f o r 10 m i n u t e s . 

709̂  e t h a n o l + 2̂^ U r a n y l a c e t a t e + 0.1^ P h o s p h o t i i n g s t i c a c i d 

f o r 12 h o u r s . 

1009̂  e t h a n o l , t h r e e washes a t 10 m i n u t e s each. 

Embedding. 
F o r m u l a e f o r f i x a t i v e r e a g e n t s ; 

P a r a f o r m a l d e h y d e / g l u t a r a l d e h y d e ; 

0.9 gm NaOH 

8.0 gm p a r a f o r m a l d e h y d e 

200 m l d i s t i l l e d w a t e r . H e a t t h i s m i x t u r e t o 60*'c, 
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n o t l e s s , and w a i t t i l l t he parafor m a l d e h y d e d i s s o l v e s . C o o l 

u n d e r t a p w a t e r , t h e n add: 

3.75 gm NaH^PO^.HgO 

k ml g l u t a r a l d e h y d e , 25^* S t i r , c h e c k pH - s h o u l d be 

between 7,1 to 7-̂ .̂ Use f r e s h , b ecause the g l u t a r a l d e h y d e 

o x i d i s e s and the pH f a l l s to about 6.0, w h i c h i s u n a c c e p t a b l e . 

Phosphate b u f f e r (pH = 7.20) 

( l ) 9,08 g m / l l t r e KH^PO^, p r e p a r e one l i t r e , 

( l l ) 11.875 g m / l i t r e Na^H P0^,2H20, one l i t r e . 

Take 72.6 c c o f s o l u t i o n ( l l ) , make up to 100 c c w i t h s o l u t i o n ( l ) 

V e r o n a l b u f f e r 

V e r o n a l (sodium b a r b i t u r a t e ) 14.7 gm + Na,00C.CH^.3H20, 

9.7 gm, + 55 ml N/1 H C l , make up to 1000 ml w i t h d i s t i l l e d 

w a t e r . pH = 7.25. 

V e r o n a l - b u f f e r e d osmic a c i d 

5 ml o f 2^ aqueous OsO^ s o l u t i o n , + 5 ml v e r o n a l b u f f e r , 

g i v i n g a 1̂ ^ b u f f e r e d s o l u t i o n o f osmic a c i d , pH = 7.25< 

The two f i x a t i v e s o l u t i o n s were p r e p a r e d i n a fume-cupboard. 

Embedding 

The f i x e d b r a i n s were embedded i n A r a l d i t e . T h i s i s 
(53) 

a l s o a s t a n d a r d method^ A r a l d i t e i s an epoxy r e s i n , and 

t h e s e have the d i s a d v a n t a g e t h a t t h e y s i g n i f i c a n t l y d e c r e a s e 

t h e c o n t r a s t a v a i l a b l e i n t h e t i s s u e when I't i s viewed i n t h e 

e l e c t r o n m i c r o s c o p e . T h i s makes g r i d s t a i n i n g e s s e n t i a l , and 

t h e r e b y i n c r e a s e s the d i f f i c u l t i e s a s s o c i a t e d w i t h s e r i a l 

s e c t i o n i n g . However, t h e o t h e r c h a r a c t e r i s t i c s o f epoxy r e s i n 

a r e so f a v o u r a b l e i n comp a r i s o n to tho s e o f , f o r example, 
(53 31 33) 

m e t h a c r y l a t e s , t h a t u s e o f A r a l d i t e i s to be preferred^-"^"^'-"^ ' 



-32-

A r a l d i t e embedments a r e s t a b l e u n d e r h i g h e l e c t r o n f l u x e s , 

and p e n e t r a t i o n o f t h e t i s s u e s i s e x c e l l e n t . A l s o t h e 

c u t t i n g p r o p e r t i e s o f t h e s e embedments a r e v e r y good. 

D e h y d r a t i o n i n a l c o h o l , 10 m i n u t e s o a k i n g s i n 30^, 

50^, 70^, 90% and t h r e e t i m e s 100̂ ^ e t h a n o l s u c c e s s i v e l y , was 

f o l l o w e d b y two 20-minute s o a k i n g s i n p r o p y l e n e o x i d e s i n c e 

t h i s i s a b e t t e r s o l v e n t f o r A r a l d i t e t h a n e t h a n o l . A l s o , 

any t r a c e s o f p r o p y l e n e o x i d e r e m a i n i n g i n t h e t i s s u e s when 

t h e r e s i n i s c u r e d a r e c h e m i c a l l y bonded i n t o t h e p l a s t i c , 

so t h a t t h e t i s s u e i s n o t d i s t u r b e d by g a s s i n g . 

The A r a l d i t e was m i x e d as b e l o w , s t o r e d t i l l n e eded 

a t -10°C, and a f t e r e m b e d d i n g , c u r e d f o r 12 h o u r s a t 40°C, 

t h e n 12 h o u r s a t 50°C, t h e n 2k h o u r s a t 6o''C. 6 h o u r s 

c o o l i n g was a l l o w e d f o r c r o s s - l i n k i n g o f t h e p o l y m e r t o o c c u r . 

A r a l d i t e 

( C i b a / G e i g y A r a l d i t e ) 

100 m l Component A ) 
, „ , „ , ̂  \ M i x , s t i r t h o r o u g h l y w i t h g l a s s + 100 m l Component B ) , , j . or> • -̂

\ f o r a-'t l e a s t 30 m x n u t e s . 

+ 5 m l Component D ) 

Then add 
1 m l Component C S t i r t h o r o u g h l y f o r a t l e a s t 

a n o t h e r 30 m i n u t e s ; S t o r e a t 0*'c, 

P r e p a r a t i o n o f g r i d s 

Copper g r i d s o f 3 nmi d i a m e t e r and c o n t a i n i n g a c i r c u l a r 

h o l e o f 1 mm d i a m e t e r were u s e d . Use o f g r i d s w i t h b a r s o r 

n e t s was n o t p o s s i b l e b e c a u s e o f t h e r e q u i r e m e n t t h a t e v e r y 

s e c t i o n on t h e g r i d be v i s i b l e . G r i d s w i t h b a r s were u s e d 

once o r t w i c e , w i t h t h e e x p e r i e n c e t h a t on e v e r y o c c a s i o n t h e 

r i b b o n o f s e c t i o n s a l i g n e d i t s e l f w i t h t h e b a r s and so c o u l d 
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n o t be o b s e r v e d . S t o u t g r i d s were p r e f e r r e d . I t i s 

p o s s i b l e t o o b t a i n t h i n ones w h i c h t e n d t o bend -very e a s i l y , 

and t h e r i s k o f b r e a J c i n g t h e f i l m t h e r e b y i s t o o g r e a t . 

The g r i d s were c o a t e d w i t h f i l m s o f F o r m v a r . T h i s 

was d i s s o l v e d i n d i c h l o r o - e t h a n e . I t was f o u n d t h a t s o l u t i o n s 

made w i t h c h l o r o f o r m d r i e d t o o q u i c k l y and p r o d u c e d u n e v e n 

f i l m s : i n t h e e l e c t r o n beam t h e s e f i l m s a r e l e s s s t a b l e . 

The s o l u t i o n o f F o r m v a r was made by d i s s o l v i n g O.Z| gm o f 

F o r m v a r i n 100 cc o f d i c h l o r o e t h a n e . T h i s was s t i r r e d w i t h 

a m a g n e t - s t i r r e r f o r a t l e a s t f i v e h o u r s b e f o r e u s e . I t 

was f o u n d t h a t t o o s h o r t s t i r r i n g t i m e s d i d n o t a l l o w t h e 

F o r m v a r t o d i s s o l v e p e r f e c t l y , and a g a i n u n s t a b l e f i l m s were 

t h e r e s u l t . S t i r r i n g was done a t room t e m p e r a t u r e , b u t i f 

s t o r a g e o f a F o r r a v a r s o l u t i o n was n e c e s s a r y t h i s was done a t 

k°C, F o r m v a r s o l u t i o n s were n o t s t o r e d l o n g e r t h a n o v e r n i g h t . 

F o r m v a r f i l m s were p r e p a r e d by d i p p i n g a m i c r o s c o p e 

s l i d e i n t o t h e s o l u t i o n f o r h a l f t h e i r l e n g t h , and a l l o w i n g 

e x c e s s s o l u t i o n t o d r a i n o f f one c o m e r . A f t e r a p e r i o d o f 

10-15 s e c o n d s t h e d i c h l o r o e t h a n e had e v a p o r a t e d and t h e f i l m 

was t h e n s t r i p p e d o f f t h e s l i d e . D u r i n g e v a p o r a t i o n o f t h e 

s o l v e n t g r e a t c a r e was t a k e n n o t t o b r e a t h on t h e s l i d e 

b e c a u s e d r o p l e t s o f w a t e r v a p o u r f a l l i n g o n t o i t p r o d u c e 

h o l e s i n t h e f i n a l f i l m , and d u s t p a r t i c l e s i n t r o d u c e d i n t o 

t h e f i l m a t t h i s s t a g e a r e a s o u r c e o f d i r t on t h e f i n a l 

p h o t o g r a p h s o f t h e s p e c i m e n . S t r i p p i n g o f t h e f i l m away 

f r o m t h e s l i d e was done i m m e d i a t e l y because on t h o s e o c c a s i o n s 

w h e re i t was a l l o w e d t o r e m a i n on t h e s l i d e f o r h a l f an h o u r 

o r more, s t r i p p i n g became e x t r e m e l y d i f f i c u l t . I n a l l cases 

t h e s l i d e s u s e d h a d been c l e a n e d by w i p i n g them c a r e f u l l y w i t h 

t i s s u e p a p e r . More v i g o r o u s c l e a n i n g m e t h o d s , s u c h as r i n s i n g 
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i n a l k a l i s o l u t i o n , made s t r i p p i n g o f t h e f i l m an i m p o s s i b i l i t y , 

The f i l m was s t r i p p e d o f f t h e s l i d e by i m m e r s i n g t h e s l i d e a t an 

a n g l e o f a b o u t d e g r e e s i n t o w a t e r , one end f i r s t , t h e n w i t h 

a smooth movement i m m e r s i n g t h e w h o l e s l i d e a t t h e same a n g l e , 

so t h a t t h e w a t e r s u r f a c e moved c o n t i n u o u s l y and a t r e g u l a r 

s peed up t h e s l i d e . The f i l m t h e n u s u a l l y f l o a t e d o f f t h e 

s l i d e a nd r e m a i n e d on t h e w a t e r s u r f a c e . The p r o c e s s was 

f a c i l i t a t e d by b r e a t h i n g l i g h t l y o n t o t h e s l i d e b e f o r e 

i m m e r s i o n b u t a f t e r t h e e v a p o r a t i o n o f t h e s o l v e n t . I f t h e 

f i l m f a i l e d t o d e t a c h f r o m t h e s l i d e t h e s l i d e was d r o p p e d 

and a l l o w e d t o s i n k t o t h e b o t t o m o f t h e w a t e r . Many s u c h 

s l i d e s c a n be p r e p a r e d i n a s h o r t t i m e and so t h e i r p r e p a r a t i o n 

r e p r e s e n t s no b o t t l e n e c k i n p r o c e d u r e . The n a t u r e o f t h e 

w a t e r u s e d f o r t h i s p r o c e d u r e i s o f c r i t i c a l i m p o r t a n c e . I f 

t h e s u r f a c e i s d i r t y t h e n t h e f i n a l p i c t u r e s w i l l be m a r r e d 

w i t h b l a c k d i r t p a r t i c l e s . S i n c e t h e d i r t a l l o w e d t o 

c o n t a m i n a t e t h e f i l m on a g r i d i s a d d i t i v e , t h a t a t one s t a g e 

a c c u m u l a t i n g w i t h t h a t o f t h e p r e v i o u s s t a g e , and i s i m p o s s i b l e 

t o r e m o v e , t h e f i n a l p i c t u r e c a n be h e a v i l y p o l l u t e d u n l e s s 

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

p r o c e d u r e s . T h e r e f o r e , t h e w a t e r u s e d a t t h i s s t a g e was 

a l w a y s f r e s h l y d i s t i l l e d w a t e r o r d e - i o n i s e d w a t e r p r e p a r e d 

c o m m e r c i a l l y f o r m e d i c a l u s e : b u t t h e n o n l y f r o m a f r e s h l y 

o pened b o t t l e . I t was p o u r e d i n t o a l a r g e t r o u g h and 

i m m e d i a t e l y c o v e r e d w i t h a l i d . The s t r i p p i n g p r o c e s s was 

c a r r i e d o u t u n d e r n e a t h t h e t i l t e d l i d . 

The f i l m f l o a t i n g on t h e w a t e r s u r f a c e was made c l e a r l y 

v i s i b l e b y i l l u m i n a t i n g i t b r i g h t l y f r o m above. G r i d s were 

t h e n t a k e n up s i n g l y w i t h t w e e z e r s and d r o p p e d m a t t s i d e down 
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o n t o t h e f i l m . Onto e a c h f i l m were d r o p p e d o n l y a f e w 

g r i d s . The c o r n e r s o f t h e f i l m t e n d t o be t h i c k e r , a l s o 

t h e e d g e s. G r i d s were s p a c e d a b o u t 5 mm f r o m each o t h e r , 

so t h a t when t h e y were removed f r o m t h e f i l m , no m e c h a n i c a l 

s t r e s s e s w e re a p p l i e d t o t h e f i l m s o f n e i g h b o u r i n g g r i d s . 

The f i l m w i t h i t s g r i d s were t h e n removed f r o m t h e w a t e r by 

l a y i n g t h e edge o f a s t r i p o f t h i c k p l a s t i c f i l m on t h e 

w a t e r s u r f a c e n e a r t h e F o r m v a r f i l m , and p u s h i n g t h e t h i c k 

f i l m f o r w a r d i n t o t h e w a t e r a t an a n g l e o f 1̂.5 d e g r e e s . 

The f o r m v a r f i l m was t h u s c a u g h t on t h e l o w e r s u r f a c e o f 

t h e t h i c k f i l m , and submerged w i t h i t . ¥hen t h e t h i c k 

f i l m was removed f r o m t h e w a t e r t h e F o r m v a r f i l m a d h e r e d 

f i r m l y t o i t , w i t h t h e g r i d s sajadwiched b e t w e e n them. The 

c o m b i n a t i o n was b l o t t e d c a r e f u l l y and l a i d on a f i l t e r p a p e r 

i n a P e t r i - d i s h . The d i s h was p l a c e d i n a d e s i c c a t o r and 

t h e g r i d s were r e a d y f o r use a f t e r 2k h o u r s . They c o u l d 

be s t o r e d f o r two o r t h r e e weeks i f n e c e s s a r y . F o r l o n g e r 

p e r i o d s i t was f o u n d p r e f e r a b l e t o p r e p a r e f r e s h g r i d s . 

T h i s p r o c e d u r e p r o d u c e d s t a b l e g r i d s w h i c h were r e l i a b l y 

c l e a n , a l t h o u g h o c c a s i o n a l d i r t y g r i d s d i d a p p e a r . 

S e c t i o n i n g 

The L4 c o l l a t e r a l s t o be e x a m i n e d l i e i n t h e p r o x i m a l 

p a r t o f t h e l a m i n a . T h e r e f o r e , t h e w h o l e r e t i n a and t h e 

d i s t a l l a m i n a must be t r i m m e d away. The r o u g h t r i m m i n g , 

t o e x pose t h e t i s s u e b y c l e a r i n g away ex c e s s A r a l d i t e , i s 

e a s i l y done u s i n g a r a z o r - b l a d e and a b i n o c u l a r d i s s e c t i o n 

m i c r o s c o p e . U s u a l l y most o f t h e compound eye was exposed 

i n t h i s way, so t h a t a c h o i c e o f t h e e x a c t l o c a t i o n f o r 
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s e c t i o n i n g c o u l d be made. The A r a l d i t e b l o c k was t h e n 

i n s e r t e d i n t o t h e h o l d e r o f t h e u l t r a m i c r o t o m e and s e m i - t h i n 

s e c t i o n s c u t o f f n o r m a l t o t h e s u r f a c e o f t h e eye a t t h a t 

p o i n t c h o s e n f o r s t u d y . These s e m i - t h i n s e c t i o n s , 2 m i c r o n s 

t h i c k , w e r e removed f r o m t h e g l a s s k n i f e w i t h a c a m e l - h a i r 

b r u s h , and p l a c e d on a d r o p o f w a t e r on a m i c r o s c o p e s l i d e . 

T h i s s l i d e was warmed t o 6o''C f o r a f e w m i n u t e s so t h e s e c t i o n s 

d r i e d down o n t o i t , and t h e n t h e f o l l o w i n g s t a i n a p p l i e d t o 

t h e s e c t i o n s a t 60°C f o r a b o u t one m i n u t e : 

ifc a z u r 2 i n d i s t i l l e d w a t e r + an e q u a l v olume o f 

ifc m e t h y l e n e b l u e i n 1"/) b o r a x s o l u t i o n . ( M a l l o r y ' s 

A z u r 2 - m e t h y l e n e b l u e s t a i n ) 

T h i s s t a i n w i l l be r e f e r r e d t o as t h e " m e t h y l e n e b l u e s t a i n " . 

I t s t a i n s A r a l d i t e - e m b e d d e d t i s s u e s . When t h e s e were f i x e d 

as d e s c r i b e d a b o v e , t h e c y t o p l a s m o f most c e l l s s t a i n deep 

b l u e , and some n e u r o n s have c y t o p l a s m s t a i n i n g o n l y l i t t l e . 

The r e s u l t i s t h a t t h e g r o s s e r f e a t u r e s o f t h e t i s s u e can be 

e a s i l y e x a m i n e d i n t h e l i g h t m i c r o s c o p e w i t h a x23 o b j e c t i v e , 

w i t h o u t phase c o n t r a s t . A f t e r s t a i n i n g t h e s l i d e can be 

r i n s e d w i t h t a p w a t e r and a l l o w e d t o d r y , and t h e n a permainent 

p r e p a r a t i o n made u s i n g Permount t o mount t h e c o v e r s l i p . 

U s i n g t h e s e s e m i - t h i n s e c t i o n s i t was easy t o check 

t h a t t h e c o r r e c t p a r t o f t h e eye was b e i n g s e c t i o n e d by 

e x a m i n i n g t h e r e t i n a . L a t e r t h e s e s e c t i o n s c o u l d g i v e 

i n f o r m a t i o n a b o u t r o u g h l y how deep i n t h e l a m i n a t h e 

s e c t i o n i n g h a d r e a c h e d . S i n c e t h e eye and l a m i n a a r e 

c o n v e x domes, t h e n a t r a n s v e r s e s e c t i o n s h o w i n g a s m a l l a r e a 

o f c h i a s m a i n t h e m i d d l e c o u l d be t a k e n t o g u a r a n t e e t h a t a 

number o f c a r t r i d g e s w o u l d be v i s i b l e on t h e f i n a l u l t r a t h i n 
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s e c t i o n , c u t a c r o s s a t v a r y i n g l e v e l s ( F i g . 19). The c h o i c e 

o f c a r t r i d g e t o be f o l l o w e d c o u l d t h e n be made a t t h e e l e c t r o n 

m i c r o s c o p e . 

A t t h i s p o i n t t h e b l o c k was removed f r o m t h e u l t r a m i c r o t o m e , 

and a f i n a l t r i m m i n g done u n d e r t h e d i s s e c t i n g m i c r o s c o p e . T h i s 

was a g a i n done w i t h r a z o r - b l a d e . The a i m was t o p r o d u c e a 

s e c t i o n i n g - f a c e w i t h t h e s m a l l e s t p o s s i b l e s u r f a c e a r e a and 

t h e c o r r e c t t r a p e z o i d a l shape. The d e p t h o f t h e t r a p e z o i d was 

u s u a l l y l i m i t e d t o t h r e e o r f o u r c a r t r i d g e r o w s , a t t h e most t o 

a b o u t 100 m i c r o n s deep: t h i s a l l o w e d t h e p l a c i n g o f r i b b o n s 

10-20 s e c t i o n s l o n g o n t o a s i n g l e g r i d . Such t r i m m i n g was v e r y 

d e l i c a t e , b u t gave t h e a d v a n t a g e t h a t c u t t i n g a r t e f a c t s s u c h as 

c h a t t e r , b a d l y expanded s e c t i o n s , and u n e v e n t h i c k n e s s e s o f 

n e i g h b o u r i n g s e c t i o n s , were e a s i l y a v o i d e d . A l s o , t h e g l a s s 

k n i f e was no t r o u b l e d u r i n g s e c t i o n i n g : no s c r a t c h i n g o c c u r r e d , 

m a i n l y b e c a u s e t h e r i b b o n o f s e c t i o n s c o u l d be a l l o w e d t o grow 

q u i t e l o n g w i t h o u t d i s t u r b a n c e . 

The m i c r o t o m e u s e d f o r u l t r a t h i n s e c t i o n i n g was u s u a l l y 

a P o r t e r - B l v i m MT2-B, b u t sometimes an LKB 300 was u s e d . The 

t i m e c h o s e n t o p e r f o r m s e r i a l s e c t i o n i n g was u s u a l l y an 

e v e n i n g d u r i n g a weekend, t o a v o i d p r o b l e m s due t o v i b r a t i o n s 

c a u s e d b y t r a f f i c o r w a l k i n g p e o p l e . 

V a r i o u s m o d i f i c a t i o n s t o n o r m a l c u t t i n g t e c h n i q u e were 

u s e d . These w e r e : 

( l ) The k n i f e 

G l a s s k n i v e s were u s e d . More t h a n 200 s e c t i o n s c o u l d 

be o b t a i n e d w i t h o u t pause and w i t h o u t s c r a t c h i n g f r o m a n o r m a l 

g l a s s k n i f e , p r o v i d i n g t h e s e c t i o n i n g - f a c e was s m a l l . The 

s t a n d a r d p i e c e o f Tesa-band was c u r v e d a r o u n d t h e k n i f e t o 
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form a t r o u g h , and t h e t r o u g h was s e a l e d w i t h n a i l - v a m i a h . 

The d i f f e r e n c e was t h a t a looped i n j e c t i o n - n e e d l e was taped 

onto the k n i f e i n s u c h a way t h a t its p o i n t r e s t e d i n s i d e the 

t r o u g h , and below the l e v e l o f the c u t t i n g edge. T h i s 

n e e d l e was s e a l e d i n t o p o s i t i o n w i t h a p i e c e o f Tese-band 

and n a i l - v a m i s h . 

D u r i n g u s e o f t h e k n i f e t h e n e e d l e was a t t a c h e d to 

a l - m e t r e l o n g p i e c e o f p l a s t i c t u b i n g , w h i c h a t i t s f a r 

end was a t t a c h e d to a s y r i n g e mounted on a board and 

p r o v i d e d w i t h a f i n e s c r e w s y s t e m a t t a c h e d to the p l u n g e r . 

The s y r i n g e , the t u b i n g and the k n i f e were a l l f i l l e d w i t h 

d i s t i l l e d w a t e r b e f o r e s e c t i o n i n g began, and d u r i n g 

s e c t i o n i n g the l e v e l o f the w a t e r s u r f a c e c o u l d be e a s i l y 

c o n t r o l l e d by moving t h e s c r e w knob s l i g h t l y . T h i s 

arrangement a l l o w e d the problem o f e v a p o r a t i o n from the 

t r o u g h d u r i n g s e r i a l s e c t i o n i n g to be o b v i a t e d w i t h o u t 

d i s t u r b i n g the w a t e r s u r f a c e i n any way. A l s o , i f a r i b b o n 

o f s e c t i o n s p r o v e d d i f f i c u l t t o remove from the c u t t i n g edge, 

a g e n t l e squeeze on the t u b i n g a l l o w e d a c u r r e n t o f w a t e r to 

be a p p l i e d to them from b e n e a t h , a p r o c e d u r e which flequently 

d i s l o d g e d them. The whole aarrangement has been d e s c r i b e d 

b e f o r e 

(2) Removal o f s e c t i o n s from t h e trough 

F i s h i n g f o r t h e s e c t i o n s w i t h a g r i d c a u s e s g r e a t 

d i s t u r b a n c e to t h e g l a s s k n i f e , and can r e s u l t i n a s e c t i o n 

b e i n g s k i p p e d o r a t h i c k s e c t i o n b e i n g c u t on the n e x t c y c l e . 

The UCB microtome c o u l d be h a l t e d , c o o l e d w i t h i t s f a n , and 

r e s t a r t e d a f t e r t h e s e c t i o n s had been caught on t h e g r i d . 

I h l s was n o t p o s s i b l e w i t h t h e Porter-Blijtm, and even w i t h the 
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LKB t h e r e s u l t was f r e q u e n t l y t h a t the g r i d b r u s h e d a g a i n s t 

t h e k n i f e c u t t i n g - e d g e , and c a u s e d s c r a t c h e s on subsequent 

s e c t i o n s ^ The f o l l o w i n g t e c h n i q u e a l l o w e d r i b b o n s o f 

s e c t i o n s t o be removed from t h e tr o u g h w i t h minimal 

d i s t u r b a n c e t o c u t t i n g • 

A g l a s s r o d was h e a t e d w i t h a bunsen b u r n e r , and 

s t r e t c h e d to p r o v i d e a v e r y t h i n d i a m e t e r l e n g t h o f g l a s s . 

T h i s l e n g t h was h e a t e d g e n t l y and f o l d e d i n t o a loop . The 

r e s u l t i n g g l a s s - l o o p o f about 3 mm d i a m e t e r c o u l d be e a s i l y 

c l e a n e d i n a c i d and k e p t i n e a s y r e a c h o f the u l t r a m i c r o t o m e . 

V l r e l o o p s have a l s o been u s e d f o r t h i s purpose. 

When a s u f f i c i e n t l y l o n g r i b b o n o f s e c t i o n s had been 

c u t t h e g l a s s l o o p c o u l d be immersed i n the tr o u g h w a t e r and 

brought up b e n e a t h t h e r i b b o n . The r i b b o n t h e n remained 

f l o a t i n g on t h e drop o f w a t e r i n the l o o p , when i t was p u l l e d 

away. I t was e a s y to pe r f o r m t h i s sequence q u i c k l y and w i t h 

no d i s t u r b a n c e o f t h e t r o u g h w a t e r , V i t h c a r e the loop 

c o u l d be u s e d t o l i f t up a r i b b o n o f s e c t i o n s s t i l l a d h e r i n g 

to t h e c u t t i n g edge o f t h e k n i f e , a v o i d i n g the need f o r any 

o t h e r movements n e a r the microtome, 

(3) C a p t u r e o f s e c t i o n s on g r i d s 

The aim o f c a t c h i n g a whole r i b b o n o f s e c t i o n s on a 

g r i d w i t h o u t any s e c t i o n s l y i n g o v e r t h e m e t a l o f the g r i d 

i s d i f f i c u l t t o a c h i e v e i f the r i b b o n i s n e a r l y a s l o n g a s 

the g r i d i s wide, and w i t h o u t ample time and s p a c e . These 

l a t t e r f a c t o r s were p r o v i d e d i n the f o l l o w i n g way. S m a l l 

s l a b s o f s t e e l were bored w i t h a c o u n t e r s i n k d r i l l to 

produce a c a v i t y i n one s u r f a c e , about a c e n t i m e t e r i n 

d i a m e t e r . The s l a b s were t h e n s p r a y e d w i t h b l a c k p a i n t . 



A s m a l l p o o l o f w a t e r was p u t i n t o t h e c a v i t y o f s e v e r a l 

s l a b s b e f o r e s e c t i o n i n g began. A f l u o r e s c e n t l i g h t was 

u s e d t o i l l u m i n a t e t h e s u r f a c e o f t h e p o o l o f w a t e r i n one 

s l a b i n s u c h a way t h a t s e c t i o n s f l o a t i n g on t h e p o o l were 

made c l e a r l y v i s i b l e i n t h e same manner as o c c u r s a t t h e 

u l t r a m i c r o t o m e i t s e l f . The p o o l o f w a t e r c o u l d be 

o b s e r v e d w i t h a b i n o c u l a r d i s s e c t i n g m i c r o s c o p e . I t was 

easy t o r e l e a s e t h e r i b b o n o f s e c t i o n s p i c k e d up on a g l a s s 

l o o p o n t o t h e p o o l o f w a t e r on t h e b l a c k s l a b and pass t h e 

w h o l e s l a b o v e r t o an a s s i s t a n t , o r i n d e e d s i m p l y t o l e a v e 

i t u n t i l s e c t i o n i n g was f i n i s h e d . Then t h e r i b b o n o f 

s e c t i o n s c o u l d be a c c u r a t e l y a l i g n e d a t l e i s u r e w i t h t h e 

h o l e o f a g r i d , w i t h p l e n t y o f w o r k i n g space and t h e 

p o s s i b i l i t y o f d i s c a r d i n g a d e f e c t i v e g r i d i f t h i s were 

n e c e s s a r y . S e c t i o n s were c a p t u r e d on g r i d s by l o w e r i n g 

t h e g r i d i n t o t h e w a t e r p e r p e n d i c u l a r l y u n t i l t h e w a t e r 

s u r f a c e c o v e r e d h a l f t h e h o l e , and t h e n e d g i n g t h e g r i d 

t o w a r d a s e c t i o n . T i l t i n g t h e g r i d s l i g h t l y u n d e r t h e 

s e c t i o n and p u l l i n g i t up f r o m t h e w a t e r w o u l d t h e n cause 

t h e s e c t i o n s t o a d h e r e t o t h e Formva r f i l m . 

S e c t i o n s 

S i l v e r s e c t i o n s were c u t . These had a t h i c k n e s s o f 

b e t w e e n 600-900 A n g s t r o m s . D u r i n g a l o n g s e r i a l s e c t i o n 

some s l i g h t l y t h i c k e r and s l i g h t l y t h i n n e r s e c t i o n s were 

a l w a y s p r o d u c e d , f o r unknown r e a s o n s . Lack o f v i b r a t i o n 

o r a i r movement, no manual c o n t a c t w i t h t h e m i c r o t o m e , and 

e v e n h e a t i n g e t c . i n t h e room, d i d n o t s u f f i c e t o remove 

t h i s p r o b l e m . I f a s e r i a l s e c t i o n c o n t a i n e d otn u n a c c e p t a b l e 

number o f g o l d s e c t i o n s (1200 A ) , o r , on even l e s s f o r t u n a t e 
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o c c a s i o n s b l u e ones (150O A ) , i t was d i s c a r d e d . The s e r i e s 

u s e d c o n t a i n e d m a i n l y s i l v e r s e c t i o n s t o g e t h e r w i t h a few 

g r e y ones and p a l e g o l d ones. 

C o n t r a s t i n g o f S e c t i o n s 

G r i d - c o n t r a s t i n g u s i n g R e ynold's l e a d c i t r a t e was used^^*^^ 

The t w o - s t e p c o n t r a s t i n g p r o c e d u r e i n v o l v i n g u r a n y l a c e t a t e and 

t h e n l e a d c i t r a t e , was not u s e d . T h i s i m p l i e d a minor l o s s 

o f c o n t r a s t on t h e s e c t i o n s , b u t t h i s c o u l d e a s i l y be recouped 

a t t h e m i c r o s c o p e or d u r i n g t h e p h o t o g r a p h i c p r o c e d u r e s a s w i l l 

be d e s c r i b e d . The r e a s o n why the two s t e p procedure was 

a v o i d e d was the f o l l o w i n g . I t can be shown ( s e e Appendix, p.53 

t h a t i f a c o l l e c t i o n of g r i d s i s to be s u b j e c t e d to a number 

o f p r o c e d u r e s e a c h o f w h i c h i n v o l v e s a p o s s i b i l i t y o f d e s t r o y i n g 

t h e g r i d , t h e n t h e number o f g r i d s l o s t a f t e r a l l the p r o c e d u r e s 

a r e c o m p l e t e d w i l l i n c r e a s e i n a f a s h i o n r e l a t e d to the b i 

n o m i a l s e r i e s , so t h a t e a c h added p r o c e d u r e i n v o l v e s an 

a d d i t i o n to the number o f g r i d s l o s t t h a t depends on an added 

term i n the b i n o m i a l s e r i e s . A l t h o u g h the p r o b a b i l i t y o f 

d e s t r o y i n g a g r i d by p u n c t u r i n g the Formvar f i l m i s an unknown 

q u a n t i t y f o r a g i v e n p r o c e d u r e , i t i s c e r t a i n t h a t the more 

p r o c e d u r e s t h a t a r e u s e d , the g r e a t e r the p r o b a b i l i t y i s t h a t 

a s e t o f g r i d s c o n t a i n i n g a s e r i a l s e c t i o n w i l l n o t be i n t a c t 

a t t h e end o f the l a s t p r o c e s s . T h e r e f o r e , the s i m p l e s t and 

f e w e s t p r o c e d u r e s were u s e d on the g r i d s . I n p a r t i c u l a r , to 

a v o i d h a n d l i n g t h e g r i d s o f t e n w i t h f o r c e p s , the f o l l o w i n g 

method was u s e d : a g r i d b o x was d r i l l e d out so t h a t e ach 

c a v i t y f o r a g r i d became a h o l e open on both s i d e s o f the box. 

The l i d was d r i l l e d a p p r o p r i a t e l y a l s o , so t h a t w i t h the l i d 
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on the box i t was p o s s i b l e to immerse the whole box i n t o a 

s o l u t i o n and t h e r e b y expose each g r i d to the s o l u t i o n . The 

g r i d s were s t o r e d i n suc h a box i m m e d i a t e l y a f t e r c a p t u r e o f 

the s e c t i o n s , and the s t a i n i n g w i t h R e y n o l d ' s s o l u t i o n was 

performed by immersing the box i n the s o l u t i o n f o r two 

m i n u t e s , t h e n moving i t g e n t l y up and down a few times i n 

the 0.02N sodium h y d r o x i d e , t h e n many times i n f r e s h d i s t i l l e d 

w a t e r . Then the whole box was b l o t t e d o f f and d r i e d . I t was 

n o t found n e c e s s a r y to d i l u t e t h e R e y n o l d ' s s o l u t i o n . 

O b s a r v a t i o n i n the E l e c t r o n M i c r o s c o p e 

The c h o i c e o f m a g n i f i c a t i o n to use i s o f paxamount 

i m p o r t a n c e when a s e r i a l s e c t i o n i s to be observed. I f too 

h i g h a m a g n i f i c a t i o n i s used t h e n the i n t e n s i t y o f the e l e c t r o n 

beam t h a t must be p a s s e d through a s e c t i o n i n o r d e r to produce 

an image on the f l u o r e s c e n t s c r e e n s u f f i c i e n t l y b r i g h t f o r 

f o c u s s i n g , w i l l be h i g h . T h i s i n t e n s i t y may be produced by 

u s i n g the con d e n s e r l e n s to p r o v i d e a c r o s s o v e r beam, but the 

e f f e c t s o f t h i s on the s e c t i o n a r e s i g n i f i c a n t and damaging. 

The h i g h f l u x o f e l e c t r o n s e a s i l y e v a p o r a t e s the l e a d d e p o s i t 

u s e d to g i v e c o n t r a s t to t h e t i s s u e , and t h i s l e a d w i l l t hen 

condense a g a i n onto t h e s e c t i o n and p r o v i d e background 

c o n t a m i n a t i o n . The l e a d may a l s o m elt and c o a l e s c e i n t o 

g r a n u l e s i n s i t u , and t h e s e g r a n u l e s a r e s u f f i c i e n t l y l a r g e 

to p r e v e n t the r e s o l u t i o n o f i m i t membranes. T h i r d l y , the 

e l e c t r o n beam v a p o u r i z e s t h e Formvar f i l m o f the g r i d , and 

a l s o t h e A r a l d i t e o f t h e s e c t i o n . I f a f o c u s s e d beam i s 

u s e d t o i l l u m i n a t e one s m a l l a r e a o f the s e c t i o n , t h i s vapour-

i z a t i o n can produce m e c h a n i c a l t e n s i o n s u f f i c i e n t to r u p t u r e 
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t h e f i l m and d e s t r o y t h e p r e p a r a t i o n . S i n c e t h e g r i d s u s e d 

f o r s e r i a l s e c t i o n s a r e n o t p r o v i d e d w i t h n e t o r b a r s , t h e r e 

i s no e f f i c i e n t h e a t c o n d u c t i o n away f r o m t h e s i t e o f 

i l l u m i n a t i o n , where e l e c t r o n s a r e i n t e r a c t i n g w i t h m a t t e r 

t o p r o d u c e h e a t : t h e r e s u l t i n g b u i l d - u p o f h e a t a t t h a t 

p o i n t a l s o t e n d s t o r u p t u r e t h e f i l m . 

F o r t h e s e r e a s o n s i t i s e s s e n t i a l t o choose a 

m a g n i f i c a t i o n w h i c h i s n o t h i g h e r t h a n t h e minimum r e q u i r e d 

t o r e s o l v e t h e s m a l l e s t d e t a i l s w h i c h s h o u l d be s t u d i e d . 

A s m a l l e r m a g n i f i c a t i o n t h a n t h i s w i l l n o t a l l o w t h e s y n a p s e s , 

f o r e x a m p l e , t o be v i s u a l i s e d . The c h o i c e o f m a g n i f i c a t i o n 

was c a l c u l a t e d as f o l l o w s . 

The s m a l l e s t o b j e c t t h a t s h o u l d be r e s o l v e d on t h e 

f i n a l p r i n t i s t h e u n i t membrane. T h i s has a w i d t h o f 

a b o u t 200 A n g s t r . The s m a l l e s t o b j e c t c o m f o r t a b l y r e s o l v e d 

by t h e human eye i s a b o u t 0.5 ™n i n d i a m e t e r , h e l d a few 

i n c h e s f r o m t h e eye. T h u s , t h e t o t a l m a g n i f i c a t i o n r e q u i r e d 

c a n be c a l c u l a t e d : 

G i v e n t h a t 10,000 A n g s t r o m s = 1 m i c r o n , and 

1,000 m i c r o n s = 1 m i l l i m e t r e , 

t h e r e q u i r e d t o t a . l m a g n i f i c a t i o n w i l l be: 

500 microns/200 x lO"'^ m i c r o n s = 2.5 x 10^. 

T h i s i s t h e n a m a g n i f i c a t i o n o f a b o u t 25,000 t i m e s . 

S i n c e p a r t o f t h i s m a g n i f i c a t i o n can be a c h i e v e d d u r i n g 

t h e p r e p a r a t i o n o f t h e f i n a l p r i n t , o n l y t h e g r a i n s i z e o f t h e 

n e g a t i v e n e e d be c o n s i d e r e d . I f a m a g n i f i c a t i o n o f f i v e t i m e s 

i s a p p l i e d t o t h e n e g a t i v e t o p r o d u c e t h e f i n a l e n l a r g e m e n t , 

t h e g r a i n s i z e o f t h e n e g a t i v e w i l l n o t a p p e a r on t h e p r i n t , 

so t h a t an i n i t i a l m a g n i f i c a t i o n o f a b o u t 5»000 t i m e s w i l l be 
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r e q u i r e d a t t h e e l e c t r o n m i c r o s c o p e . 

I n p r a c t i c e t h e s e c o n d s t e p m a g n i f i c a t i o n o f t h e Z e i s s 

EM 9S was u s e d : k,100 x. T h i s was f o l l o w e d by a 3x m a g n i f i c a t i o n 

f o r t h e f i n a l p r i n t s , g i v i n g a t o t a l m a g n i f i c a t i o n o f 14,100 x 
on t h e p r i n t . The beam i n t e n s i t y t h u s r e q u i r e d t o f o c u s t h e 

s e c t i o n s was s u f f i c i e n t l y l o w t h a t f e w p r e p a r a t i o n s were 

d e s t r o y e d i n t h i s manner. F o c u s s i n g o f t h e image was u s u a l l y 

p e r f o r m e d b y f i n d i n g a s m a l l h o l e i n t h e f i l m n e a r t h e o b j e c t 

t o be p h o t o g r a p h e d , and t h e n s t r o n g l y o v e r f o c u s s i n g . The 

d i f f r a c t i o n r i n g t h u s p r o d u c e d was v e r y b r i g h t , and by 

g r a d u a l l y u n d e r f o c u s s i n g t h e o b j e c t i v e t h i s r i n g c o u l d be 

o b s e r v e d as i t d e c r e a s e d i n d i a m e t e r . The p o i n t a t w h i c h i t 

v a n i s h e d b y b e c o m i n g t h e same d i a m e t e r as t h e h o l e c o u l d be 

obasTved e a s i l y b y f o c u s s i n g t h r o u g h i t and o b s e r v i n g t h e d a r k 

edge t h a t t h e n b e g a n t o a p p e a r rotind t h e h o l e . Two o r t h r e e 

s u c h t h r o u g h - f o c u s s i n g s a l w a y s s u f f i c e d t o n o t e t h e p o i n t o f 

e x a c t f o c u s , a nd t h e n t h e g r i d was t r a n s l a t e d t h e s h o r t 

d i s t a n c e t o t h e o b j e c t , and t h e p h o t o g r a p h t a k e n . I n t h i s 

way f o c u s s i n g r e q u i r e d a m i n i m a l i n t e n s i t y o f t h e beam: much 

t o o s m a l l a n i n t e n s i t y t o e n a b l e o b s e r v a t i o n o f t h e o b j e c t 

b e i n g p h o t o g r a p h e d . Such, o b s e r v a t i o n was n e v e r i n d u l g e d i n 

bec a u s e t h e o b j e c t c o u l d be s t u d i e d a t l e i s u r e l a t e r on t h e 

f i n a l p r i n t , a nd be c a u s e o f t h e d a n g e r o f r u p t u r i n g t h e 

f i l m . D u r i n g p h o t o g r a p h y o f a s e r i a l s e c t i o n t h e s m a l l 

s t r i p l i k e s e c t i o n s d e s c r i b e d above (p.37) were v a l u a b l e . 

Once t h e r e q u i r e d o b j e c t was l o c a t e d on t h e f i r s t s e c t i o n , 

t h e n t h e d i r e c t i o n o f t r a n s l a t i o n r e q u i r e d t o move t o t h e 

n e x t s e c t i o n was a l w a y s t h e same, as was t h e 
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d i s t a n c e t o be t r a v e r s e d . T hus, t h e w h o l e s t r i p o f s e c t i o n s 

on one g r i d c o u l d be w o r k e d t h r o u g h v e r y q u i c k l y and w i t h 

c e r t a i n t y t h a t t h e c o r r e c t o b j e c t was on e a c h p h o t o g r a p h . 

T h i s h a d an e s p e c i a l v a l u e i f t h e Formvar f i l m r u p t u r e d 

d u r i n g t h e o b s e r v a t i o n : t h e f i l m t h e n s l o w l y c o n t r a c t s 

t o w a r d t h e edge o f t h e g r i d , so t h a t i f t h e p i c t u r e s c an be 

t a k e n q u i c k l y enough, t h e r e m a i n d e r o f t h e s e c t i o n s c an be 

p h o t o g r a p h e d b e f o r e t h e f i l m i s d o u b l e d o v e r them o r o t h e r w i s e 

o b s c u r e s them. I t w i l l be seen t h a t l o s s o f t h r e e o r f o u r 

s e c t i o n s a l r e a d y i s a g r e a t h i n d r a n c e i n a n a l y s i n g t h e 

c a r t r i d g e s o f t h e l a m i n a , ( p . 6 l ) 

C o n t r a s t 

T h i s was enhanced b y use o f c o n t r a s t d i a p h r a g m j u s t 

b e l o w t h e o b j e c t , so t h a t o n l y e l e c t r o n s p a s s i n g t h r o u g h t h e 

t i s s u e s were a l l o w e d t o r e a c h t h e p h o t o g r a p h i c m a t e r i a l . The 

e l e c t r o n s c o m i n g a t l a r g e o f f - a x i s a n g l e s d i m i n i s h t h e 

a v a i l a b l e c o n t r a s t a p p r e c i a b l y , and t h i s d i a p h r a g m c l o s e d 

them o u t . F o r t h i s p u r p o s e t o o , t h e i n t e r m e d i a t e l e n s 

d i a p h r a g m was i n e r t e d i n t o t h e beam. T h i s d i a p h r a g m l i e s 

n e a r e r t h e p h o t o g r a p h i c p l a t e , and s e r v e s t h e same end. 

E x p o s u r e 

The Z e i s s EM 9S i s e q u i p p e d w i t h an a u t o m a t i c s y s t e m 

t o d e t e r m i n e t h e c o r r e c t e x p o s u r e . A t t h e b e g i n n i n g o f t h e 

w o r k t h i s s y s t e m was c a l i b r a t e d w i t h t e s t p l a t e s and t h e 

d e v e l o p e r t o be u s e d . T h e r e a f t e r a s i m p l e c a l i b r a t i o n 

b e f o r e e a c h s e r i e s o f e x p o s u r e s was s u f f i c i e n t . The i n t e n s i t y 

o f t h e beam was r e d u c e d b e f o r e e x p o s u r e s so t h a t an e x p o s u r e 

t i m e o f a b o u t one s e c o n d r e s u l t e d . 

The m i c r o s c o p e was c h e c k e d f o r c o r r e c t a l i g n m e n t b e f o r e 
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each series of exposures were made. I n p a r t i c u l a r , 
astigmatism could be c l o s e l y watched at the focussing stage. 
Photography 

( l ) Developing 

P l a s t i c p l a t e s , Agfa type S c i e n t i a were used i n the 
Zeiss EM 9S. The instrument holds a few more than 6o of them, 
which i s h e l p f u l when many sections have to be photographed 
r o u t i n e l y . Loading and tonloading of plates was performed 
i n t o t a l darkness. Two developers were t r i e d w i t h these 
p l a t e s , Kodak D19 and Neutol. I t was found t h a t Neutol 

gave better contrast and t h i s was used r o u t i n e l y . This 
developer also gave e x c e l l e n t r e s u l t s w i t h respect to fogging 
of the p l a t e s , which was absent, and to g r a i n size. Graininess 
on the f i n a l p r i n t s was not a problem. This stage of the 
photography was one at which contrast could be increased, 
compensating f o r the small loss of contrast due to omission 
of the u r a n y l acetate g r i d s t a i n . Developing was performed 
i n t o t a l darkness. 

(2) P r i n t i n g 
Developed plates were stored i n i n d i v i d u a l envelopes. 

These were numbered a p p r o p r i a t e l y w i t h the p l a t e s ; the Zeiss 
EM 9S numbers each p l a t e . 

The f i n a l p p i n t was required to be enl'arged s u f f i c i e n t l y 
t h a t i n s p e c t i o n w i t h the naked eye would reveal the small 
d e t a i l s , and use of a magnifying glass would c l a r i f y any 
doubts concerning these d e t a i l s . The plates of the Zeiss EM 9S 
were 6 x 6 cm, and a m a g n i f i c a t i o n enlarging t h i s to f i t onto 
18 X 24 cm paper, 3x , s a t i s f i e d t h i s requirement. I t was, 
t h e r e f o r e , not possible to t u r n the paper beneath the enlarger 
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so t h a t the o r i e n t a t i o n of each p i c t u r e was the same. This 
was a minor hindrance during s e r i a l r e c o n s t r u c t i o n , but to 
a l l e v i a t e i t would have been very wasteful of paper. 

The enlarging process provided another point at which 
con t r a s t of the f i n a l p i c t u r e could be increased. Subject 
to the requirement t h a t s i x steps of grey tone be v i s i b l e on 
the f i n a l p r i n t , a choice of paper hardness was possible, 
"harder" paper g i v i n g greater contrast than " s o f t e r " . I t 
turned out t h a t normal grade paper gave s u f f i c i e n t contrast. 
S e r i a l Reconstruction 

Since the p i c t u r e s comprising the series were fr e q u e n t l y 
i n t e r s p e r s e d w i t h p i c t u r e s representing the work of others, 
and sometimes more than one c a r t r i d g e had been traced through 
a series of sections and two sets of p i c t u r e s ( o f d i f f e r e n t 
c a r t r i d g e s ) were i n t e r m i n g l e d , the p l a t e numbers d i d not 
provide an ordering f o r the ser i e s . Also, a ribbon of 
sections on a g r i d i s not marked f o r f i r s t and l a s t s e c t i o n , 
and sometimes these ribbons were photographed i n reverse. 
Therefore, the f i r s t p a r t of s e r i a l r e c o n s t r u c t i o n was to 
order the p i c t u r e s representing one series and number them 
as members of t h a t s e r i e s . This numbering was done on the 
p r i n t s themselves. I t was found t h a t c a r e f u l n o t a t i o n at 
the e l e c t r o n microscope was e s s e n t i a l , otherwise the assign
ment of a given p l a t e to a d e f i n i t e g r i d was d i f f i c u l t . I f 
t h i s n o t a t i o n had been done and was a v a i l a b l e , then the task 
of o r d e r i n g p i c t u r e s was easy a f t e r some p r a c t i c e has been 
acquired at recognising s i m i l a r p i c t u r e s . 

Once the p r i n t s were ordered the various elements of 
the c a r t r i d g e could be unequivocally i d e n t i f i e d on the f i r s t 
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p r i n t , and marked on that p r i n t with coloured p e n c i l . Hie 

t r a c i n g through of the i d e n t i f i e d elements was then easy, 

except where a s e c t i o n was missing; at such places the 

elements of diameter l a r g e i n comparison to s e c t i o n thickness 

could be e a s i l y t r a c e d , but smaller branches whose diameters 

were small i n comparison to s e c t i o n thickness could often not 

be followed through. Branches of L I and L2 have a diameter 

of about 0 . 5 t l or l e s s , when these were cut lengthwise they 

could not be i d e n t i f i e d i f a missed s e c t i o n intervened. The 

I d e n t i f i c a t i o n of each element was marked onto each p r i n t i n 

coloured p e n c i l . A f t e r t h i s any element could be located at 

any point of the s e r i a l s e c t i o n by s p e c i f y i n g i t s name and 

the ntimber of the p i c t u r e i n the s e r i e s . 

Two courses could now be followed. The f i r s t would be 

the r e c o n s t r u c t i o n of the three-dimensional shape of the c e l l s , 

which f o r the purposes of t h i s work was not r e a l l y needed. 

A number of methods f o r proceeding with such a r e c o n s t r u c t i o n 

have been d e s c r i b e d , such as drawing the c e l l o u t l i n e s onto 

g l a s s p l a t e s and s t a c k i n g the p l a t e s , or t r a c i n g groups of 

p i c t u r e s onto pieces of tracing-paper and then t r a c i n g groups 

of these groups onto other pieces of tracing-paper, so that 

e v e n t u a l l y one piece contains a contour map of the whole o b j e c t , 

and others. S p e c i a l problems of a l i g n i n g neighbouring p i c t u r e s 

e x i s t i n such work, and a niamber of computer programmes e x i s t 

a l l o w i n g most of t h i s work to be r o u t i n e l y completed by 

computer. 

I n t h i s work the second procedure was used; t h i s i s to 

simply t a b u l a t e the supposed synaptic connections and use the 

t a b l e to produce a diagraimiiatic presentation of the "wiring-
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diagram". Although a d e f i n i t i v e statement about the properties 
of the r e s u l t i n g diagram i s not possible from the anatomical 
r e s u l t s alone, and given the d i f f i c u l t i e s encoixntered i n 
d i s t i n g u i s h i n g whether a c e r t a i n object on the p i c t u r e i s a 
synapse or n o t , i t i s nevertheless to be expected t h a t such a 
diagram w i l l d isclose any symmetries or asymmetries present 
i n the " w i r i n g " , and provide some clues about the functions 
mediated by the connections thus demonstrated. (Compare r e f . 2). 

This t a b u l a t i o n involves the f o l l o w i n g problems: 
( l ) F i r s t , i t i s necessary to define the c h a r a c t e r i s t i c s of 
what i s to be considered a synapse. Since the simplest 
explanation of the lamina f u n c t i o n i s tha t the receptor c e l l 
axons are presynaptic to the monopolar c e l l s , then the 
connections most f r e q u e n t l y observed between these c e l l types 
may be l a b e l l e d as synapses. This consideration also 
defines the pre- and post-synaptic sides of the synapse. 
Since i t has been shown t h a t the in f o r m a t i o n flow i n the 
lamina i s indeed from the r e t i n u l a r c e l l axons to the mono
polar c e l l s , then the object to be c a l l e d a synapse i n t h i s 

study w i l l be the same as tha t c a l l e d a synapse by Boschek i n 
{2) 

1968^ This procedure gives no guarantee that a l l the 
types of synaptic connection w i l l be tabulated: i t does, 
however, tabulate the connections most c e r t a i n l y i d e n t i f i e d 
as synaptic. I t turned out tha t t h i s was the only type of 
synapse i n the hk c o l l a t e r a l network. 
(2) Once the "synapse" i s defined, another problem a r i s e s : 
i f the s e r i a l s e c t i o n i s incomplete because i n some places 
one s e c t i o n or two sections are missing, then i t i s not 
c e r t a i n t h a t the f i n a l t a b u l a t i o n w i l l contain a l l the synapses 
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t h a t were present i n the o r i g i n a l m a t e r i a l . The p r o b a b i l i t y 

o f producing a s e r i a l s e ction of the required length w i t h no 

missing sections i s very small. Light microscopy shows 

th a t c o l l a t e r a l s of hk have end-feet which extend from the 

proximal edge of the lamina to about on e - t h i r d of i t s length 

d i s t a l l y ^ ' ^ ^ \ The lamina i s of the order of 6O-8O microns 

deep, so t h a t the L4 end-feet are about 20-25 microns long. 

Since 10 ,000 Angstroms = 1 micron, and the u l t r a t h i n sections 

cut f o r the e l e c t r o n microscope are between 60O and 900 microns 

t h i c k , i t f o l l o w s t h a t the number of sections required to cut 

the t o t a l depth of one Lk end-foot i s 

25 X 10 ,000 /600 = approximately Z|00 

or 25 X 10 ,000 /900 = approximately 250 

This would be the number of sections required to section the 

t o t a l depth of an Lk end-foot i n the deepest part of the lamina, 

using the sections normally produced. I n p r a c t i c e the part 

of the lamina chosen was q u i t e high i n the northern hemisphere 

of the eye, and sections of about 8OO Angstroms thickness were 

used. This reduced the number of sections required to about 

150 or l e s s . 

However, the chances of c u t t i n g and observing I 5 0 sections 

at the e l e c t r o n microscope without l o s i n g any are very small. 

The dimensions of the synaptic s t r u c t u r e observed are 

about 1,000 Angstroms long. I t has been noted t h a t these 

s t r u c t u r e s occur i n corresponding p o s i t i o n s of three s e r i a l 

s e c t i o n s , and i n f r e q u e n t l y i n only two sections. Thus, i f 

one place of the s e r i a l s e ction more than two sections are 

missing, then there i s no guarantee t h a t the tabulated 

r e s u l t s w i l l mention a l l the synapses o r i g i n a l l y present i n 
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the t i s s u e . 
(3) The t h i r d problem i s also to do w i t h the synaptic 
s t r u c t u r e s . These normally are found, i n the LZ| end-feet, 
to be p o s i t i o n e d where the presynaptic c e l l contacts two 
post-synaptic c e l l s a t one p o i n t (see Figs. 17 and 18): 
th a t i s , the synapses are pos i t i o n e d i n the corners of the 
c e l l s , where membranes meet each other i n close p r o x i m i t y . 
The r e s u l t of c u t t i n g a membrane o b l i q u e l y i s a b l u r on the 
f i n a l p i c t u r e , and since i n these corners the membranes curve 
sharply, there w i l l always be b l u r s at these p o s i t i o n s 
because a cut perpendicular to one p a r t of membrane w i l l be 
oblique to other membranes. I n the r e s u l t i n g confusion 
the synapse may be d i f f i c u l t to discern. For t h i s reason 
a s t r u c t u r e was only tabulated as a synapse i f i t was v i s i b l e 
on three consecutive sections. This requirement diminished 
the chances of mistakenly d i s c e r n i n g a non-existent synapse 
i n such a corner, or of not seeing one t h a t was there. 

One final problem existed i n the t a b u l a t i o n procedure. 
The p a r t o f the c a r t r i d g e under consideration contains the 
end-feet of three d i f f e r e n t Lk c e l l s : one from the c e l l which 
i s a component o f t h a t c a r t r i d g e , one from a c e l l which i s a 
component o f the neighbouring c a r t r i d g e i n the -y d i r e c t i o n , 
and one from a c e l l which i s a component of the neighbouring 
c a r t r i d g e i n the +x d i r e c t i o n ( F i g . 15)- These three end-
f e e t are i n i n t i m a t e contact w i t h each other and w i t h L I and 
L2 and some of the R-c e l l axons. Each end-foot makes contact 
w i t h each other end-foot and w i t h L I and L2, and w i t h some of 
the R - c e l l axons. This involves much branching and bypassing 
of neighbouring end-feet, as w e l l as of any branches a r i s i n g 
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from L I or L2. Frequently the membranes l i e along the plane 
of s e c t i o n i n g , so t h a t large b l u r r e d areas intervene where 
such bypassings occur. I t can sometimes be d i f f i c u l t to 
assign a p r o f i l e on one p i c t u r e to a known p r o f i l e on the 
preceding p i c t u r e under these circumstances. However, the 
t a b u l a t i o n r e q u i r e s , i d e a l l y , t h a t a l l the p r o f i l e s on each 
p i c t u r e be assigned the co r r e c t i d e n t i t y : otherwise a synapse, 
f o r example, between the end-foot of the -y component and 
L2, may be assigned to the +x component. This problem could 
not always be solved, emd i n these cases any such synapses 
were not assigned to a d e f i n i t e component. They were assigned, 
w i t h a question mark, to those components which were the 
possible "parents". 



-53-

METHODS 
Appendix 

Consider a f a m i l y of processes ^^''^h *° applied 
to a c o l l e c t i o n N of n ob j e c t s , i n order P ...... I f to 

± , 2 , h 
each process there corresponds a d e s t r u c t i o n r a t e expressed 
as p r o b a b i l i t y p^ of d e s t r u c t i o n occurring during process , 
then a f t e r each process a d e f i n i t e p r o p o r t i o n of N w i l l be 
already destroyed. 

Consider p i p2 p3 ^ p4 > etc. 
A f t e r P^, p i . n objects w i l l have been destroyed. 

" P^, p2.(n-pln) = p2n-p2pln, objects destroyed. 
" P3, P3 .(n-pln p2(n-pln) ) " " 

Number l e f t a f t e r process:-

Po = -
P̂  = n-pln 

P̂  = n-pln-p2n+p2pln 
P̂  = n-pln-p2n-p3n+p2pln+plp3n+p3p2n-p3p2pln 

This i s binomial (Cotant terms of d i f f e r e n t order) 
I f p i = p2 = p3, etc. then:-
Number l e f t a f t e r process:-

PQ = n 
P, 
1 = n-pn 

2 
Pg = n-2pn + p n 2 3 
P^ = n-3pn + 3P n - p-̂ n (Binomial) 
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RESULTS 

The s t r u c t u r e r e p r e s e n t i n g a synaptic connection 
i s shown i n Figs. 1 7 > l 8 . These T-ribbon s t r u c t u r e s are 
apparently l i m i t e d i n occurrence to a few i n s e c t orders, 
but they occur as the major type of synapse i n the lamina 
of Musca, and are frequent i n the other v i s u a l ganglia too. 
The T-ribbon i s s i t u a t e d against the membrane of the 
presynaptic c e l l . I t appears as a T-ribbon i n cross-section, 
but i n f a c t i t s three-dimensional s t r u c t u r e i s considerably 

( 2 ) 

more complicated . I t c o n s i s t s of a f l a t membranous sheet, 
which forms the upper arm of the T i n cross-section, and i s 
s i t u a t e d a t a distance from the membrane of the c e l l . Between 
the sheet and the membrane there i s a perpendicular s t r u c t u r e 
of two crossed bars, which i s i n contact w i t h the sheet, but 
ends a very short distance from the c e l l membrane. This 
presynaptic s t r u c t u r e i s common to a l l the c e l l types of 
the lamina, being found as the connection made where branches 
from L I , L2 or L3 meet the Rl-6 c e l l s . See p i c t u r e 2 0 a ) , Rk-

I n t h i s case the T-ribbon i s present i n the Rl-6 c e l l . I t i s 
found again i n the alpha c e l l s , always i n a p p o s i t i o n to one 
of the g n a r l s , and also where alpha i s presynaptic to Lk. I t 
i s the type of presynaptic s t r u c t u r e found i n the hk c o l l a t e r a l 
network. 

The post-synaptlc s t r u c t u r e s vary i n shape, although 
no known c o r r e l a t i o n e x i s t s between the type of post-synaptic 
s t r u c t u r e and the type of f u n c t i o n mediated by the synapse. 
I n L2 the post-s y n a p t i c s t r u c t u r e i s a short bar. I n hk i t 
i s a r e c t a n g u l a r fuzzy staructure. Fig. 18 shows both these 
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types simultaneously, and i n F i g , 17 both the p o s t - s y n a p t i c 

elements are Lk c o l l a t e r a l endfeet, 

I n the s e r i a l s e c t i o n s the p o s t - s y n a p t i c s t r u c t u r e s 

are p o o r l y seen because of the low m a g n i f i c a t i o n employed. 

Also, the s y n a p t i c s i t e i s often s e c t i o n e d obliquely, so 

t h a t the sheet p a r t of the p r e s y n a p t i c element i s missing, 

and the p e r p e n d i c u l a r crossed b a r s are sectioned i n c l o s e 

proximity to the c e l l membranes of both pre- and p o s t - s y n a p t i c 

c e l l s , together with the p o s t - s y n a p t i c s t r u c t u r e • I n such 

a case i t may be d i f f i c u l t to decide that the r e s u l t i n g 

dark smudge r e p r e s e n t s a s y n a p t i c s i t e , and i t may be 

i m p o s s i b l e to decide which c o l l i s p o s t - s y n a p t i c , or whether 

two or t h r e e are. (See synapse y->x+L2, p i c t u r e 44a). 

S e v e r a l s e r i e s of s e c t i o n s through the proximal 

p o r t i o n of the lamina were examined. Most of them were 

prepared from male f l i e s four days old, and from the northern 

hemisphere of the r i g h t eye. 

The r e s u l t s from these s e r i e s c o n s t i t u t e a survey 

which p r o v i d e s an i n d i c a t i o n of the types of connection found 

among the L4 c o l l a t e r a l endfeet i n the northern hemisphere of 

the lamina. Tables 1-6 p r e s e n t these r e s u l t s . I n these 

t a b l e s , the h o r i z o n t a l rows of e n t r i e s record the neurons 

that were observed as being p o s t - s y n a p t i c to L4 c o l l a t e r a l 

endfeet. The v e r t i c a l columns record which type of c o l l a t e r a l 

e n d f 0 0 t was observed to be p r e s y n a p t i c . Thus, em entry i n 

the "x" column and "y" row records an observation than an L4 

c o l l a t e r a l e n d f 0 0 t running along the x - a x l s to a c e r t a i n 

c a r t r i d g e was observed to be p r e s y n a p t i c to another L4 

c o l l a t e r a l e n d f 0 0 t running along the y - a x i s to the same 
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c a r t r i d g e . (The x and y axes, and the p r o j e c t i o n of the Lk 
c o l l a t e r a l s along them to meet i n a given c a r t r i d g e , are 
presented i n Figs. 12 , I3, I5 and 1 6 ) . 

The numbers c o n s t i t u t i n g the e n t r i e s i n one of the 
Tables 1-6 record the number of times t h a t t h a t type of 
synaptic connection was observed i n the series of which the 
t a b l e i s the record. Thus, i n Table 2 the entry i n the coltimn 
"x" and row "y" i s " 1 " : t h i s records the observation t h a t 
the L4 x-endfoot was presynaptic to the L4 y-endfoot, i n the 
same c a r t r i d g e , only once i n t h i s series of 23 sections. 
The diagonal e n t r i e s i n the Tables 1-6 would imply an LL\. 
c o l l a t e r a l being s y n a p t i c a l l y connected to i t s e l f , and t h e r e f o r e 
are v o i d . The columns denoted "R" record observations of 
r e t i n u l a r c e l l axons being presynaptic to Lk c o l l a t e r a l s , t h i s 
was only r a r e l y observed. The rows L I and L2 record occasions 
when the L4 c o l l a t e r a l endfeet were observed to be presynaptic 
to the monopolar f i b r e s L I and L2. 

Table 1 records a p r e l i m i n a r y survey made on sections 
from the n o r t h e r n hemisphere of the l e f t eye of an o l d male 
f l y . The sections were not s e r i a l , and the e n t r i e s i n the 
t a b l e r e c o r d the occurrences of the d i f f e r e n t types of 
connection observed i n the m a t e r i a l which were summed to 
provide the e n t r i e s . 

Table 2 records the observation, i n a series 23 

sections long, of one c a r t r i d g e from the same f l y as Table 1 , 

and the same area of the eye: no r t h e r n hemisphere, l e f t eye. 
Table 3 records the observation, i n a series 50 

sections long, of one c a r t r i d g e from the nor t h e r n hemisphere 
of the r i g h t eye of a 4-day-old male f l y . 
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Table k records the observation, i n a series 30 

sections long, of one c a r t r i d g e from the nor t h e r n hemisphere 
of the r i g h t eye of a 4-day-old male f l y . 

Table 5 records the observation, i n a series 60 

sections long, of one c a r t r i d g e from the nor t h e r n hemisphere 
of the r i g h t eye of a 4-day-old male f l y . ( T a b l e s 3-5 are 
der i v e d from 3 d i f f e r e n t f l i e s ) . 

Table 6 i s a composite t a b l e : i t s e n t r i e s are the 
sums of the e n t r i e s i n the Tables 1-5• 

Tables 2-5 are a l l c o n s i s t e n t w i t h one another, and 
the Table 6 t h e r e f o r e provides a general survey of the 
p r e l i m i n a r y r e s u l t s . I t shows t h a t the three Lk c o l l a t e r a l 
endfeet c l u s t e r i n g i n s i d e each c a r t r i d g e are presynaptic to 
each other, w i t h approximately the same frequency. Each of 
the three endfeet are presynaptic to L2, w i t h s i m i l a r 
frequencies, and none of them were seen to be presynaptic to 
L I . The synaptic r e l a t i o n s h i p s between the three Lk c o l l a t e r a l 
endfeet and the r e t i n u l a r c e l l axons are not obvious from 
Table 6 . Each endfoot was observed to be presynaptic to 
r e t i n u l a r c e l l axons a t l e a s t once, but to which one of the 
s i x was not recorded. The r e t i n u l a r c e l l axons were not 
observed to be presynaptic to the Lk c o l l a t e r a l endfeet. 

Table 1 i s not deri v e d from s e r i a l observations, but 
i t i s c o n s i s t e n t w i t h Table 6. 

None of the r e s u l t s i n Tables 1-6 are derived from 
observations of a se r i e s of sections c o n t a i n i n g the complete 
c l u s t e r of Lk endfeet w i t h i n one c a r t r i d g e . The longest series 
recorded, i n Table 5, contained 60 sections, which contains 
only p a r t of the c l u s t e r of endfeet i n one c a r t r i d g e (see 
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p.50: about I50 sections would be r e q u i r e d to contain a 
complete c l u s t e r ) , 

The numbers of synapses recorded i n Tables 1-5 

are also low. I t was thus impossible to exclude the p o s s i 
b i l i t y t h a t the synaptic connections made by the L4 c o l l a t e r a l 
endfeet i n one c a r t r i d g e could be d i f f e r e n t , perhaps i n a 
systematic way, to those i n another c a r t r i d g e . None of the 
Tables 1-5 c o n t a i n a f u l l complement of the possible connections, 
although Table 6 does. 

For t h i s reason an attempt was made to cut a long 
s e r i e s of sections, of s u f f i c i e n t l e n g t h to contain a complete 
c l u s t e r of Lk c o l l a t e r a l endfeet i n one c a r t r i d g e . A series 
of sections was prepared from the lamina u n d e r l y i n g the corneal 
f a c e t s about 15 to 20 rows south of the nor t h e r n perimeter of 
the r i g h t eye of a Z+-day-old male f l y . The p r e p a r a t i o n was 
thus from an area near the edge of the eye, where the lamina 
i s about three times t h i n n e r than at the centre of the eye. 
A s h o r t e r s e r i e s of sections s u f f i c e s to contain the whole 
l e n g t h of the L^ c o l l a t e r a l endfeet from t h i s area of the 

lamina. 

From t h i s s e r i e s were photographed two c a r t r i d g e s , 
which are presented here as two sets of photographic p r i n t s . 
The c a r t r i d g e s are l a b e l l e d "a" and "b", and c a r t r i d g e "a" 
was the neighbour of "b" along the x-axis of the hexagonal 
arra y of lamina c a r t r i d g e s . The r e s u l t s obtained from "a" 
and "b" are presented separately below. The two sets of 
photographic p r i n t s are presented i n a separate b i n d i n g , the 
number of each p r i n t being w r i t t e n beside the EM plate-number 
(e.g. 9 1 a : c a r t r i d g e "a", s e c t i o n 9 1 ) . 
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Results from a) and b) 

139 sections i n series were prepared as has been 
described under "Methods" above. Table 7 contains the notes 
made d u r i n g s e c t i o n i n g , and shows which g r i d o f the gridbox 
contained given sections, and the nature o f those sections, 
whether t h i c k , t h i n , etc. These g r i d s were t r e a t e d as 
described, w i t h the Reynold's lead c i t r a t e s o l u t i o n , to 
iDrovlde c o n t r a s t i n the EM. Two neighbouring c a r t r i d g e s , 

a) and b ) , were chosen on the f i r s t section, and were photo
graphed on the d i f f e r e n t sections comprising the series a t a 
m a g n i f i c a t i o n of k>700 times using the Zeiss EM 9S. Table 8 

contains the notes made d u r i n g t h i s photography, and shows 
the date of work, which g r i d was photographed, the s e t t i n g on 
the Zeiss EM 9S, and which p l a t e number corresponds to which 
s e c t i o n on the g r i d . Later, the s e r i a l numbers of each 
p i c t u r e were added to the t a b l e , so t h a t quick i d e n t i f i c a t i o n 
of a p i c t u r e was po s s i b l e d u r i n g a n a l y s i s of the se r i e s . 
(Table 8 also contains e n t r i e s made by other workers using 
the EM). The two se r i e s a) and b) are presented as two series 
of photographic p r i n t s , to which Table 9 provides a key, 
g i v i n g the p l a t e number from the EM, the g r i d number i n 
order, and the s e r i a l numbers of the p r i n t s , and also the 
o r i e n t a t i o n of the series w i t h respect to the lamina. Using 
Tables 7-9 i t was po s s i b l e to r e c o n s t r u c t the two series i n 
c o r r e c t order as photographic p r i n t s , because the three 
tables c o n t a i n a l l the i n f o r m a t i o n r e q u i r e d to c o r r e l a t e any 
of the p r i n t s to the o r i g i n a l sections viewed i n the EM. 
A d e s c r i p t i o n of each series i n d i v i d u a l l y f o l l o w s . 
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Series b 

Ca r t r i d g e b) was chosen because i t was the neighbour 
of c a r t r i d g e a ) , and could t h e r e f o r e be e a s i l y l o c a t e d and 
photographed. Also, any asymmetry between neighbouring 
c a r t r i d g e s would be seen. However, since the lamina i s a 
curved plane, c a r t r i d g e b) i s sectioned a t a l e v e l considerably 
more d i s t a l i n the lamina than i s c a r t r i d g e a ) . (See Fi g . 19). 
The r e s u l t i s t h a t series b) does show features not found i n 
se r i e s a ) , but the whole depth of the Lk c o l l a t e r a l endfeet 
i n c a r t r i d g e b) are not recorded i n series b ) . 

Series b) shows the stem f i b r e of L/+ g i v i n g r i s e to 
the " 0 " branch of the c o l l a t e r a l network, p i c t u r e 70b : t h a t 
branch which enters the c a r t r i d g e to make synaptic connections 
w i t h the other c o l l a t e r a l s e n t e r i n g the c a r t r i d g e from the 
-X and +y axes of the array. The f i b r e thus i d e n t i f i e d as 
Lk i s pos t - s y n a p t i c to the alpha c e l l a t more d i s t a l l e v e l s 
of the s e r i e s . ( P i c t u r e s 29 -30b , 1 5 - l 6 b , and 3 -5b) . This 
class of connection i s not evident i n the Series a ) . Series b) 
y i e l d s l i t t l e i n f o r m a t i o n on the c o n n e c t i v i t y of the Lk 
c o l l a t e r a l network. The only synapse seen i n the network i s 
on p i c t u r e s 82 -83b , where the y - c o l l a t e r a l i s presynaptic to 
L2 and the 0 - c o l l a t e r a l simultaneously, as a "dyad". The 
synaptic connections evident i n Series b) are presented i n 
Table 1 0 . Series b) shows two other features which make i t 
v a l u a b l e f o r comparison w i t h Series a ) . The f i r s t i s t h a t 
the p o s i t i o n of the Lk f i b r e i n series b) i s normal w i t h 
respect to the other components of the c a r t r i d g e , being close 
to the L3 f i b r e throughout i t s l e n g t h . I n Series a) the 
p o s i t i o n of the Lk f i b r e i s unusual, the f i b r e being displaced 
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to a p o s i t i o n beyond the R6 ending, see f o r example p i c t u r e 
55a. The second i s the lo n g extension t h a t the x - c o l l a t e r a l 
sends around L2 i n the p i c t u r e s 8 l - 8 7 b . This i s equivalent 
to a s i m i l a r extension of the x - c o l l a t e r a l found i n Series a ) , 
p i c t u r e s 7 4 - 6 0 a . This extension gives r i s e to a branch of 
the x - c o l l a t e r a l which i s q u i t e important i n Series a ) , 
because the branch makes synaptic connections. U n f o r t u n a t e l y 
the Formvar f i l m on the g r i d (B 5 ) ruptured d u r i n g photography 
a t the EM; the photography was continued but the p i c t u r e s 
were b l u r r e d by movement as the Formvar f i l m r e t r a c t e d d u r i n g 
the exposures (Cf. p.45). The extension of the x - c o l l a t e r a l 
occurs on the p i c t u r e s which are b l u r r e d i n Series a ) , but 
the e q u i v a l e n t extension i n Series b) occurs on p i c t u r e s 
which are c l e a r , because the c a r t r i d g e b) i s displaced on 
the s e r i e s due to the curvature of the lamina. I n Series b) 
the extension also forms a branch of the c o l l a t e r a l , l y i n g 
beside L2, R6 and Rl, t h a t i s , i n the same p o s i t i o n as the 
branch i n Series a) at p i c t u r e s 57 -58a . I t i s q u i t e apparent 
from p i c t u r e s 69-71a t h a t the x - c o l l a t e r a l i n Series a) i s 
branching, but the e x t r a evidence from Series b) makes the 
conclusion f i r m e r . I n n e i t h e r Series a) nor Series b) does 
the y - c o l l a t e r a l branch i n t h i s way, so the branching of the 
x - c o l l a t e r a l i s unexpected. (A simple explanation f o r i t 
could be t h a t since three d i f f e r e n t Lk c o l l a t e r a l s are 
c l u s t e r e d together i n a l i m i t e d space between L I and L2 
(see F i g . 1 5 ) , and i f each must make p h y s i c a l contact w i t h 
the other two and w i t h L I and L2, then there must be branching 
i n order to a l l o w every combination of types of contact to 
occur. Such branching i s e a s i l y accommodated i f one c o l l a t e r a l 
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b r a n c h e s a r o u n d t h e o u t e r s i d e o f L2 and r e - e n t e r s t h e 

c l u s t e r a s e c o n d t i m e , f r o m t h e o p p o s i t e s i d e . T h i s w o u l d 

n o t d i s t u r b t h e c l o s e p a c k i n g o f t h e c l u s t e r . 

S e r i e s a) 

T h i s S e r i e s i s c o m p l e t e i n t h e sense t h a t i t c o n t a i n s 

t h e t o t a l e n d f e e t o f t h e Lk c o l l a t e r a l n e t w o r k ; c a r t r i d g e a) 

was c h o s e n f o r s t u d y b e c a u s e t h e f i r s t s e c t i o n o f t h e S e r i e s , 

p i c t u r e l a , shows t h e most d i s t a l t r a c e s o f t h e c o l l a t e r a l 

e n d f e e t . A l l t h e s y n a p t i c c o n n e c t i o n s w i t h i n t h e c o l l a t e r a l 

n e t w o r k o f c a r t r i d g e a) c a n be t r a c e d , and i t i s t h e a n a l y s i s 

o f t h e s e c o n n e c t i o n s t h a t p r o v i d e s t h e i m m e d i a t e l y v e r i f i a b l e 

r e s u l t s o f t h i s s t u d y . The o t h e r s e r i a l s e c t i o n s t h a t were 

s t u d i e d p r o d u c e d r e s u l t s i n a c c o r d a n c e w i t h t h e ones t h a t 

w i l l h e r e be d e r i v e d f r o m S e r i e s a ) . (See T a b l e s 1-6 and p.57). 

I n b o t h S e r i e s a) a n d S e r i e s b ) t h e c e l l s o f t h e 

l a m i n a h a ve b e e n i d e n t i f i e d w i t h i n k on t h e p r i n t s o f t h e 

S e r i e s , i n d i f f e r e n t c o l o u r s . These i d e n t i f i c a t i o n s a r e as 

f o l l o w s : t h e n e u r o n s L I , L2, L3 and t h e r e c e p t o r a x o n s 

R l - 6 a r e i d e n t i f i e d i n b l u e . S m a l l b r a n c h e s o f L I and L2 

a r e i m p o r t a n t b e c a u s e t h e y s o m e t i m e s r e c e i v e s y n a p t i c 

c o n n e c t i o n s f r o m t h e c o l l a t e r a l n e t w o r k , as i n p i c t u r e s 

36a-ZfOa, where a b r a n c h o f L2 i n p i c t u r e 37a i s p o s t - s y n a p t i c 

t o t h e y - c o l l a t e r a l on p i c t u r e s 38-ifOa. (The 0 - c o l l a t e r a l 

i s s i m u l t a n e o u s l y p o s t - s y n a p t i c t o t h e y - c o l l a t e r a l on t h e s e 

p i c t u r e s ) . I n s u c h c a s e s t h e L I o r L2 b r a n c h e s may be m a r k e d 

m e r e l y w i t h a s m a l l b l u e " 1 " o r " 2 " , as i n p i c t u r e s 39-^Oa, 

b e c a u s e space d o e s n o t p e r m i t t h e "1" t o a p p e a r . 

The x - c o l l a t e r a l i s i d e n t i f i e d i n b l a c k i n k , t h e 

y - c o l l a t e r a l i n g r e e n i n k . The Lk c e l l n a t i v e t o t h e 
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c a r t r i d g e i s i d e n t i f i e d i n red ink, i t s d i f f e r e n t p a r t s 

being l a b e l l e d a p p r o p r i a t e l y : thus, the stem f i b r e i s 

l a b e l l e d and appears on a l l p i c t u r e s , and the 0 - c o l l a t e r a l 

i s l a b e l l e d "0", and the x- and y - c o l l a t e r a l s of the n a t i v e 

L4 neuron are l a b e l l e d i n red as "x" and "y". P i c t u r e s 8Z|.-87a 

show the p o i n t s where the 0 - c o l l a t e r a l and the x - c o l l a t e r a l 

a r i s e from the stem f i b r e , and the markings have been made 

a c c o r d i n g l y . The x - c o l l a t e r a l thus marked can be followed 

through S e r i e s a) as f a r as p i c t u r e 37a. The point where the 

y - c o l l a t e r a l of t h i s Lif a r i s e s i s not shown, but the c o l l a t e r a l 

i t s e l f i s marked, p i c t u r e s 87-91a, 

Neurons not r e l e v a n t to t h i s study have not been 

marked, so that L5, and beta are marked, but R7 and R8 are 

not marked. One case of a suspected synapse, p r e s y n a p t i c 

to beta, l e d to the l a b e l l i n g of the beta p r o f i l e s i n green 

i n k from the s i t e of the supposed synapse, as f a r as they 

could be followed unambiguously. 

The s y n a p t i c connections noted i n S e r i e s a) are 

presented i n Table 1 1 , The s y n a p t i c connections have not 

been marked on the p i c t u r e s because most of them are c l e a r l y 

v i s i b l e without I t , but a l s o because there i s too l i t t l e 

space to mark them without at the same time obscuring e i t h e r 

the synapse or i t s surroundings i n some way. I n cases where 

the e x i s t e n c e of a synapse i s i n doubt, because i t i s poor 

i n c o n t r a s t or s e c t i o n e d o b l i q u e l y , or where there i s doubt 

as to which of three p r o f i l e s i n c l o s e proximity to the 

p r e s y n a p t i c p r o f i l e are r e a l l y p o s t - s y n a p t i c , any obscurance 

of the evidence would be v e r y u n h e l p f u l . 

I n Table 11 the columns denote the types of synapse 

recorded, and are l a b e l l e d "y--x*', e t c . The l a t t e r i n d i c a t e s 
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a synapse i n which the y - c o l l a t e r a l i s p r e s y n a p t i c and the 

x-one p o s t - s y n a p t i c . The synapses are n e a r l y always, i f 

not always, "dyads", see below. The rows of Table 11 

i n d i c a t e the p i c t u r e s of the S e r i e s . An 0 entry i n a row 

i n d i c a t e s a s y n a p t i c connection to be seen on that p i c t u r e , 

and i n v o l v i n g the p r o f i l e s noted a t the head of the column. 

Doubtful s y n a p t i c connections have been denoted w i t h ^ l i f l n 

Table 11, and where the doubt i s severe, as " ? " . 

Table 11 r e p r e s e n t s the data gathered from S e r i e s a) 

by i n s p e c t i o n of the p i c t u r e s . I t i s summed i n Table 12, 

the numbers of occurrences of the v a r i o u s types of connections 

being the contents of the Table. 

I f the doubtful e n t r i e s be disregarded, the r e s u l t s 

p resented i n Table 12 are e q u i v a l e n t to the f o l l o w i n g 

p r o p o s i t i o n s t 

1) The three L4 c o l l a t e r a l s which c l u s t e r i n c a r t r i d g e 

a) are each p r e s y n a p t i c and p o s t - s y n a p t i c to the other two a t 

l e a s t once, and not more than three times, 

2) Each of these three L4 c o l l a t e r a l s i s p r e s y n a p t i c 

to L2 a t l e a s t once, and not more than three times. 

3) None of these three Lk c o l l a t e r a l s i s p r e s y n a p t i c 

to L I . 

4) The three Lit c o l l a t e r a l s are p o s t - s y n a p t i c to 

each other but to no other c e l l . ( P r o p o s i t i o n s l ) and 4) 

are I l l u s t r a t e d i n F i g , 1 5 ) . 

I d e n t i c a l c o n c l u s i o n s were drawn from the evidence 

of e a r l i e r s e r i a l s e c t i o n s ( see Tables 1-6). One f e a t u r e of 

e a r l i e r s e r i a l s e c t i o n s i s m i s s i n g from S e r i e s a ) | s y n a p t i c 

connections from the L4 c o l l a t e r a l s to the Rl-6 c e l l s were 

evident i n e a r l i e r s e r i e s , but are completely absent from 
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S e r i e s a ) , e x c e p t p o s s i b l y i n p i c t u r e 13a, w h i c h i s a 
d o u b t f u l c o n n e c t i o n . 

The f o u r p r o p o s i t i o n s g i v e n above c a n be s i m p l i f i e d 

i f i t i s o b s e r v e d t h a t t h e s y n a p t i c c o n n e c t i o n s i n S e r i e s a ) 

a r e a l l " d y a d s " . I n a d y a d one p r o f i l e c o n t a i n s a p r e s y n a p t i c 

s t r u c t u r e , a n d two p r o f i l e s , b o t h a p p o s e d t o t h e f i r s t , b o t h 

c o n t a i n a p o s t - s y n a p t i c s t r u c t u r e . I t i s much more d i f f i c u l t 

t o o b s e r v e a d y a d t h a n i t i s t o d e m o n s t r a t e an o r d i n a r y 

s y n a p s e : i t may be t h a t more t h a n two p r o f i l e s a r e a p p o s e d 

t o t h e p r e s y n a p t i c s t r u c t u r e b u t n o t a l l o f them a r e p o s t 

s y n a p t i c , a q u a l i t y w h i c h i s d e m o n s t r a b l e o n l y i f t h e 

p o s t - s y n a p t i c s t r u c t u r e s a r e e a s i l y r e c o g n i s a b l e . D i f f i c u l t i e s 

a l s o o c c u r i f t h e s e c t i o n l i e s i n a p l a n e t r a n s v e r s e t o t h e 

a x i s o f t h e s y n a p t i c c o n n e c t i o n , b e c a u s e t h e p i c t u r e w i l l t h e n 

show a b l u r due t o membranes s e c t i o n e d o b l i q u e l y and o b s c u r i n g 

t h e p r e s y n a p t i c and p o s t - s y n a p t i c s t r u c t u r e s . T h i s d i f f i c u l t y 

was m e n t i o n e d above r e g a r d i n g t h e r e c o g n i t i o n o f s i m p l e 

s y n a p t i c s i t e s : i t i s compounded i f t h e s ynapse i s a d y a d . 

I n s p i t e o f t h e s e d i f f i c u l t i e s t h e e v i d e n c e i n S e r i e s a ) seems 

t o j u s t i f y t h e c o n s t r u c t i o n o f T a b l e I 3 . I n t h i s T a b l e , t h e 

LHS o f t h e e n t r y g i v e s t h e s e r i a l number o f t h e p i c t u r e s i n 

S e r i e s a ) ( o n w h i c h t h e s y n a p s e i s t o be f o u n d ) , and t h e RHS 

o f t h e e n t r y i s a d e s c r i p t i o n o f t h e s y n a p t i c c o n n e c t i o n 

v i s i b l e on t h e s e p i c t u r e s . F o r r e f e r e n c e , e ach e n t r y has 

b e e n n u m b e r e d , 1-10, so e a c h s y n a p s e r e c o r d e d has a number. 

From T a b l e 13 t h e f o l l o w i n g r e s u l t c a n be f r a m e d : 

5) Each o f t h e t h r e e Lk c o l l a t e r a l s c l u s t e r i n g 

w i t h i n t h e c a r t r i d g e a) i s p r e s y n a p t i c t o b o t h o f t h e o t h e r 

two c o l l a t e r a l s , a n d t o L2 s i m u l t a n e o u s l y w i t h e a c h o f them. 
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T h i s p r o p o s i t i o n i n v o l v e s s y n a p s e s 1, 2, 3, i ^ , 5, 

6, p r o b a b l y 9, and 10 i n T a b l e 11. Synapse ?) i s a d o u b t f u l 

c a s e : i t s e x i s t e n c e as a s y n a p s e c a n be s e r i o u s l y q u e s t i o n e d . 

Synapse 8) w o u l d i n d i c a t e some p r e d o m i n a n c e i n t h e c o n n e c t i o n 

f r o m t h e "0" b r a n c h o f t h e Lk c e l l n a t i v e t o c a r t r i d g e a ) . 

T h i s s y n a p s e w o u l d a l s o be a d y a d . 

S i n c e n o t a l l t h e s y n a p s e s m e n t i o n e d i n T a b l e 13 

a r e v e r y d i s t i n c t , t h e c l a r i t y w i t h w h i c h t h e y c a n be seen 

i s m a r k e d b e s i d e t h e e n t r i e s i n t h e T a b l e , I t w i l l be 

o b s e r v e d t h a t i f s y n a p s e s 3) and l O ) , w h i c h a r e t h e l e a s t 

d i s t i n c t , be o m i t t e d f r o m c o n s i d e r a t i o n , much o f t h e f o r c e 

o f p r o p o s i t i o n 5) r e m a i n s . The c o n n e c t i o n s made a r e s t i l l 

d y a d s w i t h one member a l w a y s b e i n g L2. ¥hat i s l o s t i s t h a t 

t h e r i n g o f c o n n e c t i o n s i s no l o n g e r c l o s e d : t h e 0--x 

c o n n e c t i o n i s m i s s i n g . The 0--x c o n n e c t i o n h as b e e n o b s e r v e d 

i n o t h e r s e r i a l s e c t i o n s , ( T a b l e s 3> 4» 5) - i n f a c t , a l l 

t h e c o n n e c t i o n s l i s t e d i n T a b l e 13 a r e known f r o m o t h e r s e r i a l 

s e c t i o n s ( c f . T a b l e 6 ) . The f a c t t h a t i s n e w l y o b s e r v e d i n 

S e r i e s a ) i s t h a t a l l t h e o b s e r v e d s y n a p s e s a r e dyads and 

t h a t L2 i s a l w a y s a member o f t h e d y a d . (The L2 c o n n e c t i o n s 

h a d n o t b e e n c o n s i d e r e d e a r l i e r , a nd t h e f a c t t h a t many 

s y n a p s e s i n t h e l a m i n a , i n c l u d i n g t h e Lk ones, were d y a d s 

h a d n o t t h e n been n o t i c e d ) . I f no s y n a p s e s have r e m a i n e d 

u n o b s e r v e d i n p i c t u r e s 61-68, t h e n p r o p o s i t i o n 5) summarises 

t h e scheme o f c o n n e c t i o n s f o u n d i n c a r t r i d g e a ) . The 

e v i d e n c e f r o m a l l e a r l i e r s e r i e s i s c o m p a t i b l e w i t h t h i s 

p r o p o s i t i o n and s u p p o r t i t a l t h o u g h none o f them was 

s u f f i c i e n t l y c o m p l e t e t o p r o v i d e i t ( T a b l e s 1-6, T a b l e l O ) . 
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T h e r e f o r e t h i s p r o p o s i t i o n w i l l be t a k e n as b e i n g t h e m a i n 

s t a t e m e n t o f t h i s T h e s i s . The D i s c u s s i o n w i l l be c o n c e r n e d 

w i t h i t s r e l e v a n c e t o t h e r e s u l t s o f o t h e r w o r k e r s w h i c h 

were s t a t e d i n t h e I n t r o d u c t i o n . 

DISCUSSION 

L i m i t a t i o n s o f T e c h n i q u e 

T h e r e a r e two l i m i t a t i o n s i n v o l v e d i n t h e use o f 

t h e t e c h n i q u e o f s e r i a l - s e c t i o n i n g f o r t h e e l e c t r o n 

m i c r o s c o p e , i n a n i n v e s t i g a t i o n i n t o n e u r a l c o n n e c t i v i t i e s . 

The f i r s t i s t h a t t h e r e i s no s i m p l e c o r r e l a t i o n b e t w e e n 

t h e s t r u c t u r e s o b s e r v e d an d t h e i r p h y s i o l o g i c a l s i g n i f i c a n c e s . 

The p r e p a r a t i o n o f t h e s p e c i m e n f o r e l e c t r o n m i c r o s c o p y 

s u b j e c t s t h e t i s s u e t o v a r i o u s p o l a r a n d n o n - p o l a r s o l v e n t s , 

t o a b n o r m a l l y l o w a n d h i g h t e m p e r a t u r e s , and t o e x p o s u r e t o 

h e a v y m e t a l s a l t s o f d i f f e r e n t k i n d s . The f i n a l t i s s u e , 

embedded i n p l a s t i c a n d o b s e r v e d i n a vacuum, shows no 

p h y s i o l o g i c a l p r o p e r t i e s a t a l l , and r e s e m b l e s i t s o r i g i n a l 

o n l y i n i t s s t r u c t u r e . The c o r r e l a t i o n o f s t r u c t u r e and 

f u n c t i o n becomes v e r y d i f f i c u l t , y e t t h i s c o r r e l a t i o n i s o f 

g r e a t i m p o r t a n c e f o r t h e u n d e r s t a n d i n g o f t h e t y p e s o f 

e v e n t s o c c u r r i n g a t s y n a p t i c s i t e s . 

Some c o r r e l a t i o n s h a ve b e e n made b e t w e e n s t r u c t u r e 

a n d f u n c t i o n i n t h e l a m i n a o f t h e h o u s e f l y . These i n v o l v e d 

t h e m a r k i n g o f n e u r o n s b y d y e s d u r i n g e l e c t r o p h y s i o l o g i c a l 

r e c o r d i n g s , a n d t h e n i d e n t i f y i n g t h e e l e m e n t s so m arked. 

P r o c i o n Y e l l o w was u s e d f o r t h i s p u r p o s e by Z e t H e r an d 
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( 2 1 52) 
J& r v i l e h t o ^ * i to study the p r o p e r t i e s of some of the 

r e t i n u l a r c e l l s . However, L4 has yet to be studied i n t h i s 

manner, and w i l l provide d i f f i c u l t i e s to such an approach 

because of the sma l l c r o s s - s e c t i o n of i t s axon. Also, the 

noxTual r e s u l t s of r e c o r d i n g i n the lamina are that the 

neurons show responses of the graded p o t e n t i a l type, which 

are not easy to i n t e r p r e t . 

Another approach that was attempted was autoradiography, 

I f the l a b e l l e d n e u r o t r a n s m i t t e r had been concentrated w i t h i n 

one or two neuron types, the assumption could have reasonably 

be en made that the se neurons were u s i n g the transml t t e r . The 

t r a n s m i t t e r used was GABA, but the r e s u l t s were not s p e c i f i c ! 

the l a b e l l e d GABA was found to become s e l e c t i v e l y concentrated 

i n the g l i a l c e l l s of the ganglion. The hope had been that 

L4 would be i n d i c a t e d as u s i n g GABA as the neurotransmitter, 

but t h i s was not ahown. Therefore, no p h y s i o l o g i c a l 

i n f o r m a t i o n i s a v a i l a b l e which might i n d i c a t e the type of 

f i m c t i o n mediated by the s y n a p t i c c o n t a c t s made by the L4 

neuron. 

The second l i m i t a t i o n a r i s e s from the d e l i c a c y of 

the s e r i a l - s e c t i o n i n g technique I t s e l f . I t i s not s u i t a b l e 

f o r d e s c r i b i n g a l a r g e population of o b j e c t s , so that 

v a r i a t i o n s w i t h i n a population cannot p r a c t i c a b l y be desc r i b e d 

by means of i t . I n t h i s study t h i s drawback was minimised 

by p r e p a r i n g a l l the s e r i e s from f l i e s of the same age and 

sex, and sampling the lamina u n d e r l y i n g the same area of the 

compound eye i n each case. T h i s removed from the r e s u l t s 

as f a r as p o s s i b l e , v a r i a t i o n s which were due to d i f f e r e n c e s 

i n d i f f e r e n t p a r t s of the eye, between the sexes, or age. 
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The w o r k a l s o r e s t e d on t h e a s s u m p t i o n t h a t s i n c e t h e 

c a r t r i d g e s u n d e r o b s e r v a t i o n w e re f u n c t i o n a l t h e n t h e y s h o u l d 

e x h i b i t c h a r a c t e r i s t i c s due t o t h i s , a nd t h a t d i f f e r e n t 

c a r t r i d g e s s h o u l d d i s p l a y a c e r t a i n s e t o f f e a t u r e s i n 

common due t o t h e i r common f u n c t i o n . T h i s a s s u m p t i o n was 

s t r e n g t h e n e d b y a l w a y s s a m p l i n g f r o m t h e same p a r t o f t h e 

g a n g l i o n , w h e r e a d i f f e r e n c e i n r o l e s o f d i f f e r e n t c a r t r i d g e s 

i s l e a s t l i k e l y . S i n c e a common s e t o f f e a t u r e s was i n d e e d 

f o u n d i n d i f f e r e n t c a r t r i d g e s f r o m d i f f e r e n t a n i m a l s , as 

e x p r e s s e d i n p r o p o s i t i o n 5) on page 65> i t a p p e a r s t h a t 

t h e s e f e a t u r e s do r e p r e s e n t a c h a r a c t e r i s t i c p a r t o f a l l 

t h e c a r t r i d g e s t h a t c o u l d be e x a m i n e d f r o m a n i m a l s o f t h e 

age a n d sex u s e d ( T a b l e s 10, 1-6, 1 2 ) , 

However, a p a r t f r o m t h e s e t o f f e a t u r e s n o t e d i n 

e v e r y c a r t r i d g e t h a t was s a m p l e d , t h e r e were o t h e r f e a t u r e s 

t h a t w e r e n o t c o n s t a n t f r o m c a r t r i d g e t o c a r t r i d g e . These 

were t h e s y n a p t i c c o n n e c t i o n s i n v o l v i n g t h e r e t i n u l a r c e l l 

a x o n s . Some p a r t i a l s e r i e s showed s y n a p t i c s i t e s i n w h i c h 

t h e Lih c o l l a t e r a l s w e r e p r e s y n a p t i c t o R3 and R5, and i n one 

d o u b t f u l c a s e , t o R2. The s e r i e s p r e s e n t e d h e r e ( a ) i s 

e n t i r e , y e t i t shows no s y n a p t i c c o n n e c t i o n s t o any o f t h e 

r e t i n u l a r c e l l a x o n s f r o m L24.. ( T h e b l u r r e d p h o t o g r a p h s 6I 

t o 68 o c c u r a t , and p r o x i m a l t o , t h e l e v e l o f t e r m i n a t i o n o f 

t h e r e t i n u l a r c e l l a x o n s ) . T h i s d i s c r e p a n c y b e t w e e n d i f f e r e n t 

c a r t r i d g e s c o u l d be e x p l a i n e d b y a s s u m i n g t h a t t h e c a r t r i d g e s 

s a m p l e d d i d n o t a l l l i e i n p r e c i s e l y t h e same a r e a o f t h e 

g a n g l i o n , a n d t h a t w h e r e a s some l a y f u r t h e r t o t h e s o u t h e r n 

p a r t o f t h e n o r t h e r n h e m i s p h e r e o f t h e eye, t h e c a r t r i d g e a ) 

p r e s e n t e d h e r e l a y f u r t h e r t o t h e n o r t h o f t h e eye, where 
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t h e c a r t r i d g e s a r e s m a l l e r and t h e c e l l p r o c e s s e s l e s s 

e l a b o r a t e , t h a n n e a r e r t h e e q u a t o r . Such a s c a t t e r i s 

v e r y p r o b a b l e b e c a u s e i t i s u n l i k e l y t h a t e a c h s e r i e s o f 

s e c t i o n s c o u l d be t a k e n f r o m e x a c t l y c o r r e s p o n d i n g r o w s o f 

t h e e y e s o f d i f f e r e n t a n i m a l s . S t r a u s f e l d ^ ^ - ^ ^ has s u g g e s t e d 

t h a t t h e hk n e u r o n d i s p l a y s a g r a d i e n t o f c o n n e c t i v i t y a c r o s s 

t h e l a m i n a ; i f some c a r t r i d g e s t h a t w e r e s a m p l e d c o n t a i n e d 

hk c e l l s t h a t made c o n n e c t i o n s t o r e t i n u l a r c e l l a x o n s , 

w h e r e a s o t h e r s c o n t a i n e d LZ| c e l l s t h a t d i d n o t , t h i s w o u l d 

t h e n be e x p l i c a b l e b y s u p p o s i n g t h a t t h e samples were t a k e n 

f r o m d i f f e r e n t p o i n t s a l o n g t h i s g r a d i e n t . C a r t r i d g e a ) 

w o u l d r e p r e s e n t t h e e x t r e m e case p o s s i b l e i n t h e g r a d i e n t 

( n o c o n n e c t i o n s ) as w e l l as p r o v i n g t h a t t h i s e x t r e m e i s 

r e a l i s e d . However, t h e e x i s t e n c e o f s u c h a g r a d i e n t w o u l d 

be l e s s e a s y t o p r o v e t h a n t o su p p o s e . The minimum p r o o f 

p o s s i b l e w o u l d be t h e e x a m i n a t i o n o f a s e r i a l s e c t i o n 

p r e p a r e d f r o m t h e e q u a t o r i a l r e g i o n o f t h e l a m i n a . T h i s 

w o u l d be a l a r g e u n d e r t a k i n g , b e c a u s e a s e r i e s o f a b o u t 400 

s e c t i o n s w o u l d be r e q u i r e d : 25 m i c r o n s a t 15 s e c t i o n s each. 

The d e s c r i p t i o n o f t h e p r o p e r t i e s o f s u c h a g r a d i e n t o f 

c o n n e c t i v i t y w o u l d r e q u i r e t h a t c o l l e c t i o n s o f s e r i e s be 

made a t t h r e e o r f o u r p o i n t s a l o n g t h e su p p o s e d g r a d i e n t . 

S i n c e t h e c o l l e c t i o n o f s e r i a l s e c t i o n s d e s c r i b e d h e r e 

d e m o n s t r a t e s t h a t a n i n t e r e s t i n g g r o u p o f common f e a t u r e s 

e x i s t s among c a r t r i d g e s f r o m one a r e a o f t h e eye, and s i n c e 

i t i s l i k e l y t h a t t h i s g r o u p o f f e a t u r e s w o u l d a l s o be an 

i m p o r t a n t p a r t o f c a r t r i d g e s s h o w i n g more c o m p l e x hk 

c o n n e c t i v i t i e s , t h i s d i s c u s s i o n w i l l be l i m i t e d t o t h i s 

g r o u p o f f e a t u r e s , f o r w h i c h e v i d e n c e i s a v a i l a b l e . The 
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l a r g e r p r o b l e m w o u l d become i n v o l v e d w i t h s h o r t c o m i n g s 

i n h e r e n t t o t h e s e r i a l - s e c t i o n i n g m e t h o d i t s e l f . 

I n t e r p r e t a t i o n o f t h e r e s u l t s 

A l a m i n a - t y p e g a n g l i o n h as been o b s e r v e d i n a l l 

v i s u a l s y s t e m s i n v o l v i n g compound e y e s . T h i s i s t r u e o f 

a p p o s i t i o n e y e s , and o f o p t i c a l a nd n e u r a l s u p e r p o s i t i o n 

e y e s , and i t i s a l s o t r u e o f s p e c i e s t h r o u g h o u t t h e 

A r t h r o p o d s . I t seems, t h e n , t h a t t h e l a m i n a p e r f o r m s some 

f u n c t i o n e s s e n t i a l t o t h e compound t y p e o f eye. T h i s f u n c t i o n 

h a s n o t y e t b e e n e x p l i c i t l y d e s c r i b e d . 

The l a m i n a s t h a t h a v e b e e n e x a m i n e d a l l show common 

f e a t u r e s o f c o n s t r u c t i o n : t h e r e t i n u l a a x o n s p r o j e c t i n t o 

t h e l a m i n a and make s y n a p t i c c o n n e c t i o n s w i t h s e c o n d o r d e r 

n e u r o n s t h e r e , w h i c h i n t u r n p r o j e c t i n t o t h e m e d u l l a . The 

n e u r o n s a r e a r r a n g e d more o r l e s s c l e a r l y i n t o c a r t r i d g e - t y p e 

u n i t s , e a c h o f w h i c h i n v o l v e s a g r o u p o f t h e r e t i n u l a r a x o n s 

s y n a p s i n g o n t o a g r o u p o f d i f f e r e n t t y p e s o f s e c o n d - o r d e r 

n e u r o n s . I n a d d i t i o n t h e r e a r e t a n g e n t i a l f i b r e s e n t e r i n g 

t h e l a m i n a f r o m t h e m e d u l l a , and t h e s e may be more o r l e s s 

p r o m i n e n t ; i n t h e H o u s e f l y t h e y a r e n o t p r o m i n e n t a t a l l , 

i n some o t h e r g r o u p s ( e . g . t h e Prawn P a n d a l u s - p e r s o n a l 

c o m m u n i c a t i o n , D. N a s s l ) t h e y a r e t h e most p r o m i n e n t f i b r e s 

i n t h e l a m i n a . However, i t i s a common f e a t u r e o f l a m i n a s 

t h a t t h e r e i s more t h a n one t y p e o f s e c o n d o r d e r n e u r o n . 

These d i f f e r i n t h e i r b r a n c h i n g - p a t t e r n , i n t h e i r p a t t e r n s 

o f s y n a p t i c c o n n e c t i v i t y , i n t h e i r v a r i a b i l i t y t h r o u g h o u t 

t h e l a m i n a , and i n t h e t y p e s a n d l e v e l s o f t e r m i n a t i o n s t h e y 

make i n t h e m e d u l l a . I t i s a r e a s o n a b l e a s s x i m p t i o n t h a t 
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t h i s may be so b e c a u s e t h e f u n c t i o n s o f t h e l a m i n a r e q u i r e 

a v a r i e t y o f c e l l t y p e s , o r p e r h a p s b e c a u s e t h e m e d u l l a 

r e q u i r e s a v a r i e t y o f d i f f e r e n t i n p u t s . The common t a s k s 

o f t h e l a m i n a may be d i v i d e d i n d i f f e r e n t ways among t h e 

s e c o n d - o r d e r n e u r o n s o f l a m i n a i n d i f f e r e n t s p e c i e s , y e t 

t h e e x a m i n a t i o n o f t h e l a m i n a o f one s p e c i e s i n d e t a i l may 

s t i l l g i v e a n i n s i g h t i n t o t h o s e f u n c t i o n s , and w i l l a t 

l e a s t p r o v i d e a c o m p a r i s o n w i t h o t h e r s p e c i e s . The l a m i n a 

o f t h e H o u s e f l y h as b e e n e x h a u s t i v e l y s t u d i e d b y d i f f e r e n t 

a u t h o r s , a n d i s v e r y t h o r o u g h l y d e s c r i b e d ( r e f s . 3, i f , 5, 21, 

k2,kk,k5>k6,k7)• However, t h e Lk n e u r o n h a d been l e s s w e l l 

d e s c r i b e d , p a r t l y b e c a u s e t h e c l u s t e r i n g o f t h r e e l o n g 

c o l l a t e r a l s f r o m t h r e e d i f f e r e n t Lk c e l l s , w i t h i n t h e s m a l l 

v o l u m e a t t h e p r o x i m a l end o f t h e c a r t r i d g e ( F i g . 15)» p r o 

d u c e d p r o b l e m s o f i d e n t i f y i n g t h e p r o f i l e s b e l o n g i n g t o 

d i f f e r e n t c o l l a t e r a l s . T h i s made i t d i f f i c u l t t o d e s c r i b e 

t h e s y n a p t i c c o n n e c t i v i t y o f e a c h c o l l a t e r a l s e p a r a t e l y . 

T h i s i n a d e q u a t e d e s c r i p t i o n o f t h e Lk c e l l was an 

i m p o r t a n t l a c u n a i n t h e d e s c r i p t i o n o f t h e H o u s e f l y l a m i n a , 

f o r t h e f o l l o w i n g r e a s o n : t h e a b i l i t y t o d i s c r i m i n a t e m o v i n g 

o b j e c t s i s common t o a n i m a l s p o s s e s s i n g compound e y e s . Not 

o n l y i s t h e a b i l i t y o f i n t r i n s i c i n t e r e s t , b u t t h e r e a l s o 

e x i s t s a n e x p l a n a t i o n o f i t i n p r e c i s e q u a n t i t a t i v e t e r m s , 

a n d t h i s e x p l a n a t i o n has b e e n d e m o n s t r a t e d t o be v a l i d i n 

t h e c a s e o f Musca (See page22). S i n c e t h e model p o s t u l a t e d 

i s one t h a t c a n be r e a l i s e d i n e l e c t r o n i c and m e c h a n i c a l 

t e r m s , i t i s o f i n t e r e s t t o ex a m i n e how t h e same p r i n c i p l e 

i s r e a l i s e d i n a b i o l o g i c a l mechanism. P r e d i c t i o n s f r o m t h e 

m o d e l w e r e u s e d t o s u g g e s t e x p e r i m e n t s t o d e t e r m i n e t h e t y p e 
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of n e u r a l connections n e c e s s a r y to embody th© model i n a 

b i o l o g i c a l system, and from these experiments was derived 

a d e s c r i p t i o n of the minimum n e u r a l connections needed to 

do so. The hk c e l l i s the most d i s t a l neuron i n the Musca 

v i s u a l system which s a t i s f i e s these conditions, which were; 

"the subunit o r i e n t a t i o n s are expected to group i n a t l e a s t 

two d i f f e r e n t d i r e c t i o n s that share a common l i n e of symmetry 

with the i n t e r n a l eye s t r u c t u r e . The minimum model r e q u i r e s 

the a x i s of symmetry to be the animal's long a x i s " , (See 

page 2 4 ) • The hk neuron s a t i s f i e s these conditions because 

the two long c o l l a t e r a l s a r i s i n g from i t a t th© proximal edge 

of th© lamina, nan from one c a r t r i d g e to those c a r t r i d g e s 

neighbouring i t i n the Y and -x d i r e c t i o n s of the hexagonal 

a r r a y . When transposed back to th© corresponding f a c e t s of 

the cornea, th© a x i s of symmetry of the long c o l l a t e r a l s i s 

the z - a x i s j the animal's long a x i s . Since the Lk neuron 

s a t i s f i e s the c o n d i t i o n s r e q u i r e d f o r i t to be a movement 

d e t e c t i n g neuron, and s i n c e i t i s the only neuron i n the 

lamina known to do so, the s y n a p t i c c o n n e c t i v i t i e s of the 

long c o l l a t e r a l s are of con s i d e r a b l e importance. These long 

c o l l a t e r a l s r e p r e s e n t l i n k s between neighbouring "channels" 

of i n f o r m a t i o n flow i n the lamina, and although the alpha 

c e l l s are a l s o such l i n k s , i t i s only the L4 c e l l s that have 

been e x a c t l y d e s c r i b e d from the point of view of which 

"channels" they j o i n . Also, only the Lk c e l l s s a t i s f y 

r e s u l t 4) on page 24. Th© f o l l o w i n g d i s c u s s i o n w i l l t h e refore 

a n a l y s e th© p o s s i b l e s i g n i f i c a n c e of the L4 neuron with 

r e s p e c t to novement d e t e c t i o n . The question u n d e r l y i n g the 

a n a l y s i s w i l l be which d i r e c t i o n s of information flow are 
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p o s s i b l e b e t w e e n c a r t r i d g e s b y way o f Lk. 

P o s s i b l e s i g n i f i c a n c e t o t h e f l y o f t h e c o l l a t e r a l n e t w o r k 

The f i r s t c o n s i d e r a t i o n i s t h e i n f o r m a t i o n f l o w 

a l o n g t h e c o l l a t e r a l s o f L^. The d i r e c t i o n o f t h i s f l o w i s 

unknown, b u t i n t h e c a s e o f t h e two l o n g c o l l a t e r a l s t h e r e 

a r e t h r e e d i s t i n c t p o s s i b i l i t i e s : a ) I f t h e s i g n a l s c a n 

o n l y t r a v e l o u t w a r d s a l o n g t h e s e c o l l a t e r a l s , f r o m t h e a x o n 

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

n e i g h b o u r i n g on t h e -x and y a x e s , t h e n t h e n e t f l o w w i l l 

e x e r t a d i r e c t i o n a l i n f l u e n c e o n c a r t r i d g e s i n t h e +z 

d i r e c t i o n : e a c h c a r t r i d g e w i l l be i n f l u e n c e d v i a two 

c o l l a t e r a l s a r r i v i n g f r o m two o t h e r c a r t r i d g e s , one a l o n g 

t h e x - a x i s and one a l o n g t h e y - a x i s . The r e s u l t w i l l , i n 

t o t o , be a d i r e c t i o n a l p r o p e r t y o f t h e l a m i n a a l o n g t h e 

z - a x i s , a n d s y m m e t r i c a l t o i t ( F i g . 22). T h i s case w o u l d 

s a t i s f y t h e c o n d i t i o n s f o r Lk t o be a m o t i o n - d e t e c t i n g n e u r o n , 

o r i n v o l v e d i n one s t a g e o f m o t i o n - d e t e c t i o n , b ) I f t h e 

s i g n a l s c a n o n l y t r a v e l i n w a r d s a l o n g t h e two l o n g c o l l a t e r a l s , 

t h e n t h e n e t r e s u l t w o u l d a g a i n be a d i r e c t i o n a l p r o p e r t y o f 

t h e l a m i n a a l o n g t h e z - a x i s ( i n t h e -z d i r e c t i o n ) , a nd 

a c t i n g on t h e a x o n w h i c h t h e Lk c e l l p r o j e c t s i n t o t h e m e d u l l a . 

I n v i e w o f t h e f a c t t h a t t h e e n d f e e t o f t h e s e c o l l a t e r a l s a r e 

p r e s y n a p t i c , t h i s d i r e c t i o n o f i n f o r m a t i o n f l o w seems u n l i k e l y ; 

h o w e v e r , t h e same r e a s o n i n g w o u l d a l s o r u l e o u t a ) above, 

b e c a u s e t h e e n d f e e t o f t h e c o l l a t e r a l s a r e a l s o p o s t s y n a p t i c , 

c ) I f i n f o r m a t i o n c a n f l o w b o t h b a c k w a r d s and f o r w a r d s a l o n g 

t h e t w o l o n g c o l l a t e r a l s , t h e n i t i s p o s s i b l e t o p r o d u c e t h e 

c o n s t r u c t i o n e q u i v a l e n t t o t h e s i m p l e s t scheme o f c o n n e c t i o n s 

w i t h i n a h e x a g o n a l a r r a y , p u b l i s h e d e a r l i e r ( F i g . l6,20,2l)^^K 



- 75 -

T h i s c o n s t r u c t i o n , h o w e v e r , assumes t h a t t h e r e s u l t s o f 
i n f o r m a t i o n f l o w o u t w a r d s a l o n g t h e c o l l a t e r a l s i s s i m i l a r 
o r i d e n t i c a l t o t h o s e o f f l o w i n t h e o t h e r d i r e c t i o n . S h o u l d 
t h i s n o t be so, t h e n t h e r e m o v a l o f a r r o w s f r o m t h e d i a g r a m 
t o p r o d u c e t h e s i m p l e s t scheme o f c o n n e c t i o n s i s n o t v a l i d 
( i . e . F i g . 2 1 i s n o t v a l i d ) . S i n c e s p i k e - c o n d u c t i o n i s n o t 
d e m o n s t r a t e d as o c c u r r i n g i n t h e s e c o l l a t e r a l s , t h e r e seems 
t o be no r e a s o n t o e x c l u d e t h i s p o s s i b i l i t y . 

T hese c o n s i d e r a t i o n s l e a v e t h e r o l e o f t h e s h o r t 

0 - c o l l a t e r a l v a g u e . S i n c e t h e s y n a p t i c c o n t a c t s made b y 

t h i s c o l l a t e r a l a r e s i m i l a r t o t h o s e made by t h e o t h e r two, 

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

i s a u n i t o f i m p o r t a n c e w i t h i n t h e c a r t r i d g e , a nd t h a t t h e 

s y n a p t i c c o n t a c t s made b y t h e e n d f e e t a r e i m p o r t a n t w i t h i n 

t h e c a r t r i d g e w h ere t h e y a r e made, r a t h e r t h a n as c o n t a c t s 

t o e x t e r n a l c a r t r i d g e s . I f t h e c l u s t e r o f e n d f e e t i s t h e 

f u n c t i o n a l u n i t , t h e n t h i s w o u l d p r o b a b l y f a v o u r a ) above, 

i n w h i c h t h e i n f o r m a t i o n i s r e g a r d e d as f l o w i n g t o w a r d s t h e 

c l u s t e r s . 

T h e r e i s a f u r t h e r p o i n t i n f a v o u r o f case a ) above, 

w h i c h i s t h a t a l l t h e c o l l a t e r a l e n d f e e t a r e p r e s y n a p t i c t o 

a c e l l w i t h i n t h e c a r t r i d g e c o n t a i n i n g t h e c l u s t e r . ( L 2 ) . 

T h i s makes i t more p l a u s i b l e t o b e l i e v e t h a t i n f o r m a t i o n i s 

f l o w i n g t o w a r d s t h e c l u s t e r f r o m t h e n e i g h b o u r i n g c a r t r i d g e s 

( F i g . 2 2 ) , and t h e n i n f l u e n c i n g L2. I f c a s e s b ) o r c ) were 

t r u e , t h e n i t c o u l d be e x p e c t e d t h a t t h e t h r e e c o l l a t e r a l 

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

c o n t a i n i n g t h e c l u s t e r , a n d t h a t i n f o r m a t i o n f l o w i n g i n w a r d s 

a l o n g t h e c o l l a t e r a l s t o w a r d s t h e i r p a r e n t axons w o u l d be 
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o r i g i n a t i n g from the c a r t r i d g e c o n t a i n i n g the c l u s t e r . 

Such synapses have not been noted. Thus, as f a r as the 

morphological evidence alone i s concerned, i t seems that 

case a) above i s most l i k e l y to be true, and thus no evidence 

i s provided a g a i n s t the i d e a that hk i s involved i n motion-

d e t e c t i o n . 

I n t h i s d i s c u s s i o n of the c o l l a t e r a l s as connections 

between c a r t r i d g e s , i t has been assumed that the s y n a p t i c 

c o n t a c t s made by each c o l l a t e r a l are s i m i l a r to those made 

by the other two. The i n t r o d u c t i o n of any more complex 

assumption l e a d s to very complicated p a t t e r n s of connection, 

and 1 s unwarranted by the evidence. (The synapses are a l l 

m o r p h o l o g i c a l l y s i m i l a r ) . 

The second c o n s i d e r a t i o n i s the asymmetry of the 

L4 c o l l a t e r a l network with r e s p e c t to L I and L2, I n no 

case y e t examined by s e r i a l s e c t i o n i n g has L I been observed 

p o s t s y n a p t i c to any of the L4 c o l l a t e r a l s . T h i s r e s u l t i s 
(k3) 

i n c o n t r a d i c t i o n to the publ i s h e d f i n d i n g s of other authors^ ' 

The absence of a s y n a p t i c connection i s d i f f i c u l t to prove, 

Since f a i l u r e to observe one does not n e c e s s a r i l y imply i t s 

absence. However, the frequent occurrence of synaptic 

connections i n which the Lk endfeet are pr e s y n a p t i c and L2 

i s p o s t s y n a p t i c , and the o r d e r l y p a t t e r n of connections thus 

produced, has been observed. I t was a f e a t u r e of s e v e r a l 

s e r i a l s e c t i o n s , i n c l u d i n g the ones presented here. I n f a c t , 

the o r d e r l y p a t t e r n of these connections with L2 i s so s t r i k i n g 

s i n c e i t appears t h a t L2 i s p o s t s y n a p t i c to the L4 c o l l a t e r a l s 

a t every s y n a p t i c contact that they make, ( p r o p o s i t i o n 5, 

page 6 5 ) . I f a s i m i l a r s e t of connections to L I does e x i s t , 

i t i s d i f f i c u l t to e x p l a i n why s e r i a l s e c t i o n i n g has not 
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r e v e a l e d i t when one c o m p l e t e s e r i e s s u f f i c e s t o d e m o n s t r a t e 

a s i m i l a r s e t o f c o n n e c t i o n s t o L 2 . One p o s s i b l e e x p l a n a t i o n 

i s t h a t t h e use o f t h e G o l g i - E M m e t h o d does n o t p e r m i t 

u n a m b i g u o u s i d e n t i f i c a t i o n o f t h e L I and L 2 p r o f i l e s . T h i s 

w o u l d e a s i l y l e a d t o an i m p r e s s i o n , p o s s i b l y e r r o n e o u s , t h a t 

b o t h w e r e p o s t s y n a p t i c , when i n f a c t o n l y L 2 was. 

The p r e s e n c e o r a b s e n c e o f s u c h a s e t o f c o n n e c t i o n s 

w i t h L I i s w o r t h e s t a b l i s h i n g b e c a u s e i t h e l p s t o a n s w e r t h e 

q u e s t i o n ; why does e a c h c a r t r i d g e c o n t a i n f i v e n e u r o n s o f 

d i f f e r e n t t y p e s i n a d d i t i o n t o t h e r e c e p t o r c e l l a xons? 

A l s o , why a r e two o f t h e s e d i f f e r e n t t y p e s , L I and L 2 , so 

s i m i l a r t o e a c h o t h e r ? The f a c t t h a t one o f them, L 2 , i s 

i n f l u e n c e d i n a v e r y o r d e r l y way b y a n e t w o r k o f c o l l a t e r a l s 

a t t h e b a s e o f t h e l a m i n a , w h e r e a s t h e o t h e r , L I , i s n o t , i s 

o f some i m p o r t a n c e , e s p e c i a l l y s i n c e t h e n e t w o r k o f 

c o l l a t e r a l s seems t o h a v e no o t h e r o b v i o u s o u t p u t , i n 

some c a r t r i d g e s a t l e a s t . 

The t h i r d c o n s i d e r a t i o n i s t h e f u n c t i o n a l s i g n i f i 

c a n c e o f t h e s y n a p s e s o f t h e c o l l a t e r a l n e t w o r k . The 

s t r u c t u r e s r e c o g n i s e d as s y n a p s e s a r e d e s c r i b e d above, page 

5k . I t i s t h e s e s t r u c t u r e s t h a t m e d i a t e i n f o r m a t i o n f l o w 

f r o m t h e r e t i n u l a r c e l l a x o n s t o t h e s e c o n d o r d e r n e u r o n s 

L I , L 2 , and L 3 . I t w o u l d t h u s seem p o s s i b l e t o r e g a r d them 

as e x c i t a t o r y s y n a p s e s , y e t i f t h i s were t r u e i n t h e Lk 

c o l l a t e r a l n e t w o r k , t h e n e t w o u l d s t i m u l a t e i t s e l f t o f i r e 

c o n t i n u o u s l y , a m e a n i n g l e s s c o n d i t i o n . I t may be t h a t t h e 

p o s t s y n a p t i c s t r u c t u r e i s o f i m p o r t a n c e i n t h i s c o n n e c t i o n , 

f o r i t i s d i f f e r e n t i n L 2 and Lk, see F i g . 1 8 . ¥hether t h e 

Lk c o l l a t e r a l n e t w o r k s y n a p s e s a r e i n h i b i t o r y i n n a t u r e 
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remains to be seen. I n that case the net would have the 

property of l a t e r a l i n h i b i t i o n . Such i n h i b i t i o n has been 
(27) 

demonstrated i n Musca^ , and i s a common phenomenon i n 

both v e r t e b r a t e and i n v e r t e b r a t e eyes. 

There i s one c l e a r d i f f e r e n c e between the synapses 

i n the c o l l a t e r a l network and those connecting the 

r e t i n u l a r c e l l axons with L1-L3: the l a t t e r are f a r more 

numerous. Each r e t i n u l a r c e l l axon may be s y n a p t i c a l l y 

connected with L2 about 20 times, whereas the x - c o l l a t e r a l 

of a given Lk c e l l i s not connected to the y - c o l l a t e r a l 

w i t h i n the same c l u s t e r more than two or three times. The 

reason f o r t h i s q u a n t i t a t i v e d i f f e r e n c e i s unexplained. 

Whatever the f u n c t i o n of the network, i t i s noteworthy 

that L2 appears to be i n f l u e n c e d by every s i g n a l p a s s i n g 

from any Lk c o l l a t e r a l w i t h i n the c l u s t e r to any other. T h i s 

input i s the most proximal one to L2 that occurs i n the 

lamina, and the f u n c t i o n i n g of the Lk c o l l a t e r a l network 

may have c o n s i d e r a b l e s i g n i f i c a n c e i n determining the input 

of L2 i n t o the medulla. 

F i n a l l y , the c h a r a c t e r of the i n d i v i d u a l Lk neuron 

i s of i n t e r e s t . I t i s not simply a second-order neuron 

t r a n s m i t t i n g information from the r e t i n a to another l o c a t i o n ; 

i t r e c e i v e s no d i r e c t i n p u t s from the r e t i n u l a r c e l l axons. 

I t s i n p u t s are i n the d i s t a l p a r t of the lamina, from the 

alpha c e l l s , themselves f i b r e s i n t r i n s i c to the lamina, and 

spreading over f i e l d s of s e v e r a l c a r t r i d g e s . They r e c e i v e 

i n p u t s from the r e t i n u l a r c e l l axons, and are a l s o i n v o l v e d 

i n the " g n a r l s " which protrude i n t o the beta c e l l s and are 

p o s s i b l y s y n a p t i c . These alpha c e l l s then are pre s y n a p t i c 



- 79 -

to the d i s t a l branches of the Lk c e l l s (See page 6o). 

The Lk c e l l a l s o makes long c o l l a t e r a l branches i n 

the upper l a y e r s of the medulla^^-^^, which run from the 

column of the medulla corresponding to the c a r t r i d g e i n 

which the hk c e l l i s s i t u a t e d , to the columns corresponding 

to the c a r t r i d g e s of the lamina i n v e s t e d by the lamina 

c o l l a t e r a l s . Thus the same three channels are l i n k e d once 

i n the lamina and once i n the medulla by the same L4 c e l l . 

I t may be that the two s e t s of c o l l a t e r a l s together form 

a f u n c t i o n a l u n i t , and that the understanding of the lamina 

c o l l a t e r a l network must wait upon knowledge of the medullary 

c o l l a t e r a l network. 
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F I G . 1. Diagram of c o n t r o l loop; i n t e x t p . l 6 . 



F I G . 2. Experimental arrangement f o r optomotor experiment: 
the f l y i s suspended r i g i d l y and the moving stimulus presented 
to cover i t s whole v i s u a l f i e l d . Measurement of the f l y • s 

to the s t i m u l u s i s shown on the meter. (From r e f . 15)-
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F I G , 4. Diagram showing conceptual model f o r the optomotor 
response. A and B are r e c e p t o r s , D,F,H,X are f i l t e r s , M i s the 
m u l t i p l i e r p rocess, S i s a long time-constant f i l t e r . The inputs 
L ( A ) and L ( B ) are transformed by the f i l t e r s and m u l t i p l i e r s 
i n t o I ^ ( A ) , e t c . 



F I G . 5« Diagrammatic r e p r e s e n t a t i o n of the "neural s u p e r p o s i t i o n 
eye" t l i g h t r a y s from one p o i n t i n the environment are shown 
p a s s i n g t h r o u ^ three c o r n e a l f a c e t s , being absorbed by 
d i f f e r e n t rhabdomeres beneath the f a c e t s , and the s i g n a l s 
induced i n the r e c e p t o r c e l l s being brought together a t one 

* ^ i ^ " lamina by means of the c r o s s i n g over which i s 



F I G . 6a. D e f i n i t i o n of the three axes, x, y, and z, of a 
hexagonal a r r a y . 



F I G . 6b. O r i e n t a t i o n of the hexagonal a r r a y of ommatidia 
at the s u r f a c e of the eye. 
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F I G . 7. The o r i e n t a t i o n of the hexagonal a r r a y i n the 
medulla. 



F I G . 8. The v i s u a l s y s t e m o f the f l y : Co=Cornea, Re=Retina, 
R a x = c r o s s i n g o v e r o f the r e t i n u l a r axons, La=Lamina, Che=Chiasma, 
Me=Medulla, C h i = c h i a s m a i n t e r n a , Lba and L b s = L o b u l a and L o b u l a 
p l a t e . 



FIG. 9. E l e c t r o n m i c r o g r a p h o f the r e t i n a o f Musca, TS. Shows 
th e o r i e n t a t i o n s o f the rhabdomere m i c r o v i l l i . (Compare r e f . 2 ) 
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F I G . 10. The p r o j e c t i o n of r o t i n u l a r c e l l axons from seven 
d i f f e r e n t rhabdomos (white c i r c l e s ) onto one lamina c a r t r i d g e 
( b l a c k c i r c l e s ) . Because the rhabdome i s an unsymmetrical shape 
the rhabdomeres can be i n d i v i d u a l l y i d e n t i f i e d and numbered 
(from 3 ) . 
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F I G . 11, a) g i v e s the numbering of the i n d i v i d u a l rhabdomeres; 
the two h a l v e s of the eye are m i r r o r images, as are the two 
d i f f e r e n t eyes. b) o u t l i n e s the seven rhabdomes of the r e t i n a 
which are "looking" a t one point i n the v i s u a l environment 
(Compare F i g s . 7 and 8 of r e f . l O ) . 



F I G . 12. Diagrammatic r e p r e s e n t a t i o n of the s p a t i a l r e l a t i o n 
s h i p s w i t h i n the lamina c a r t r i d g e ; Rl-R8=Retinular c e l l axons, 
Ll-Li|=lamina neurons, x, y, z a r e the co-ordinate axes. The 
f i g u r e shows the m i r r o r imageing between the eyes and the 
h a l v e s of each eye (from r e f , 3)« 



F I G . 13. S e m i - d i a g r a m m a t i c r e p r e s e n t a t i o n o f the l a m i n a 
c a r t r i d g e . Compare F i g . 12 and photograph l a ) of the s e r i e s , 



F I G , Ik' B r a n c h i n g p a t t e r n s o f L 1 - L 5 neurons i n the l a m i n a . 
The d o t t e d l i n e r e p r e s e n t s t h e l a m i n a - c h i a s m a boundary; each 
o f t h e n e u r o n s p r o j e c t s an axon i n t o the c h i a s m a . 



F I G . 15• The c l u s t e r of three L4 c o l l a t e r a l s which make 
contact w i t h i n a s i n g l e c a r t r i d g e , the arrows r e p r e s e n t i n g 
s y n a p t i c c o n t a c t s between the c o l l a t e r a l s (from r e f . 6), 



F I G . 16. D i r e c t i o n s o f the Lk c o l l a t e r a l s ( b l a c k l i n e s ) w i t h 
r e s p e c t to the c a r t r i d g e s ( b l a c k c i r c l e s ) and c o - o r d i n a t e a x e s 
o f t h e l a m i n a . ¥hite c i r c l e s r e p r e s e n t Lk stem axons, (from r e f . 6 ) 
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F I G 17. E l e c t r o n micrograph showing three L4 c o l l a t e r a l 
p r o f i l e ; between L I and L2 p r o f i l e , . Large lA p r o f i l e i» P " " 
^ ^ a p t i c to the other two L4 p r o f i l e s , p r e s y n a p t i c f 
T^haped. and the p o s t s y n a p t i c s t r u c t u r e s are r e c t a n g u l a r xn LU 
(from r e f . 6 ) . 
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F I G . 18, lik p r o f i l e p r e s y n a p t i c to L2 and another hk p r o f i l e . 
Apposed to the T-shaped p r e s y n a p t i c s t r u c t u r e , i n L2 i s a 
s t r a i g h t bar as p o s t s y n a p t i c s t r u c t u r e , and i n L4 i s a fuzzy 
r e c t a n g u l a r p o s t s y n a p t i c s t r u c t u r e . 
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F I G . 19. Curvature of the lamina, I n t e x t p. 60 . 



F I G . 20. B l a c k c i r c l e s ; L4 axons. B l a c k l i n e s : L4 c o l l a t e r a l s . 
White c i r c l e s : c a r t r i d g e s . F i g u r e shows s c h e m a t i c a l l y how each 
Lk c e l l sends c o l l a t e r a l s to t h r e e d i f f e r e n t c a r t r i d g e s (from 
r e f . 6 ) . 
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F I G . 21. S i m p l e s t scheme o f c o n n e c t i o n s p o s s i b l e i n a 
h e x a g o n a l a r r a y ( f r o m r e f . 6 ) , 



Y X 

FIG, 22. D i r e c t i o n a l flow to the c o l l a t e r a l c l u s t e r s 
produces a sum e f f e c t along the +z d i r e c t i o n . 



TABLE 1. 

^ v ^ P r e synap t i c 

P o s t s y nap t rts. 
X y o R 

X 1 1 2 

y 2 - -

o 1 2 

L2 7 2 Not 
observed 

R 1 1 -

(Table 1 i s a summation, compiled from a survey 

of 20 c a r t r i d g e s , northern hemisphere of l e f t 

eye of an o l d 



TABLE 2. 

r e synap t i c 

P o s t s y n a p t i ^ - ^ ^ 
X y 0 R 

X 
V// 

2 - -

y 1 
/ / / 

- -

o 1 1 
'/A 

-

L2 1 1 1 Not 
o b s e r v e d 

R - //// 
? 1 7 

( T a b l e 2 i s t h e r e s u l t s o f o b s e r v i n g a s e r i e s 

o f 23 s i l v e r s e c t i o n s , and r e p r e s e n t s the 

s y n a p s e s made w i t h i n one c a r t r i d g e i n t h a t 

s e r i e s . Same f l y , same a r e a o f eye a s T a b l e 8). 



TABLE 3. 

"^^^^^"\,^Pr e s yriap t i c 

P 0 s t s y n a p t l ^ > \ ^ ^ ^ ^ ^ 
X y 0 R 

2 2 -

y 1 - -

0 1 1 
' / // 

L2 1 2 1 Not 
o b s e r v e d 

R 1 2 3 •'/// 
T a b l e 3. S y n a p s e s o b s e r v e d I n one c a r t r i d g e , 

i n a s e r i e s o f 50 s e c t i o n s , f l y , h days o l d , 

n o r t h e r n a r e a o f r i g h t eye. 



TABLE k» 

r e synap t i c 

P o s t s ynap t r^K^^ 
X y o R 

X - 1 -

y 1 - -

o 1 2 
/ / / 

L2 Not 
o b s e r v e d 

Not 
o b s e r v e d 

Not 
o b s e r v e d 

Not 
o b s e r v e d 

R Not 
o b s e r v e d 

Not 
o b s e r v e d 

Not 
o b s e r v e d 

T a b l e 4. S y n a p s e s o b s e r v e d i n one c a r t r i d g e , i n 

a s e r i e s o f 30 s e c t i o n s , t/^fly, h days o l d , 

n o r t h e r n a r e a o f r i g h t eye 



TABLE 5. 

^ \ P r e s y n a p t i c 

P o s t s y n a p triv...^ 
X y o R 

X '/7, - 3 -

y 1 
W / 

2 -

o 1 1 ///A -
/ / / i 

L2 Not 
o b s e r v e d 

Not 
o b s e r v e d 

Not 
o b s e r v e d 

Not 
o b s e r v e d 

R Not i 
Observedj 

Not Not 
obsorvedi o b s e r v e d 

T a b l e 5. S y n a p s e s o b s e r v e d i n one c a r t r i d g e , 

i n a s e r i e s o f 60 s e c t i o n s , f l y , h days o l d , 

n o r t h e r n a r e a of r i g h t e ye. 



TABLE 6, 

^ \ P r e synap t i c 

Po s t synap ti^>N^^^ 
X y o R 

X / / / / I 6 -

, y k '/// 
./ / /• 

2 

0 k 5 

L2 ( T a b l e s 
( 2 + 3 o n l y 

2 3 2 Not 
o b s e r v e d 

L I ^ - ! -
i i 

- Not 
o b s e r v e d 

R ( T a b l e 1 j 2 
(3 o n l y i j 

3 / // ' • 
/ 

T a b l e 6. Sum o f T a b l e s 2-5. Very s i m i l a r 

t o T a b l e 5-



TABLE 7. 

CM 
X 
o 
pq Q H 

O 
-P 0 H ® 
^ u +> -P to 0 « .£3 H a H ft 0 O P. U ;z; 3 « CM O H 0 -d II V II 

U C »n o 0 . 0 0 0 

u u 
> f> J* >• s in H D H H H © 

Ti •H U 
CO o to CO CO O 
H H C\i O H 

H 

u u 
C C •d > -d >• > e J- H H e H H H H 3 •H 0 h -H 0 -H -H H to O tiJ to ti to CO CP 

H H C\i H H ^ H 
H 

U U ;H 
«) « f> >• H « H 0 H *) H H 0 -H h •H -H •H O cU tfl b to C5 CO CO 

H H m n H H J - 00 
H H 

u u 
e 

> T3 ;> CM H W H 0 -H to to C5 to 
O H 
H 

U U 
O « V 
> > >• TJ 

H H H H H H •H •H 0 -H to CO to o to 
H CM H H ^ 

O 

n t) •P -p 
c 0 n c 43 o ft 3 
« to 
• • 
o X 0 

X3 
T3 
t ( 

<: 4) 
? P 0 
u CH 0 
i) n C 
• H 
(to 0 0 
•H 

•p 0 •H -P « 0 V u n ft 0 H h * 
fll •H C 
U 1 •H 
« H C 0 n •H •P n •H H « 0 •d 0 fl 
« 0 •H •d M tH «j +* 3 a •d 
n K 0 V 0 -d -p ti 0 s C •H 

u 
CH 0 t) fl •p •H ft •p +J •H 3 
k 0 
0 0 h 
n C c (13 U 
1̂ 0 *> 



TABLE 8. The f o l l o w i n g 11 pages a r e p h o t o c o p i e s 

o f t h e EM-95 logbook. They c o n t a i n i n f o r m a t i o n 

n e c e s s a r y f o r the r e c o n s t r u c t i o n o f the s e r i e s 

from the i n d i v i d u a l EM p i c t u r e s , and a r e a n n o t a t e d 

f o r t h i s p u r p o s e . 
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TABLE 9. 

P l a t o no. (EM) G r i d no. S e r i a l no. O r i e n t a t i o n o f 
s e r i e s i n launina 

ICARTRIDGE a ) 
2927 * 2936 

2781 ^ 2721 

2712 ^ 2701 

2669 ^ 2699 

2667 ^ 2 6 6 3 

2595 » 2605 

261^8 ^ 2642 

2 6 2 3 ^ 2612 

2573 2562 

C3 

C2>C1^B5 

B 3 ( b a c k w a r d s ) 
B2*B1 

A 3 ( b a c k w a r d s ) 
A5 

A4 

A2>A1 

82a 
81a 
53a 

hja 

3 1 a 

28a 
2 2 a 

I 8 a 
11a 

> 9 1 a 

^ 5 4 a 

> 32a 

^ 2 9 a 

-> 2 3 a 

1 9 a 

-> 1 2 a 

^ l a 

P r o x i m a l 

D i s t a l 

CARTRIDGE b) 

2917 
2782 
27hO 
2736 
2 7 1 3 
2670 
2668 
2596 
26^9 
262i* 
2587 
2561 

2911 
•> 275U 
^ 2748 
* 2722 
^ 2702 
^ 2700 
^ 2666 
^ 2606 
^ 26k3 
^ 2611 
^ 2575 

C3 
G2#C1->B5 

B5 
B5 
Bk 
B3 
B2-»B1 
A3 
A5 
A4 
A2 
A l 

87b 
80b 
66b 
6 l b 
53b 
47b 
31b 
28b 
22b 
I 8 b 
l i b 
l b 

• 81b 
^ 66b 
^ 62b 
^ 54b 

48b 
f 32b 
^ 29b 
^ 23b 

19b 
12b 

2b 

P r o x i m a l 

4/ 
D i s t a l 

TABLE 9, T h i s i n d e x p r o v i d e s a c r o s s - r e f e r e n c e between the 
o r i g i n a l u l t r a - t h i n s e c t i o n s , t h e EM p i c t u r e s and the f i n a l 
s e r i a l r e c o n s t r u c t i o n . I t was a n e c e s s a r y s t e p i n the 
i n t e r p r e t a t i o n o f t h e s e r i a l s e c t i o n s . 



TABLE 1.0. 

^ - • ^ P r e s y n a p t i c 

P o s t s y nap t i c ^ s . ^ 

I 
: 

y o a l p h a 

X 

y y/// 
o 8 2 b , 8 3 b /// 3 - 5 b , 

l ^ i - 1 7 b , 
2 9 - 3 0 b . 

L I 

L 2 8 2 b , 8 3 b 

TABLE 1 0 . S y n a p s e s o b s e r v e d i n c a r t r i d g e "b". 

( 8 7 s e c t i o n s , U-day-old male f l y , r i g h t eye n e a r 

n o r t h e r n p e r i m e t e r ) . 



TABLE 1 1 . P r e s e n t a t i o n o f s y n a p s e s o b s e r v e d 

on e a c h p i c t u r e o f s e r i a l s e c t i o n through c a r t r i d g e 

" a " . ( 9 1 s e c t i o n s , l^-day-old male f l y , r i g h t eye 

n e a r n o r t h e r n p e r i m e t e r ) . T h i s was a n e c e s s a r y 

s t e p i n the i n t e r p r e t a t i o n of the s e r i a l s e c t i o n . 



TABLE 11 

X 
I' 
y 

1/ 
o 

y 

X 

y 

o 

o 

X 

o 

y 

X 

L2 

y 

L2 
4/ 
L 2 

X 
4/ 
L l 

y 

L l 

o A 

L l 

a 
si/ 
L 4 ( o ) 

o 
4/ 
R5 

8 

10 

11 

12 

13 

Ik 

15 

16 

17 

18 

19 

20 

21 

22 

23 

2k 

25 

26 

27 



TABLE 11 Cont'd. 



TABLE 11 Cont'd 

X 

y 

X 

o 
y 
X tz t 

o 
t2 

X 

L l L l 
o 
L l 

a 
hk(o) 

o 
R5 

55 

56 

57 

58 

59 

60 

61 

62 

63 

6U 

i 65 

66 

67 

68 

69 

70 

71 

72 

73 

7k 

75 1 
76 

77 

78 

79 

80 



TABLE 1 2 . 

^ * > v ^ r e s ynap t i c 

Po s t synap t i c \ ^ ^ ^ 
X y o 

X 2 3 

y 1 2 

o 1+? 2 

L I - - ? 

L 2 3 3+7 
1 

1 + 7 j 
i 

TABLE 12. Summary o f t h e s y n a p s e s found i n c a r t r i d g e " a " , 

c o m p i l e d from T a b l e 11, 



TABLE 1 3 . 

^ ^ ^ P r e s y n ap t i c 

P o s t synap t i"&-̂ ^̂  
X y 0 

0+L2 19-2/ta 
( N o . l ) 

3 8 - 4 0 a \ 7 1 - 7 7 a 
(No.4) \ (No.10) W/ 

y+L2 
3 3 - 3 5 a 
(No.2) 
v e r y c l e a r ////M k3'kk9i 

(No.5) 
v i s i b l e 

X+L2 ///// k3-kko. (No.6) 
v i s i b l e 

3 5 - 3 7 a 
(No.3) 
i n d i s t i n c t 

P+L2 ^•7-53a 
(No.7) 
i n d i s t i n c t 

x+y 
5k'57a. 
(No,8) 

x+? 7 - 6 7 a 
(No.9) 
v i s i b l e 

TABLE 1 3 . P r e s e n t a t i o n o f t h e d i f f e r e n t t y p e s o f s y n a p s e s 

found i n c a r t r i d g e " a " . The e n t r i e s r e f e r t o the number o f 

the p i c t u r e s i n the S e r i e s a ) i n which t h e s y n a p s e s a r e 

e v i d e n t • 

f \ 5 APR 1976 


