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( i i i ) 

ABSTRACT 

Aspects of the development and d i s t r i b u t i o n of the 

primary r e t i n a l a f f e r e n t p r o j e c t i o n to the c o n t r a l a t e r a l 

o p t i c tectum were studied by l i g h t microscopy, e l e c t r o n 

microscopy, and microelectrode recording from a d u l t and 

tadpole o p t i c nerves and o p t i c t e c t a of the toad Xenopus 

l a e y i s (Daudin). The a d u l t tectum was found to be 

i ivo:.-vat9d by four populations of o p t i c n r r v e a f f e r e n t s 

•with d i f f e r e n t conduction v e l o c i t i e s and r e t i n a l r e c e p t i v e 

f i e l d p r o p e r t i e s . Current source d e n s i t y a n a l y s i s of the 

p o s t s y n a p t i c p o t e n t i a l s recorded e x t r a c e l l u l a r l y from 

t e c t a l c e l l populations r e v e a l e d the s p a t i a l d i s t r i b u t i o n 

of o p t i c nerve a f f e r e n t synapses. The d e n d r i t e s of c e l l s 

t h a t c o n s t i t u t e t e c t a l c e l l l a y e r 8 were found to r e c e i v e 

the m a j o r i t y of r e t i n a l a f f e r e n t f i b r e input. The e a r l i e s t 

time a t which ganglion c e l l t e r m i n a l a c t i v i t y was recorded 

i n the tectum was tadpole Stage 46, a t which time the o p t i c 

nerve was e n t i r e l y composed of unmyelinated f i b r e s . The 

e x c i t a t o r y r e c e p t i v e f i e l d s of these u n i t s were l a r g e , 

and these u n i t s were e a s i l y habituated. Stage 46 was 

a l s o the e a r l i e s t time a t which p o s t s y n a p t i c f i e l d poten­

t i a l s ('u' waves) could be recorded i n the tectum and 

synapses observed morphologically. Evoked p o t e n t i a l s 

(Tm' waves), c h a r a c t e r i s t i c of a myelinated f i b r e 



( i v ) 

i n n e r v a t i o n of the tectum, were f i r s t seen a t tadpole 

Stage 59, as was the appearance and development of 

o p t i c nerve m y e l i n a t i o n . No obvious c o r r e l a t i o n s , 

other than the d i v i s i o n of o p t i c nerve axons i n t o 

myelinated and unmyelinated f i b r e populations, could 

be made between o p t i c nerve f i b r e conduction v e l o c i t y 

groups and f i b r e diameter histograms. However, an 

obvious c o r r e l a t i o n between o p t i c nerve conduction 

v e l o c i t y groups and p o s t s y n a p t i c f i e l d p o t e n t i a l s 

recorded i n the tectum was observed.. I n a d d i t i o n , -

a c l e a r c o r r e l a t i o n was discovered between the d i s t r i ­

butions of the c u r r e n t s i n k s of p o s t s y n a p t i c a c t i v i t y 

and the l o c a t i o n of r e c o r d i n g s i t e s of ganglion c e l l 

axon t e r m i n a l s having known r e c e p t i v e f i e l d p r o p e r t i e s . 

A gradual emergence of the adu l t p a t t e r n of t e c t a l 

i n n e r v a t i o n by o p t i c nerve a f f e r e n t s , during the time 

a t which the tadpole undergoes metamorphosis, was 

observed. 



INTRODUCTION 



GENERAL INTRODUCTION 

The r e t i n o t e c t a l pathway i n a d u l t amphibians has 

r e c e i v e d much i n t e r e s t i n r e c e n t y e a r s , from both a 

p h y s i o l o g i c a l and a morphological viewpoint. The 

responses of frog r e t i n a l ganglion c e l l s were f i r s t 

i n v e s t i g a t e d by H a r t l i n e (1938, 1940 a, b) and Barlow 

(1953). Responses t o v i s u a l s t i m u l i were recorded from 

presumed r e t i n a l ganglion c e l l t e r m i n a l s i n the o p t i c 

tectum by Andrew (1955). These ganglion c e l l t e r m i n a l 

responses were c h a r a c t e r i z e d i n t o f i v e types, u s i n g 

" n a t u r a l " v i s u a l s t i m u l i ( L e t t v i n e t a l , 1959, 1961.; 

Maturana e t a l , 1960). Four of these response types 

have been reported r e g u l a r l y s i n c e , and a r e re p r e s e n t e d 

diagrammatically i n f i g u r e 4:1. Numerous p h y s i o l o g i c a l 

s t u d i e s have been c a r r i e d out on the r e t i n o t e c t a l v i s u a l 

system i n anurans (reviewed by G r u s s e r and G r i i s s e r -

Cornehls, 1976). The responses of t e c t a l neurons have ^ 

a l s o been recorded ( L e t t v i n e t a l , 1959; F i t e , 1969; 

Ewert and Borchers, 1971; Ewert and von Wietersheim, 

1974 b, c; Ewert e t a l , 1974; Gru s s e r and G r i i s s e r -

Cornehls, 1976), as have responses from the caudal 



thalamus (Ewert, 1971; Brown, 1973; Brown and I n g l e , 1973) 

and from the a n t e r i o r thalamus (Muntz, 1962; Keating and 

Kennard, 1976; K i c l i t e r and Chino, 1976; F i t e e t a l , 1977). 

These I d e a t i o n s of the r e c o r d i n g s of v i s u a l s t i m u l i 

correspond t o the l o c a t i o n s of the primary p r o j e c t i o n s of 

r e t i n a l ganglion c e l l s (Knapp e t a l , 1965). 

The s t r u c t u r e of the o p t i c tectum was f i r s t s t u d i e d 

over eighty y e a r s ago by Ramon (1890) and l a t e r by Wlassak 

(1893), Gaupp (1899), H e r r i c k (1925) and L a r s e l l (1931). 

The r a p i d l y accumulating data from r e c e n t p h y s i o l o g i c a l 

s t u d i e s , however, demands a b e t t e r understanding of the 

s t r u c t u r e of the o p t i c c e n t r e s . 

Orthograde degeneration and the t r a n s p o r t of r a d i o ­

a c t i v e t r a c e r s and h o r s e r a d i s h peroxidase i n d i c a t e t h a t 

t h e r e are s i x primary p r o j e c t i o n a r e a s of the r e t i n a l 

ganglion c e l l s (Knapp e t a l , 1965; S c a l i a e t a l , 1968; 

La'za'r and Szekely, 1969; S c a l i a and Gregory, 1970; S c a l i a , 

1973; S c a l i a and Colman, 1974); b i l a t e r a l l y to the "nucleus' 

of B e l l o n c i , the "corpus" geniculatum thalamicum and the 

p o s t e r i o r t h a l a m i c ' h u c l e u s " , and c o n t r a l a t e r a l ^ to the 

p r e t e c t a l nucleus, the b a s a l o p t i c nucleus and the o p t i c 

tectum. These p r o j e c t i o n s have been shown morphologically 

to be organized r e t i n o t o p i c a l l y ( L a z a r , 1971; S c a l i a and 

F i t e , 1974). However, r e c e n t evidence (Neary, 1976), 

from a u t o r a d i o g r a p h i c t r a c i n g methods, suggests t h a t a 



d i r e c t i p s i l a t e r a l r e t i n o t e c t a l pathway e x i s t s i n Bombina, 

Xenopus, Rana and Bufo. Pi c o u e t and C l a i r a m b a u l t (1976) 

obtained evidence f o r an i p s i l a t e r a l pathway i n D i s c o g l o s s u s . 

More r e c e n t l y , G a i l l a r d and Galand (1977) b e l i e v e t h a t they 

have recorded responses from the t e r m i n a l s of t h i s d i r e c t 

i p s i l a t e r a l r e t i n o t e c t a l p r o j e c t i o n i n Rana. 

L e t t v i n e t a l (1959) presented evidence to i n d i c a t e 

t h a t the t e r m i n a l s of the f i v e types of r e t i n a l ganglion 

responses were l o c a t e d i n four d i s t i n c t l a y e r s i n the tectum. 

Ewert and von Wietersheim (1974) have obtained r e s u l t s i n 

the toad Bufo bufo which c o r r e l a t e the l o c a t i o n of the t h r e e 

c l a s s e s of ganglion c e l l t e r m i n a l s w i t h t h r e e l a y e r s of 

degeneration i n the o p t i c tectum f o l l o w i n g the n u c l e a t i o n . 

S i m i l a r s t u d i e s i n f r o g s attempting to c o r r e l a t e the 

l a y e r i n g of the c l a s s e s of ganglion orthograde t r a n s p o r t e d 

m a t e r i a l s have not been so s u c c e s s f u l (see S c a l i a , 1976, 

f o r r e v i e w ) . 

The r e t i n o t e c t a l pathway of amphibia has been s t u d i e d 

f o r over t h i r t y y e a r s . T h i s work has been of i n t e r e s t to 

neuroembryologists concerned mainly w i t h the formation of 

neuronal connexions. I t i s only i n r e c e n t y e a r s t h a t these 

problems have come to occupy a c e n t r a l p o s i t i o n i n neuro­

biology. Since the f i e l d was reviewed by Gaze (1970) and 

Jacobson (1970) t h e r e have been a p l e t h o r a of new e x p e r i ­

ments reported. These s t u d i e s have l a r g e l y been on the 

development of the s u r g i c a l l y manipulated v i s u a l system 



of Xenopus. T h i s non-normal development has been s t u d i e d 

to e l u c i d a t e the phenomenon and mechanisms of neuronal 

s p e c i f i c i t y ( S t r a z n i c k y , Gaze and Keating, 1971, 1974; 

Hunt and Jacobson, 1972 a, b, 1973 a, b, 1974 a, b; 

S t r a z n i c k y , 1973, 1976; Feldman and Gaze, 1975; Berman 

and Hunt, 1975; Hunt, 1975 a, b; Hunt and Berman, 1975). 

The e f f e c t s of v i s u a l experience on development have 

a l s o been i n v e s t i g a t e d i n Xenopus (Feldman e t a l , 1971; 

Keating, 1974, 1975 a, b, 1977; Keating- and Feldman, 

1975; Keating e t a l , 1975) and i n Rana (Jacobson, 1971; 

H i r s c h and Jacobson, 1973; Jacobson and H i r s c h , 1973; 

S k a r f , 1973; S k a r f and Jacobson, 1974). These experiments 

have d e a l t w i t h the abnormal development of the system 

produced by s u r g i c a l i n t e r v e n t i o n or under c o n d i t i o n s of 

abnormal v i s u a l e x p e r i e n c e . C o n s i d e r i n g the ease of 

a c c e s s t o the developing v i s u a l system i n amphibian t a d ­

p o l e s , i t i s s u r p r i s i n g t h a t the normal morphogenesis and 

p h y s i o g e n e s i s has not been examined i n g r e a t e r d e t a i l . 

A number of s t u d i e s have been c a r r i e d out on the 

normal morphological development of the r e t i n o t e c t a l 

v i s u a l system i n Xenopus (Jacobson, 1968 a, b, 1976; 

H o l l y f i e l d , 1971; S t r a z n i c k y and Gaze, 1971, 1972; L a z a r 

1973; F i s h e r , 1976; S c o t t and L a z a r , 1976; S t r a z n i c k y 

and Tay, 1977) and i n Rana ( H o l l y f i e l d , 1968; F i s h e r , 

1972; C u r r i e , 1974; C u r r i e and Cowan 1974 a, b, 1975). 



F i g . 1 Coronal s e c t i o n of Xenopus midbrain 

( a ) O u t l i n e to show t h a t the tectum ( T ) forms 
the roof to the midbrain. The v e n t r i c l e 
(Vent) has outpushings which form a non-
neuronal space below the tectum. The area 
i n the r e c t a n g l e i s shown i n more d e t a i l i n 
( b ) . C a l i b r a t i o n bar i s as i n d i c a t e d . 

(b) L i g h t micrograph to show the t h i c k n e s s (350 
jxm) and l a m i n a t i o n of the tectum, the 
numbering of these l a y e r s i s i n d i c a t e d on 
the l e f t . L a yer 1 c o n t a i n s ependymoglial 
elements which ascend t o the s u r f a c e . 
L a y e r s 2, 4 and 6 a r e c e l l u l a r laminae 
which a r e not w e l l d e l i m i t e d from the 
intermediate p l e x i f o r m l a y e r s 3 and 5. 
Layer 6 c o n t a i n s the most number of 
neurons of any lamina. Note the 4 l a r g e 
neurons s i t u a t e d i n l a y e r s 3-5 ( V ) , these 
form p a r t of the mesencephalic nucleus of 
the t r i g e m i n a l nerve. L a y e r 7 c o n t a i n s 
the e f f e r e n t f i b r e s of the tectum and 
o c c a s i o n a l neurons and i s 50 jim t h i c k . 
L ayer 8 i s a band of c e l l s which s e p a r a t e s 
l a y e r 7 from l a y e r 9. Layer 9 i s the main 
r e c i p i e n t area of o p t i c a f f e r e n t s , and i s 
100 jim t h i c k . D e n d r i t e s of most c e l l s i n 
the tectum ascend t o l a y e r 9. C a l i b r a t i o n 
bar i s a s i n d i c a t e d . 
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The o p t i c tectum i s a prominent f e a t u r e of the a d u l t 

Xenopus b r a i n when viewed from the d o r s a l a s p e c t . In low 

power c o r o n a l s e c t i o n s , the o p t i c tectum forms the roof 

to the mesencephalon, w i t h v e n t r i c u l a r outpushings ( f i g . 

1 a ) . The t e c t a l roof i s t h i n (350 iim) and i s not as w e l l 

laminated a s the t h i c k e r (600 - 700 (im) tectum of the f r o g 

(S z e k e l y and L a z a r , 1976). Nine a l t e r n a t i n g c e l l u l a r and 

pl e x i f o r m laminae a r e present and a r e d e s c r i b e d a s f o l l o w s 

u s i n g the terminology of Szekel y (1973). 

The v e n t r i c l e i s bordered by ependymoglial c e l l s which 

c o n s t i t u t e l a y e r 1. The c e l l s a r e the supporting elements 

of the neurons i n the o p t i c tectum. They have a s i n g l e 

main process which reaches to the p i a forming the g l i a 

l i m i t a n s . Along the s i d e s of the process a r e s m a l l g l i a l ' 

pr o c e s s e s which i n t e r d i g i t a t e w ith the neuronal elements. 

L a y e r s 2, 4 and 6 a r e c e l l u l a r l a y e r s and c o n s t i t u t e 

the stratum p e r i v e n t r i c u l a r e . The neurons a r e compact i n 

the much t h i c k e r l a y e r 6, but more d i s p e r s e d i n l a y e r s 2 

and 4 ( F i g . 1 b ) . The un i f o r m i t y of l a y e r 6 i s i n t e r r u p t e d 

by axonal f i b r e s . At the a n t e r i o r margin of the tectum, 

l a r g e (15 - 20 fim) u n i p o l a r neurons o f t e n form groups 

( f i g . 1 b ) . These neurons belong to the mesencephalic 

nucleus of the t r i g e m i n a l nerve. 

L a y e r s 3 and 5 a r e p l e x i f o r m l a y e r s which c o n t a i n 

axons and t h e i r synapses which terminate on the d e n d r i t e s 

of the neurons of the stratum p e r i v e n t r i c u l a r e . L ayer 7, 



the stratum album c e n t r a l e , i s a t h i c k (50 p.m) ple x i f o r m 

l a y e r " w h i c h comprises t h i c k myelinated e f f e r e n t f i b r e s of 

the tectum and a few s c a t t e r e d neurons. More s u p e r f i c i a l l y 

i s l a y e r 8, the stratum album c e n t r a l e , which c o n s i s t s of 

l o o s e l y packed c e l l s and, i n common wi t h the deeper l a y e r s 

of the stratum p e r i v e n t r i c u l a r e , i s not w e l l d e l i m i t e d . 

The neurons of t h i s l a y e r a r e somewhat s m a l l e r than deep 

neurons, 

Layer 9, the stratum fibrosum et griseum s u p e r f i c i a l e , 

i s the t h i c k e s t p l e x i f o r m l a y e r (100 fim) and o c c u p i e s about 

a q u a r t e r of the t h i c k n e s s of the tectum. T h i s l a y e r i s 

the main r e c i p i e n t a r e a f o r r e t i n a l a f f e r e n t s , which form 

synapses p r i n c i p a l l y w i t h ascending a p i c a l d e n d r i t e s of 

deeper l o c a t e d neurons. Amacrine and s t e l l a t e c e l l s a r e 

intermingled w i t h the axons and d e n d r i t e s of t h i s l a y e r . 

P o t t e r (1972) has been a b l e to d i s c e r n four s u b - l a y e r s 

of a f f e r e n t f i b r e s i n l a y e r 9 of the o p t i c tectum of Rana 

ca t e s b e i a n a and a f i f t h f i b r o u s l a y e r immediately below 

the neuronal somata of l a y e r 8. Laminae such a s these 

a r e not d i s c e r n a b l e i n the tectum of Xenopus, nor i s a 

stratum z o n a l e . 

G o l g i impregnation methods are u s e f u l f o r determining 

the morphology of neurons. I n such s t u d i e s the c e l l s i n 

the Xenopus o p t i c tectum can be seen to be s i m i l a r to those 

i n the o p t i c tectum of the f r o g . L a r g e r neurons are l o c a t e d 

i n the stratum p e r i v e n t r i c u l a r e . The form of the d e n d r i t e s 

of the m a j o r i t y of t e c t a l c e l l s i s a s i n g l e a p i c a l process 



its 
which d i v i d e s near the end to form a number of branches, 

or they may branch once or e x t e n s i v e l y p r i o r to r e a c h i n g 

l a y e r 9 having the form of candelabra c e l l s d e s c r i b e d by 

P o t t e r (1969). C e l l s of l a y e r 8 have s i n g l e or m u l t i p l e 

r a d i a l l y o r i e n t e d d e n d r i t e s . Within l a y e r 8, the upper 

par t of l a y e r 6 and s c a t t e r e d i n l a y e r 7 a r e the l a r g e 

g a n g l i o n i c neurons (Szek e l y and L a z a r , 1976). The 

s c a t t e r e d neurons i n l a y e r 9 a r e amacrine and s t e l l a t e 

c e l l s . ( F u l l d e t a i l s of the neuronal types i n the f r o g 

o p t i c tectum have been reviewed by Szekely and L a z a r 

(1976)).., 

The synaptology of the o p t i c a f f e r e n t t e r m i n a l s w i t h 

the t e c t a l neurons i n the f r o g has been reported by S z e k e l y 

et a l (1973). The s i g n i f i c a n t f e a t u r e s of t h i s work r e l e ­

vant to the study t h a t f o l l o w s a r e t h a t o p t i c a f f e r e h t s 

synapse on to the upper reaches of t e c t a l c e l l d e n d r i t e s , 

t h e i r d e n d r i t i c s h a f t s and the c e l l bodies of l a y e r 8. 

Amphibia are a p h y l o g e n e t i c a l l y o l d e r v e r t e b r a t e 

group than the primates. The b r a i n i s much s m a l l e r , but 

the determination of i n t e r c o n n e x i o n s of the component 

neurons i s by no means e a s i e r . I t i s of c o n s i d e r a b l e 

i n t e r e s t how such a complex p a t t e r n of elements i n t e r ­

connects so i n t r i c a t e l y t o produce the mature s t a t e found 

i n the a d u l t . 



The developing v i s u a l system i n f i s h has been s t u d i e d 

u s i n g anatomical techniques ( H o l l y f i e l d , 1972; Schmatolla, 

1972; Schmatolla and F i s c h e r , 1972; Schmatolla and Erdman, 

1973; Kennedy and Rubinson, 1977) but t h e r e does not 

appear to have been any comparable p h y s i o l o g i c a l work 

c a r r i e d out. 

To my knowledge no r e p o r t s have been published on 

e i t h e r the morphological or p h y s i o l o g i c a l development of 

the v i s u a l system i n r e p t i l e s . 

The morphological development of the c h i c k v i s u a l 

system has been s t u d i e d e x t e n s i v e l y by Cowan and h i s 

c o l l e a g u e s ( L a V a i l and Cowan, 1971 a, b; C r o s s l a n d , 

Cowan and K e l l y , 1973; Kahn, 1973, 1974; C r o s s l a n d , 

Cowan, Rogers and K e l l y , 1974), by De Long and Coulombre 

(1965) and Cantino and Daneo (1973). 

Rager (1976 a, b) has s t u d i e d the morphological 

and p h y s i o l o g i c a l development of the r e t i n o t e c t a l path­

way i n the c h i c k . Although e l e c t r i c a l s t i m u l i evoked 

p o s t s y n a p t i c p o t e n t i a l s from day 11 of i n c u b a t i o n , 

v i s u a l s t i m u l i could not e l i c i t responses, s i n c e t h i s 

must await the development of the photoreceptor outer 

segements. These r e s u l t s i n d i c a t e t h a t the connexions 

i n the v i s u a l system a r e completed p r i o r to the onset 

of v i s i o n , a s appears to be the case f o r mammals. 



The morphological development of the v i s u a l system i n 

mammals i s somewhat e a s i e r than the physiology to study 

s i n c e the f o e t u s may be removed from the uter u s f o r h i s t o ­

l o g i c a l p r o c e s s i n g to determine the l o c a t i o n and morphology 

of neurons. The time of o r i g i n of neurons may be determined 

by autoradiography. 

A somewhat more complex approach t o the study of the 

developing v i s u a l system i s t o determine the p r o j e c t i o n s 

of the neurons a t a given time. T h i s may be done by 

v a r i o u s methods, such a s degeneration (Fin k and Heimer, 

1967), orthograde t r a n s p o r t of t r i t i a t e d amino a c i d s and 

sugars (Cowan e t a l , 1972) or the re t r o g r a d e t r a n s p o r t of 

h o r s e r a d i s h peroxidase (Graham and Karnovsky, 1966). Lund 

and Bunt (1976) have c a r r i e d out experiments on f o e t a l r a t s 

to determine the time of i n n e r v a t i o n and synapse formation 

i n the d o r s a l l a t e r a l g e n i c u l a t e nucleus and i n the s u p e r i o r 

c o l l i c u l u s , u s i n g degeneration methods and ret r o g r a d e 

h o r s e r a d i s h peroxidase t r a n s p o r t . 

R a k i c (1976, 1977) c a r r i e d out s i m i l a r experiments i n 

f o e t a l rhesus monkeys to determine the time of o r i g i n and 

the p a t t e r n of migration of neurons i n the v i s u a l system 

using a u t o r a d i o g r a p h i c methods. He a l s o s t u d i e d the time 

of i n n e r v a t i o n of these s t r u c t u r e s u s i n g orthograde t r a n s ­

port of l a b e l l e d amino a c i d s and su g a r s . However, the 

p r o p e r t i e s of the a f f e r e n t i n p u t s and t h e i r connexions 

cannot be determined s i n c e p h y s i o l o g i c a l s t u d i e s a r e 

precluded i n f o e t a l mammals. 



P h y s i o l o g i c a l work of the developing v i s u a l systems 

t h a t has been reported (see reviews by Blakemore (1974) 

and Barlow (1975)) was prompted l a r g e l y by the e f f e c t s 

of v i s u a l d e p r i v a t i o n on the v i s u a l system of the c a t 

(Hubel and Wiesel, 1963; Wiesel and Hubel, 1963 a, b ) . 

S i m i l a r s t u d i e s using v i s u a l d e p r i v a t i o n have been 

c a r r i e d out on rhesus monkeys (Wiesel and Hubel, 1974). 

However, mammals a r e h i g h l y u n s u i t a b l e f o r an i n v e s t i g a t i o n 

i n t o the developing v i s u a l system, s i n c e p h y s i o l o g i c a l 

r e c o r d i n g s cannot be undertaken p r e n a t a l l y . 

Amphibians a r e r e l a t i v e l y easy t o keep and Xenopus 

are extremely easy t o breed. T h e i r developmental s t a g e s 

are r e a d i l y a v a i l a b l e f o r study. T h i s animal was chosen 

f o r these q u a l i t i e s and because the s t u d i e s on the develop­

ment of s u r g i c a l l y induced a b n o r m a l i t i e s could not be 

compared w i t h the normal p a t t e r n of development. The 

mode of l i f e of Xenopus changes a t metamorphosis and 

hence any changes which occur during development a r e 

l i k e l y to be most evident a t t h i s time. 

Autoradiographic s t u d i e s of the time of development 

of the elements of the r e t i n a and tectum have been c a r r i e d 

out (Gaze and S t r a z n i c k y , 1971, 1972; H o l l y f i e l d , 1971; 

Jacobson, 1976). The development of the connexions of 

the i n n e r p l e x i f o r m l a y e r of the r e t i n a have been s t u d i e d 

by F i s h e r (1976). The morphological development of the 

o p t i c nerve, the development of the r e t i n o t o p i c i n n e r ­

v a t i o n of the tectum and the responses of developing 



ganglion c e l l s have been reported (Wilson, 1971; Gaze 

e t a l f 1974; Chung e t a l , 1975). One r e p o r t has appeared 

on the development of p h y s i o l o g i c a l i n t e r a c t i o n of gang­

l i o n c e l l t e r m i n a l s and t e c t a l c e l l s (Chung, Keating and 

B l i s s , 1974). 

The s t u d i e s reported here a r e on the morphological 

development of both g l i a l c e l l s and axons i n the o p t i c 

nerve. The range of conduction v e l o c i t i e s of r e t i n a l 

ganglion c e l l axons were examined and compared with the 

axon diameter d i s t r i b u t i o n s and w i t h the p o s t s y n a p t i c 

events recorded i n the tectum during development. 

Recordings of responses from r e t i n a l ganglion c e l l s 

to v i s u a l s t i m u l i were recorded throughout development 

and compared w i t h the responses which could be evoked i n 

the a d u l t . Responses t o e l e c t r i c s t i m u l i a p p l i e d to the 

o p t i c nerve of both a d u l t and tadpole Xenopus were used 

to determine the p r o p e r t i e s and l o c a t i o n of o p t i c a f f e r e n t 

synapses and the l o c a t i o n of the p o s t s y n a p t i c neurons i n 

both a d u l t and tadpole o p t i c tectum. 



GENERAL METHODS 



I 
GENERAL METHOD'S • 

A. ANIMAL CARE, BREEDING AND STAGING OF TADPOLES 

Mature a d u l t Xenopus l a e v i s (Daudin) were obtained 

from T. Gerrard and Co., E a s t Preston, Sussex. These 

animals were caught i n the w i l d and imported from South 

A f r i c a r a t h e r than being bred i n the l a b o r a t o r y . They were 

kept i n about 80 l i t r e s of water contained i n s t a i n l e s s 

s t e e l tanks which measured 90 x 45 x 60 cm. The tank room 

was w e l l l i t by n a t u r a l l i g h t and heated by convection t o 

22°C ± 2°C. 

Breed ing 

Mature a d u l t s were induced to breed by i n j e c t i o n of 

C h o r i o n i c gonadotrophin ( B i l l e t t and Wild, 1975; Nieuwkoop 

and Faber, 1956; W i l t and W e s s e l l s , 1967). The animals 

were f i r s t primed by an i n j e c t i o n of 100 i . j i . s . "Chorulon" 

c h o r i o n i c gonadotrophin ( I n t e r v e t L a b o r a t o r i e s L t d . ) i n 

0.5 ml of water f o r the male and 150 i . j i . s . f o r the female. 

Two days l a t e r i n the evening, supplementary doses were 

given c o n s i s t i n g of 150 i . j i . s . Chorulon f o r the male and 

500 i . j i . s . f o r the female. The p a i r was then placed i n a 

p l a s t i c tank c o n t a i n i n g water to a depth of four inches and 

a few p i e c e s of muslin to which the eggs could adhere. The 

tank was covered by a l i d and placed i n a dark, q u i e t corner 

of the tank room. 
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The next morning any eggs which had been produced were 

t r a n s f e r r e d t o metal framed g l a s s tanks, c o n t a i n i n g a e r a t e d 

tap water which had been allowed to stand f o r a few days to 

d e c h l o r i n a t e . The tanks contained submersible aquarium 

h e a t e r s which maintained the temperature of the water a t a 

minimum of 23°C (Nieuwkoop and Faber, 1956). When the t a d ­

poles hatched, t h e i r numbers were r e g u l a t e d to give a 

d e n s i t y of about two tadpoles per l i t r e . Any i n f e r t i l e eggs 

were removed. The tadpoles were fed on an u n s t r a i n e d 

suspension of n e t t l e powder (Nieuwkoop and Faber, 1956) every 

three days. On the i n t e r v e n i n g days, any e x c e s s food was 

s t i r r e d up from the bottom of the t a n k s . 

These c o n d i t i o n s proved adequate f o r a l l tadpole s t a g e s 

up t o stage 59 (Nieuwkoop and Faber, 1956) a f t e r which meta­

morphosis proceeded r a p i d l y . At stage 59 the tadpoles were 

t r a n s f e r r e d to s t a i n l e s s s t e e l tanks which measured 60 x 60 

x 30 cm and were h a l f - f i l l e d w i t h water. At t h i s time, the 

tadpoles would no longer eat n e t t l e powder, and were 

provided w i t h an ample supply of l i v e T u b i f e x worms. 

From the age of two months onwards, the toads were 

t r e a t e d i n the same way as the a d u l t s . They were fed on 

Heinz s t r a i n e d baby food (Gaze et a l , 1974), 'Steak and 

Kidney d i n n e r 1 being the most s u i t a b l e . The toads were 

found to eat not only p i e c e s of food dropped i n t o the water, 

but a l s o s t a t i o n a r y food on the bottom of the tank. Any 

e x c e s s food remaining a f t e r feeding was removed by siphoning. 
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At s i x months of age, the toads were t r a n s f e r r e d to 

the l a r g e r tanks i n which the a d u l t s were housed. 

The water from the tanks c o n t a i n i n g toads was changed 

tw i c e a week and a l l tanks were cleaned thoroughly w i t h hot 

water and potassium permanganate once a week. 

• Staging 

A l l t a d p o l e s were staged a c c o r d i n g t o e x t e r n a l 

c h a r a c t e r i s t i c s . ( N i e u w k o o p and Faber, 1956). The age of 

toads i s given w i t h r e f e r e n c e t o the l a s t day of meta­

morphosis (Day 0 ) . 

A number of Rana temporaria and R. p i p i e n s were a l s o 

used. These animals were obtained from the same s u p p l i e r s , 

and were maintained a t room temperature.• A l l f r o g s were 

used w i t h i n t h r e e weeks of purchase. 

B. SURGICAL PROCEDURE 

One year or o l d e r a d u l t Xenopus were a n a e s t h e t i z e d 

e i t h e r by p l a c i n g the animal i n a c l o s e d v e s s e l c o n t a i n i n g 

e t h e r , or by an i n j e c t i o n of 0.3 mg/gm of an aqueous 

s o l u t i o n of MS 222 (methane t r i c a i n e sulphonate, Sandoz) 

i n t o the d o r s a l lymph s a c . A f t e r the animal had become 

r e f l e x i v e l y immobile f o r a t l e a s t two minutes, i t was 

placed on a cork board. A p i e c e of wet Kleenex medical 
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wipe t i s s u e was draped over a l l the body except f o r the 

head. A s m a l l b l a c k cardboard cutout was placed over the 

f r o n t of the head, p o s i t i o n e d so as to p r o t e c t the eyes 

from the b r i g h t d i s s e c t i n g l i g h t but not to i n t e r f e r e w i t h 

the region f o r s u r g e r y . The whole o p e r a t i o n was c a r r i e d 

out w i t h the a i d of a Z e i s s s t e r e o - d i s s e c t i n g microscope. 

A s m a l l f l a p of s k i n o v e r l y i n g the s k u l l was removed. 

Any minor bleeding of the cut s k i n was stopped by squeezing 

and holding the a f f e c t e d r e g i o n w i t h f o r c e p s f o r a few 

seconds. The muscles which are a t t a c h e d to the d o r s a l and 

l a t e r a l p a r t s of the s k u l l were g e n t l y cut from t h e i r 

i n s e r t i o n w i t h a s c a l p e l . The s k u l l of a d u l t Xenopus has 

two l a r g e blood v e s s e l s running over the d o r s a l s u r f a c e 

and adequate a c c e s s t o the midbrain could not be achieved 

u n l e s s these v e s s e l s were removed. The blood v e s s e l s were 

sutured caudal to the p o s i t i o n of the tectum using a 7 mm 

Vogt Corneal s u t u r e needle. The blood v e s s e l s and u n d e r l y i n g 

muscles were removed r o s t r a l t o the s u t u r e , t o g a i n a c c e s s 

along the whole length of the s k u l l on both s i d e s . 

The d o r s a l s u r f a c e of the s k u l l was removed by e r o s i o n 

w i t h a Hager and Meisinger 0.5 mm d e n t a l burr i n order to 

expose the e n t i r e b r a i n . 

The Rana s p e c i e s used i n t h i s study were prepared.in 

the same manner, except n e i t h e r blood v e s s e l s u t u r e s nor 

muscle removal was r e q u i r e d . 



I n d i v i d u a l s from two months to one year of age were 

prepared i n . t h e same manner. However, blood v e s s e l s u t u r e s 

were not r e q u i r e d s i n c e the blood v e s s e l s pass on e i t h e r 

s i d e of the s k u l l . 

A n a e s t h e s i a was a t t a i n e d f o r animals aged between p o s t -

metamorphosis and two months of age by p l a c i n g them e i t h e r 

i n an e t h e r atmosphere or i n a 1 : 1000 (w/v) aqueous 

s o l u t i o n of MS 222. These animals only r e q u i r e d a g e n t l e 

b u r r i n g t o t h i n the s k u l l c a r t i l a g e and a Swan-Morton No. 11 

s c a l p e l blade was used t o cut through the remainder of the 

s k u l l . 

A l l t a dpoles were a n a e s t h e t i z e d by immersion i n a 

1 : 3000 (w/v) s o l u t i o n of MS 222. They were then p a r t i a l l y 

immersed i n Niu-Twitty (1953) s o l u t i o n and the s k i n and 

c a r t i l a g e o v e r l y i n g the b r a i n were i n c i s e d and removed 

u s i n g i n s e c t s c i s s o r s . From a l l animals meninges were 

removed w i t h i n s e c t f o r c e p s and a sharpened s t a i n l e s s 

s t e e l needle. 

C. HISTOLOGY 

Animals were prepared as d e s c r i b e d i n S e c t i o n B above. 

A l l postmetamorphic toads were d e c a p i t a t e d r a p i d l y and 

the lower jaw was removed. The head was then submerged i n 

0.9% s a l i n e i n 10% f o r m a l i n . Tadpoles were f i x e d whole. 



A f t e r one to three days the b r a i n s were removed from the 

s k u l l s of i n d i v i d u a l s o l d e r than two months of age and 

the t a i l s and lower jaws were removed from the t a d p o l e s . 

The b r a i n s of these animals and toads up t o two months of 

age remained i n s i t u . The t i s s u e was l e f t i n f i x a t i v e f o r 

up to f i v e days. 

The t i s s u e was dehydrated and i n f i l t r a t e d using an 

automatic t i s s u e p r o c e s s o r , a s Table I . 

C r e s y l V i o l e t S t a i n i n g 

The s l i d e s were t r e a t e d according to the f o l l o w i n g 

method: 

( i ) Dewaxed i n two changes of xylene f o r t e n 

' minutes each. 

( i i ) Hydrated to d i s t i l l e d water through a graded 

s e r i e s of a l c o h o l s ( a b s o l u t e , 95%, 70%) f o r 

f i v e minutes each, 

( i i i ) S t a i n e d f o r f i v e to ten minutes i n a 0.1% 

s o l u t i o n of c r e s y l v i o l e t . The d u r a t i o n of 

the s t a i n i n g was i n c r e a s e d f o r i n c r e a s i n g age 

of the t i s s u e and i n c r e a s i n g s e c t i o n t h i c k n e s s , 

( i v ) D i f f e r e n t i a t e d i n 95% a l c o h o l f o r one to two 

minutes. The degree of s t a i n i n g was c o n t r o l l e d 

m i c r o s c o p i c a l l y , 

( v ) Dehydrated i n t h r e e changes of a b s o l u t e a l c o h o l 

f o r f i v e minutes each. 



TABLE I 

( i ) 70% a l c o h o l (l£ hours) 

( i i ) 95% a l c o h o l (l£ hours) 

( i i i ) Absolute a l c o h o l (l£ hours) 

( i v ) Absolute a l c o h o l (l£ hours) 

( v ) 50% Absolute a l c o h o l / c h l o r o f o r m ( v / v ) 

(1$ h o u r s ) 

( v i ) Chloroform (l£ hours) 

( v i i ) Chloroform (l£ hours) 

( v l i l ) Paramat p l a s t i c i s e d p a r a f f i n wax ( G u r r ) 

(2 h o u r s ) 

( I x ) P a r a f f i n wax (2 hours) 

A f t e r embedding, the t i s s u e b l o c k s were trimmed and 

s e c t i o n e d a t 10, 15 or 20 |im i n the three p r i n c i p a l 

planes on a Spencer A20 microtome. A l l s e c t i o n s 

were mounted on a c i d a l c o h o l cleaned, albumin coated 

g l a s s s l i d e s , and the s e c t i o n s were d r i e d onto the 

s l i d e overnight i n an oven a t 37°C. 



( v i ) C l e a r e d i n t h r e e changes of x y l e n e , 

( v i i ) Mounted i n DePeX ( G u r r ) . 

( v i i i ) Placed i n an oven a t 37°C f o r f i v e days f o r 

the DePeX to harden. 

A 0.1% s o l u t i o n of C r e s y l e c h t V i o l e t was made up by 

d i s s o l v i n g one gram of c r e s y l e c h t v i o l e t i n one l i t r e of 

a s o l u t i o n of 0.5 M a c e t i c a c i d and 0.5 M sodium a c e t a t e , 

which were mixed i n the r a t i o of 18.7 : 1.3. T h i s produced 

a s o l u t i o n of pH 3.5. Each time, p r i o r to use, f i v e drops 

of g l a c i a l a c e t i c a c i d were added to the s o l u t i o n . T h i s 

s o l u t i o n d i d not appear to d e t e r i o r a t e w i t h time, but i t 

d i d r e q u i r e f i l t e r i n g o c c a s i o n a l l y . 

K l u v e r - B a r r e r a S t a i n i n g 

The m a t e r i a l was prepared a s d e s c r i b e d i n *B' above 

and processed as i n Table I as f a r as mounting the s e c t i o n s 

onto the s l i d e s . The s l i d e s were then t r e a t e d according t o 

the f o l l o w i n g modified K l u v e r - B a r r e r a (1953) method: 

( i ) Dewaxed i n two changes of xylene f o r t e n 

minutes each, 

( i i ) Hydrated through a b s o l u t e a l c o h o l to 95% 

a l c o h o l f o r f i v e minutes each, 

( i i i ) S t ained i n L u x o l f a s t blue i n 95% a l c o h o l , 

c o n t a i n i n g 5 ml of 10% a c e t i c a c i d per 

l i t r e , f o r 16 hours a t 57°C. 



( i v ) Washed i n 95% a l c o h o l to remove the e x c e s s 

s t a i n . 

( v ) Hydrated i n d i s t i l l e d water f o r two minutes, 

( v i ) D i f f e r e n t i a t e d i n 0.05% l i t h i u m carbonate," 

^ u n t i l the s t a i n s t a r t e d to be r e l e a s e d from 

the t i s s u e . 

( v i i ) F u r t h e r d i f f e r e n t i a t e d i n 70% a l c o h o l . I f 

the r e s u l t s were not s a t i s f a c t o r y the t i s s u e 

was rehydrated i n d i s t i l l e d water and the 

d i f f e r e n t i a t i o n was repeated u n t i l a sharp 

c o n t r a s t was obtained between the g r e e n i s h -

blue of the white matter and the c o l o u r l e s s 

grey matter. 

( v i i i ) Hydrated i n d i s t i l l e d water f o r t h r e e minutes, 

( i x ) S t a i n e d , d i f f e r e n t i a t e d , c l e a r e d and mounted 

as d e s c r i b e d i n 'A' above. 

The l o c a t i o n of c e l l bodies and the course of axons 

i n the o p t i c tectum have been d e s c r i b e d e x t e n s i v e l y e l s e ­

where ( S t r a z n i c k y and Gaze, 1972; L a z a r , 1973) f o r both 

developmental and mature t i s s u e from normal and e x p e r i ­

mental animals. The m a t e r i a l s t a i n e d by the methods 

de s c r i b e d above were used mainly f o r comparison and 

r e f e r e n c e t o G o l g i impregnated c e l l s and t i s s u e prepared 

f o r e l e c t r o n microscopy. 
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D. GOLGI IMPREGNATION 

112 animals were prepared f o r G o l g i s t a i n i n g . 80 

were s u c c e s s f u l , of which 14 were postmetamorphic f r o g s . 

Three methods were used to impregnate neurons by the G o l g i 

method. They a r e d e s c r i b e d i n t h e i r order of use. 

Both a d u l t and tadpole t i s s u e f o r impregnation was 

prepared as d e s c r i b e d i n 'B' above. The m a t e r i a l was 

immersed i n a f i x a t i v e made up of one pa r t 25% g l u t a r a l d e h y d e 

and four p a r t s 2.5% potassium dichromate (Colonnier, 1964). 

A f t e r overnight f i x a t i o n the b r a i n s were removed and l e f t 

i n f i x a t i v e f o r a f u r t h e r s i x days. The t i s s u e was r i n s e d 

i n 0.75% s i l v e r n i t r a t e s o l u t i o n and immersed i n a f r e s h 

s i l v e r n i t r a t e s o l u t i o n f o r seven days. F i v e b r a i n s were 

kept i n t h i s s o l u t i o n f o r one year. 

The second method employed the f i x a t i v e recommended 

by Valverde (1965; 1970); an aqueous s o l u t i o n of 2.33% 

(w/w) potassium dichromate and 0.19% (w/w) osmium t e t r o x i d e . 

T h i s s o l u t i o n was made up by d i s s o l v i n g 12 gms of potassium 

dichromate and one gram of osmium t e t r o x i d e i n 500 ml of 

d i s t i l l e d water. The f i x a t i v e was f r e s h l y prepared p r i o r 

t o use. 

The b r a i n s were exposed as d e s c r i b e d i n fB' above and 

immersed i n f i x a t i v e a t 0-4°C. The f o l l o w i n g day, the 

b r a i n s were removed and l e f t i n a l a r g e e x c e s s ( a t l e a s t 

50 t i s s u e volumes) of f i x a t i v e f o r a f u r t h e r period a t 

room temperature (Morest, 1965). A f t e r f i x a t i o n , the 
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t i s s u e was r i n s e d i n s e v e r a l changes of 0.75% s i l v e r 

n i t r a t e s o l u t i o n and l e f t i n t h i s impregnating s o l u t i o n 

u n t i l i t was dehydrated, or t r a n s f e r r e d back to the 

same f i x a t i v e s o l u t i o n i n the case of double and t r i p l e 

impregnations. 

The d u r a t i o n of each d i f f e r e n t stage was a s suggested 

by L a z a r ( p e r s o n a l communication) and i s t a b u l a t e d i n 

Table I I . 

The t h i r d method of G o l g i impregnation was based on 

the above method. However, the t i s s u e was p r e f i x e d i n 1% 

gluta r a l d e h y d e , 1% paraformaldehyde i n 0.12 M phosphate 

b u f f e r as i n Table I I I . 

T h i s f i x a t i v e was made up a s f o l l o w s : 

The d i s t i l l e d water was heated u n t i l i t steamed but d i d 

not b o i l and the paraformaldehyde was added w h i l e the 

s o l u t i o n was s t i r r e d . S o l i d paraformaldehyde was used 

to avoid the i m p u r i t i e s i n commercially a v a i l a b l e s o l u t i o n s 

( P e t e r s , 1970). Four to s i x drops of 1 M sodium hydroxide 

were added u n t i l the s o l u t i o n became c l e a r . I t was allowed 

to c o o l and then 150 ml of b u f f e r and 20 ml of glu t a r a l d e h y d e 

were added. The s o l u t i o n was made up to almost f i n a l volume 

before 2 ml of 0.5% calci u m c h l o r i d e were added. The d i l u t i o n 

was completed and the s o l u t i o n was f i l t e r e d . 

. The 0.4 M phosphate b u f f e r contained 5.3 gms NaHgPO^HgO 

and 28 gms K 2HP0 4 made up to 500 ml w i t h d i s t i l l e d water. 



TABLE I I 

Impregnation ( i n days) 

S i n g l e Double T r i p l e 

I n i t i a l f i x a t i o n 
K 2 C r 2 0 7 / O s 0 4 6 5 5 

1 s t 

impregnation 

2nd 

impregnation 

3rd 

impregnation 

AgNOg 4 1 1 

1 s t 

impregnation 

2nd 

impregnation 

3rd 

impregnation 

K 2 C r 2 0 7 / O s 0 4 - 4 4 

1s t 

impregnation 

2nd 

impregnation 

3rd 

impregnation 

AgN0 3 - 3 3 

1 s t 

impregnation 

2nd 

impregnation 

3rd 

impregnation 

K 2 C r 2 0 7 / O s 0 4 - 4 

1s t 

impregnation 

2nd 

impregnation 

3rd 

impregnation 

AgNOg - - 3 

1 s t 

impregnation 

2nd 

impregnation 

3rd 

impregnation 



TABLE I I I 

Paraformaldehyde 

D i s t i l l e d water 

1 M sodium hydroxide 

25% glut a r a l d e h y d e 

0.4 M phosphate b u f f e r 

0.5% c a l c i u m c h l o r i d e 

made up to 

5 gm 

200 ml 

4-6 drops 

20 ml 

150 ml 

2 ml 

500 ml 



The b r a i n s were exposed as d e s c r i b e d i n ,B' above and 

were f i x e d by immersion i n a l a r g e e x c e s s of i c e c o l d 1% 

g l u t a r a l d e h y d e - 1% paraformaldehyde f i x a t i v e . The t i s s u e 

was l e f t i n t h i s f i x a t i v e i n a r e f r i d g e r a t o r o v e r n i g h t . 

The next morning the b r a i n s were removed, except i n the 

s m a l l e s t t adpoles of stage 50 or younger which were l e f t 

i n s i t u , and the t i s s u e was placed i n f r e s h aldehyde f i x ­

a t i v e . A f t e r a f u r t h e r twelve hours the t i s s u e was t r a n s ­

f e r r e d to the chromating s o l u t i o n of 2.33% (w/w) potassium 

chromate and 0.19% (w/w) osmium t e t r o x i d e a t room temper­

a t u r e . The t i s s u e remained i n t h i s s o l u t i o n f o r v a r y i n g 

times depending on whether the t i s s u e was processed 

according to the s i n g l e or double impregnation method. 

P r i o r to the t r a n s f e r to 0.75% s i l v e r n i t r a t e , the t i s s u e 

was placed on f i l t e r paper to remove any e x c e s s dichrornate 

s o l u t i o n . Only two time v a r i a n t s were used f o r t h i s 

method and a r e given i n Table IV. 

A l l s o l u t i o n s were i n a 5 0 - f o l d e x c e s s of t i s s u e 

volume. 

The m a t e r i a l impregnated by a l l t h r e e methods was 

embedded according to the schedule i n Table V. 

S e c t i o n s were cut a t 80 fim or 100 fim on a h o r i z o n t a l 

s l i d i n g microtome and were mounted on warm s l i d e s u s i n g 

DePeX and c o v e r s l i p s . The s l i d e s were l e f t on a h o t p l a t e 

a t 60°C f o r a t l e a s t two days f o r the DePeX t o harden. 



TABLE IV 

Impregnation (d a y s ) 

S i n g l e Double 

Aldehyde f i x a t i o n 1 1 

K 2 C r 2 0 7 / O s 0 4 7 5 
1st 

impregnation 

S i l v e r N i t r a t e 8 1 

K 2 C r 2 0 7 / O s 0 4 - 4 
2 nd 

S i l v e r N i t r a t e - 3 
impregnation 



TABLE V 

( i ) Wash i n d i s t i l l e d water f o r one hour, 

( i i ) Dehydrate i n a graded s e r i e s of a l c o h o l s 

of 70%, 90%, a b s o l u t e and a b s o l u t e f o r 

one hour each, 

( i i i ) T r a n s f e r to a 50% ( v / v ) s o l u t i o n of a b s o l u t e 

a l c o h o l and propylene oxide f o r one hour, 

( i v ) T r a n s f e r to propylene oxide f o r one hour, 

( v ) I n f i l t r a t e w i t h a 50% ( v / v ) s o l u t i o n of 

propylene oxide and s o f t epon overnight 

a t room temperature, 

( v i ) I n f i l t r a t e w i t h s o f t epon a t room temperature 

f o r one day. 

( v i i ) I n f i l t r a t e f u r t h e r w i t h f r e s h epon f o r one 

day a t room temperature. The s o f t epon i s 

polymerised a t 60°C f o r two days. 

The s o f t epon i s prepared from the f o l l o w i n g • 

by volume: 

Dodecasuccinic anhydride (DDSA) 22 p a r t s 

Epon 812 13 p a r t s 

DMP 30 c a t a l y s t 0.7 p a r t s 

Each i s warmed a t 60°C f o r f i v e minutes 

p r i o r to measuring to f a c i l i t a t e mixing. 



C e l l s were drawn with the a i d of a Z e i s s drawing tube 

on a Z e i s s GFL microscope, and l i n e a r dimensions were 

c a l i b r a t e d w i t h a micrometer s l i d e . The f i n a l m a g n i f i c a t i o n 

of the drawings was x 1018. 

Photographs of G o l g i impregnated c e l l s were taken on 

a Z e i s s U l t r a p h o t I I microscope u s i n g 35 mm Kodak-Panatomic-: 

f i l m a t m a g n i f i c a t i o n s ranging from x 16 to x 250. 

The d e t a i l s of impregnated c e l l s o f t e n extended through 

s e v e r a l planes of focus, and t h e r e f o r e i t was o f t e n neces­

s a r y to compose a s i n g l e montage from s e v e r a l photomicro­

graphs taken a t d i f f e r e n t f o c a l l e v e l s . To f a c i l i t a t e t h i s 

f i l m s were c o n t a c t - p r i n t e d and s u i t a b l e r e p r e s e n t a t i v e s 

were s e l e c t e d f o r enlargement and subsequent montage 

c o n s t r u c t i o n . 

E. ELECTRON MICROSCOPY 

42 i n d i v i d u a l s from Stage 45 to mature a d u l t s were 

prepared f o r e l e c t r o n microscopy. The b r a i n s were exposed 

ns de s c r i b e d i n 'D' above, and were f i x e d i n 1% g l u t a r ­

aldehyde 1% paraformaldehyde s o l u t i o n i n 0.12 M phosphate 

b u f f e r a t 4°C. T h i s was done by immersion of the whole 

tadpole or the upper pa r t of the head of postmetamorphic 

i n d i v i d u a l s . A f t e r three hours, the b r a i n s were e x c i s e d 

and l e f t i n the same f i x a t i v e i n a r e f r i d g e r a t o r o v e r n i g h t . 

The t i s s u e was then processed according to the Schedule .in 

Table V I (Palay and Chan-Palay, 1974). 



TABLE V I 

( i ) Rinse i n 0.12 M phosphate, 0.02 mM ca l c i u m 

c h l o r i d e and 8% dextrose s o l u t i o n f o r 15 

.minutes w i t h two changes of s o l u t i o n , 

( i i ) P o s t f i x i n 2% osmium t e t r o x i d e i n 0.12 M 

phosphate b u f f e r c o n t a i n i n g 7% dextrose f o r 

two hours. 

( i i i ) R inse i n 0.1 M sodium a c e t a t e f o r f o u r minutes 

w i t h one change of s o l u t i o n on i c e . 

( i v ) S t a i n i n 0.5% (w/v) aqueous u r a n y l a c e t a t e 

f o r 30 minutes, 

(v ) R i nse i n 0.1 M sodium a c e t a t e f o r 4 minutes 

w i t h one change of s o l u t i o n , 

( v i ) Dehydrate on i c e w i t h the f o l l o w i n g grades of 

methanol f o r 15 minutes each: 50%, 70% f 80%, 

95%, 100%, 100%. 

( v i i ) Dehydrate i n propylene oxide w i t h two r i n s e s 

each of 15 minutes, 

( v i i i ) I n f i l t r a t e w i t h a 50% ( v / v ) mixture of propylene 

oxide and Epon f o r three hours, 

( i x ) I n f i l t r a t e w i t h a f r e s h change of 50% ( v / v ) 

propylene oxide and Epon. 

(x) I n f i l t r a t e w i t h f r e s h l y made Epon f o r s i x hours, 

( x i ) Embed i n Epon (Palay and Chan-Palay, 1974) a t 

37°C over n i g h t . Embedding i s continued a t 48°C 

f o r e i g h t hours and completed at 60°C f o r two 

days. 
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A f t e r embedding s e c t i o n s were cut u s i n g g l a s s k n i v e s 

on a R e i c h e r t OMU I I I ultramicrotome. Semi-thin (1-2 urn) 

s e c t i o n s were c o l l e c t e d from the k n i f e and were t r a n s f e r r e d 

to a drop of water on a c l e a n g l a s s s l i d e . The s l i d e was 

placed on a warm (60°C) h o t p l a t e and allowed to dry. The 

s e c t i o n s were s t a i n e d i n 0.1% T o l u i d i n e Blue i n 1% sodium 

borate s o l u t i o n f o r 1^ minutes, a f t e r which the e x c e s s 

s t a i n was removed by r i n s i n g w i t h d i s t i l l e d water. The 

s l i d e s were d r i e d and mounted using DePeX and a c o v e r s l i p . 

These s e c t i o n s were scanned under a l i g h t microscope to 

determine the area of the b r a i n being s e c t i o n e d . Occasion­

a l l y , these s e c t i o n s were photographed on a Z e i s s U l t r a p h o t 

I I f o r c o r r e l a t i v e purposes. 

Thin ( s i l v e r to gold) s e c t i o n s were c o l l e c t e d on 

200 mesh copper g r i d s and s t a i n e d w i t h u r a n y l acetate, 

(four minutes) and l e a d c i t r a t e ( t h r e e minutes) which 

were prepared according to P a l a y and Chan-Palay (1974). 

S e c t i o n s were examined and photographed i n an A . E . I . EM 

801 e l e c t r o n microscope a t an a c c e l e r a t i n g v o l t a g e of 

80 KV. 



CHAPTER I 

Morphology of the developing o p t i c nerve 
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INTRODUCTION 

The f a c t t h a t the o p t i c nerve i s s t i l l undergoing 

development, i n ,the tadpole and during the time of 

metamorphosis, has i m p l i c a t i o n s f o r the o r g a n i z a t i o n 

and f u n c t i o n of the whole of the v i s u a l system and 

v i s u a l l y guided behaviour. 

L i t t l e work has been c a r r i e d out on the o p t i c nerve 

i n comparison to other r e g i o n s of the amphibian v i s u a l 

system. Gaze and P e t e r s (1961) and Wilson (1971) have 

s t u d i e d the u l t r a s t r u c t u r e of normal Xenopus o p t i c nerves 

w i t h r e s p e c t to f i b r e diameter d i s t r i b u t i o n s during 

development. The method of m y e l i n a t i o n i n Xenopus tadpole 

o p t i c nerve has been d e s c r i b e d ( P e t e r s 1960 a, b ) . 

The present study of the o p t i c nerve s t r u c t u r e was 

c a r r i e d out i n order to determine the morphology of the 

developing o p t i c nerve i n tadpole and a d u l t Xenopus w i t h 

s p e c i a l emphasis on the time of metamorphosis, s i n c e t h i s 

i s the period a t which the whole body of the tadpole i s 

reo r g a n i z e d and the a d u l t form i s a t t a i n e d . 



METHOD 

' Optic nerves were exposed by one of two s u r g i c a l 

methods, depending on the age of the animal. 

A. TWO MONTHS OF AGE AND OLDER 

The b r a i n s were exposed as d e s c r i b e d i n s e c t i o n 'B' 

of the General Methods. However, a f t e r s uture of the two 

p r i n c i p a l d o r s a l blood v e s s e l s , the u n d e r l y i n g muscle was 

removed to expose the o p t i c nerve from the eye to the 

point of e n t r y i n t o the cranium. The eye was punctured 

and the upper h a l f of the head was immersed i n i c e c o l d 

1% g l u t a r a l d e h y d e - 1 % paraformaldehyde f i x a t i v e i n 0.12 M 

phosphate b u f f e r . The t i s s u e was l e f t i n t h i s f i x a t i v e 

overnight i n a r e f r i d g e r a t o r . Extraneous t i s s u e surrounding 

the nerve, i n c l u d i n g the bone of the s k u l l , was removed. 

The eye was r e l e a s e d from the surrounding s k i n and remained 

attached to the nerve to enable determination of the nerve's 

o r i e n t a t i o n . The t i s s u e was l e f t i n the f i x a t i v e f o r a 

f u r t h e r twelve hours and was then washed i n a s o l u t i o n of 

0.12 M phosphate, 0.02 mM ca l c i u m c h l o r i d e and 8% dex t r o s e . 

The t i s s u e was processed f o r e l e c t r o n microscopy a s d e t a i l e d 

i n s e c t i o n 'E' of the General Methods. 
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B. TADPOLES AND JUVENILE TOADS UP TO 

TWO MONTHS OF AGE 

The b r a i n s of these animals were exposed as d e s c r i b e d 

i n s e c t i o n *Bf of the General Methods. The s k i n from the 

cranium to the eye and the o c u l a r muscles i n young toads 

were a l s o removed. I n ta d p o l e s , the o p t i c nerve- i s v i s i b l e 

through the t r a n s p a r e n t s k i n . The s k i n was i n c i s e d and the 

t i s s u e e i t h e r . s i d e of the o p t i c nerve was dislodged, c a r e 

being taken not t o a f f e c t the blood supply. The upper pa r t 

of the head was removed r a p i d l y and t r a n s f e r r e d to the 

mixture of aldehyde f i x a t i v e s and processed a s d e s c r i b e d 

f o r a d u l t s above. 

Some nerves were a l s o prepared f o r e l e c t r o n microscopy 

by f i x i n g i n 5% glu t a r a l d e h y d e i n 0.1 M c a c o d y l a t e b u f f e r . 

They were washed i n 0.1 M ca c o d y l a t e b u f f e r and 0.2 M s u c r o s e , 

p o s t - f i x e d i n 1% (w/v) osmium t e t r o x i d e i n 0.1 M sodium 

ca c o d y l a t e , washed i n b u f f e r , dehydrated and embedded i n 

Epon a t 60°C f o r two days (Mercer and Birbeck, 1966). 

One micron t h i c k s e c t i o n s were cut and were s t a i n e d 

f o r 50 seconds i n T o l u i d i n e Blue. They were scanned under 

a l i g h t microscope to determine the o r i e n t a t i o n of the 

o p t i c nerve. Once a c i r c u l a r ( t r a n s v e r s e ) p r o f i l e was 

obtained a t a l e v e l approximately 1 mm behind the e y e b a l l , 

t h i n s e c t i o n s were cut and s t a i n e d f o r two minutes i n 

ur a n y l a c e t a t e and one and a h a l f minutes i n l e a d c i t r a t e , 

p r i o r to viewing i n the e l e c t r o n microscope. Any i n t e r ­
e s t i n g f e a t u r e s were photographed. 
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RESULTS 

Twenty-seven o p t i c nerves from tadpole and a d u l t 

Xenopus were s t u d i e d using c o n v e n t i o n a l l i g h t and e l e c t r o n 

microscopy. E i g h t of these nerves were a l s o used to 

produce whole nerve montages from which axon diameters 

were measured (see Chapter 2 ) . The end point of develop­

ment, the a d u l t o p t i c n e r v e , w i l l be d e s c r i b e d f i r s t . 
t / 

A. THE STRUCTURE OF THE ADULT 

XENOPUS OPTIC NERVE 

The f o l l o w i n g r e s u l t s were d e r i v e d from mature a d u l t s 

caught i n the w i l d and from s i x month o l d postmetamorphic 

a d u l t s bred i n the l a b o r a t o r y . . 

The o p t i c nerve of Xenopus i s a compact, s l i g h t l y 

f l a t t e n e d c y l i n d r i c a l t r a c t , measuring 250 to 350 \im i n 

i n t e r n a l diameter ( f i g . 1:1). I t i s surrounded by a t h i c k 

connective t i s s u e and meningeal sheath c o n s i s t i n g of the 

dura mater, arachnoid and p i a mater ( f i g s . 1:1 and 1:3). 

The sheath c a r r i e s the ophthalmic a r t e r y , and three blood 

v e s s e l s , although none were found w i t h i n the neuronal 

space, i n c o n t r a s t to the o b s e r v a t i o n s of Maturana (1960) 

on other Anuran s p e c i e s . 



F i g . 1;1 A l i g h t micrograph of p a r t of an a d u l t o p t i c 
nerve 

The nerve c o n s i s t s of t h i c k meninges (m) which 
a r e surrounded by l a r g e amounts of connective 
t i s s u e (CON). J u s t above the meninges i s a 
blood v e s s e l (BV). Myelinated f i b r e s and 
g l i a l c e l l s (g) a r e d i s t r i b u t e d throughout 
the nerve. Unmyelinated f i b r e s occupy the 
remaining spaces. 

F i g . 1:2 E l e c t r o n micrographs to show the u l t r a s t r u c t u r e 
of the a d u l t Xenopus o p t i c nerve 

a ) An axon (A) bound by a myelin sheath (M) 
0.5 |xm i n t h i c k n e s s . A l s o present i s a 
g l i a l c y toplasmic process c o n t a i n i n g micro­
f i l a m e n t s (mf) 

b) A t y p i c a l g l i a l c e l l soma from an a d u l t 
o p t i c nerve. Note the unevenly d i s t r i b u t e d 
heterochrony t i n of the nucleus (Nuc). The 
g l i a l c e l l i s surrounded by both myelinated 
and unmyelinated (U) f i b r e s . Within the 
g l i a l cytoplasm, r o s e t t e s of f r e e ribosomes 
(R) a r e e v i d e n t . M i c r o f i l a m e n t s are present 
(mf) i n the soma along a c y t o p l a s m i c process 
(see f i g . 1:2 a ) 
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E l e c t r o n micrographs of the o p t i c nerve show a h i g h l y 

compact s t r u c t u r e w i t h - l i t t l e i n t e r c e l l u l a r space ( f i g . 

1:2 a, b ) . The nerve i s not sub-divided i n t o f a s c i c l e s , the 

nervous elements being d i s t r i b u t e d homogeneously. Myelinated 

f i b r e s extend to the periphery and a r e i n t e r s p e r s e d w i t h 

unmyelinated f i b r e s and g l i a l c e l l p r o c e s s e s . 

G l i a l c e l l s 

In t r a n s v e r s e s e c t i o n only one type of g l i a l c e l l i s 

observed and i s c h a r a c t e r i z e d by a d a r k l y s t a i n i n g nucleus 

and cytoplasm. T h i s g l i a l c e l l type resembles t h a t d e s c r i b e d 

by Maturana (1960). The g l i a l c e l l s have s m a l l somata (6 - 10 

jim) and a l a r g e number of p r o c e s s e s . The n u c l e i a r e a l s o 

s m a l l (mostly 4 - 5 urn i n diameter) and a r e i r r e g u l a r w i t h 

numerous i n d e n t a t i o n s ( f i g . 1:2 b ) . The densely s t a i n e d 

heterochromatin i s l o c a t e d towards the p e r i p h e r y ( f i g . 1:2 b ) . 

The p e r i k a r y o n c o n s i s t s of a moderate to dense c y t o p l a s m i c 

matrix c o n t a i n i n g mitochondria; a few c i s t e r n a e of predom­

i n a n t l y smooth endoplasmic r e t i c u l u m ; s m a l l v e s i c l e s ; and 

r o s e t t e s of f r e e ribosomes ( f i g . 1:2 b ) . Glycogen gr a n u l e s 

a r e not e v i d e n t . The p e r i k a r y a l cytoplasm i s u s u a l l y 

c h a r a c t e r i z e d by the presence of microtubules and numerous 

m i c r o f i l a m e n t s . Microfilaments may a l s o be observed to 

accumulate i n a concentrated band w.ithin the periphery of 

the g l i a l p e r i k a r y o n and extend i n t o c y t o p l a s m i c p r o c e s s e s 

( f i g . 1:2). 



7 
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In s e c t i o n s of a d u l t o p t i c nerves g l i a l c e l l p r o c e s s e s 

can be d i s t i n g u i s h e d r e a d i l y from axons by the concentrated 

bundles of mi c r o f i l a m e n t s i n comparison to the more d i s t r i ­

buted nature of the m i c r o f i l a m e n t s and microtubules i n axons 

( f i g . 1:3). Many g l i a l p r o c e s s e s reach the s u r f a c e of the 

nerve to terminate as elongated 'end-feet', which spread 

out over the outer s u r f a c e of the nerve ( f i g . 1:3). However, 

these s t r u c t u r e s a r e more apparent i n tadpole o p t i c nerves 

and w i l l be d e s c r i b e d i n more d e t a i l l a t e r . G l i a l c e l l 

p r o c e s s e s may be observed t o be j o i n e d a t " c l o s e j u n c t i o n s 1 ' 

( P e t e r s e t a l , 1970) ( f i g . 1:4). 

In the a d u l t nerve, t h e r e appears to be no s p e c i a l 

morphological r e l a t i o n s h i p between the g l i a l p r o c e s s e s and 

unmyelinated axons except where the i n d i v i d u a l p r o c e s s e s 

and axons a r e i n c l o s e proximity ( f i g s . 1:3 and 1:4). 

However, a more intimate r e l a t i o n s h i p e x i s t s between g l i a l 

p r o c e s s e s and myelinated axons. Branches of the p r o c e s s e s 

surround p a r t or a l l of the myelin sheath and a r e continuous 

w i t h the myelin l a m e l l a e ( f i g . 1:5). The myelin l a m e l l a e 

a r e separated by a space of 100 - 200 A ( f i g . 1:5). The 

g l i a l c e l l s cannot be i d e n t i f i e d c a t e g o r i c a l l y a s a s t r o c y t e s 

or oligodendrocytes and t h i s point w i l l be taken up f u r t h e r 

i n the d i s c u s s i o n . 



F i g . 1;3 The s t r u c t u r e of g l i a l end f e e t and the o p t i c 
nerve sheath i n the a d u l t 

Endfeet ( E ) a r i s e from a r a d i a l l y o r i e n t e d 
g l i a l process ( G I ) which c o n t a i n s micro­
f i l a m e n t s . P r o f i l e G2 i s a t r a n s v e r s e s e c t i o n 
of a s i m i l a r g l i a l p r o c e s s . The endfeet can 
be seen to stop a b r u p t l y below the P i a matter 
(P) which i s seen to c o n t a i n l o n g i t u d i n a l l y 
and t r a n s v e r s e l y s e c t i o n e d c o l l a g e n ( C ) . 
Between the g l i a and the p i a l i e s a dense 
basement membrane (BM). E x t e r n a l to the 
pia i s the arachnoid (A) and dura matter (D). 
No r e l a t i o n s h i p between the g l i a l process and 
the unmyelinated f i b r e s (U) i s apparent except 
t h a t the r a d i a l p r o c e s s e s produce f a s c i c l e s . 

F i g . 1;4 Newly m y e l i n a t i n g f i b r e s i n the a d u l t 

Newly m y e l i n a t i n g f i b r e s can be observed i n 
thr e e s i t u a t i o n s : on the s i d e of a f i b r o u s 
g l i a l s h a f t ( A x l ) ; e n c i r c l e d a number of times 
by g l i a (Ax2); or ad j a c e n t to a p r e v i o u s l y 
myelinated f i b r e (Ax3). Mesaxons (Mx) can be 
observed i n a l l t h r e e c a s e s . C l o s e j u n c t i o n s 
( C J ) between g l i a l c e l l s a r e common. 
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F i g . 1:5 The c o n t i n u i t y of g l i a l c e l l membranes w i t h 
myelin i n an a d u l t o p t i c nerve 

An axon (AX) i s surrounded by loose (LM) and 
compact (CM) myelin, which have p e r i o d s of 
200 A and 100 A r e s p e c t i v e l y . G l i a l c y t o ­
plasm (G) can be seen both i n t e r n a l and 
e x t e r n a l to the myelin w i t h t h e i r r e s p e c t i v e 
inner (IMx) and outer (OMx) mesaxons. Unmye­
l i n a t e d f i b r e s (U) c o n t a i n p r i n c i p a l l y micro­
t u b u l e s , although m i c r o f i l a m e n t s a r e 
o c c a s i o n a l l y p r e s e n t . One unmyelinated f i b r e 
i s s w o l l e n by the presence of a mitochondrion 
( m i t ) . 

F i g . 1:6 T y p i c a l myelinated f i b r e s w i t h i n an a d u l t 
o p t i c nerve 

M i c r o f i l a m e n t s (Mf) c o n t i n u o u s l y change 
o r i e n t a t i o n w i t h i n the g l i a l p r o c e s s , so 
t h a t s e c t i o n s show both l o n g i t u d i n a l and 
t r a n s v e r s e p r o f i l e s . No i n t e r v e n i n g c y t o ­
plasm i s present between the a d j o i n i n g 
myelinated f i b r e s A l and A2 and an i n t r a -
period l i n e of t y p i c a l width i s p r e s e n t . 
Axons A2 and A3 and p o s s i b l y A l a r e 
in v e s t e d by a common g l i a l (G) p r o c e s s . 
Many of the myelinated f i b r e s have angular 
p r o f i l e s . 
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Unmyelinated f i b r e s 

Unmyelinated f i b r e s are d i s t r i b u t e d evenly throughout 

the nerve and have a diameter range of 0.1 - 2.0 (im. 

L a r g e r axons a r e few i n number. The axonal cytoplasm i s 

t y p i c a l l y a g r a n u l a r . Microtubules, m i c r o f i l a m e n t s and 

mitochondria are present, the l a t t e r u s u a l l y being a s s o c ­

i a t e d w i t h an i n c r e a s e d axon diameter ( f i g . 1:5). 

Myelinated f i b r e s 

The myelin sheath may be loose, compact or both and 

possess between 4 and 40 l a m e l l a e ( f i g . 1:5). The compact 

myelin sheath has a t h i c k n e s s of 0.03 - 0.5 \im i n the 

i n t e r n o d a l r e g i o n . G l i a l cytoplasm i s v i s i b l e i n t e r n a l 

to the myelin sheath i n some c a s e s ( f i g . 1:5). Occasion­

a l l y , ' f l o c c u l e n t * m a t e r i a l may be found w i t h i n the myelin 

i n a d d i t i o n to the axon and g l i a ( f i g . 1:7). Schmitt-

Lantemann c l e f t s were never observed. 

Myelinated f i b r e s a r e u s u a l l y s c a t t e r e d s i n g l y or 

i n groups, although o f t e n c h a i n s of f i b r e s occur. I n 

the case of groups or c h a i n s , the myelin sheaths of 

a d j a c e n t f i b r e s are i n c l o s e proximity, o f t e n without 

any i n t e r v e n i n g g l i a l cytoplasm ( f i g . 1:6). A group of 

axons may share a common f i b r o u s g l i a l p r o c e s s . 

Adult myelinated f i b r e s vary i n diameter from 0.16 

to 8.6 |im. The axoplasm i s a g r a n u l a r and c o n t a i n s numerous 

mi c r o f i l a m e n t s , microtubules and a s m a l l number of mito­

chondria ( f i g s . 1:4 and 1:6). 



F i g . 1:7 Abnormal a d u l t myelinated f i b r e p r o f i l e s 

A long f i n g e r - l i k e process ( F ) a r i s e s from 
a myelinated f i b r e and f o r p a r t of i t s 
d i s t a n c e c o n t a i n s an axonal p r o c e s s . Within 
another myelin sheath, f l o c c u l e n t m a t e r i a l 
( F l ) i s s i t u a t e d adaxonally. 

F i g . 1:8 A newly m y e l i n a t i n g axon w i t h i n an a d u l t 
o p t i c nerve 

An enlarged p a r t of f i g . 1:4, showing the 
e a r l y s t a g e s of m y e l i n a t i o n (A2) a d j a c e n t 
to a f i b r e w i t h compact myelin ( A l ) . Both 
f i b r e s a r e i n v e s t e d by a common g l i a l p r o c e s s . 
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Newly m y e l i n a t i n g f i b r e s 

C a r e f u l study r e v e a l e d t h a t even i n the a d u l t o p t i c 

nerve m y e l i n a t i o n of ganglion c e l l axons was co n t i n u i n g 

( f i g s . 1:4 and 1:5). A s m a l l number of axons were found 

to be completely e n c i r c l e d by g l i a l cytoplasm, w i t h a few 

loose wrappings of g l i a l membranes p r e s e n t . New m y e l i n a t i o n 

may i n v o l v e f i b r e s a d j a c e n t to a p r e v i o u s l y myelinated 

f i b r e ( f i g s . 1:4 and 1:8) or f i b r e s s i t u a t e d w i t h i n a 

group of unmyelinated f i b r e s ( f i g . ' 1:4). M y e l i n a t i o n may 

be c a r r i e d out e i t h e r on the s i d e of the main s h a f t of 

g l i a l cytoplasm (Axon 1, f i g . 1:4) or w i t h i n a b u l k i e r 

p a r t of the g l i a l cytoplasm (Axon 2, f i g . 1:4) or a d j a c e n t 

to a p r e v i o u s l y myelinated f i b r e (Axon 3, f i g . 1:4). These 

o b s e r v a t i o n s were more apparent i n s i x month old a d u l t s 

than i n those a d u l t s caught i n the w i l d , which were probably 

much o l d e r . The r a t e of m y e l i n a t i o n i n a d u l t animals must 

be a t a low l e v e l c o n s i d e r i n g the s m a l l number of myelinated 

f i b r e s p r e s e n t . 

Aberrant myelin 

A s m a l l proportion of aberrant myelin p r o f i l e s were 

detected i n the a d u l t o p t i c nerve and these were more 

abundant i n s i x months o l d a d u l t s than i n i n d i v i d u a l s 

caught i n the w i l d . 

Aberrant myelin took the form of long f i n g e r - l i k e 

outpushings, away from the main axon c y l i n d e r ( f i g . 1:7, 



1:9 and 1:10). I n some c a s e s , the axon and g l i a l cytoplasm 

are h i g h l y contorted ( f i g s . 1:7 and 1:9). O c c a s i o n a l l y , 

p r o f i l e s suggest the presence of e i t h e r two axons w i t h i n 

one myelin sheath or one axon folded back on i t s e l f ( f i g . 

1:10). A more common form of a b e r r a n t myelin u s u a l l y took 

the form of a r i n g of myelin w i t h i n a l a r g e r r i n g , w i t h the 

inner c y l i n d e r c o n t a i n i n g g l i a l , r a t h e r than axonal, c y t o ­

plasm ( f i g s . 1:13 and 1:1&0. T h i s myelin could be d e s t i n e d 

f o r removal and degradation, and p o s s i b l y i s caused by an 

inpushing of a g l i a l c e l l near to the node of R a n v i e r . I n 

f i g . 1:14, the axon i n t h i s r e g i o n has decreased i n s i z e 

c o n s i d e r a b l y t o a diameter of 0.7 urn as a r e s u l t of the myelin 

inpushing. 

B. THE DEVELOPMENT OF XENOPUS OPTIC NERVE 

These o b s e r v a t i o n s were d e r i v e d from a developmental 

s e r i e s of o p t i c nerves from Stage 46 tadpoles to postmeta-

morphic toads. T h i s age range was chosen s i n c e i t i s a t 

Stage 46 t h a t the f i r s t neuronal responses can be recorded 

c o n s i s t e n t l y i n the o p t i c tectum i n response to v i s u a l or 

e l e c t r i c a l s t i m u l i (Gaze et a l , 1974; Chung et a l , 1975). 

The e s s e n t i a l f e a t u r e s of the developing o p t i c nerve 

are s i m i l a r to those of the a d u l t . A l l nerves which were 

s t u d i e d contained f i b r o u s a s t r o c y t e s and unmyelinated nerve 

f i b r e s . Myelinated axons were absent from t a d p o l e s younger 

than Stage 49. 



Abnormal myelinated f i b r e p r o f i l e s 

F i g . 1:9 A mis-shapen axon (A) i s surrounded by 
a b e r r a n t myelin, w i t h a prominant f i n g e r ­
l i k e p rocess ( F ) . Adaxonal i n c l u s i o n s ( I n ) , 
myelin l e a f l e t s (ML) and a myelin body (M) 
a r e p r e s e n t . 

F i g . 1:10 A l a r g e myelinated f i b r e (AX) with a l a r g e 
f i n g e r - l i k e process ( F ) and myelin i n c l u s i o n s 
( I n ) i s p r e s e n t . There i s a l s o a s m a l l e r 
myelinated f i b r e w i t h what appears to be a 
double axon (A) or, a l t e r n a t i v e l y , an axon 
which has folded back on i t s e l f . 

F i g . 1:11 An axon (A) i s surrounded by aberrant myelin, 
myelin i n v a g i n a t i o n ( I ) and c o n t a i n s g l i a l 
cytoplasm ( G ) . 

F i g . 1;12 A t h i c k myelin i n v a g i n a t i o n ( I ) surrounding 
f l o c c u l e n t m a t e r i a l i s p r e s e n t . The axon 
(A) i s s i t u a t e d to one s i d e of the myelin 
sheath and i s s m a l l compared to the myelin 
i n v a g i n a t i o n . 
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L i g h t microscopy r e v e a l e d t h a t the o p t i c nerve of 

tadpoles ( f i g . 1:13) comprises a l a r g e core r e g i o n 

c o n t a i n i n g predominantly g l i a l c e l l bodies and myelinated 

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

of those c e l l bodies and predominantly unmyelinated f i b r e s . 

During development there i s an i n c r e a s i n g number of mye­

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

s h i p s between the components change to produce the a d u l t 

p a t t e r n . However, i n tad p o l e s younger than Stage 49, 

myelinated f i b r e s a r e absent and the g l i a l c e l l s a r e 

lo c a t e d i n a bundle a t the c e n t r e of the nerve. 

Surrounding the nerve a r e the meninges and the t h i c k 

p r o t e c t i v e coat of connective t i s s u e . Attached to the 

meninges i s the ophthalmic a r t e r y and w i t h i n the meninges 

are three blood v e s s e l s ( f i g . 1:13). 

The e l e c t r o n microscope r e v e a l s a h i g h l y compact 

s t r u c t u r e w i t h l i t t l e i n t e r c e l l u l a r space ( f i g s . 1:14 

and 1:5) a s i n the a d u l t . The t i s s u e i s d i v i d e d i n t o 

f a s c i c l e s by the g l i a l c e l l p r o c esses which o r i g i n a t e 

from c e n t r a l l y l o c a t e d c e l l s which move more p e r i p h e r a l l y 

w i t h time. These f a s c i c l e s may i n c l u d e both myelinated and 

unmyelinated f i b r e s or unmyelinated f i b r e s alone ( f i g . 1:14 

and 1:15). 



The s t r u c t u r e -of tadpole o p t i c nerves 

F i g . 1:13 A l i g h t micrograph of a 1 fim.Toluidine Blue 
s t a i n e d s e c t i o n of a p l a s t i c embedded nerve 
from a Stage 58 tadpole. Note the meninges 
(m), which c o n t a i n a blood v e s s e l ( b v ) . 
Within the nerve, myelinated f i b r e s a r e 
p r e s e n t , but t h e r e i s a band of predominantly 
unmyelinated f i b r e s towards the p e r i p h e r y . 
Oligodendrocytes (o) a r e darker than the 
s p i d e r y a s t r o c y t e s ( a ) . G l i a l c e l l s a r e 
absent from the p e r i p h e r y . 

F i g . 1:14 Note the compact s t r u c t u r e w i t h very l i t t l e 
i n t e r c e l l u l a r space. The l i g h t a s t r o c y t i c 
(AST) g l i a l c e l l c o n t r a s t s w i t h the much 
darker oligodendrocyte (OLIGO) but both 
n u c l e i a r e u n i f o r m i l y chromatic. The a s t r o 
c y t i c c e l l soma c o n t a i n s numerous micro­
f i l a m e n t s (mf), whereas the oligodendrocyte 
has very few m i c r o f i l a m e n t s but i s f i l l e d 
w i t h rough endoplasmic r e t i c u l u m (RER) and 
mitochondria ( m i t ) . Some axons a r e i n the 
process of m y e l i n a t i o n (nmf) and the dark 
g l i a l cytoplasm which surrounds the axon i s 
t y p i c a l of o l i g o d e n d r o g l i a . Note the 
e c c e n t r i c i t y of the nucleus of the o l i g o ­
dendrocyte. 

F i g . 1:15 Note the compact s t r u c t u r e ond the f a s c i c l e s 
of unmyelinated (U) and myelinated f i b r e s 
produced by the r a d i a t i n g a s t r o c y t i c p r o c e s s e s . 
These processes are packed w i t h m i c r o f i l a m e n t s 
(mf), which c o l l e c t i n the c e l l soma p r i o r t o 
l e a v i n g i n a c y t o p l a s m i c p r o c e s s . Note the 
abundance of smooth endoplasmic r e t i c u l u m 
(ER) i n a s t r o c y t e ' a s t 1' and i t s almost 
t o t a l absence i n a s t r o c y t e ' a s t 2 f . Newly 
m y e l i n a t i n g f i b r e s (nmf) a r e p r e s e n t . 
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G l i a l C e l l s 

In the Xenopus tadpole o p t i c nerve t h e r e appear to be 

two types of g l i a l c e l l , whereas i n the a d u l t there i s only 

one type. Tadpole g l i a l c e l l s a r e not l a r g e (approximately 

8 jim i n di a m e t e r ) , and they have correspondingly s m a l l 

n u c l e i (approximately 5 urn i n diameter) which sometimes 

have i n d e n t a t i o n s . The karyoplasm g e n e r a l l y has a f a i r l y 

even d e n s i t y ( f i g s . 1:14 and 1:15) u n l i k e the heterochromatic 

n u c l e i i n a d u l t g l i a l c e l l s ( f i g . 1:2). The p e r i k a r y a 

c o n t a i n 80 A m i c r o f i l a m e n t s , mitochondria, endoplasmic 

r e t i c u l u m , few r o s e t t e s of f r e e ribosomes some smooth 

v e s i c l e s and G o l g i - l i k e complexes ( f i g s . 1:14, 1:15 and 

1:16). 

Two c e l l s a r e shown i n figure 1:14, one being more 

o s m i o p h i l i c and hence darker than the ot h e r . Both types 

have the contents mentioned above, but the more osmio­

p h i l i c c e l l has a g r e a t e r abundance of o r g a n e l l e s , although 

fewer m i c r o f i l a m e n t s a r e p r e s e n t . These l i g h t and dark 

c e l l s o f t e n occur i n p a i r s . Bundles of t i g h t l y packed 

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

appearance of a s t r o c y t i c g l i a l c e l l s , whereas the cytology 

of the dark c e l l s corresponds to the c h a r a c t e r i s t i c s of 

oligodendrocytes ( P e t e r s e t a l , 1970). Both types of g l i a l 

c e l l a r e found i n c l o s e c o n t a c t w i t h myelinated f i b r e s r 

though i n the case of oligodendrocytes, t h i s i s by means 

of long c y t o p l a s m i c p r o c e s s e s . The membranes of o l i g o -



F i g . 1;16 U l t r a s t r u c t u r e of tadpole g l i a l c e l l s 

Note the l i g h t cytoplasm of the two a s t r o ­
c y t e s (AST) which c o n t r a s t s w i t h the darker 
cytoplasm of the oligodendrocyte (OLIGO). 
The n u c l e i of these two types of c e l l s a r e 
u n i f o r m i l y chromatic. Note the presence of 
endoplasmic r e t i c u l u m (ER) and a g r e a t e r 
number of mitochondria (mit) i n the o l i g o ­
dendrocyte and the presence of m i c r o f i l a m e n t s 
(mf), smooth v e s i c l e s ( s v ) and a G o l g i appa­
r a t u s i n one of the a s t r o c y t e s . 
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dendrocytes were found to be i n d i r e c t c o n t i n u i t y w i t h 

the myelin l a m e l l a e , and o f t e n s i m i l a r dark cytoplasm 

was found adaxonally ( f i g . 1:17 a , b ) . R e i e r and Webster 

(1974) have estimated the r a t i o of a s t r o c y t e s to o l i g o ­

dendrocytes i n Xenopus- tadpole o p t i c nerve t o be 4 : 1. 

The endoplasmic r e t i c u l u m of g l i a l ' c e l l s u s u a l l y does 

not extend f a r beyond the bases of the c y t o p l a s m i c p r o c e s s e s 

which a r i s e from the p e r i k a r y o n . However, some i s o l a t e d 

r e g i o n s of o l i g o d e n d r o g l i a l cytoplasm f a r removed from the 

soma were found t o c o n t a i n l a r g e amounts of rough endoplasmic 

r e t i c u l u m ( f i g . 1:18). These r e g i o n s a r e a s s o c i a t e d w i t h 

myelinated f i b r e s , and a r e present u s u a l l y i n a r e a s of 

m y e l i n a t i o n ( f i g s . 1:18 and 1:26) or myelin degradation 

(see below). 

As d e s c r i b e d f o r the a d u l t o p t i c nerve, the g l i a l 

c e l l p r o c e s s e s form end-feet a t the s u r f a c e of the tadpole 

nerve ( f i g s . 1:3 and 1:19). These a s t r o c y t i c end-feet 

form a complete l a y e r t h a t i s interposed between the 

nervous t i s s u e and the e n d o t h e l i a l c e l l s . The t h i c k n e s s 

of the a s t r o c y t i c l a y e r v a r i e s , sometimes being s e v e r a l 

p r o cesses i n e x t e n t , but more f r e q u e n t l y i t i s formed by 

only a s i n g l e l a y e r of p r o c e s s e s . Beyond the end-feet a r e 

numerous l a y e r s of c o l l a g e n f i b r e s ( f i g s . 1:3 and 1:19) 

and these a r e surrounded by p e r i c y t e s ( f i g . 1:19) and 

connective t i s s u e . A t h i c k basement membrane occurs 
* 

between the g l i a and the collagenous p i a ( f i g . 1:19). 



Fig,. 1; 17 Myelinated axons i n tadpole o p t i c nerve 

Myelinated axons (A) a r e shown w i t h o l i g o ­
dendrocyte cytoplasm ( 0 ) both i n t e r n a l and 
e x t e r n a l to the myelin. 

a ) The myelin i s p a r t i a l l y i n v e s t e d by 
a s t r o c y t i c cytoplasm ( A s t ) . 

b) The oligodendrocyte can be seen to be 
producing myelin around two axons ( A ) . 
The i n n e r (IMX) and outer (OMX) mesaxons 
are c l e a r l y d e p i c t e d . The myelin i s 
almost t o t a l l y i n v e s t e d by a s t r o c y t i c 
cytoplasm ( A s t ) . 

F i g . 1:18 Pa r t of an o l i g o d e n d r o c y t e g l i a l c e l l 

P a r t of an oligodendrocyte (OLIGO) i s f i l l e d 
w i t h l a r g e amounts of rough endoplasmic 
r e t i c u l u m (RER). Note the i n t i m a t e r e l a t i o n ­
s h i p between the oligodendrocyte and the three 
axons ( A l , A2, A3). G l i a l cytoplasm of a 
s i m i l a r s t r u c t u r e i s common i n r e g i o n s where 
m y e l i n a t i o n or degeneration i s t a k i n g p l a c e . 

F i g . 1;19 The tadpole o p t i c nerve sheath 

A s t r o c y t i c g l i a l cytoplasm (G) c o n t a i n i n g 
m i c r o f i l a m e n t s (mf) f a s c i c u l a t e s the unmye­
l i n a t e d f i b r e s (U) of the tadpole o p t i c 
nerve, and forms endfeet ( E ) . At l e a s t one 
l a y e r of g l i a s e p a r a t e s the neuronal com­
ponents of the nerve from the P i a , which 
c o n t a i n s c o l l a g e n f i b r e s ( C o l ) . Between 
the g l i a l boundary and the p i a i s a thickened 
basement membrane (BM). The supporting 
p e r i c y t e cytoplasm ( P e r i ) of the Arachnoid 
(Ar) i n v e s t s the o p t i c nerve and abuts onto 
a blood v e s s e l (BV). The e x t e r n a l l a y e r i s 
the dura mater (Dura). 
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Within the meninges a r e t h r e e blood v e s s e l s ( f i g . 1:19) and 

a t t a c h e d to the meninges i s the ophthalmic a r t e r y . 

Unmyelinated f i b r e s 

Within the f a s c i c l e s produced by the g l i a l c e l l 

p r o c e s s e s the naked axons of unmyelinated f i b r e s a r e 

c l o s e l y apposed to each other w i t h l i t t l e i n t e r c e l l u l a r 

space ( f i g s . 1:14, 1:15 and 1:19). The axons a r e s m a l l , 

the m a j o r i t y f a l l i n g w i t h i n the range of 0.1 - 0.4 jim 

diameter (see Q u a n t i t a t i v e R e s u l t s i n Chapter 2 ) . There 

i s o f t e n a g r a d i e n t of axon s i z e w i t h i n the nerve w i t h 

the l a r g e r axons towards the c e n t r e . The axonal cytoplasm 

c o n t a i n s mitochondria, m i c r o f i l a m e n t s , m i c r o t u b l e s and 

a g r a n u l a r endoplasmic r e t i c u l u m . 

Myelinated f i b r e s 

Myelinated f i b r e s a r e found i n ever i n c r e a s i n g numbers 

i n the tadpole o p t i c nerve from Stage 49 onwards. They a r e 

always i n contact w i t h g l i a l c e l l p r o c esses and, a p a r t from 

newly m y e l i n a t i n g f i b r e s , always show compact myelin ( f i g s . 

1:14, 1:15, 1:16 and 1:17 a, b ) . Adaxonal g l i a l cytoplasm 

i s dark ( f i g . 1:17 a, b) and, i n mature tadpole myelinated 

f i b r e s , forms a t h i n sheet surrounding the axon ( f i g s . 1:17 

a, b, 1:23 and 1:24). There i s u s u a l l y a w e l l d e f i n e d 

mesaxon ( f i g s . 1:17 a, b and 1:24). The o l i g o d e n d r o c y t i c 

p r o c e s s i s wrapped around the axon t h r e e to seven times. 



Optic nerve myelinated f i b r e s are u s u a l l y more 

s c a t t e r e d i n tadpoles, than i n a d u l t s ( f i g . 1:13). 

They occur s i n g l y or i n groups and g e n e r a l l y have a 

c i r c u l a r or o v a l shape i n w e l l f i x e d p r e p a r a t i o n s 

( f i g s . 1:14, 1:15, 1:17 and 1:20). Groups of f i b r e s 

o f t e n share a common g l i a l p r o c e s s . The axonal c y t o ­

plasm of myelinated f i b r e s c o n t a i n s microtubules and 

mi c r o f i l a m e n t s , but those a r e fewer i n number than those 

w i t h i n the axoplasm of a d u l t myelinated f i b r e s ( f i g . 

1:17 a, b ) . 

Mye l i n a t i o n 

M y e l i n a t i o n i n the c e n t r a l nervous system has been 

w e l l d e s c r i b e d elsewhere ( P e t e r s , 1960 b; Hirano, 1972) 

and w i l l only be summarized b r i e f l y here. The f i r s t stage 

of m y e l i n a t i o n i n v o l v e s a process from an oligodendrocyte 

coming i n t o c o n t a c t w i t h a nerve f i b r e approximately 1 urn 

i n diameter ( f i g . 1:12) and then enveloping the axon by 

means of many t u r n s ( f i g s . 1:20 and 1:21). The g l i a l 

membranes s t a r t to become apposed to produce compact 

myelin, l e a v i n g g l i a l cytoplasm adaxonally ( f i g s . 1:22 

and 1:23). A p p o s i t i o n of the cyto p l a s m i c s u r f a c e s l e a d s 

to the formation of the major dense l i n e , which i n compact 

myelin a l t e r n a t e s w i t h the i n t r a p e r i o d l i n e a r i s i n g from 

the mesaxon ( f i g . 1 :5). Throughout t h i s p r ocess, the axon 

i n c r e a s e s i n diameter. 



F i g . 1:20 The s t r u c t u r e of the n o n - c e l l u l a r p a r t of the 
tadpole o p t i c nerve 

Both unmyelinated (U) and myelinated (MA) 
f i b r e s a r e present, w i t h oligodendrocytes 
( O l i g o ) and supporting a s t r o c y t e s ( A s t ) . 
The oligodendrocytes a r e continuous w i t h the 
myelin, and s i m i l a r cytoplasm i s present 
adaxonally (MAI, MA2, MA3). MAI and MA2 
share a common oligodendrocyte, a s evidenced 
by the g l i a l bridge ( a r r o w ) . Axons A l , A2 
and A3 show a s p e c t s of the s e q u e n t i a l process 
of m y e l i n a t i o n . A l i s p a r t i a l l y e n c i r c l e d , 
A2 i s i n v e s t e d i n oligodendrocyte cytoplasm, 
and i n A3, myelin i s p a r t i a l l y compact. 
Unmyelinated f i b r e s (U) c o n t a i n m i c r o f i l a m e n t s , 
microtubules and mitochondria ( M i t ) . Note the 
c l o s e a s s o c i a t i o n between the a s t r o c y t i c and 
o l i g o d e n d r o c y t i c cytoplasm. 
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Myelinating f i b r e s i n tadpole o p t i c nerve 

F i g . 1:21 M u l t i p l e wrappings of an oligodendrocyte 
process (OLIGO) surround axon A l . T h i s 
"myelin" i s l o o s e l y apposed. The myelin 
of axon A2 i s a l s o d e r i v e d from the same 
oligodendrocyte. 

F i g . 1:22 Two wrappings of oligodendrocyte (OLIGO) 
membrane about the axon A a r e compact and a 
t h i n l a y e r of myelin i s seen. C l e a r i n n e r 
(IM) and outer (OM) mesaxons are p r e s e n t . 
Note the abundance of rough endoplasmic 
r e t i c u l u m (RER) i n an oligodendrocyte i n 
the v i c i n i t y of m y e l i n a t i o n . 
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F i g . 1:23 F i b r e s a t d i f f e r e n t s t a g e s of m y e l i n a t i o n 

A number of f i b r e s i n the process of mye­
l i n a t i o n a r e present and i n c o n j u n c t i o n 
w i t h those i n f i g u r e s 1:20, 1:21 and 1:22, 
show d i f f e r e n t s t a g e s i n the process of 
myelogenesis. Axon A l i s e n c i r c l e d a number 
of times by o l i g o d e n d r o g l i a l cytoplasm. The 
g l i a l membranes of axon A2 are more compact 
and the f i r s t dense l i n e s of myelin a r e 
formed. Axon A3 shows a more c o n s o l i d a t e d 
p i c t u r e w i t h a c l e a r inner mcsaxon (IMX). 
Axon A4 appears to be a t a s i m i l a r stage 
of m y e l i n a t i o n a s axon A3. Axon A5 i s 
s l i g h t l y more advanced, w i t h removal of 
the o l i g o d e n d r o g l i a l cytoplasm t a k i n g 
p l a c e . Axon A6 i s ensheathed by myelin 
which i s almost mature. Axon A7 i s somewhat 
a t y p i c a l i n t h a t i t s myelin i s p a r t i a l l y 
d e r i v e d from t h a t of axon A6 and only p a r t ­
i a l l y surrounds the axon. 
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The process of m y e l i n a t i o n , beginning a t Stage 49, 

i s c a r r i e d out by oligodendrocytes i n the c e n t r a l r e g i o n 

of the o p t i c nerve. M y e l i n a t i o n i n the tadpole o p t i c 

nerve continues u n t i l s i x or seven t u r n s of the g l i a l 

p r o c e s s round the axon have been completed and most of 

the adaxonal g l i a l cytoplasm has been removed. The 

e x t e r n a l g l i a l cytoplasm surrounding the myelin sheath 

i s u s u a l l y minimal, enabling myelin from a d j a c e n t f i b r e s 

t o become apposed ( f i g . 1:24). The s t r u c t u r e of the 

myelinated axon i s then t y p i c a l l y mature ( f i g s . 1:14, 

1:15, 1:20 and 1:24). However, the presence of mature 

myelin does not preclude the m y e l i n a t i o n of other f i b r e s 

i n the same l o c a l i t y ( f i g . 1:24). A f t e r Stage 58, a 

g r e a t e r number of f i b r e s a t the periphery become mye­

l i n a t e d and, a s d i s c u s s e d e a r l i e r , m y e l i n a t i o n continues 

i n the a d u l t . The m a j o r i t y of f i b r e s which become mye­

l i n a t e d do so by the age of one month postmetamorphosis. 

A f t e r t h i s , m y e l i n a t i o n p r i n c i p a l l y c o n s i s t s of an i n c r e a s e 

i n t h i c k n e s s of the myelin a l r e a d y p r e s e n t . 

Aberrant myelin 

I n Xenopus ta d p o l e s younger than Stage 57, myelin 

u s u a l l y has a c i r c u l a r or o v a l p r o f i l e w i t h a smooth 

o u t l i n e ( f i g s . 1:14, 1:15, 1:17 a, b, 1:20 and 1:24). 

However, i n the a d u l t Xenopus o p t i c nerve i r r e g u l a r , 

somewhat angular p r o f i l e s ( f i g . 1:6) with f i n g e r - l i k e out-

push ings (figs. 1:7, 1:9 and 1:10) and p r o f i l e s c o n t a i n i n g 



F i g . 1:24 The u l t r a s t r u c t u r e of tadpole g l i a l c e l l s 

An a s t r o c y t e (AST) c o n t a i n i n g m i c r o f i l a m e n t s 
(mf) w i t h r a d i a t i n g p r o c e s s e s . Both the 
a s t r o c y t e and the oligodendrocyte (OLIGO) 
have a u n i f o r m i l y chromatic n u c l e u s . The 
oligodendrocyte p e r i k a r y o n i s r i c h i n mito­
chondria ( M i t ) , rough endoplasmic r e t i c u l u m 
(RER), has a l a r g e G o l g i apparatus (GOLGI) 
and i s darker than the a s t r o c y t e . The mye­
l i n a t e d axons (A) a r e t y p i c a l f o r a tadpole 
o p t i c nerve w i t h s i x or seven wrappings of 
myelin. Axons A l and A2 a r e i n the p r o c e s s 
of m y e l i n a t i o n , and i n d i c a t e t h a t myelin 
production i s not i n h i b i t e d by the presence 
of 'mature 1 myelin. Note the c l o s e a s s o c ­
i a t i o n between the a s t r o c y t e and axons A l 
and A2. I n the case of axon A2, the a s t r o ­
c y t e almost e n g u l f s the o l i g o d e n d r o g l i a l 
component producing the myelin. V e s i c u l -
a t i o n s (V) have been observed o c c a s i o n a l l y 
i n tadpole o p t i c nerves. 
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c o n c e n t r i c r i n g s of myelin ( f i g s . 1:11 and 1:12) a r e 

pre s e n t . Abnormal myelinated f i b r e s s t a r t to appear i n 

the developing o p t i c nerve of ta d p o l e s a t Stage 58 and 

they can be observed u n t i l about one month a f t e r meta­

morphosis. T h e i r number then drops to approximately 

t h a t found i n the a d u l t . 

Aberrant and degenerating myelin can be observed 

together i n the o p t i c nerve. Very l i t t l e new degeneration 

appears beyond one week a f t e r metamorphosis, and d e b r i s i s 

f i n a l l y l o s t a t one month postmetamorphosis. Degeneration 

of the myelin appears to be a s s o c i a t e d with the f o l l o w i n g : 

( i ) Inpushing of myelin by g l i a l c e l l s . The myelin 

and axon d i s t o r t to produce the i r r e g u l a r p r o f i l e s a t 

Stage 58. T h i s d i s t o r t i o n i s accentuated by the g l i a l 

c e l l s which invade the myelin f o l d s ( f i g . 1:25). G l i a l 

c e l l s may a l s o be seen to d i s t o r t the myelin of an i n t a c t 

f i b r e ( f i g . 1:26). I n l a t e r s t a g e s , the myelin appears as 

c o n c e n t r i c r i n g s w i t h o l i g o d e n d r o c y t i c cytoplasm w i t h i n 

the inner myelin ( f i g . 1:25). G l i a l cytoplasm which has 

protruded i n t o the myelin appears to be very r i c h i n endo­

plasmic r e t i c u l u m ( f i g . 1:25). The a c t i o n of the g l i a l 

c e l l w i t h i n the inpushing of myelin i s to p e e l o f f the 

myelin membranes i n t o the i n v a g i n a t i o n ( f i g . 1:25, 1:27 

and 1:28). A common occurrence w i t h myelin degradation 

i s the appearance of presumably o l i g o d e n d r o g l i a l o r g a n e l l e s 

i n the adaxonal g l i a l cytoplasm ( f i g s . 1:27 and 1:28). 

The r a t e of myelin d e s t r u c t i o n i n c r e a s e s and by Stage 60 



Abnormal myelin p r o f i l e s 

F i g . 1:25 I r r e g u l a r myelin p r o f i l e s (1, 2, 3) can be 
seen c l e a r l y . P r o f i l e s 1 and 3 c o n t a i n axons 
i n which the axoplasm appears normal. The 
myelin (m) i n 1 appears normal and i s con­
tinuous (arrow, my) w i t h the membrane of the 
oligodendrocyte (OLIGO). F i b r e 2 c l e a r l y 
shows the c o n c e n t r i c nature of some of the 
abnormal myelin (cm), and the space so 
c r e a t e d i s inv a g i n a t e d by o l i g o d e n d r o c y t i c 
cytoplasm which appears to c o n t a i n rows of 
endoplasmic r e t i c u l u m . Between the invag­
inated myelin and oligodendrocyte, membranous 
fragments (arrow) appear to be p e e l i n g away. 
The axon of f i b r e 2 has an abnormal f l o c c u l e n t 
appearance. (Stage 60) 

F i g . 1;26 Both an a s t r o c y t i c (AST) and an oligodendro­
c y t e (OLIGO) g l i a l process a r e p r e s e n t . The 
a s t r o c y t i c process does not appear to be 
involved w i t h the deformed myelin (dm) of the 
f i n g e r process of axon ( A l ) . However, the 
oligodendrocyte i s probably i n t i m a t e l y r e l a t e d 
w i t h the myelin sheath of axon 1. The f i n g e r ­
l i k e p r o c e s s ( 1 ) and the loop of myelin (2) 
are d e r i v e d from the same parent axon, s i n c e 
membranes l i n k i n g the loop 2 w i t h f i b r e 1 can 
be seen ( a r r o w ) , - Within the f i n g e r - l i k e proc­
e s s , double membrane v e s i c l e s ( v ) a r e commonly 
found a s s o c i a t e d w i t h abnormal myelin. Within 
the axoplasm of A2, v a s i c u l a r membranes (vm) 
are p r e s e n t . The a s t r o c y t e i s densely f i l l e d 
w i t h m i c r o f i l a m e n t s (mf). (Stage 58) 
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Degenerating myelin 

F i g . 1;27 A myelinated f i b r e completely e n c i r c l e s an 
e x t r a c e l l u l a r space ( s ) , and w i t h i n t h i s 
space the myelin membranes appear to be 
p e e l i n g away (a r r o w ) . The myelin appears 
t o have fused or become continuous (fm). 
Adaxonally double membrane v e s i c l e s ( v ) 
a r e present i n the oligodendrocyte cytoplasm. 
Most of the myelin and the axoplasm appears 
to be normal. (Stage 58) 

F i g . 1;28 There i s an abnormally myelinated axon (A) 
pres e n t , although the axon and myelin 
a d j a c e n t to the axon are e s s e n t i a l l y normal 
i n appearance. At the i n v a g i n a t i o n ( i n ) , 
no g l i a l c e l l i s p r e s e n t . The space i s 
f i l l e d w i t h membrane fragments which have 
peeled away from the invaginated myelin to 
produce s h e e t s or v e s i c u l a r fragments of 
membrane (ar r o w ) . Adaxonally, a membranous 
v e s i c l e ( v ) i s p r e s e n t . (Stage 6 0 ) . 

F i g . 1:29 A dark oligodendrocyte (OLIGO) i s present and 
there a r e four myelinated f i b r e s with abnormal 
myelin (A1-A4). Axon A l i s enclosed by 
apparently healthy myelin, although adaxonally 
a l a r g e amount of degenerating myelin (DM) i s 
p r e s e n t . Within t h i s r e g i o n of degeneration 
i s an e x t r a c e l l u l a r space. The breakdown of 
the myelin deforms the myelin sheath c o n s i d e r ­
a b l y . Axon A2 i s wrapped around A l almost 
completely, except f o r the i n t e r v e n t i o n of A4. 
Axon A3 i s only s l i g h t l y i r r e g u l a r i n compar­
i s o n . No g l i a l c e l l appears to be involved 
with the degeneration, although the f i b r e s do 
appear to have been drawn together. (Stage 
63) 
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degenerating myelin p r o f i l e s ( f i g . 1:29) a r e common. In 

many c a s e s , two or more myelinated f i b r e s together may be 

involved i n t h i s degeneration ( f i g s . 1 : 2 9 , 1:30 and 1:31) 

as i f drawn together by common oligodendrocyte. Two common 

f e a t u r e s of myelin degeneration a r e f i r s t l y , the i n t a c t 

nature of the myelin which i s not d i r e c t l y a s s o c i a t e d w i t h 

the area of degradation ( f i g s . 1:27, 1:28, 1:29 and 1:31) 

and secondly, the normality of the contents of the axonal 

cytoplasm w i t h i t s u s u a l complement of mi c r o f i l a m e n t s , 

microtubules and mitochondria ( f i g s . 1:25, 1:26, 1:28, 1:29 

and 1:31). 

( i i ) Outpushing of the myelin. Myelinated f i b r e s 

a l s o have a tendency to become f l a t t e n e d i n c r o s s - s e c t i o n 

and to produce long f i n g e r - l i k e p r o t r u s i o n s of myelin from 

which the axoplasm receeds. Often myelin p r o t r u s i o n s from 

ad j a c e n t f i b r e s c u r l around one another ( f i g s . 1:30, 1:32 

and 1:33) and may form l a r g e aggregates and whorls ( f i g . 

1:34). These a r e i n contact w i t h o l i g o d e n d r o c y t i c g l i a l 

c e l l s ( f i g . 1:35) and the more c e n t r a l l y l o c a t e d myelin i s 

degraded. The f i b r e s involved i n t h i s p rocess have a l l the 

usu a l c h a r a c t e r i s t i c s of myelinated f i b r e s except t h a t 

o c c a s i o n a l l y a myelin sheath may c o n t a i n no axon ( f i g . 1:35) 

or be fragmented ( f i g . 1:34). I n Stage 66 animals exten­

s i v e degeneration of the myelin i s very common, wi t h l a r g e 

l i p i d d r o p l e t s and. myelin f i g u r e s p resent w i t h i n the g l i a l 

cytoplasm ( f i g s . 1:36 and 1:37). 
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Aberrant myelin 

F i g . 1;30 The a s t r o c y t e (AST) w i t h r a d i a t i n g p r o c e s s e s 
f i l l e d w i th m i c r o f i l a m e n t s (mf) does not seem 
to be involved w i t h the observed a b e r r a n t 
myelin p r o f i l e s . A number of myelinated 
f i b r e s (A) have been drawn together by an 
o l i g o d e n d r o c y t i c process ( 0 ) . G l i a l c e l l 
membrane i n v a g i n a t i o n s may be present which 
i n some c a s e s a r e completely i s o l a t e d from 
the axon ( a r r o w ) . Note the long l a t e r a l 
p r o c e s s e s of the myelin and f i b r e B which i s 
completely f l a t t e n e d . I n g e n e r a l , the axo­
plasm and myelin appear normal. (Stage 5 9). 

F i g . 1:31 The axons (A1-A3) a r e a t y p i c a l i n shape. 
F i b r e A l has a long f i n g e r - l i k e outpushing, 
which d i v i d e s (OP). The axon almost t o t a l l y 
f i l l s the i n t r a m y e l l n space. F i b r e A2 
c o n t a i n s dark g l i a l cytoplasm which i s 
i n d i c a t i v e of an oligodendrocyte. F i b r e A3 
i s markedly abnormal, w i t h t h r e e c o n c e n t r i c 
r i n g s of myelin, the second of which a l s o 
c o n t a i n s o l i g o d e n d r o c y t i c cytoplasm ( O L I ) . 
Note the normal appearance of the axoplasm 
and of the m a j o r i t y of the myelin. An 
a s t r o c y t i c p r o c e s s (AST) i s a l s o p r e s e n t . 
(Stage 6 0 ) . 

F i g . 1:32 Two myelinated f i b r e s ( A l , A2) w i t h appar­
e n t l y normal axoplasm and myelin a r e p r e s e n t . 
F i b r e A l i s aber r a n t i n shape, whereas i n 
f i b r e A2 there i s a long f i n g e r - l i k e out-
pushing. P a r t of the axoplasm ( a ) has 
become i s o l a t e d from the remainder of the 
axon c y l i n d e r (A2) but much of t h i s e v a g i n -
a t i o n c o n t a i n s no axoplasm (between the two 
l i n e s ) and the a b e r r a n t myelin has completely 
c o l l a p s e d . Note the s m a l l v e s i c l e (arrow) 
which i s s i t u a t e d a d a x o n a l l y . (Stage 60) 
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F i g . 1:33 Myelinated and unmyelinated axons 

The f i g u r e shows both unmyelinated (U) and 
myelinated (A1-A3) f i b r e s , a s t r o c y t i c (AST) 
and o l i g o d e n d r o c y t i c ( 0 ) p r o c e s s e s . The 
oligodendrocytes can be seen to be continuous 
with the myelin, w i t h the inner (IM) and 
outer (OM) mesaxons c l e a r l y evident i n f i b r e 
A2. The myelin and axoplasm appear to be 
s t r u c t u r a l l y normal. V e s i c u l a r fragments 
(V) a r e present both o u t s i d e the myelin and 
w i t h i n the axoplasm of f i b r e A l . F i b r e A2 
i s c u r l e d p a r t i a l l y around f i b r e A l , and the 
axon has receeded from a major p o r t i o n of 
the a b e r r a n t loop, although a t one end a 
s m a l l s w e l l i n g i s p r e s e n t , which c o n t a i n s 
a p o r t i o n of axoplasm ( a ) . Note the four 
s m a l l v e s i c u l a r components (arrow) which 
are s i t u a t e d w i t h i n the myelin. These are 
p o s s i b l y i n d i c a t i v e of the f i r s t s t a g e s of 
degeneration. (Stage 58) 
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Aberrant myelin p r o f i l e s 

F i g . 1;34 A l a r g e aggregate of myelinated f i b r e s 
(A1-A6) i s present i n which the f i b r e s are 
a s s o c i a t e d w i t h an oligodendrocyte ( 0 ) . The 
f i b r e s have e x t e n s i v e aberrant loops. F i b r e 
A l has an almost normal axon c y l i n d e r (C) 
although the long loop of myelin has no 
axonal contents i n p l a c e s ( X ) . In other 
r e g i o n s (Y and A l ) the axon and g l i a l axo-
plasm e x t e n s i v e l y i n t e r d i g i t a t e w i t h 
v e s i c u l a r membranes ( V ) . Axons A2, A4 and 
A6 show i n v a g i n a t i o n s i n v o l v i n g the adaxonal 
g l i a ( a r r o w s ) . F i b r e A5 shows a l a r g e mye­
l i n f i g u r e (M) which i s presumably p a r t of a 
myelin i n v a g i n a t i o n . T h i s f i b r e a l s o c o n t a i n s 
smooth v e s i c l e s ( s v ) , but i t cannot be d e t e r ­
mined whether these a r e i n t r a - or e x t r a -
axonal. I n F i b r e A2, the axon has receded 
from a l a r g e r e g i o n of the myelin. More 
d i s t a l l y a number of myelin fragments (fm) 
are apparent w i t h i n the myelin sheath. 
F i b r e A3 has a f i n g e r - l i k e p r o c e s s . Note 
the normality of most of the myelin and 
axons a p a r t from A l . (Stage 60) 

F i g . 1:35 An oligodendrocyte (OLIGO) i s almost t o t a l l y 
surrounded by myelinated f i b r e s . F i b r e A l 
has two e v a g i n a t i o n s . The major one c o n t a i n s 
axoplasm f o r p a r t of i t s course, but the 
remainder of the loop i s e i t h e r completely 
accluded by two r e g i o n s of myelin coming 
together (X) or i s f i l l e d w i t h fragmenting 
myelin (fm). F i b r e A2 a l s o has an outpushing 
of myelin which c o n t a i n s p a r t of the axon. 
The axon i s s l i g h t l y deformed by v e s i c l e - l i k e 
membranes (vm) which a r e p o s i t i o n e d a d a x o n a l l y . 
F i b r e A3 has an axon b a r e l y v i s i b l e and at one 
end i s s l i g h t l y s w o l l e n so as to c o n t a i n a 
space ( s ) . An a s t r o c y t e ( a s t ) abuts onto 
f i b r e A4 which i s p a r t i a l l y wrapped around 
f i b r e A5. Both these f i b r e s have long f i n g e r ­
l i k e p r o c e s s e s . F i b r e A6 seems to be devoid 
of axoplasm. Some f i b r e s c o n t a i n l a r g e myelin 
bodies (M) which a r e presumably r e g i o n s of 
invaginated myelin. One f i b r e , which abuts 

• onto the oligodendrocyte (arrow) i s devoid of 
contents i n c l u d i n g axoplasm and the myelin 
membranes have become apposed. Another f i b r e 
c o n t a i n s a myelin i n v a g i n a t i o n ( i n ) . (Stage 
60) 
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I n t a c t f i b r e s may be i n a s s o c i a t i o n w i t h degenerating 

a r e a s ( f i g s . 1:29, 1:34 and 1:35), although i n some c a s e s 

no axon i s present i n any of the myelinated p r o f i l e s which 

a r e a c t i v e l y involved i n the degeneration ( f i g . 1:35 and 

1:36). On o c c a s i o n s , the f i n g e r - l i k e outpushings may f o l d 

back and come i n t o c o n t a c t w i t h the main myelin sheath 

( f i g . 1:27). 

Degeneration of myelin o c c u r s by the g l i a l c e l l s 

p i n ching o f f s m a l l amounts of myelin and. the myelin f i g u r e s 

produced a r e degraded w i t h i n the g l i a l c e l l soma ( f i g . 1:38). 

G l i a l c e l l s i nvolved i n myelin degeneration have a l s o been 

observed t o be able to c o n s t r u c t new myelin sheaths around 

other f i b r e s ( f i g . 1:38). These g l i a l c e l l s c o n t a i n exten­

s i v e m i c r o f i l a m e n t s . Degradation and m y e l i n a t i o n can a l s o 

occur a t g l i a l p r o c esses which a r e some d i s t a n c e from the 

soma ( f i g . 1:39). 

Two to t h r e e weeks a f t e r metamorphosis the number of 

myelin f i g u r e s and l i p i d d r o p l e t s i n the g l i a l c e l l s 

d e c r e a s e s and some g l i a l c e l l s consequently take on a 

l i g h t e r appearance. 

( i i i ) Axonal degeneration. I n degenerating o p t i c 

nerve f i b r e s , adaxonal v e s i c l e s a r e present w i t h i n the 

myelin sheath ( f i g s . 1:27, 1:32 and 1:33). The presence 

of s m a l l adaxonal v e s i c l e s a s i n figures 1:27, 1:32 and 1:33, 

are i n d i c a t i v e of ensuing degeneration, s i n c e Turner and 

Glaze (1977) found s i m i l a r v e s i c l e s i n newt o p t i c nerve 

w i t h i n hours of nerve s e c t i o n . Some axons c o n t a i n 



Degenerating myelin 

F i g . 1:36 A l a r g e amount of degenerating myelin (DM) i s 
present i n an e x t r a c e l l u l a r space which i s 
completely surrounded by myelin. A c o l l a p s e d 
myelin loop (CM) i s present, which p a r t l y 
surrounds the degenerative space and other 
myelinated f i b r e s i n the v i c i n i t y . The outer 
mesaxon (OM) of the c o l l a p s e d myelin i s p r e s e n t . 
The nucleus of the g l i a l c e l l (G) i s s l i g h t l y 
heterochromatic, and m i c r o f i l a m e n t s (mf) a r e 
present w i t h i n a cy t o p l a s m i c p r o c e s s . I t i s 
c l e a r t h a t the g l i a l c e l l s a r e i n the process 
of changing t h e i r morphologiaal p r o p e r t i e s 
(compare w i t h f i g . 1:24). The g l i a l c e l l (G) 
a l s o produces myelin around axon A l . F i b r e 
A2 i s c l e a r l y a b e r r a n t w i t h a long loop of 
myelin which i s devoid of axoplasm'. In a 
second g l i a l p r o c e s s , l a r g e l i p i d d r o p l e t s 
( L ) a r e p r e s e n t . An a s t r o c y t e (AST) i s a l s o 
present which c o n t a i n s degenerating myelin 
f i g u r e s (myf). (Stage 64) 

F i g . 1:37 P o r t i o n s of two g l i a l c e l l s a r e present, an 
oligodendrocyte soma (OLIGO) and a dark 
a s t r o c y t i c process (AST). Two myelinated 
f i b r e s ( A l , A2) abut a g a i n s t the o l i g o ­
dendrocyte and f i b r e A l has a c l e a r outer 
mesaxon (OM). The a s t r o c y t i c process 
c o n t a i n s m i c r o f i l a m e n t s (mf) and a l a r g e 
number of myelin f i g u r e s (myf) which a r e i n 
the process of degradation. F i b r e A3 appears 
to be i n t i m a t e l y a s s o c i a t e d w i t h the a s t r o ­
c y t i c process and i t i s p o s s i b l e t h a t phago­
c y t o s i s (P) of redundant myelin may be i n 
pr o g r e s s . (Stage 60) 
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F i g . 1:38 Degenerating myelin and the g l i a l c e l l 
involvement 

Two major r e g i o n s of degeneration (DM) a r e 
p r e s e n t . F i b r e A l appears t o have surrounded 
a r e g i o n of degeneration and the two a b u t t i n g 
axonal membranes are separated by a t h i n g l i a l 
p r o c e s s , s i n c e four membranes are present a t 
A l . Within f i b r e A l , a g l i a l process (GL) i s 
a s s o c i a t e d w i t h the breakdown of the myelin. 
The g l i a l c e l l soma (G) c o n t a i n s m i c r o f i l a m e n t s 
(mf) and ribosomes ( R ) . I t appears to be 
involved i n the m y e l i n a t i o n of axon A3 and 
an outer mesaxon (OM) can be seen. The c e l l 
i s a l s o i n t i m a t e l y r e l a t e d w i t h the myelinated 
f i b r e A2. An outer mesaxon (OM) i s present 
and the myelin of t h i s f i b r e i s p a r t i a l l y 
i n v e s t e d w i t h g l i a l cytoplasm. Two myelin 
f i g u r e s (myf) which a r e being degraded a r e 
v i s i b l e . At P, myelin d e b r i s appears to 
have been removed from the myelin sheath of 
f i b r e A2 by phagocytosis. The g l i a l c e l l 
(G) i s i n v o l v e d i n m y e l i n a t i o n and a l s o 
c o n t a i n s m i c r o f i l a m e n t s . Compared w i t h the 
oligodendrocyte (OLIGO) and the two types of 
g l i a l c e l l i n f i g u r e 1:16, t h i s c e l l c o n t a i n s 
a s l i g h t l y darker cytoplasm, l e s s endoplasmic 
r e t i c u l u m (ER) and an e x c e s s i v e l y indented 
n u c l e u s . (3 days postmetamorphosis) 
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F i g . 1:39 Degenerating myelin 

A number of abnormal myelinated f i b r e s a r e 
present ( A l , A2), which are a d j a c e n t t o newly 
m y e l i n a t i n g f i b r e s (nmf). Also evident a r e 
major r e g i o n s of degeneration; e i t h e r of 
c o n c e n t r i c degrading myelin l a m e l l a e (DM) or 
of l a r g e amounts of degenerative d e b r i s (DD) 
w i t h i n g l i a l cytoplasm juxtaposed to an 
abnormally shaped myelinated f i b r e ( A l ) . 
Note the t h r e e c l o s e - j u n c t i o n s ( C J ) between 
g l i a l c e l l p r o c e s s e s . (Stage 66) 

F i g . 1:40 Axonal degeneration 

Two a s t r o c y t i c g l i a l p r o c e s s e s (AST) e n c i r c l e 
a degenerating p r o f i l e . The axon c o n t a i n s 
microtubules (mt), m i c r o f i l a m e n t s (mf) and a 
number of mitochondria ( m i t ) . Within the 
axoplasm a r e l a r g e numbers of myelin f i g u r e s 
(myf) and myelin d e b r i s (D). The myelin (M) 
surrounding the axon c o n s i s t s of only s i x 
l a m e l l a e a t the most, and the axon i s p a r t ­
i a l l y e n c i r c l e d by g l i a l cytoplasm ( G L ) . 
T h i s i n t u r n i s surrounded by double myelin 
membranes. At X, both the axon and g l i a l 
membranes have ruptured and the contents a r e 
s t a r t i n g to mix. At t h i s j u n c t i o n , v e s i ­
c u l a r membranes (vm) a r e i n abundance. Note 
the normality of the unmyelinated f i b r e s ( U ) . 
(Stage 58) 
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i n c r e a s e d numbers of mitochondria ( f i g . 1:40), degenerative 

products ( f i g s . 1:40 and 1:41) and m u l t i v e s i c u l a r a r e a s 

may a l s o be found ( f i g s . 1:24, 1:33 and 1:40). Only t h r e e 

axons were observed to be degenerating and were s w o l l e n 

w i t h degenerating m a t e r i a l ( f i g . 1:40) which i s present 

with t y p i c a l axonal contents such a s microtubules, micro­

f i l a m e n t s and mitochondria. The s w o l l e n axon i n f i g u r e 

1:40 has a ruptured axonal membrane and appears to be i n 

a more advanced s t a t e of degeneration than the axon i n f i g ­

ure 1:41. T h i s i s apparent from the i n c r e a s e d contents 

of the axoplasm and the t h i n n e r myelin which i s absent i n 

p l a c e s . 

During the process of myelin degradation, the c h a r a c t e r 

i s t i c f e a t u r e s of the . g l i a l c e l l s change. The f i b r i l s which 

ar e normally found only i n a s t r o c y t i c p r o c e s s e s a r e present 

i n o ligodendrocytes, and t h e r e i s a decrease i n the number 

of mitochondria present i n the somata of both g l i a l c e l l 

t y p e s . The n u c l e i become more convoluted and the nucleo­

plasm and cytoplasm darken a s they become laden w i t h l i p i d 

d r o p l e t s , rough endoplasmic r e t i c u l u m , myelin d e b r i s and 

mic r o f i l a m e n t s ( f i g . 1:38). The two types of g l i a l c e l l 

take on a uniform appearance a t the end of the degenerative 

period, and remain i n t h i s form throughout l i f e . 



F i g . 1:41 Axonal degeneration 

A myelinated axon (A) c o n t a i n s m i c r o f i l a m e n t s 
(mf) and mitochondria (mit) but microtubules 
a r e not apparent. Within the axoplasm a r e 
myelin f i g u r e s (myf) and l a r g e dense l y s o -
somes ( L Y ) . The f i b r e has two outpushings 
(OP) one of which c o n t a i n s a p a r t of the 
axon which has separated from the main axon 
c y l i n d e r a t X. Within t h i s arm, smooth 
v e s i c l e s ( v ) can be seen. Aberrant myelin 
l a m e l l a e (AL) a r e p r e s e n t , surrounded by 
dark g l i a l cytoplasm, but no axon i s 
e v i d e n t . (Stage 62) 
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DISCUSSION 

The u l t r a s t r u c t u r e of the a d u l t Xenopus o p t i c nerve 

resembles t h a t of the o p t i c nerves of other Anuran s p e c i e s , 

Hyla c i n e r e a , Rana p i p i e n s , Bufo americanus and Bufo t e r r e s t r i s 

(Maturana, 1960) and of the a l l i g a t o r (Kruger and Maxwell, 

1969), the t i g e r salamander (Gruberg, 1973) and the newt 

(Turner and Singer, 1974), w i t h a s i n g l e type of g l i a l c e l l 

randomly d i s t r i b u t e d throughout the nerve. However, Maturana "{ 

(1960) found c a p i l l a r i e s w i t h i n the o p t i c nerve t i s s u e whereas 

i n Xenopus t h e r e i s no evidence f o r t h e i r presence. The 

Xenopus o p t i c nerve i s not p a r t i t i o n e d by the meninges as 

i n the t e l e o s t Eugerres (Tapp, 1973) or human (Cohen, 1967). 

A s i n g l e type of g l i a l c e l l has a l s o been found i n the 

lamina c r i b o s a and prelamina r e g i o n s of the c a t o p t i c nerve 

(Wendell-Smith e t a l , 1966; Blunt e t a l , 1972) and i n the 

i n t r a o r b i t a l p o r t i o n of- the human eye (Yamamoto, 1966; 

Cohen, 1967; Anderson e t a l , 1968). Other r e g i o n s of the 

c a t and human o p t i c nerve c o n t a i n two types of g l i a l c e l l , 

a s t r o c y t e s and oligodendrocytes. However, the g l i a l c e l l s 

observed i n Xenopus a d u l t o p t i c nerve do not show c h a r a c t e r ­

i s t i c s which permit them t o be i d e n t i f i e d u n e q u i v o c a l l y as 

e i t h e r of these forms. P e t e r s e t a l (1970) have c h a r a c t e r i z e d 



e x t e n s i v e l y the p r o p e r t i e s of a s t r o c y t e s and oligodendrocytes 

found w i t h i n the c e n t r a l nervous sytem. The t h r e e major 

c r i t e r i a used f o r i d e n t i f i c a t i o n of g l i a l c e l l s were ( i ) the 

g r e a t e r e l e c t r o n - d e n s i t y of both the cytoplasm and nucleus 

of the oligodendrocytes, ( i i ) the absence of m i c r o f i l a m e n t s 

from oligodendrocytes and ( i i i ) the r o l e of oligodendrocytes 

i n m y e l i n a t i o n and that of a s t r o c y t e s i n support. 

The c h a r a c t e r i s t i c s of the g l i a l c e l l s seen i n a d u l t 

Xenopus o p t i c nerves a r e a mixture of the p r o p e r t i e s 

d e s c r i b e d above. The presence of mi c r o f i l a m e n t s and 

o c c a s i o n a l microtubules, mainly smooth endoplasmic 

r e t i c u l u m , s m a l l G o l g i apparatus and pr o c e s s e s ending a s 

end-feet a d j a c e n t to the p i a i n d i c a t e an a f f i n i t y to a s t r o ­

c y t e s . However, the presence of i r r e g u l a r heterochromatlc 

n u c l e i , moderate to dense cytoplasm, absence of glycogen 

granules and the involvement i n m y e l i n a t i o n i n d i c a t e 

o l i g o d e n d r o g l i a l c e l l s . 

Anderson and Hoyt (1969) and Cohen (1967) have found 

i n the human o p t i c nerve t h a t the i n t r a o c u l a r r e g i o n , where 

only unmyelinated nerve f i b r e s occur, c o n t a i n s only a s t r o ­

c y t i c g l i a l c e l l s . However, i n the o p t i c nerve px'oper where 

a l l nerve f i b r e s are myelinated, both types of g l i a l c e l l 

a r e p r e s e n t . They conclude, t h e r e f o r e , t h a t o l igodendrocytes 

are involved i n the production of myelin. Some g l i a l c e l l s 

i n the human o p t i c nerve p o s s e s s c h a r a c t e r i s t i c s i ntermediate 

between a s t r o c y t e s and olig o d e n d r o c y t e s . These c e l l s c o n t a i n 
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a dense cytoplasm, r i c h i n endoplasmic r e t i c u l u m and w i t h 

m i c r o f i l a m e n t s i n the cytoplasmic p r o c e s s e s . On t h i s 

evidence, Cohen (1967) concludes t h a t a s t r o c y t e s and 

oligodendrocytes may r e p r e s e n t the two extremes of a 

spectrum of d i f f e r e n t g l i a l c e l l types, r a t h e r than two 

d i s t i n c t p o p u l a t i o n s . Cohen found s i m i l a r r e s u l t s i n 

macaque monkeys and mice. 

In the premetamorphic tadpole the s i t u a t i o n i s q u i t e 

d i f f e r e n t , w i t h two e a s i l y d i s c e r n a b l e c e l l types, known 

as a s t r o c y t e s and oligodendrocytes (Gaze and P e t e r s , 1960; 

R e i e r and Webster, 1974). However, i n tadpoles younger 

than Stage 46 only one type of g l i a l c e l l i s apparent. 

T h i s g l i a l c e l l type i s l o c a t e d only a t the c e n t r e of the 

nerve, and has a uniformly chromatic nucleus, moderate to 

dense cytoplasm and p r o c e s s e s c o n t a i n i n g m i c r o f i l a m e n t s . 

G l i a l c e l l s w i t h s i m i l a r p r o p e r t i e s have been d e s c r i b e d i n 

the newt (tfhman, 1977) and r a t (Skoff et a l , 1976 a, b ) . 

Turner and Singer (1974) have termed these c e l l s ependymoglial 

c e l l s on the b a s i s of t h e i r u l t r a s t r u c t u r e and the f a c t t h a t 

they have been shown to be continuous w i t h the v e n t r i c u l a r 

l i n i n g . They a l s o show c h a r a c t e r i s t i c s of both a s t r o c y t e s 

and oligodendrocytes. 

In s t u d i e s of the developing o p t i c nerves of r a t 

Skoff et a l (1976 a, b) and c a t Blunt et a l (1972) have 

shown the presence of g l i a l c e l l s which c o n t a i n endo-
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plasmic r e t i c u l u m , G o l g i apparatus, and m i c r o f i l a m e n t s . 

These o r g a n e l l e - r i c h c e l l s a r e termed a s t r o b l a s t s . L a t e r 

i n development, they become more e l e c t r o n l u c e n t a f t e r a 

f i n a l m i t o t i c d i v i s i o n . 

In Xenopus, a t the time when abnormal myelin p r o f i l e s 

a r e present, the c h a r a c t e r i s t i c s of the g l i a l c e l l s change. 

The predominant change i s the darkening of the a s t r o c y t i c 

cytoplasm during myelin degeneration, w i t h the presence of 

more o r g a n e l l e s and i n c r e a s i n g amounts of degenerative d e b r i s , 

so t h e r e i s l i t t l e d i s t i n c t i o n between the two ty p e s . T h i s 

l a c k of d i s t i n c t i o n i s maintained i n t o a d u l t l i f e . 

S i m i l a r changes i n g l i a l c e l l s have been observed by 

Blunt e t a l (1972) i n the developing c a t o p t i c nerve. 

G l i o b l a s t s g i v e r i s e to a s t r o b l a s t s and o l i g o d e n d r o b l a s t s 

and hence to a s t r o c y t e s and oligodendrocytes. The c h a r a c t e r ­

i s t i c s of these c e l l s change during development and some 

a s t r o c y t e s were observed to be darkening and becoming 

involved i n m y e l i n a t i o n . They p o s t u l a t e t h a t a s t r o b l a s t s 

may d i f f e r e n t i a t e to give o l i g o d e n d r o b l a s t s . T h i s has a l s o 

been suggested by Skoff e t a l (1976 a, b) who note t h a t 

although t h i s may be u n l i k e l y , a precedent f o r t h i s concept 

may be found i n the newt T r i t u r u s v i r i d e s c e n s . I n the o p t i c 

nerve of t h i s amphibian, ependymal-like c e l l s f u n c t i o n as 

both a s t r o c y t e s and oligodendrocytes (Turner and Singer, 

1974). They send end-feet to the s u r f a c e of the nerve and 



a l s o produce myelin. I n the s p i n a l cord of the same s p e c i e s , 

however, both a s t r o c y t e s and oligodendrocytes a r e present 

(Schonbach, 1969). 

I t i s r e l e v a n t to note t h a t the g l i a l c e l l s which 

predominate i n t i s s u e c u l t u r e (Bunge e t a l , 1965) which 

ar e r e s p o n s i b l e f o r m y e l i n a t i o n (Ross et a l , 1962) and 

the c e l l s which predominate i n developing k i t t e n s p i n a l 

cord (Bunge e t a l , 1965) a r e d e s c r i b e d as combining dense 

m a t r i c e s w i t h f i l a m e n t s and glycogen p a r t i c l e s normally 

d i s t i n c t i v e of a s t r o c y t e s . However, Blunt et a l (1972) 

suggest t h a t these c e l l s should be termed a s t r o c y t o b l a s t s . 

S t u r r o c k (1975) d e s c r i b e s c e l l s w i t h a s i m i l a r appearance 

from human embryos as a s t r o b l a s t s . 

I n Xenopus, the evidence from the present study 

suggests t h a t the g l i a l c e l l s a r e s t i l l immature i n the 

o p t i c nerve of a Stage 46 tadpole, corresponding i n 

c h a r a c t e r t o the a s t r o b l a s t of Blunt e t a l (1972) and 

Skoff et a l (1976 a, b) or to the ependymoglial c e l l of 

Turner and Singer (1974). At Stage 50, two g l i a l c e l l 

t y pes a r e present, the dark oligodendrocyte which i s 

involved i n m y e l i n a t i o n and the l i g h t e r s t r u c t u r a l a s t r o ­

c y t e . These two c e l l types d i f f e r e n t i a t e p r i o r t o the 

period of most r a p i d myelin production and remain u n t i l 

metamorphosis. 



T h i s f e a t u r e has been d e s c r i b e d i n the r a t (Vaughn, 

1969; Hirose and Bass, 1973) and reviewed by Davison and 

Dobbing (1966) where m y e l i n a t i o n i s preceeded by o l i g o ­

d e n d r o c y t e d i f f e r e n t i a t i o n . I n both the c a t (Moore et a l , 

1976) and r a t (Skoff e t a l , 1976 a, b) there i s an i n c r e a s e 

i n g l i a l c e l l numbers and an e x p l o s i v e i n c r e a s e i n g l i a l 

c e l l numbers p r i o r to m y e l i n a t i o n . Skoff e t a l (1976 a, b) 

found that oligodendrocytes s t a r t to d i f f e r e n t i a t e about two 

days p r i o r to the s t a r t of m y e l i n a t i o n i n the r a t o p t i c nerve 

although the v a s t m a j o r i t y d i f f e r e n t i a t e a f t e r m y e l i n a t i o n ha 

commenced. They a l s o found t h a t these oligodendrocytes were 

generated w e l l before m y e l i n a t i o n and those which d i f f e r e n ­

t i a t e d l a t e i n development were markedly u n c h a r a c t e r i s t i c , 

having fewer o r g a n e l l e s . T h i s they a t t r i b u t e to a lower 

metabolic a c t i v i t y r e s u l t i n g from a l a c k of axons f o r mye­

l i n a t i o n . 

During metamorphosis i n Xenopus both oligodendrocytes 

and a s t r o c y t e s become engaged i n the degradation of a b e r r a n t 

myelin, but only the oligodendrocytes are involved i n mye­

l i n a t i o n . Both types of g l i a have high metabolic a c t i v i t i e s , 

i n d i c a t e d by the i n c r e a s e i n numbers of o r g a n e l l e s p a r t ­

i c u l a r l y mitochondria and G o l g i c i s t e r n a e , whereas p r i o r to 

metamorphosis, only oligodendrocytes have the t y p i c a l organ­

e l l e c h a r a c t e r i s i t i c s t h a t i n d i c a t e a high metabolic a c t i v i t y 

The g l i a l cytoplasm consequently becomes darker, and the 

two types of g l i a take on a s i m i l a r appearance. 



A f t e r metamorphosis, the main f u n c t i o n s of the g l i a 

i n c l u d e the maintenance of the myelin and support of the 

nerve, w i t h an a d d i t i o n a l low l e v e l of m y e l i n a t i o n . The 

g l i a l c e l l s then become r e f r a c t o r y and appear to d e d i f ­

f e r e n t i a t e to a form which may be termed an a s t r o b l a s t 

(Blunt e t a l , 1972). A s t r o b l a s t s show morphological 

c h a r a c t e r i s t i c s S i m i l a r to those of e i t h e r the o l i g o ­

dendrocytes i n c a t o p t i c nerve (Wendell-Smith e t a l , 

1966) but w i t h more m i c r o f i l a m e n t s , or the l e s s d i f ­

f e r e n t i a t e d ependymoglial s t r u c t u r e i n the newt (Turner 

and Singer, 1974). To summarise, during embryonic l i f e 

a s i n g l e p r e c u r s o r c e l l i s present i n the tadpole o p t i c 

nerve. During l a r v a l l i f e , two g l i a l c e l l types, o l i g o ­

dendrocytes and a s t r o c y t e s , a r e present which d e d i f f e r ­

e n t i a t e to give an ependymoglial c e l l a t metamorphosis. 

An i n t e r e s t i n g f e a t u r e of the Xenopus tadpole o p t i c 

nerve i s the common occurrence of oligodendrocytes and 

a s t r o c y t e s i n p a i r s . T h i s not only i n c l u d e s the g l i a l 

somata, but a l s o the cytop l a s m i c p r o c e s s e s . The presence 

of g l i a l p r o c esses f a s c i c u l a t i n g the nerve i n a l l the 

Xenopus i n d i v i d u a l s s t u d i e d suggests t h a t a s t r o c y t i c 

p r o c e s s e s must be sheet l i k e , r a t h e r than c y l i n d r i c a l . 

Although the f u n c t i o n of a s t r o c y t e s i s unknown, i t 

i s p o s s i b l e t h a t the r a d i a l s h e e t s guide developing 

r e t i n a l ganglion c e l l axons to the b r a i n . T h e i r r o l e 

i n the o p t i c nerve may be analagous to the p o s t u l a t e d 

f u n c t i o n of a s t r o c y t e s (Bergmann g l i a ) i n the cerebellum, 



to provide a pathway f o r granule c e l l migration ( R a k i c , 

1971; R a k i c and Sidman,. 1973). However, t h i s r o l e has 

been disputed by Das et a l (1974) s i n c e the a s t r o c y t e s 

have not d i f f e r e n t i a t e d by the time granule c e l l 

m igration takes p l a c e . S i nce Skoff et a l (1976 a, b) 

have shown t h a t the o r i g i n and the f i n a l c e l l d i v i s i o n 

of g l i a a r e not n e c e s s a r i l y c o i n c i d e n t a l , i t i s l i k e l y 

t h a t the Bergmann a s t r o g l i a a r e present f o r s e v e r a l days 

p r i o r to t h e i r f i n a l m i t o t i c d i v i s i o n . Furthermore, i n 

both the o p t i c nerve and cerebellum, a s t r o g l i a l p r o c e s s e s 

form the g l i a l i m i t a n s before the appearance of micro­

f i l a m e n t s . Accordingly, t h e i r p r o c e s s e s may be used as 

pathways f o r neuronal migration of axon growth before 

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

bellum and the o p t i c nerve, the formation of a s t r o g l i a 

occurs s h o r t l y a f t e r the neurons have s t a r t e d to form 

axons, suggesting t h a t neurons and g l i a i n t e r a c t very 

e a r l y i n development. The f i r s t unmyelinated f i b r e s 

appear i n the Xenopus tadpole o p t i c nerve a t about 

Stage 35 (Wilson, 1971) and may induce the d i f f e r e n ­

t i a t i o n of the g l i a l c e l l s which occurs between Stages 

46 and 50. The time i n t e r v a l between Stages 35 and 46 

i s 56 hours. 

One unexpected f e a t u r e of the a d u l t o p t i c nerve was 

the presence of newly m y e l i n a t i n g f i b r e s ( f i g . 1:4) even 

i n a d u l t s which were l a r g e and mature. However, t h i s i s 
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not s u r p r i s i n g i n the l i g h t of the f i n d i n g s t h a t r e t i n a l 

ganglion c e l l s r e t a i n t h e i r a b i l i t y to regenerate i n a d u l t 

amphibia (Sperry, 1943, 1944; Maturana e t a l , 1959; Gaze, 

1959, 1970; Gaze and Jacobson, 1963; Jacobson, 1970; Freeman 

1977; Udin, 1977). T h i s i s probably due to the f a c t t h a t 

amphibia and f i s h grow throughout l i f e and hence r e t a i n 

some developmental c h a r a c t e r i s t i c s . T h i s point i s accen­

tuated by the a b i l i t y of g o l d f i s h (Yoon, 1971; Schmidt, 

1976) and amphibia (Keating, 1974, 1975 a, b, 1977; Keating 

and Feldman, 1975; Freeman, 1977; Udin, 1977) to r e t a i n the 

p l a s t i c i t y of the c e n t r a l v i s u a l connexions even a f t e r 

maturity has been reached. However, the r a t e of growth 

and hence p l a s t i c i t y a r e g r e a t l y reduced i n the a d u l t 

nerve, although r e c e n t l y t h i s has been questioned (Freeman, 

1977) . The p l a s t i c i t y of i n t e r t e c t a l connexions i n Xenopus 

has been found to decrease w i t h age (Keating, 1974, 1975 a, 

1977 ) . 

The process of s e l e c t i o n of axons f o r m y e l i n a t i o n i s 

unknown, although i n Xenopus newly m y e l i n a t i n g axons a r e 

u s u a l l y about 1 fim i n diameter when observed w i t h i n o l i g o -

d e n d r o c y t i c cytoplasm. The process of m y e l i n a t i o n i n the 

c e n t r a l nervous system of immature animals has been the 

s u b j e c t of s e v e r a l i n v e s t i g a t i o n s (see review by Bunge, 

1968) and experimental r e m y e l i n a t i o n has a l s o been s t u d i e d 

( R e i e r and Webster, 1974; Turner and Singer, 1974). 
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I n Xenopus tadpole o p t i c nerve, myelin i s formed o'nly 

by oligodendrocytes. A f t e r a few tur n s about the axon, the 

membranes become apposed and the g l i a l cytoplasm i s g r a d u a l l y 

removed. My e l i n a t i o n of an axon may stop a f t e r the completion 

of s i x or seven t u r n s . T h i s may be due to the impending 

degeneration of myelin which o c c u r s a t metamorphosis. 

Myelinated f i b r e s g e n e r a l l y have an appearance of those 

w i t h i n any c e n t r a l t r a c t , although some f i b r e s have a b e r r a n t 

p r o f i l e s . T h i s i s not uncommon i n the c e n t r a l nervous system 

and has a l r e a d y been reported i n the a c o u s t i c g a n g l i a of 

g o l d f i s h (Rosenbluth a.nd Pal a y , 1961), the cerebellum of 

Bufo.(Rosenbluth, 1965, 1966), the habenula nucleus of 

f r o g s (Kemali arid Sada, 1973), r a t o p t i c nerve ( P e t e r s , 

1968), c a t s p i n a l cord (Hildebrand, 1971 a, b, c; Hildebrand 

and Skoglund, 1971) monkey s p i n a l cord (Bodian, 1966), monkey 

d o r s a l horn (Beal and Cooper, 1976), human o p t i c nerve (Cohen, 

1967) and i n Xenopus tadpole o p t i c nerves when the animals 

were cooled to a r t i f i c a l l y low temperatures ( C u l l e n and 

Webster, 1976). Aberrant myelin has a l s o been observed 

p e r i p h e r a l l y i n guinea pig s c i a t i c nerve (Webster and S p i r o , 

1960) and i n the gastrocnemius and s u r a l nerves of the c a t 

(Ber t h o l d and Skoglund, 1968 a, b ) . 

In the case of f i b r e t r a c t s , l a r g e myelin p r o c e s s e s 

have been found to lea v e one axon and to be engaged i n the 

p a r t i a l m y e l i n a t i o n of another (Cohen, 1967). However, i n 

c e n t r a l grey r e g i o n s the aber r a n t loops of myelin have been 

found to wrap around c e l l somata (Rosenbluth and Palay, 1961; 

Rosenbluth, 1965; Kemali and Sada, 1973) although the f u n c t i o n 

of t h e s e loops i s unknown. 



Smaller myelin p r o c e s s e s a r e more common i n p e r i p h e r a l 

nerves where they are a s s o c i a t e d w i t h Schwann c e l l inpushings 

and u s u a l l y occur a t a node of Ranvier (Webster and S p i r o , 

1960; B e r t h o l d and Skoglund, 1968 a, b ) . They a r e a l s o 

found c e n t r a l l y i n a s s o c i a t i o n w i t h g l i a l c e l l inpushings 

(Bodian, 1966; Hildebrand, 1971 a, b, c; Hildebrand and 

Skoglund, 1971). They a r e more common i n developing nervous 

t i s s u e ( B e r t h o l d and Skoglund, 1968 a, b) and e v e n t u a l l y 

become involve d i n degeneration (Berthold and Skoglund, 

1968 a, b; Hildebrand, 1971 a, b, c; Hildebrand and Skoglund, 

1971). There a r e numerous c a s e s of c e l l u l a r degeneration 

w i t h i n the c e n t r a l nervous system. However, these c a s e s 

a r e p o s s i b l y g e n e t i c a l l y determined p a t t e r n s of c e l l 

degeneration and a r e an important mechanism i n v e r t e b r a t e 

development (GlUcksman, 1951; Saunders, 1966; Saunders and 

F a l l o n , 1966; A l l e y , 1974). These c e l l u l a r deaths help to 

determine the f i n a l s i z e and shape of organs and organ 

complexes ( A l l e y , 1974). 

C e l l death has a l s o been i m p l i c a t e d as a morphogenetic 

mechanism i n the developing nervous system. Dying c e l l s 

f r e e the e a r l y n e u r a l tube from the o v e r l y i n g ectoderm 

(Glucksman, 1951), a s s i s t i n shaping the o p t i c cup ( S i l v e r , 

1972; S i l v e r and Hughes, 1973) and determine the f i n a l s i z e 

of v a r i o u s n e u r a l c e n t r e s i n the s p i n a l cord and b r a i n stem 

by producing competition w i t h i n the s y n a p t i c f i e l d (Hughes, 

1961; P r e s t i g e , 1965, 1967 a, b; Cowan and Wenger, 1967; 

R e i e r and Hughes, 1972; Rogers and Cowan, 1973; A l l e y , 1974; 

C l a r k e , Rogers and Cowan, 1976; C l a r k e and Cowan, 1976). 
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However, i n Xenopus tadpole o p t i c nerve d e s c r i b e d here, 

t h e r e i s very s p a r s e evidence f o r axonal degeneration. I n 

f a c t only three c a s e s were observed. I n a p r e l i m i n a r y study 

no evidence of t h i s or c h r o m a t o l y s i s of ganglion c e l l s was 

observed i n the tadpole eye, using l i g h t and e l e c t r o n micro­

s c o p i c methods. At the stage of development when degener­

a t i v e p r o c e s s e s a r e involved, approximately 500 ganglion 

c e l l s g i v i n g r i s e to myelinated f i b r e s are p r e s e n t . A 

s m a l l number of ganglion c e l l s , i f degenerating, would be 

hard to detect among the 25,000 other ganglion c e l l s present 

i n the eyes of metamorphic tadpoles (Wilson, 1971). However 

axonal degeneration may not imply ganglion c e l l soma death, 

s i n c e a f t e r experimental axotomy ganglion c e l l s regenerate 

new axons (Gaze and Jacobson, 1963; Freeman, 1977). I t i s 

p o s s i b l e t h a t the f i b r e s i n q u e s t i o n may be c e n t r i f u g a l 

f i b r e s . Rager and Rager (1976) have shown t h a t i n the 

embryonic c h i c k t h e r e i s an overproduction of axons i n 

the o p t i c nerve, and they p o s t u l a t e , as do Hughes and 

L a V e l l e (1975), t h a t ganglion c e l l s which do not make 

appropriate connexions i n the o p t i c tectum degenerate. 

T h i s degeneration i n the normal developing c h i c k may 

amount to a decrease of n e a r l y 50% (5.2 to 2.8 m i l l i o n , 

Rager and Rager, 1976). 

The growth of the r e t i n a i n tadpole Xenopus has been 

s t u d i e d using m u l t i p l e p u l s e s of t r i t i a t e d thymidine (Hunt, 

1975; Jacobson, 1976; S t r a z n i c k y and Tay, 1977). According 

to Hunt, the q u a n t i t a t i v e data obtained from t h i s i n v e s t -



i g a t i o n i n d i c a t e e x t e n s i v e c e l l death p r i o r to and during 

metamorphosis. However, he a l s o s t a t e s t hat " . . . c e l l 

death does occur among r e t i n a l ganglion c e l l s , and the 

modest amount ( 5 % ) which o c c u r s during the l a r v a l period 

may w e l l f u n c t i o n to e l i m i n a t e the o c c a s i o n a l ganglion 

c e l l whose f i b r e goes a s t r a y during t e c t a l i n n e r v a t i o n . " 

On the other hand, the r e s u l t s of Jacobson a r e i n agree­

ment w i t h those of S t r a z n i c k y and Gaze (1971) which i n d i ­

c a t e t h a t the number of l a b e l l e d c e l l s d i d not a l t e r 

s i g n i f i c a n t l y w i t h time (1 to 200 d a y s ) . They conclude 

t h a t ganglion c e l l degeneration i n the tadpole i s 

i n s i g n i f i c a n t , i f i t occurs a t a l l . Axotomy without 

ganglion c e l l death i s a l s o u n l i k e l y i n t h a t , although 

contorted, the axons appear healthy i n the l a t e s t a g e s 

of myelin degeneration. I n the newt, i t has been found 

t h a t W a l l e r i a n degeneration of myelinated f i b r e s i s 

completed w i t h i n 10 days, when the animals a r e kept a t 

25°C (Turner and Singer, 1975; Turner and Glaze, 1977), 

and s i m i l a r l y f o r degenerating o p t i c nerve myelinated 

axons i n g o l d f i s h ( A t t a r d i and Sperry, 1963). The 

Xenopus i n the present study were rea r e d a t 23°C. R e i e r 

and Webster (1974), using Xenopus tadpoles, found t h a t 

a f t e r o p t i c nerve c r u s h myelinated f i b r e s were completely 

removed w i t h i n four days. They made no mention of t h e i r 

r e a r i n g temperature. 



T h i s evidence suggests t h a t i f n a t u r a l axotomy were 

o c c u r r i n g , degenerating axons would not be i n abundance 

a t any given time due to the r a p i d i t y of the p r o c e s s . 

Contrary to t h i s , Kruger and Maxwell (1969) found many 

axons w i t h normal appearances i n the a l l i g a t o r o p t i c 

nerve n e a r l y 100 days a f t e r e n u c l e a t i o n . I n k i t t e n s 

myelinated f i b r e degeneration i s complete a t four days 

(Cook e t a l , 1974). I t has been suggested by Cook e t a l 

t h a t the r a p i d i t y of the response i n immature animals i s 

due to the higher metabolic r a t e of immature g l i a l c e l l s . 

I t i s p o s s i b l e t h a t the degeneration observed here 

could be an a r t i f a c t of f i x a t i o n , However, t h i s i s 

u n l i k e l y f o r the f o l l o w i n g r e a s o n s . The nerves were 

f i x e d i n s i t u and the p r e s e r v a t i o n of the t i s s u e was 

g e n e r a l l y good, w i t h o r g a n e l l e s and t h e i r membranes i n ­

t a c t , even i n a r e a s a s s o c i a t e d w i t h the degeneration. 

Bad f i x a t i o n cannot account f o r the presence of whole 

s e r i e s of myelin f i g u r e s w i t h i n the g l i a l cytoplasm. 

The most convincing p i e c e of evidence a g a i n s t t h i s pos­

s i b i l i t y i s the f a c t t h at the r e s u l t s a r e e n t i r e l y 

r e p r o d u c i b l e , w i t h aberrant myelin only ever found to 

any extent i n i n d i v i d u a l s a t a p a r t i c u l a r stage i n 

development. An environmental e f f e c t may be important 

i n t h i s r e s p e c t s i n c e a l l animals were r e a r e d under the 

same c o n d i t i o n s (see General Methods). However, a d u l t 

toads appear normal i n both s t r u c t u r a l and p h y s i o l o g i c a l 



r e s p e c t s and some of these l a b o r a t o r y r e a r e d toads a r e now 

t h r e e y e a r s o l d . On i n s p e c t i o n of the f i f t h and seventh 

c r a n i a l nerves, no degeneration of myelin was observed, 

but t h i s may be due t o the f a c t t h a t the nerves are s t i l l 

growing or t h a t these nerves a r e part of the p e r i p h e r a l 

nervous system. 

I t i s i n t e r e s t i n g to note other events which occur a t 

the same time a t t h i s production of contorted axons, aber­

r a n t myelin sheaths and subsequent degeneration. Aberrant 

myelin i s most f r e q u e n t l y observed a t the time of meta­

morphosis a t which time the d i s t a n c e of the eyes from the 

b r a i n d e c r e a s e s . T h i s narrowing of the head s t a r t s a t 

Stage 58-59. Both myelinated and unmyelinated^ganglion 

c e l l axons a r e b e l i e v e d to p r o j e c t to the b r a i n and form 

f u n c t i o n a l connexions (Chung, Keating and B l i s s , 1974). 

I n s t u d i e s on the developing o p t i c tectum a t t h i s time, 

n e i t h e r degenerating f i b r e s nor degenerating t e r m i n a l s 

were observed, and only one f i b r e w i t h a redundant myelin 

sheath was found. 

Davison and Dobbing (1966) b e l i e v e t h a t once formed, 

the myelin sheath i s s t a b l e i n terms of i t s contents and 

s t r u c t u r e . I f the amount of m a t e r i a l i n both the axon 

and the myelin sheath i s to remain the same when the nerve 

s h o r t e n s , the axon c y l i n d e r must i n c r e a s e i n diameter, but 

because of the laminated nature of the myelin, i t w i l l 

n e c e s s a r i l y be thrown i n t o f o l d s . T h i s may be of the out-
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pushing type where l a r g e f i n g e r - l i k e l a t e r a l loops a r e 

formed, or by t e l e s c o p i n g to produce c o n c e n t r i c loops. 

I n t h i s way, these myelin sheaths w i l l become redundant 

and t h e r e f o r e s h o r t l y a f t e r t h i s time, myelin f i g u r e s • 

w i l l appear i n the cytoplasm of support c e l l s . However, 

the evidence from f i b r e diameter d i s t r i b u t i o n s (see 

Chapter 2 ) suggests t h a t axons do not i n c r e a s e i n 

diameter to compensate f o r the decrease i n l e n g t h . An 

a l t e r n a t i v e hypothesis i s t h a t the nerve f i b r e s could 

buckle during the s h o r t e n i n g of the nerve. I n t h i s case, 

the myelinated f i b r e s would tend to appear normal i n 

c r o s s - s e c t i o n , although the p r o f i l e s would be e l l i p t i c a l 

r a t h e r than c i r c u l a r and the microtubules would be cut 

l o n g i t u d i n a l l y . 

Aberrant myelin loops and myelin d r o p l e t s have been 

observed f r e q u e n t l y i n developing p e r i p h e r a l nervous 

system and were i m p l i c a t e d by the e a r l y l i g h t m i c r o s c o p i s t s 

i n the mode of growth of the myelin ( V i g n a l , 1883 a, b; 

Barden, 1903; S p e i d e l , 1932, 1933; Giitner, 1936). However, 

these ideas a r e incompatible with the modern concepts of 

myelogenesis (Geren, 1954; P e t e r s , 1960 a; Robertson, 1960) 

The u l t r a s t r u c t u r e of these loops and d r o p l e t s has been 

i n v e s t i g a t e d i n the developing gastrocnemius and s u r a l 

nerves of the k i t t e n ( B erthold and Skoglund, 1968 b) and 

i n the k i t t e n s p i n a l cord (Hildebrand, 1971 a, b, c; 

C a r l s t e d t , 1977 a, b; B e r t h o l d and C a r l s t e d t , 1977 a, b ) . 



Berthold and Skoglund considered the p o s s i b l e r o l e s 

of these fragmenting bodies as ( i ) a myelin sheath 

p r e c u r s o r , ( i i ) myelin a c t u a l l y generated w i t h i n the 

Schwann c e l l cytoplasm t h a t would subsequently be added 

to the myelin sheath, or ( i i i ) t h a t these bodies r e p r e s e n t 

myelin sheaths i n d i f f e r e n t s t a g e s of d i s i n t e g r a t i o n . 

They considered the f i r s t r o l e improbable and the second 

r o l e u n l i k e l y , from the point of view t h a t i t would 

i m p l i c a t e a new method of m y e l i n a t i o n . They found the 

t h i r d p o s s i b i l i t y was a c c e p t a b l e . They suggested that 

the only obvious source of these sheath fragments were 

the aberrant myelin outgrowths that had l o s t c o n t a c t with 

the main myelin sheath. I n premetamorphic Xenopus ta d p o l e s 

no myelin or l i p i d d r o p l e t s appear p r i o r t o . m y e l i n a t i o n . 

N either do they occur i n the a d u l t where much a d d i t i o n a l 

m y e l i n a t i o n i s c o n t i n u i n g . The only time l i p i d d r o p l e t s 

or myelin f i g u r e s appear i s during the period of myelin 

degradation about the time of metamorphosis and v e r y 

o c c a s i o n a l l y i n a d u l t s . 

The h y pothesis t h a t degeneration i s the source of the 

observed myelin f i g u r e s i s f u r t h e r supported by. the h i ^ h 

i n c i d e n c e of l a m e l l a t e d g l i a l i n c l u s i o n s during W a l l e r i a n 

degeneration (Kruger and Maxwell, 1969; Cook and Wisniewski, 

1973; Cook e t a l , 1974; R e i e r and Webster, 1974; Turner and 

Singer, 1975; Turner and Glaze, 1977) and c h e m i c a l l y induced 

degeneration ( S i n g e r and Steinberg, 1972; Wisniewski and 

Raine, 1971; P r i n e a s e t a l , 1969). I t i s w e l l known t h a t 
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i n j u r y to the nervous system by trauma or d i s e a s e i s 

accompanied by m i c r o g l i a l p r o l i f e r a t i o n ( B l i n z i n g e r and 

Hager, 1964) and i t i s of i n t e r e s t . t o note the absence of 

m i c r o g l i a l c e l l s from Xenopus o p t i c nerves even a t a time 

of e x t e n s i v e degeneration. I t has been suggested ( B l i n z i n g e r 

and Hager, 1964) t h a t because m i c r o g l i a l phagocytes i n g e s t 

n e c r o t i c c e l l s the absence of m i c r o g l i a may be due to the 

absence of g l i a l n e c r o s i s . The l a c k of g l i a l c e l l death 

may be due to the f a c t t h a t g l i a l c e l l s i n the o p t i c nerve 

have been observed to degrade and s y n t h e s i s e myelin s i m u l ­

taneously . 

There appear to be t h r e e methods by which the myelin 

breakdown i s brought about and these have been termed 

inpushing, outpushing and axonal, according to t h e i r 

b a s i c appearance. The inpushing mode of degeneration 

appears to be very s i m i l a r to the t e l e s c o p i n g of myelin 

d e s c r i b e d by Kruger and Maxwell (1969) during W a l l e r i a n 

degeneration a f t e r e n u c l e a t i o n i n the a l l i g a t o r . These 

workers suggest t h a t during W a l l e r i a n degeneration t e l e ­

scoping w i t h i n an internode or between a d j a c e n t internodes 

oc c u r s , thereby providing one a x i s c y l i n d e r with two pr 

more sheaths of approximately equal t h i c k n e s s . The axon 

i t s e l f need not be i n a c e n t r a l p o s i t i o n . They a l s o 

suggest t h a t the s e q u e s t e r i n g of myelin i n t o huge t e l e ­

scoped d e p o s i t s could be a s a t i s f a c t o r y mechanism f o r 

br i n g i n g t h i s m a t e r i a l c l o s e r to those c e l l s capable of 
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manufacturing h y d r o l a s e s f o r the degeneration and d i s p o s a l 

of myelin. However, from the o b s e r v a t i o n s made of the 

inpushing type of degeneration i n the present study, i t 

appears as i f the parent oligodendrocyte i s the d e s t r u c t i v e 

element i n t h i s p r o c e s s . The myelin which i s broken down i s 

then t r a n s l o c a t e d i n t r a c e l l u l a r l y to r e g i o n s of myelin s y n ­

t h e s i s . 

The outpushing mode of degradation appears to be 

mediated by a s t r o g l i a , which have been reported to be 

involved i n myelin degradation by a t t a c k i n g the nodal 

r e g i o n s (Hildebrand, 1971 c ) . I n a number of micrographs 

( f i g s . 1:25, 1:27, 1:28) i t can be seen t h a t the degradation 

of the myelin i s such t h a t the myelin membranes appear to be 

p e e l i n g away. 

The presence of t h r e e axons showing s i g n s of degener­

a t i o n cannot e a s i l y be explained except i n terms of axotomy 

or involvement of the ganglion c e l l i t s e l f i n the degener­

a t i o n . A more l i k e l y p o s s i b i l i t y i s the case suggested by 

Singer and S t e i n b e r g (1972) t h a t the g l i a l cytoplasm, w i t h 

i t s o r g a n e l l e s , invades the myelin sheath adaxonally, a s 

observed here, and erodes the axolemma. The contents f u s e 

and degeneration ensues. I t i s important to keep i n mind 

the continued presence of myelinated axons which appear 

h e a l t h y . 
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The s i m p l e s t e x p l a n a t i o n f o r t h i s degenerative p r o c e s s 

i s the removal of whole internodes r a t h e r than s m a l l s e c t i o n s 

of myelin, a s suggested by B e r t h o l d and Skoglund (1968 a, b) 

and a l s o observed by Hildebrand (1971 c ) . However, i n these 

c a s e s , internodes a r e removed by the production and phago­

c y t o s i s of a b e r r a n t myelin loops. The f u n c t i o n of internode 

removal i s to prepare the axon f o r i t s i n c r e a s e i n s i z e and 

conduction v e l o c i t y , and the i n e x t r i c a b l y r e l a t e d i n c r e a s e 

i n myelin t h i c k n e s s . 

The degeneration observed i n the tadpole o p t i c nerve 

i s c l e a r l y d i f f e r e n t from that of W a l l e r i a n degeneration 

produced by axotomy. I n the i n s t a n c e d i s c u s s e d here, through­

out the whole period of degeneration the axons w i t h i n the 

myelin appear to be normal, whereas W a l l e r i a n degeneration 

u s u a l l y ensues a f t e r s i g n s of degradation i n the axon are 

observed. 

The inescapable c o n c l u s i o n regarding the f u n c t i o n of 

myelin degeneration i n the developing o p t i c nerve i s t h a t 

l i n k e d to the requirement f o r the removal of e x c e s s myelin 

o c c u r r i n g as a consequence of the s h o r t e n i n g of the o p t i c 

nerve. The f i n d i n g of i n s i g n i f i c a n t axonal degeneration 

suggests t h a t "programmed" axon degeneration during develop­

ment i s not a f e a t u r e of the o p t i c nerve a f f e r e n t input to 

the tectum. 



To determine whether the degeneration of myelin 

observed here can be l i n k e d to the movement of the eyes 

towards the b r a i n w ith the s h o r t e n i n g of the o p t i c nerves 

i t may be u s e f u l to study other Anuran s p e c i e s such a s 

Bufo or Rana during metamorphosis. Since t h e i r o p t i c 

nerves do not shorten a t t h i s p eriod, one would p r e d i c t 

t h a t no abnormal myelin would be present i n these animals 



CHAPTER I I 

F i b r e diameter d i s t r i b u t i o n s of myelinated and unmyelinated 

f i b r e s i n the developing o p t i c nerve 



65 

INTRODUCTION 

I n a d d i t i o n to the q u a l i t a t i v e study reported i n the 

previous chapter, a q u a n t i t a t i v e a n a l y s i s of the o p t i c 

nerve components was c a r r i e d out to determine the f i b r e 

diameter d i s t r i b u t i o n s and the r e l a t i o n s h i p between axon 

diameter and the t h i c k n e s s of the myelin sheath. Compound 

a c t i o n p o t e n t i a l s could then be r e c o n s t r u c t e d from the data 

on f i b r e diameter d i s t r i b u t i o n s (Gasser and E r l a n g e r , 1927). 

P a r t i c u l a r a t t e n t i o n was given to the period of 

metamorphosis s i n c e abnormal myelin p r o f i l e s occur a t 

t h i s time (Chapter 1) and t h i s stage of development has 

been neglected by other workers (Gaze and P e t e r s , 1961; 

Wilson, 1971). 
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METHOD 

From the 27 o p t i c nerves of tadpole and a d u l t Xenopus 

used i n Chapter 1, e i g h t nerves from animals of d i f f e r e n t 

ages were used to determine the f i b r e diameter d i s t r i b u t i o n s . 

A s i n g l e nerve was taken from r e p r e s e n t a t i v e s t a g e s of pre-

and post-metamorphic Xenopus as f o l l o w s : Stage 50, premeta-

morphosis; Stage 54, end of premetamorphosis; Stage 58, s t a r t 

of metamorphosis; Stage 60, during metamorphosis; Stage 66 

end of metamorphic climax; s i x months of age and a d u l t . 

Both nerves were taken from the Stage 58 animal t o determine 

the v a r i a b i l i t y w i t h i n an i n d i v i d u a l . Adequate s t a t i s t i c a l 

comparison of the d i s t r i b u t i o n s would r e q u i r e f i b r e counts 

and measurements from a t l e a s t t e n nerves from each develop­

mental s t a g e . Such a study was p r o h i b i t i v e i n terms of time 

and c o s t . 

To overcome p o s s i b l e shrinkage e f f e c t s , a l l nerves 

were prepared by the same method. Another nerve f i x e d i n 

1% glutaraldehyde i n c a c o d y l a t e b u f f e r produced r e s u l t s 

which were markedly d i f f e r e n t from those d e r i v e d from a 

nerve obtained from a comparable animal which had been 

f i x e d and prepared by the r o u t i n e method. In the case of 

the c a c o d y l a t e prepared nerve, the f i b r e diameter d i s t r i ­

bution was of a d i f f e r e n t shape, the f i b r e s were l a r g e r 

and consequently the mean and mode were higher. However, 
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although the procedure of f i x i n g , embedding and measuring 

was s t a n d a r d i z e d , these f a c t s do not exclude the d i f f e r ­

e n t i a l e f f e c t s of f i x a t i o n and shrinkage of t i s s u e . Any 

shrinkage which does occur i s u n l i k e l y to have a d i f f e r ­

e n t i a l e f f e c t on the axons w i t h i n a given nerve, and so 

should only a f f e c t the a b s o l u t e v a l u e s of the d i s t r i b u t i o n . 

However, d i f f e r e n c e s between nerves may r e s u l t from the 

d i f f e r e n t i a l e f f e c t s of f i x a t i o n on t i s s u e from d i f f e r e n t 

aged animals. 

Whole nerve montages were produced a t a m a g n i f i c a t i o n 

of x 4,000, f o r axon measurement and counting. These micro­

graphs were subsequently enlarged to a f i n a l m a g n i f i c a t i o n 

of x 20,000. 

I d e n t i f i c a t i o n C r i t e r i a 

I n s i m i l a r s t u d i e s , other workers have i n d i c a t e d t h a t 

g l i a l c e l l p r o c e s s e s may be i d e n t i f i e d wrongly a s axons 

(Gaze and P e t e r s , 1961; Wilson, 1971). However, i n the 

tadpole o p t i c nerve two g l i a l c e l l types a r e p r e s e n t , one 

c o n t a i n i n g dark cytoplasm (oligodendrocyte) and the other 

c o n t a i n i n g a l i g h e r cytoplasm with dense bundles of micro­

f i l a m e n t s ( a s t r o c y t e ) . Both of these types could be r e a d i l y 

d i s t i n g u i s h e d from each other and from axons i n t r a n s v e r s e 

s e c t i o n s . S i m i l a r l y the presence of g l i a l c e l l p r o c e s s e s 

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

only one type of g l i a l c e l l i s p r e s e n t . The g l i a l cytoplasm 

i n t h i s case appears darker than t h a t of the axons and a l s o • 

c o n t a i n s dense groups of m i c r o f i l a m e n t s . 



Axons could be i d e n t i f i e d r e a d i l y by the presence of 

mic r o f i l a m e n t s and microtubules d i s t r i b u t e d w i t h i n a l i g h t 

coloured cytoplasm and i n some c a s e s by the presence of a 

normal myelin sheath. 

The c r i t e r i o n f o r a newly m y e l i n a t i n g axon was t h a t 

the unmyelinated axon i n question was e n c i r c l e d by g l i a l 

p r o c e s s e s and p o s s i b l y was surrounded by a few loose myelin 

wrappings. I t i s p o s s i b l e t h a t these r e g i o n s may have been 

nodes of Ranvier. 

During the pe r i o d of metamorphosis a number of mye­

l i n a t e d f i b r e s were degenerating and ab e r r a n t myelin 

p r o f i l e s occurred. The assessment of the normality of 

these f i b r e s was i n e v i t a b l y s u b j e c t i v e . F i b r e s were 

measured only when the mi c r o f i l a m e n t s and microtubules 

were c i r c u l a r i n t r a n s v e r s e s e c t i o n and when the myelin 

sheath, where prese n t , had a r e g u l a r p e r i o d i c i t y . 

F i b r e Measurements and Counts 

No attempt was made i n t h i s study to e s t i m a t e the 

numbers of unmyelinated f i b r e s present, s i n c e t h i s seems 

to have been c a r r i e d out q u i t e s u c c e s s f u l l y by Wilson 

(1971), who obtained a reasonable agreement between the 

number of axons present i n the o p t i c nerve and the number 

of ganglion c e l l s i n the eye. T h i s data i s p l o t t e d i n 

F i g u r e 2:8. 
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On the other hand, every myelinated f i b r e from each 

of the o p t i c nerves s t u d i e d , was counted. 

I n a c c u r a c i e s i n measurement of the axonal p r o f i l e s 

may occur when the p r o f i l e s a r e not c i r c u l a r which was 

o f t e n the ca s e . I n the case of unmyelinated f i b r e s two 

orthogonal diameters were measured, the mean taken and 

recorded i n c l a s s i n t e r v a l s of 0.05 |xm. At l e a s t 1,000 

f i b r e s were measured r o u t i n e l y except i n the a d u l t animal, 

where more than 2,000 unmyelinated f i b r e s were measured. 

T h i s data was then used to compile histograms. 

S i m i l a r l y , many myelinated f i b r e s e x h i b i t e d non-

c i r c u l a r o u t l i n e s (see f i g . 1:6), and t h e r e f o r e diameters 

were d i f f i c u l t to measure. An attempt to avoid t h i s 

problem was made by measuring the perimeter of the axon 

w i t h an opisometer and c o n v e r t i n g t h i s v alue to a diameter, 

had the perip h e r y been c i r c u l a r . T h i s s t r a t e g y was employed 

s i n c e the conduction v e l o c i t y of an axon i s r e l a t e d t o 

membrane area and hence diameter, and because most theo­

r e t i c a l r e l a t i o n s h i p s between axon s i z e and conduction 

v e l o c i t y a r e a s s o c i a t e d w i t h the diameter. The measurements 

were grouped i n t o centimetre c l a s s e s , which corresponded to 

0.159 urn a c t u a l s i z e . 

The r a t i o of axon diameter (d) to f i b r e diameter (D) 

was a l s o c a l c u l a t e d , p = (Rushton, 1951), by measuring 

both axon and myelin p e r i p h e r i e s , and these were measured 

to the n e a r e s t 1 mm ( e q u i v a l e n t t o a diameter of 0.0159 Jim). 
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In the c a l c u l a t i o n of p errors can occur i n measuring 
the periphery of the axon and the f i b r e , since the r a t i o 
s t r i c t l y requires two concentric c i r c l e s . Any part of the 
axon or f i b r e i n which the cross-section i s not c i r c u l a r 
v / i l l tend t o make the two perimeter values f o r tha t portion 
of the f i b r e more s i m i l a r and hence the value calculated 
f o r p w i l l tend to be high. However, i f the axons and 
f i b r e s had been c i r c u l a r the method would be inapplicable, 
since i t would be possible to measure the diameters d i r e c t l y . 

Routinely at least 1,000 myelinated f i b r e s were measured 
except i n the cases where under 1,000 were present. A number 
of p r o f i l e s were obviously abnormal or degenerating (see 
Chapter 1). These f i b r e s were counted but not measured. 
Histograms were compiled with respect to the number of 
normal f i b r e s measured. 

The diameters of newly myelinating f i b r e s were determined 
and the r e s u l t s were pooled i n order t o produce histograms. 

However, the configuration of an axon and/or i t s 
sheath changes along i t s length (Meyer-Koenig et a l , 1972; 
Tr e f f et a l , 1972) and t h i s can be appreciated f u l l y by 
viewing l o n g i t u d i n a l sections of the nerve (Webster and 
Spiro, 1960; Berthold and Skoglund, 1968 b; Hildebrand, 
1971 b, c ) . Therefore, f i b r e s may appear normal when 
measured at oiie p a r t i c u l a r p o s i t i o n i n the nerve but may 
have aberrant processes at a d i f f e r e n t l e v e l . The diameters 
of the f i b r e s may also vary along t h e i r length, but since 
i t i s a whole population t h a t i s under study, the general 
trends exhibited may be regarded as v a l i d . 
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RESULTS 

Axon diameter d i s t r i b u t i o n s of myelinated, unmyelinated 
and newly myelinating f i b r e s were obtained from a develop­
mental series of Xenopus tadpole and adult optic nerves. 
The r a t i o of the axonal and myelin sheath diameters 
was also determined f o r myelinated f i b r e s . 

In the nerves from metamorphic tadpoles and s i x months 
old and mature adult toads some i r r e g u l a r p r o f i l e s were also 
present. These were counted but not measured. The axon 
diameter d i s t r i b u t i o n of myelinated f i b r e s at Stage 50 was 
not constructed since only eleven of these were present. 
In one Stage .54 optic nerve, the number of myelinated 
f i b r e s only was determined. 

Myelinated f i b r e s 

Myelinated f i b r e s f i r s t appear at Stage 50 when eleven 
were present. They increase steadily i n number to 229 at 
Stage 54 and to about 500 at Stage 58. There i s a s l i g h t 
decrease at Stage 60 to 453. This decrease i s l i k e l y t o 
be peculiar t o the i n d i v i d u a l used rather than a sign of 
general axon loss. From the end of metamorphosis the number 
increases once more to 594. After t h i s period numbers 



increase to 2,052 i n a s i x month old toad and to 2,769 
i n a mature adult (Table 2:1 and f i g . 2:8). 

( i ) Premetamorphosis 

At both Stages 50 and 54 the numbers of myelinated 
f i b r e s were only counted. No measurements were made since 
too few myelinated axons were present. 

( i i ) Metamorphosis 

The diameter d i s t r i b u t i o n s of myelinated axons from 
nerve S58A i s unimodal ( f i g . 2:2), nearly symmetrical, 
and d i s t r i b u t e d about a mean diameter of 1.97 |im. A l l 
496 myelinated f i b r e s present were measured. Nerve S58B 
i s somewhat d i f f e r e n t ( f i g . 2:3). The d i s t r i b u t i o n i s 
again unimodal, with a s l i g h t p o s i t i v e skew. There i s 
an increased number of larger f i b r e s which r e s u l t s i n 
the higher mean diameter value of 2.26 jim. The number 
of f i b r e s present i s greater by 67, more naked axons 
are becoming myelinated (Table 2:1) and there are also 
eight f i b r e s present which have aberrant myelin p r o f i l e s 
compared with none i n S58A. The nerves S58A and S58B 
were obtained from the same animal and were used to 
determine the v a r i a b i l i t y w i t h i n one animal compared 
to the differences between animals of d i f f e r e n t stages. 
Figure 2:1 shows the change of the mean and the mode of 
myelinated axon diameters during development. From ' 



TABLE 2:1 

This table summarises the means and modes of the 
f i b r e diameter d i s t r i b u t i o n s of myelinated and unmye­
li n a t e d f i b r e s , the means and modes of the calculated 
values of^o , and the t o t a l number of myelinated, newly 
myelinating and abnormal f i b r e s i n the eight nerves 
studied. Dashes indicate that no data was taken from 
these nerves. 
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Fig. 2;1 Mean and modal diameters of myelinated axon 
populations i n optic nerves of developmental 
tadpole stages and two adults. The two 
values (a and b) of means and modes pl o t t e d 
f o r a Stage 58 tadpole are the separate 
values obtained from both nerves i n a single 
animal. 
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Fig. 2:2 Axon diameter histogram of myelinated axons 
measured from one optic nerve of a Stage 58 
tadpole. The histogram i s based on measure­
ments of the t o t a l complement of myelinated 
axons (496). The mean diameter calculated 
f o r t h i s unimodal d i s t r i b u t i o n i s 1.97 |xm 1 
0.025 S.E. 
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Fig. 2:3 Axon diameter d i s t r i b u t i o n of myelinated f i b r e s 
of the second opti c nerve taken from a Stage 58 
tadpole. The mean axon diameter f o r t h i s nerve 
i s 2.26 |im t 0.033 S.E. based on measurements 
of a l l 563 axons. 
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t h i s graph, i t i s clear that the values from the two nerves 
from the same Stage 58 animal d i f f e r . The mean diameter of 
f i b r e s from S58A i s some 20% less than that from S58B, and 
the mode of the d i s t r i b u t i o n from S58A i s also less than 
from S58B. 

At Stage 60 ( f i g . 2:4) the myelinated axon diameters 
show a unimodal d i s t r i b u t i o n although there are a number of 
smaller peaks also present. The mean diameter (2.16 |im) 
f a l l s between the values obtained f o r the Stage 58 nerves, 
but the modal value i s somewhat higher (Table 2:1, f i g . 2:1). 
These r e s u l t s are based on 281 f i b r e s measured out of a t o t a l 
of 453 myelinated f i b r e s present. The remainder showed 
abnormal p r o f i l e s or signs of degeneration and represent 
38% of the t o t a l myelinated f i b r e population. 

Figure 2:5 shows the histogram of the myelinated axon 
diameter d i s t r i b u t i o n from an animal at the end of meta­
morphosis (Stage 66). The d i s t r i b u t i o n i s p o s i t i v e l y 
skewed with a mean value of 1.57 |im and a modal value of 
1.51 jim (Table 2:1). The d i s t r i b u t i o n i s based on measure­
ments from 535 f i b r e s . In addition 49 f i b r e s (approximately 
8% of the t o t a l ) showed degenerative p r o f i l e s . 

The values obtained f o r the mean and the mode are 
lower than those obtained from tadpole nerves ( f i g . 2:1 
and Table 2:1). Inspection of the histogram ( f i g . 2:5) 
suggests that t h i s decrease i s concomitant w i t h a reduction 
i n the numbers of larger axons compared t o S58A and S58B 
nerves ( f i g s . 2:2 and 2:3). This reduction possibly begins 
at Stage 60 ( f i g . 2:4). 



Fig. 2:4 Histogram of the axon diameter d i s t r i b u t i o n of 
normal myelinated f i b r e s ( t o t a l 281) i n an 
opti c nerve of an animal during metamorphosis 
(Stage 60). The mean diameter calculated f o r 
t h i s d i s t r i b u t i o n i s 2.16 jim ± 0.053 S.E. 
One hundred and seventy-two myelinated f i b r e s 
i n t h i s nerve were not included i n the d i s t r i ­
bution as they showed abnormal p r o f i l e s or 
signs of degeneration. 
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Fig. 2;5 Myelinated axon diameter d i s t r i b u t i o n from an 
optic nerve of an animal at the end of meta­
morphosis (Stage 66). The d i s t r i b u t i o n i s 
based on measurements of 535 axons. Forty-
nine f i b r e s showing degenerating p r o f i l e s 
were not included. The mean axon diameter 
f o r t h i s d i s t r i b u t i o n i s 1.57 fim ± 0.060 S.E. 
A s i g n i f i c a n t difference (P< 1%) between the 
means of Stage 60 and Stage 66 was indicated 
by a 'Students* t - t e s t ( t - 7.381). 



0) 
n m II 

in 

0) 

C4 

m 

If) 
CM 

I • 

m 



74 

( i i i ) Postmetamorphosis 

The diameter d i s t r i b u t i o n of myelinated axon diameters 
from a s i x months postmetamorphic toad, shown i n f i g u r e 2:6 
i s produced by the measurement of 1,041 f i b r e s out of a 
possible 2,052. The d i s t r i b u t i o n i s p o s i t i v e l y skewed and ^^i^ 

— — ^ — . £/u&*-t 

unimodal, with a mean diameter of 1.20 |im and a mode of 
0.87 fim. Both these values are much lower than those from 
the Stage 66 animal and i n conjunction with the histogram i n 
f i g u r e 2:6 indicate a r e l a t i v e increase i n the numbers of 
myelinated f i b r e s i n the small diameter range. The mode 
has decreased from a value of below 2 jim at Stage 58 to 
one below 1 |im at s i x months postmetamorphosis ( f i g . 2:1 
and Table 2:1). 

In the adult nerve the myelinated axon diameter 
d i s t r i b u t i o n i s p o s i t i v e l y skewed ( f i g . 2:7) and i s derived 
from measurement of 1,132 f i b r e s out of a t o t a l of 2,769 
myelinated f i b r e s present. The mean axon diameter has 
increased t o 1.63 jim and r e f l e c t s the presence of larger . 
diameter f i b r e s . However, the low modal value r e f l e c t s 
the large numbers of f i b r e s below 1 |im i n diameter ( f i g . 
2:7 and Table 2:1). 

The d i s t r i b u t i o n i s s i m i l a r to that obtained by t e r 
Keurs (1970) f o r myelinated f i b r e s i n the optic nerve of 
Rana temporaria. 



Fig. 2:6 D i s t r i b u t i o n of myelinated axon diameters 
from a s i x months postmetamorphic toad optic 
nerve. The mean axon diameter based on 
measurements of a sample of 1041 axons f o r 
t h i s unimodal, skewed d i s t r i b u t i o n i s 1.20 
nm ± 0.020 S.E. A s i g n i f i c a n t difference 
(P<1%) between the means of Stage 66 and 
a s i x month old toad was indicated by a 
•Students* t - t e s t ( t - 5.85). 
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Fig. 2;7 Myelinated axon diameter d i s t r i b u t i o n i n an 
optic nerve taken from an adult Xenopus. 
The histogram i s based on a sample of 1132 
axons from a t o t a l population of 2769 mye­
li n a t e d axons. The mean axonal diameter i s 
1.63 lira ± 0.032 S.E. Comparison of the mean 
wit h a s i x month old toad indicates a s i g n i ­
f i c a n t difference (P<11%) by a 'Students' 
t - t e s t ( t =11.38). 
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Fig. 2:8 Total numbers of normal myelinated f i b r e s at 
d i f f e r e n t stages (from t h i s study) of develop­
ment compared wi t h the numbers of unmyelinated 
f i b r e s (Wilson, 1971). 
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The diameter of larger myelinated f i b r e s i s f a i r l y 
constant i n a l l stages of development, except that some 
f i b r e s greater than 8 |im i n diameter are present i n the 
adult. The modal and mean diameters of the myelinated 
f i b r e s i n S58A, S58B and Stage 60 nerves (Table 2:1) and 
the shapes of the diameter histograms ( f i g s . 2:2 and 2:3) 
are very s i m i l a r . At Stage 60 the d i s t r i b u t i o n of mye­
lina t e d f i b r e diameters i s not smooth ( f i g . 2:4). This 
may be a consequence of the abnormalities i n shape of the 
f i b r e s . Comparison of the histograms i n figures 2:2; 2:3 
and 2:4 indicates that no p a r t i c u l a r region of the d i s t r i ­
bution i s affected especially by the changes occurring at 
t h i s time. 

Myelin Sheath Thickness 

The r a t i o of axonal diameter t o the f i b r e diameter 
was calculated by measuring the periphery of both the 
axon and the myelin sheath. Each value was converted 
i n t o a diameter, assuming that the p r o f i l e was c i r c u l a r . 
The r a t i o of the axon diameter (d) to the f i b r e diameter 
(D) i s expressed as / D = /© (Rushton, 1951). 

The d i s t r i b u t i o n s of values from a l l of the nerves 
studied are skewed negatively, and the d i s t r i b u t i o n s 
derived from postmetamorphic animals are more i r r e g u l a r . 
Figure 2; 9 shows that the mean values of decrease from 
Stage 58 onwards, which indicates a continuous increase 
i n the r e l a t i v e thickness of the myelin sheaths. 



Fig. 2:9 Trends of mean and modal values of ( r a t i o 
of axon diameter to f i b r e diameter d/ D i n 
myelinated f i b r e s of metamorphic and adult 
animals. Decreasing values of p during 
development indicates an increase i n the 
r e l a t i v e thickness of the myelin sheath. 
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( i ) Premetamorphosis 

No myelinated f i b r e s were measured from nerves derived 
from Stages 50 and 54. 

( i i ) Metamorphosis 

The d i s t r i b u t i o n of the values of f> f o r the two nerves, 
S58A and S58B, from the same animal are very s i m i l a r ( f i g s . 
2:10 and 2:11) with means of 0.845 and 0.858 respectively 
and i d e n t i c a l modes ( f i g . 2:9 and Table 2 ; l ) . 

At Stage 60, the mean and modal values decrease s l i g h t l y 
( f i g . 2:9 and Table 2:1) and there i s an increase i n the 
number of f i b r e s with a jo value below 0.7 ( f i g . 2:12). 

The s h i f t to lower values o f p continues at Stage 66 
( f i g . 2:13) wi t h 13.8% of t h e ^ values being below 0.7 
compared wi t h 5% at Stage 60. The decrease i n the mean 
and mode to 0.768 and 0.755 respectively i s a r e f l e c t i o n 
of the r e l a t i v e increase i n the number of smaller myelinated 
f i b r e s . 

( i i i ) Postmetamorphosis 

The d i s t r i b u t i o n of the values of^O i n the optic nerve 
from a s i x month old toad i s much broader compared with 
tadpole stages ( f i g . 2:14). The trend t o lower values 
indicated at Stage 60 and more evident at Stage 66 i s 
continued, with 29.1% of the f i b r e s i n the s i x month old 
toad having values below 0.7. 



Figs. 2;10 and 2:11 D i s t r i b u t i o n s of the values of 
r e l a t i v e myelin thickness (0) 
of myelinated f i b r e s i n the two 
optic nerves from a Stage 58 
tadpole. The mean values of 
f o r these two d i s t r i b u t i o n s are 
0.845 + 0.0017 S.E. and 0.858 ± 
0.0017 S.E. respectively. Note 
p a r t i c u l a r l y the small numbers 
of f i b r e s (less than 1%) wi t h 
values less than 0.7. 
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Fig. 2;11 See legend f o r f i g u r e 2:10. 
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Fig. 2;12 Histogram of values of myelinated f i b r e s i n 
an optic nerve of a Stage 60 tadpole. The 
mean value f o r t h i s d i s t r i b u t i o n i s 0.833 ± 
0.004 S.E. wit h 5% of the myelinated f i b r e s 
having a value of less than 0.7. A s i g n i ­
f i c a n t difference (P<1%) between the means 
of Stage 58 (0.845) and Stage 60 was indicated 
by a 'Students' t - t e s t ( t - 2.79). 
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F i g . 2;13 D i s t r i b u t i o n of r e l a t i v e myelin t h i c k n e s s 
(/») i n an o p t i c nerve of a Stage 66 animal. 
The mean value of ft i s 0.768 ± 0.0035 S.E. 
The r e l a t i v e numbers of myelinated f i b r e s 
w i t h v a l u e s of l e s s than 0.7 i s 13.8% and 
r e f l e c t s t h a t during the metamorphic period 
the r e l a t i v e numbers of s m a l l myelinated 
f i b r e s i n c r e a s e s . A s i g n i f i c a n t d i f f e r e n c e 
(P4 1%) between the means of Stage 60 and 
Stage 66 was i n d i c a t e d by a 'Students' t -
t e s t ( t - 12.16). 
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F i g . 2:14 D i s t r i b u t i o n of p v a l u e s f o r myelinated 
o p t i c nerve f i b r e s i n a s i x month o l d toad. 
The mean value f o r t h i s d i s t r i b u t i o n i s 
/>= 0.737. At t h i s s tage 29.1% of the 
f i b r e s have p v a l u e s below 0.7. A s i g n i ­
f i c a n t d i f f e r e n c e ( P < 1 % ) between the means 
of Stage 66 and s i x months o l d was i n d i c a t e d 
by a •Students' t - t e s t ( t - 6.739). 
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F i g . 2:15 D i s t r i b u t i o n of r a t i o s of axon diameter to 
f i b r e diameter (p) of myelinated f i b r e s i n 
an o p t i c nerve from an a d u l t animal. The 
mean r a t i o f o r the d i s t r i b u t i o n was found 
to be 0.702 w i t h 33% of the f i b r e s having 
/0 v a l u e s l e s s than 0.7. A s i g n i f i c a n t 
d i f f e r e n c e (P<T1%) between the means of a 
s i x month o l d toad and a mature a d u l t was 
i n d i c a t e d by a * Students' t - t e s t ( t - 8.12). 
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F i g . 2;16 Mean and modal diameters of unmyelinated f i b r e 
p opulations from animals a t d i f f e r e n t s t a g e s 
of development. The two p o i n t s i n d i c a t e d a 
and b, f o r both the mean and mode of Stage 58 
ar e the v a l u e s f o r both o p t i c nerves from a 
s i n g l e animal. 
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F i g . 2;17 D i s t r i b u t i o n of unmyelinated f i b r e diameters 
i n a sample (N = 1199) taken from the o p t i c 
nerve of a Stage 50 tadpole. The mean d i a ­
meter of t h i s sample was found to be 0.26 urn. 

« 
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F i g s . 2:18 and 2:19 Diameter histograms of unmyelinated 
f i b r e s i n samples (of g r e a t e r than 
1000 f i b r e s ) from both o p t i c nerves 
i n a s i n g l e Stage 58 tadpole. The 
mean diameters f o r the two nerves 
i l l u s t r a t e d i n f i g u r e s 2:18 and 
2:19 a r e 0.328 (ira ± 0.0045 S.E. and 
0.343 |im ± 0.0041 S.E. r e s p e c t i v e l y . 
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F i g . 2:19 See legend to f i g u r e 2:18. 
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The d i s t r i b u t i o n i n figure 2:15 i s from an a d u l t and 

has the broadest range o f p v a l u e s of the nerves measured, 

wi t h v a l u e s from below 0.4 to 0.92. The mean of the 

d i s t r i b u t i o n i s a t 0.702 and the mode i s a t 0.725. 

Unmyelinated f i b r e s 

F i b r e diameters were measured from a sample of a t 

l e a s t 1,000 unmyelinated f i b r e s per nerve, and these 

r e s u l t s a r e summarized i n Table 2:1 and figure 2:16. No 

attempt was made to estimate the t o t a l number of unmye­

l i n a t e d f i b r e s present per nerve s i n c e t h i s has a l r e a d y 

been c a r r i e d out (Gaze and P e t e r s , 1961; Wilson, 1971). 

The data of Wilson i s p l o t t e d i n f i g u r e 2:8. 

( i ) Prerne ta morphos i s 

Figure 2:17 shows t h a t the d i s t r i b u t i o n i s skewed 

p o s i t i v e l y w i t h the m a j o r i t y (97.2%) of the 1,199 f i b r e s 

measured f a l l i n g w i t h i n the s i z e range 0.1 - 0.6 jim. 

The mean and mode f o r t h i s d i s t r i b u t i o n i s 0.26 um and 

0.175 urn r e s p e c t i v e l y . 

No axons were measured i n the Stage 54 nerve. 

( i i ) Metamorphosis 

At Stage 58 ( f i g s . 2:18 and 2:19) both histograms 

are p o s i t i v e l y skewed. Not only have the means and modes 

in c r e a s e d ( f i g . 2:16 and Table 2:1) but the s i z e range i s 
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extended somewhat from t h a t found a t Stage 50 ( f i g s . 2:17, 

2:18 and 2:19). 

The d i s t r i b u t i o n of the f i b r e diameters of the Stage 

60 nerve ( f i g . 2:20) i s very s i m i l a r t o t h a t of the Stage 

58 nerves, although the peak i s somewhat broader. The mean 

(0.340 jim) and modal (0.275 jim) v a l u e s of the unmyelinated 

f i b r e d i s t r i b u t i o n a r e s i m i l a r to those d e r i v e d from the 

Stage 58 animal. 

At Stage 66 the unmyelinated f i b r e diameter d i s t r i ­

bution has a t y p i c a l p o s i t i v e skew ( f i g . 2:21). The mean 

diameter has decreased from the v a l u e s found a t Stages 58 

and 60, but the mode has remained the same ( f i g . 2:16 and 

Table 2 : 1 ) . Most f i b r e s (97.1%) f a l l w i t h i n the s i z e range 

0.15 - 0.6 (xm ( f i g . 2:21). No morphological changes have 

been noted i n unmyelinated f i b r e s a t metamorphosis and the 

decrease i n the mean diameter of the d i s t r i b u t i o n must 

i n d i c a t e the presence of newly developed ganglion c e l l 

axons, s i n c e a t t h i s stage only a s m a l l number of f i b r e s 

a r e i n the process of m y e l i n a t i o n . 

( i i i ) Postmetamorphosis 

The f i b r e diameter d i s t r i b u t i o n of unmyelinated f i b r e s 

d e r i v e d from a s i x months o ld toad i s p o s i t i v e l y skewed and 

i s shown i n figure 2:22. The d i s t r i b u t i o n has a mean s i m i l a r 

to t h a t found a t Stage 66. However, the mode of the d i s t r i -



F i g . 2:20 D i s t r i b u t i o n of unmyelinated f i b r e diameters 
i n a sample of 1662 f i b r e s from a Stage 60 
tadpole. The mean diameter of t h i s sample 
was found to be 0.340 |im ± 0.0043 S.E. 
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F i g . 2:21 Unmyelinated f i b r e diameter d i s t r i b u t i o n f o r 
a sample of 1334 axons i n a Stage 66 animal. 
The mean diameter f o r t h i s sample was found 
to be 0.288 (im ± 0.0042 S.E. A s i g n i f i c a n t 
d i f f e r e n c e (P< 1%) between the means of Stage 
60 and Stage 66 was i n d i c a t e d by a 'Students' 
t - t e s t ( t - 8.65). 
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F i g . 2;22 Histogram of unmyelinated f i b r e diameters i n 
a sample of 1101 f i b r e s from a s i x month o l d 
toad. The mean diameter f o r t h i s sample was 
found to be 0.271 fim ± 0.0040 S.E. A s i g n i ­
f i c a n t d i f f e r e n c e ( P < 1 % ) between the means 
of Stage 66 and s i x months o l d was i n d i c a t e d 
by a 'Students' t - t e s t ( t - 2.93). 
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bution has decreased. These two f a c t s i n d i c a t e t h a t t h e r e 

i s a r e l a t i v e i n c r e a s e i n the number of s m a l l e r unmyelinated 

f i b r e s i n t h i s nerve, although t h e i r e f f e c t s on the d i s t r i ­

bution a r e p a r t i a l l y compensated by an i n c r e a s e i n the 

number of l a r g e r diameter f i b r e s . 

The shape of the diameter d i s t r i b u t i o n histogram of 

unmyelinated axons i n the a d u l t ( f i g . 2:23) i s d e r i v e d 

from the measurement of 2,113 f i b r e s . The d i s t r i b u t i o n 

changes s l i g h t l y compared to those derived from o p t i c 

nerves a t other stages of development. The d i s t r i b u t i o n 

i s l e s s skewed and the peak i s much broader. T h i s i s 

r e f l e c t e d by the i n c r e a s e i n mean value to 0.357 (im. 

Very few l a r g e unmyelinated axons were found. The modal 

val u e has i n c r e a s e d from t h a t a t Stage 66 to 0.275 \im. 

Newly m y e l i n a t i n g f i b r e s 

One hundred and n i n e t y - e i g h t unmyelinated f i b r e s 

which were e n c i r c l e d completely by g l i a l p r o c e s s e s were 

measured i n the Stage 66, 60 and two Stage 58 nerves to 

produce the combined histogram i n figure 2:24. The d i s t r i ­

bution has a s l i g h t p o s i t i v e skew and the base i s f a i r l y 

broad w i t h a mode a t 1.05 (im and a mean a t 1.12 (im. No 

completely e n c i r c l e d axons were found below 0.5 Jim i n 

diameter and only two were above 2.00 \im, a t 2.05 (im and 

3.05 |xm. 



F i g . 2;23 F i b r e diameter d i s t r i b u t i o n of unmyelinated 
axons i n a sample of 2113 f i b r e s from an 
a d u l t toad. The sample mean was found to be 
0.357 urn ± 0.0034. A s i g n i f i c a n t d i f f e r e n c e 
( P < 1 % ) between the means of the s i x month 
o l d a d u l t and the mature a d u l t was i n d i c a t e d 
by a 'Students' t - t e s t ( t - 16.38). 
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F i g . 2:24 F i b r e diameter d i s t r i b u t i o n of unmyelinated 
f i b r e s t h a t were completely e n c i r c l e d by 
g l i a l c e l l p r o c e s s e s . T h i s d i s t r i b u t i o n i s 
based on the pooled samples ( t o t a l number 
196) of f i b r e s measured i n Stages 58, 60 and 
66 animals. The mode and mean f o r t h i s 
d i s t r i b u t i o n a r e 1.05 (xm and 1.12 \im r e s p e c ­
t i v e l y . 
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DISCUSSION 

The f i b r e diameter d i s t r i b u t i o n s of ganglion c e l l 

axons i n the o p t i c nerve of Xenopus have been s t u d i e d 

p r e v i o u s l y by Gaze and P e t e r s (1961) and Wilson (1971). 

T h i s more r e c e n t study appears to be more thorough and 

a c c u r a t e . Both i n v e s t i g a t i o n s were concerned w i t h the 

study of a range of o p t i c nerves from tadpoles a t d i f ­

f e r e n t s t a g e s of development i n comparison w i t h the 

a d u l t nerve. However, both i n v e s t i g a t i o n s avoided 

study of the period of metamorphosis. 

Numbers of ganglion c e l l axons 

The a b s o l u t e numbers of myelinated f i b r e s obtained 

from tadpole nerves correspond q u i t e c l o s e l y to those of 

Wilson (1971), although f o r postmetamorphic animals the 

discrepancy i s q u i t e l a r g e . At Stage 66, the number of 

myelinated f i b r e s was found to be approximately one q u a r t e r 

lower than the r e s u l t obtained by Wilson. I n o l d e r animals 

the d i f f e r e n c e s were even g r e a t e r , the numbers reported 

here f o r myelinated f i b r e s being only t w o - t h i r d s , and 

t h r e e - e i g h t h s of those reported by Wilson, f o r s i x month 

and a d u l t toads r e s p e c t i v e l y . The d i f f e r e n c e i n r e s u l t s 

from the s i x month animal may be due to v a r i a b i l i t y i nherent 
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w i t h i n the Xenopus l a e v i s s p e c i e s . A l t e r n a t i v e l y , the 

d i f f e r e n c e may r e f l e c t r e a r i n g c o n d i t i o n s . I n the case 

of the a d u l t , the i n d i v i d u a l used i n t h i s study was 

obtained from the w i l d , whereas the one used by Wilson 

was bred i n the l a b o r a t o r y . The g r e a t e r number of mye­

l i n a t e d f i b r e s i n the o p t i c nerve of the l a b o r a t o r y -

r a i s e d animal may i n d i c a t e t h a t under such c o n d i t i o n s 

t h e r e a r e very few c o n s t r a i n t s on the developing system 

and the animal r e a l i s e s a g r e a t e r developmental p o t e n t i a l . 

Wilson suggests t h a t the d i s c r e p a n c y of 15% between her 

r e s u l t s and those of Gaze and P e t e r s (1961) may be 

accounted f o r by degeneration of f i b r e s i n o l d e r a n i mals. 

However, i t i s u n l i k e l y t h a t t h i s e x p l a n a t i o n would account 

f o r a 5/8 r e d u c t i o n i n the numbers of myelinated f i b r e s 

from the r e s u l t s of Wilson to those of the present study. 

The t o t a l number of unmyelinated f i b r e s was not 

determined i n the present work s i n c e Wilson (1971) 

obtained t o t a l numbers which were i n good agreement 

with the t o t a l number of ganglion c e l l s present i n the 

eye. However, her r e s u l t s d i f f e r markedly from those 

of Gaze and P e t e r s (1961), s i n c e the t o t a l number of 

f i b r e s determined by her was more than twice t h a t 

c a l c u l a t e d i n the e a r l i e r study of Gaze and P e t e r s 

(1961). Wilson (1971) has shown t h a t the numbers of 

f i b r e s i n c r e a s e l i n e a r l y w ith age. 
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Unmyelinated f i b r e s 

Once the f i r s t ganglion c e l l s have been produced i n 

the r e t i n a , unmyelinated axons can be found i n the o p t i c 

nerve of Xenopus tadpoles by Stage 35 and a r e ub i q u i t o u s 

throughout l i f e (Wilson, 1971). 

In young ta d p o l e s (Stage 50) the mean and the mode of 

the unmyelinated f i b r e diameter histogram a r e low compared 

to a l l other s t a g e s , except f o r the nerve obtained from a 

s i x months o l d toad. At Stage 50, many ganglion c e l l s a r e 

being produced (Jacobson, 1976; S t r a z n i c k y and Tay, 1977) 

and i t would be expected t h a t the axons growing along the 

o p t i c nerve a t t h i s time would be q u i t e s m a l l i n comparison 

to s i m i l a r f i b r e s which had made s y n a p t i c connexions i n the 

b r a i n . However, Wilson (1971) showed t h a t throughout tadpole 

and a d u l t l i f e the mode of the unmyelinated f i b r e d i s t r i b u t i o n 

remained a t 0.2 (im, except f o r the f i b r e d i s t r i b u t i o n from a 

Stage 38 animal, where the mode was 0.3 (im. When the evidence 

of Jacobson (1976) that the a d d i t i o n of new ganglion c e l l s i s 

most r a p i d between Stages 53 and 66 i s viewed i n c o n j u n c t i o n 

w i t h the r e s u l t s obtained i n t h i s study t h a t the means and 

modes of the d i s t r i b u t i o n s s t u d i e d a t Stage 58 a r e much 

higher than those of the d i s t r i b u t i o n s t u d i e d a t Stage 50, 

the c o n c l u s i o n t o be drawn i s t h a t a s f i b r e s e n t e r the nerve 

not only do they i n c r e a s e i n length, but a l s o i n width. I f 

such an i n c r e a s e i n width did not occur, the means and modes 
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of the population would be much lower. T h i s growth i s not 

s u r p r i s i n g s i n c e the animal i t s e l f i s growing r a p i d l y during 

t h i s phase of development. 

A f t e r Stage 58, the populations of unmyelinated f i b r e s 

from Stages 60 and 66 nerves remain s t a b l e . When these 

p o i n t s a r e viewed i n the l i g h t of the knowledge t h a t gang­

l i o n c e l l s a r e s t i l l i n the most r a p i d phase of growth 

(Jacobson, 1976) and that the numbers of unmyelinated 

f i b r e s a r e i n c r e a s i n g l i n e a r l y (Wilson, 1971) two a l t e r -
J 

n a t i v e s a r e p o s s i b l e . The f i r s t i s th a t as unmyelinated 

f i b r e s a r e added to the population they grow r a p i d l y and 

r e p l a c e f i b r e s which have been myelinated. The second 

a l t e r n a t i v e i s t h a t a s f i b r e s become par t of the population 

growth occurs to the extent t h a t t h e i r axon diameters do 

not a l t e r the population d i s t r i b u t i o n from t h a t found 

p r i o r to the axons 1 development. The f i r s t a l t e r n a t i v e 

i s u n l i k e l y s i n c e i f ganglion c e l l s a r e being added to 

the eye a t the r a t e of 500 per day (Jacobson, 1976) 2,000 

myelinated f i b r e s would be produced i n four days, whereas 

t h i s number i s produced i n s i x months ( f i g . 2 : 8 ) . 

A f t e r metamorphosis has been completed the r a t e of 

production of ganglion c e l l s d e c r e a s e s to 120 c e l l s per 

day (Jacobson, 1976). Although the t o t a l number of gang­

l i o n c e l l s , and hence axons, i n c r e a s e s d a i l y and has 

doubled by s i x months of age (Wilson, 1971), the growth 

i s p u r e l y i n length s i n c e both the mean and the mode of 
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the population of unmyelinated f i b r e s decrease. A 

suggestion of t h i s trend o c c u r s a t Stage 66 when, 

although the mode remains constant, the mean v a l u e 

d e c r e a s e s . I t i s only a f t e r t h i s period, when gang­

l i o n c e l l a d d i t i o n i s minimal, t h a t the mean and mode 

i n c r e a s e i n val u e again, i n d i c a t i n g an i n c r e a s e d 

diameter. These f i n d i n g s a r e i n c o n t r a s t to those of 

Wilson (1971) who r e p o r t s t h a t the mode of the unmye­

l i n a t e d f i b r e d i s t r i b u t i o n remained a t 0.2 y.m throughout 

l i f e . T h i s f a c t , i n c o n j u n c t i o n w i t h the o b s e r v a t i o n 

that the numbers of unmyelinated f i b r e s i n c r e a s e 

c o n t i n u a l l y , suggests t h a t f i b r e s a r e added c o n t i n u o u s l y 

to the whole population of f i b r e diameters. 

Myelinated f i b r e s 

I n a l l nervous systems, s i g n a l t r a n s f e r u s u a l l y 

comprises two or more components which have f a s t and 

slow conduction v e l o c i t i e s . The f a s t t r a n s m i t t i n g sensory 

pathway i s u s u a l l y involved w i t h escape or avoidance p a t ­

t e r n s of behaviour, whereas the slow t r a n s m i t t i n g sensory 

pathway i s u s u a l l y a s s o c i a t e d w i t h feeding and awareness 

of the surroundings. The speed of conduction of the 

f i b r e s may be i n c r e a s e d by one of two s t r a t e g i e s ; e i t h e r 

by i n c r e a s i n g the c a l i b r e of the axon, or by i n v e s t i n g 

the axon i n myelin and inducing s a l t a t o r y conduction. 

I n v e r t e b r a t e s have adopted the former method and v e r t e b r a t e s 
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have tended towards the l a t t e r . However, even i n the case 

of the myelinated f i b r e , the conduction v e l o c i t y i s s t i l l 

dependent to some degree on the diameter of the axon, s i n c e 

t h i s determines the t h i c k n e s s of the myelin and the l e n g t h 

of the internode. 

In Xenojpus, by the time tadpoles have developed to Stage 

54 the number of myelinated f i b r e s i s roughly 3% of the t o t a l 

number of f i b r e s p r e s e n t . T h i s r a t i o i s maintained approx­

imately throughout l i f e , such t h a t even i n a mature a d u l t 

the number of myelinated f i b r e s i s not g r e a t e r than 5% of 

the t o t a l number of f i b r e s p r e s e n t . 

Rager (1976 a ) , Moore et a l (1976) and Skoff e t a l (1976 

a, b) show t h a t m y e l i n a t i o n has s t a r t e d j u s t p r i o r to the 

onset of v i s i o n a t hatching i n the c h i c k or eye opening i n 

the k i t t e n or r a t . At two weeks p o s t n a t a l l y approximately 

25% of the t o t a l number of f i b r e s were myelinated and v i r t u a l l y 

a l l were myelinated a f t e r e l e v e n or twelve weeks. T h i s i s 

q u i t e d i f f e r e n t to the s i t u a t i o n found i n Xenopus o p t i c nerve, 

where only a s m a l l proportion of the f i b r e s became myelinated 

and m y e l i n a t i o n continues i n t o adulthood. 

( i ) Development of myelinated f i b r e s 

Smith and Koles (1970) have shown t h a t a myelinated axon 

wi t h a p a r t i c u l a r diameter conducts impulses a t a maximal 

v e l o c i t y when i t i s i n v e s t e d by a given t h i c k n e s s of myelin. 

Therefore, i t would be expected t h a t during development mye­

l i n a t i o n continues u n t i l a fa v o u r a b l e t h i c k n e s s i s obtained. 
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I t i s b e l i e v e d ( F r i e d e and Samorajski, 1967; Matthews, 

1968) t h a t m y e l i n a t i o n o c c u r s when an axon reaches a c e r t a i n 

" c r i t i c a l " diameter. Contrary t o t h i s view, Matthews and 

Duncan (1971) found t h a t m y e l i n a t i o n f i r s t o c c u r s w i t h l a r g e 

f i b r e s and then w i t h p r o g r e s s i v e l y s m a l l e r ones. S i m i l a r l y , 

F r a h e r (1972) concluded t h a t , f o r the v e n t r a l r o o t s of the 

r a t s p i n a l cord, n e i t h e r a c r i t i c a l axon circumference nor 

even a c r i t i c a l range of ci r c u m f e r e n c e s appears to be 

important f o r the i n i t i a t i o n of myelogenesis. Moore e t a l 

(1976) found t h a t , w h i l e a l l the o p t i c t r a c t axons i n the 

c a t had r e c e i v e d a myelin sheath by 12 weeks of age, the -

sheaths were not of a mature t h i c k n e s s and a t some stage 

a f t e r 12 weeks they grow s l o w l y to mat u r i t y . These r e s u l t s 

together w i t h the present r e s u l t s from Xenopus suggest t h a t 

m y e l i n a t i o n i s not t r i g g e r e d by the attainment of a c r i t i c a l 

axon s i z e , although t h e r e may be a minimum diameter below 

which axons w i l l not become myelinated. S i n c e the mode of 

the myelinated axon population i n a mature a d u l t i s w i t h i n 

a range of v a l u e s a t which only very few f i b r e s are mye­

l i n a t e d i n the tadpole, t h i s i n d i c a t e s t h a t the p o s s i b l e 

lower l i m i t of the axon diameter f o r m y e l i n a t i o n d e c r e a s e s 

w i t h age. 

The f i n d i n g of Rager (1976 a ) t h a t i n the c h i c k the 

v a l u e s o f p remain w i t h i n the range of 0.6 to 0.8 i n d i c a t e s 

t h a t the process of m y e l i n a t i o n i s i n t i m a t e l y l i n k e d w i t h 

axonal growth. A s i m i l a r f i n d i n g was obtained by P e t e r s 



(1964) i n the o p t i c nerves of r a t s and mice. He found t h a t 

whenever an axon was surrounded by four or more myelin 

l a m e l l a e there was a tendency f o r the i n t e r n a l and e x t e r n a l 

mesaxons to l i e i n the same quadrant. 

According to P e t e r s , the most reasonable e x p l a n a t i o n 

f o r t h i s f i n d i n g i s t h a t myelin sheath growth i s a p h a s i c 

p r o c e s s . S i m i l a r l y , i n the c a t o p t i c nerve Moore e t a l 

(1976) suggest t h a t the i n i t i a t i o n of myelin s y n t h e s i s i s 

a s s o c i a t e d c l o s e l y w i t h an almost stepwise growth of an 

unmyelinated axon. They continue t h a t , during the most 

a c t i v e period of m y e l i n a t i o n , newly m y e l i n a t i n g f i b r e s a r e 

drawn continuously and u n i f o r m i l y from the e n t i r e d i s t r i ­

bution of unmyelinated f i b r e s . They a r e r a p i d l y added to 

the myelinated population by growing by about 0.6 |xra i n 

diameter. T h e i r b a s i s f o r t h i s c o n c l u s i o n i s t h a t the 

means of the two f i b r e populations remain a t the same 

v a l u e s . 

As i n the c a t , new f i b r e s f o r m y e l i n a t i o n i n Xenopus 

are drawn from the whole population and i n c r e a s e i n s i z e , 

but with postmetamorphic age the growth i s l i m i t e d and 

the mode of the d i s t r i b u t i o n i s l e s s than 1 |im. However, 

w i t h maturity f i b r e s i n c r e a s e i n s i z e , but i t i s d i f f i c u l t 

to determine i f t h i s i s the same i n Xenopus as i n the c a t 

because of the r e l a t i v e numbers of f i b r e s i n v o l v e d . Many 

myelinated f i b r e s a r e l e s s than 1 |xm and the mode i s 



0.87 (Jim i n the s i x months o l d toad and 1.11 fim i n the 

a d u l t . T h i s r e p r e s e n t s a downward s h i f t r e l a t i v e to the 

tadpole and i n d i c a t e s t h a t s m a l l e r f i b r e s a r e being mye­

l i n a t e d , although these i n c r e a s e i n diameter i n the a d u l t . 

Therefore, m y e l i n a t i o n i s not due to a stepwise growth. • 

F u r t h e r weight to t h i s idea i s provided by the f a c t t h a t 

/p decreases w i t h age, which shows t h a t myelin i s being 

added t o the sheaths to b r i n g more f i b r e s w i t h i n the 

p h y s i o l o g i c a l l y e f f i c i e n t range. Determination of whether 

m y e l i n a t i o n i s a stepwise p r o c e s s or not would r e q u i r e the 

study of many nerves, s i n c e i n the tadpole l e s s than a 

hundred f i b r e s a r e being myelinated a t any one time and 

t h i s f i g u r e i s even lower i n the a d u l t . 

During development of tadpole and a d u l t Xenopus the 

means and modes of the myelinated f i b r e diameter d i s t r i ­

butions change. During tadpole l i f e only the l a r g e s t 

f i b r e s a r e myelinated and then only s p a r s e l y . Large 

axons and the presence of a myelin sheath a r e u s u a l l y 

i n d i c a t i v e of a f a s t e r conduction v e l o c i t y . The trend 

of d e c r e a s i n g means and modes and i n c r e a s i n g numbers of 

myelinated f i b r e s w i t h age i n d i c a t e s t h a t s m a l l f i b r e s 

become myelinated with i n c r e a s i n g j u v e n i l e age. However, 

during maturity t h e r e i s a g e n e r a l i n c r e a s e i n the s i z e 

of the f i b r e s i n the population, hence producing a higher 

mean and mode than found a t s i x months of age. The 

i r r e g u l a r shape of the Stage 60 myelinated f i b r e h i s t o -



gram ( f i g . 2:4) may be p a r t l y due to the s h o r t e n i n g of the 

nerve c a u s i n g f i b r e s to a l t e r shape or to the degradation 

of p a r t i c u l a r myelin s h e a t h s . At Stage 66, the decrease 

i n the mean and the mode may be due to shrinkage of the 

l a r g e r f i b r e s or to t h e i r s e l e c t i v e l o s s and replacement 

by s m a l l e r f i b r e s . 

( i i ) The r e l a t i o n s h i p of myelin t h i c k n e s s 

to axon diameter during development 

The l i t e r a t u r e concerning the optimal t h i c k n e s s of 

myelin f o r a given s i z e of axon i s d i s c u s s e d i n d e t a i l 

by Rager (1976 a ) . From a t h e o r e t i c a l point of view, 

Smith and Koles (1970) have c a l c u l a t e d t h a t the r a t i o 

of axon diameter (d) to f i b r e diameter (D), / D , a t 

which the myelin sheath has a maximum e f f e c t of 

i n c r e a s i n g the conduction v e l o c i t y i s when the va l u e 

of f a l l s w i t h i n the range 0.6 to 0.8. 

Very few s t u d i e s have been c a r r i e d out on the 

r e l a t i o n s h i p between myelin t h i c k n e s s and axon diameter 

i n the o p t i c nerve during development. The two known 

s t u d i e s a r e both from endothermic animals, the c h i c k 

(Rager, 1976 a ) and the k i t t e n (Moore e t a l , 1976). 

The r e s u l t s of Rager i n d i c a t e t h a t the value of^0 f o r 

a v a r i e t y of axon diameters remains w i t h i n t h e o r e t ­

i c a l l y f a v o u r a b l e l i m i t s of Smith and Koles through-
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out development up to 80 days p o s t - h a t c h i n g . In comparison 

the r e s u l t s of Moore et a l i n d i c a t e t h a t g e n e r a l l y the 

v a l u e s o f f o r the t h r e e s i z e s of f i b r e s (2 \im, 4 (im and 

6 |im i n c i r c u m f e r e n c e ) have mean v a l u e s which a r e a t or 

above the upper l i m i t of the t h e o r e t i c a l v a l u e s of Smith 

and Koles. However, sometime between the 12th week of l i f e 

and adulthood, the t h i c k n e s s of the myelin i n c r e a s e s , and 

mean^9 v a l u e s of 0.68 to 0.74 can be c a l c u l a t e d . T h i s i s 

a s i m i l a r s i t u a t i o n to t h a t found here i n Xenopus. I n i t i a l 

m y e l i n a t i o n i s poor, but wi t h time the t h i c k n e s s i n c r e a s e s 

u n t i l i n a mature a d u l t the mean v a l u e i s a t an optimum. 

However, mean v a l u e s must be used w i t h c a u t i o n s i n c e the 

population may be d i s p e r s e d over a wide range or concentrated 

w i t h i n a s m a l l range and these f e a t u r e s of the d i s t r i b u t i o n 

cannot be determined from the mean alone. Mean v a l u e s 

become misleading when the popu l a t i o n s a r e skewed. Tapp 

(1974) found i n the o p t i c nerve of the t e l e o s t Eugerres 

t h a t the mean value o f w a s 0.67 but t h a t more than h a l f 

of the population f e l l o u t s i d e the t h e o r e t i c a l l i m i t s of 

Smith and Ko l e s . With r e s p e c t t o these two p o i n t s , n e i t h e r 

Rager (1976 a ) nor Moore et a l (1976) p u b l i s h the histograms 

of the r e l a t i o n s h i p of myelin t h i c k n e s s to axon diameter, 

but i n both c a s e s these a r e re p r e s e n t e d by mean v a l u e s . 

Moore e t a l (1976) show t h a t the degree of m y e l i n a t i o n i s 

p r o p o r t i o n a l t o the s i z e of the axon although the diameter 

of the f i b r e i n d i c a t e s t h a t the axon i s probably physio­

l o g i c a l l y i n e f f i c i e n t . 
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In the case of a Stage 58 tadpole the mean va l u e of 

i s high, which i n d i c a t e s t h a t , r e l a t i v e to the axon s i z e , 

the amount of myelin i s s m a l l . I n t a d p o l e s mature myelin 

comprises only s i x or seven l a m e l l a e . The mean v a l u e s of 

yO are 0.845 and 0.858 f o r the two nerves a t Stage 58 and 

0.833 a t Stage 60. The c o n c l u s i o n to be drawn i s t h a t 

the myelinated f i b r e s a r e not minimizing t h e i r conduction 

time e f f e c t i v e l y i n these nerves. I t i s i n t e r e s t i n g to 

note t h a t d u r i n g the period of myelin degradation a t Stage 

66, the mean va l u e of f> f a l l s t o 0.768. T h i s may be 

expl a i n e d i n terms of an i n c r e a s e i n the t h i c k n e s s of the 

myelin sheaths a l r e a d y p r e s e n t , although t h i s seems u n l i k e l y 

i n the l i g h t of the myelin degradation o c c u r r i n g a t t h i s 

time. Since the numbers of myelinated f i b r e s vary l i t t l e 

a t t h i s time, the decrease i n the va l u e ofp cannot r e s u l t 

from an i n c r e a s e i n the number of s m a l l e r myelinated f i b r e s . 

A l t e r n a t i v e l y , the myelinated f i b r e s a r e d e c r e a s i n g i n 

diameter, a p o s s i b i l i t y which i s supported by a decrease 

of one t h i r d i n the mean diameter. I n t h i s c a s e , the 

myelin sheath w i l l have i n c r e a s e d i n t h i c k n e s s r e l a t i v e 

to the axon diameter, and the mean va l u e o f f a l l s w i t h i n 

the optimal p h y s i o l o g i c a l range of Smith and Ko l e s . A f t e r 

metamorphosis has been completed the mean v a l u e of the 

r a t i o / D continues t o decrease and the d i s t r i b u t i o n 

becomes more d i s p e r s e d . I n the a d u l t a mean of 0.702 and 

a mode of 0.725 are r e a l i s e d , w i t h the m a j o r i t y of f i b r e s 

h a v i n g ^ v a l u e s which i n d i c a t e p h y s i o l o g i c a l e f f i c i e n c y i n 

terms of conduction v e l o c i t y . 
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The high v a l u e of / D may be an i n d i c a t i o n t h a t i n 

the tadpole t h e r e i s competition f o r the l i p i d p r e c u r s o r s 

which a r e r e q u i r e d f o r myelin formation. T h i s may a l s o be 

evidenced by the high v a l u e s of p i n the k i t t e n (Moore e t a l , 

1976). On the other hand, the v a l u e s of fi i n the c h i c k 

(Rager, 1976 a ) may be maintained i n the most e f f i c i e n t 

range by the l a r g e amounts of f a t w i t h i n the egg, which 

continue to be used as a food source a f t e r h a t c h i n g . The 

myelinated f i b r e s a t Stage 58 may a c t a s a l i p i d s t o r e f o r the 

m y e l i n a t i o n of other f i b r e s during and s h o r t l y a f t e r meta­

morphosis. On the other hand, the f a c t o r s which i n i t i a t e 

myelin degradation may have an e a r l i e r e f f e c t on the g l i a l 

c e l l s to prevent myelin sheath production. 

Growth of axons 

I t i s i n t e r e s t i n g to note t h a t during development 

the f i b r e diameter d i s t r i b u t i o n s change, although t h i s 

change i s not a r e s u l t of s t r a i g h t f o r w a r d growth. In 

tadpole l i f e the axons have s m a l l diameters when they a r e 

f i r s t produced but have grown to a l a r g e diameter by 

Stage 58 ( f i g s . 2:18 and 2:19). During and a f t e r - m e t a ­

morphosis the i n c r e a s e i n the s m a l l e r diameter f i b r e s 

can be a t t r i b u t e d to the i n f l u x of many axons which 

o r i g i n a t e from newly developed ganglion c e l l s . 

S i n c e throughout l i f e the animal i s growing 

c o n t i n u a l l y , and the eye becomes f u r t h e r and f u r t h e r 

removed from the b r a i n , any temporal r e l a t i o n s h i p s 

between the eye and the b r a i n would change, u n l e s s 
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the axons i n the o p t i c nerve a l t e r t h e i r conduction 

v e l o c i t i e s to compensate f o r t h i s change. Temporal 

r e l a t i o n s h i p s a r e present not only between the a f f e r e n t 

ganglion c e l l axons (Maturana e t a l 1960) but a l s o 

p o s s i b l y between the b r a i n and the eye, s i n c e e f f e r e n t s 

t o the r e t i n a a r e known to occur i n b i r d s (Cowan, 1971; 

Sohal, 1975) and i n snakes (Halpern e t a l , 1976). There 

i s a l s o some evidence, both s t r u c t u r a l (Maturana, 1958) 

and p h y s i o l o g i c a l (Ewert and Borchers, 1974 a ) f o r the 

presence of e f f e r e n t s i n the toad (Bufo bufo) o p t i c 

nerve. T h i s change to an i n c r e a s e d conduction v e l o c i t y 

i s most a p p l i c a b l e to myelinated f i b r e s , which have been 

a s s o c i a t e d w i t h the C l a s s I I I and C l a s s IV ganglion c e l l 

r esponses. Ewert and .Borchers (1974 a ) have shown t h a t the 

responses of these two ganglion c e l l c l a s s e s were i n h i b i t e d 

during b l i n k i n g . I t i s not only myelinated f i b r e s which 

a r e a f f e c t e d s i n c e the s i g n a l s c a r r i e d by unmyelinated 

f i b r e s w i l l have a d i f f e r e n t temporal r e l a t i o n s h i p 

r e l a t i v e to each other and to the myelinated f i b r e s . 

T h i s d i f f e r e n c e w i l l not a f f e c t the r e l a t i v e temporal 

spa c i n g of a f f e r e n t s i g n a l s , but could have a d r a s t i c 

e f f e c t on the a b s o l u t e temporal spacing of s i g n a l s . 

T h i s change i n the a b s o l u t e timing of a f f e r e n t 

impulses i s reduced by myelinated f i b r e s i n c r e a s i n g not 

only i n diameter but a l s o the amount of myelin surrounding 

the axon, so t h a t many f i b r e s f a l l w i t h i n the p h y s i o l o g i c a l l y 
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e f f i c i e n t range of v a l u e s o f p of 0.6 - 0.8 (Smith and 

Koles, 1970). Unmyelinated f i b r e s a l s o i n c r e a s e i n 

diameter i n adulthood (see f i g s . 2:16, 2:22 and 2:23). 

These p o i n t s should be viewed i n c o n j u n c t i o n w i t h the 

f a c t s t h a t when the ganglion c e l l axons a r e l a r g e i n 

the tadpole, the nerve i s long; when the nerve i s s h o r t , 

a f t e r metamorphosis, the diameters of the f i b r e p o pulations 

a r e s m a l l ( f i g s . 2:1 and 2:16). 

R e c o n s t r u c t i o n s of compound a c t i o n p o t e n t i a l s 

Since p h y s i c a l f a c t o r s a r e i n t i m a t e l y involved i n the 

conduction of a c t i o n p o t e n t i a l s i t i s p o s s i b l e to reco n ­

s t r u c t the compound a c t i o n p o t e n t i a l s of nerves p r o v i d i n g 

the f i b r e diameter d i s t r i b u t i o n s a r e known (Gasser and 

E r l a n g e r , 1927). R e c o n s t r u c t i o n s of the compound a c t i o n 

p o t e n t i a l s during development of the o p t i c nerves were 

attempted. The complex geometric r e c o n s t r u c t i o n of 

Gasser and E r l a n g e r (1927) was used f o r the a d u l t o p t i c 

nerve, but was found to be i n a p p l i c a b l e . The more prag­

matic method of Landau e t a l (1968) was a l s o used s i n c e 

favourable r e s u l t s had been obtained f o r the o p t i c nerve 

of the c a t (Landau e t a l , 1968; Hughes and Wassle, 1976), 

duck (O'Flaherty, 1971.) and t e l e o s t Eugerres (Tapp, 1974) 

and f o r the o p t i c t r a c t s of the c a t (Bishop e t a l , 1969). 

The method was found to be i n a p p l i c a b l e t o the o p t i c 

nerves of tadpole and a d u l t Xenopus. T h i s may be because 



the nerve c o n t a i n s a mixture of both myelinated and 

unmyelinated f i b r e s , although the l a t t e r a r e predominant. 

However, Vaney and Hughes (1976), i n t h e i r study of the 

r a b b i t o p t i c nerve, a l s o were unable to o b t a i n s a t i s f a c t o r y 

r e s u l t s using the method of Landau e t a l , even though the 

nerve c o n t a i n s predominantly (98%) myelinated f i b r e s . 

O v e r a l l comparison of the development of the 

o p t i c nerve of Xenopus w i t h t h a t of other animals 

In other s t u d i e s on the development of the v i s u a l 

system of other animals Rager (1976 a, b) f i n d s f o r the 

c h i c k t h a t the connexions have been made and could p o s s i b l y 

be f u n c t i o n i n g p r i o r to ha t c h i n g . However, i t has been 

reported t h a t growth of the c h i c k r e t i n a may continue 

p o s t - n a t a l l y (Morris e t a l , 1976). S i m i l a r s t u d i e s on 

the r a t have shown t h a t , although the v i s u a l system i s 

s t i l l immature a t the time of eye opening, the connexions 

have been made and a r e f u n c t i o n i n g (Weidman and Kuwabara, 

1968; Caley e t a l , 1972; Lund and Bunt, 1976). S i m i l a r 

r e s u l t s have been obtained f o r the c a t , although i n t h i s 

case i t i s known t h a t development proceeds a t an e x p l o s i v e 

r a t e a f t e r eye opening (Hubel and Wiesel, 1963; Donovan, 

1966; Glendenning and Norton, 1973; S t e i n e t a l , 1973; 

Norton, 1974; Pettigrew, 1974; Cragg, 1975) and t h a t the 

system i s e s p e c i a l l y v u l n e r a b l e to d e p r i v a t i o n (Hubel and 

Wiesel, 1970; Hubel e t a l , 1977) and i s probably s e n s i t i v e 



t o modified v i s u a l experience (Blakemore, 1974, 1977). 

However, i n Xenopus and other amphibia and some t e l e o s t 

f i s h , the s i t u a t i o n i s somewhat d i f f e r e n t s i n c e the eye 

i s f u n c t i o n a l during the period of i t s growth which 

continues i n t o adulthood ( H o l l y f i e l d . 1968, 1971; 

S t r a z n i c k y and Gaze, 1971; Jacobson, 1976; E a s t e r , 1977 

.Straznicky and Tay, 1977). 



CHAPTER I I I 

E l e c t r o p h y s i o l o g y of the developing o p t i c nerves 



INTRODUCTION 

Two previous s t u d i e s have been c a r r i e d out on the 

s i z e c l a s s e s of axons i n the o p t i c nerve of a d u l t and 

tadpole Xenopus (Gaze and P e t e r s , 1961; Wilson, 1971). 

I n c l u d i n g the f i n d i n g s presented here (Chapter 2 ) , a l l 

t h r e e r e p o r t s i n d i c a t e a s m a l l but s u b s t a n t i a l m yelin­

ated f i b r e component i n the tadpole nerve. P h y s i o l o g i c a l 

evidence (Chung, Keating and B l i s s , 1974) suggests t h a t 

p o s t s y n a p t i c a c t i v i t y from f a s t conducting myelinated 

axons i s absent from the o p t i c tectum p r i o r to Stage 59. 

T h i s r a i s e s the que s t i o n of whether the myelinated f i b r e s 

a r e f u n c t i o n a l i n the tadpole o p t i c nerve. T h i s was 

i n v e s t i g a t e d by attempting to r e c o r d the responses of 

thes e f i b r e s t o an e l e c t r i c a l s t i m u l u s a p p l i e d t o the 

nerve. 

S i n c e t h e r e i s some di s c r e p a n c y i n the l i t e r a t u r e 

concerning the conduction v e l o c i t i e s of f i b r e groups i n 

the o p t i c nerve of anurans ( a l l s p e c i e s of Rana, see 

Grus s e r and G r i i s s e r - C o r n e h l s , 1976) an attempt to d e t e r ­

mine the conduction v e l o c i t i e s of f i b r e s i n Xenopus o p t i c 

nerve would be u s e f u l f o r comparison. The r e s u l t s from 

both a d u l t and tadpole were a l s o c o r r e l a t e d w i t h the po s t ­

s y n a p t i c evoked p o t e n t i a l s i n the o p t i c tectum (see Chapte: 

5 ) . 



METHOD 

Two approaches were used to study the physiology of 

the o p t i c nerves; o n e to r e c o r d compound a c t i o n p o t e n t i a l s 

(CAPs) i n s i t u , and another to measure CAPs i n i s o l a t e d 

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

A. IN SITU RECORDINGS 

( i ) Two months of age and o l d e r 

The b r a i n s were exposed as d e s c r i b e d i n s e c t i o n *B' 

of the General Methods. The b r a i n r o s t r a l to the c e r e ­

bellum was removed by s u c t i o n and the l a t e r a l edges of 

the s k u l l were cut away. A s m a l l hole was made i n the 

s c l e r a of the eye to f a c i l i t a t e e ntry of a s t i m u l a t i n g 

e l e c t r o d e . The animals were immobilized by an i n j e c t i o n 

of 2-12 mg of s u c c i n y l c h o l i n e i n aqueous s o l u t i o n i n t o 

the d o r s a l lymph s a c . 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 

from the o p t i c nerves of toads were made w i t h the animals 

i n a i r and a t room temperature. A l l exposed s u r f a c e s were 

covered w i t h p a r a f f i n o i l . 



( i i ) Tadpoles and postmetamorphic 

toads up to two months of age 

The b r a i n s were exposed according to the procedure 

given i n s e c t i o n fB' of the General Methods. The b r a i n 

was removed and a s m a l l hole was made i n the eye. These 

i n d i v i d u a l s were immobilized w i t h 0.02 - 0.05 mg of 

d-tubocurarine (Duncan, F l o c k h a r t and Co. L t d . , London) 

administered by i n j e c t i o n i n t o the l e g i n young toads and 

behind the non-experimental eye i n t a d p o l e s (Gaze e t a l , 

•1974). CAPs were recorded from t a d p o l e s under Niu-Twitty 

s o l u t i o n . 

In animals of a l l ages the cranium was f i l l e d w i t h 

Niu-Twitty s o l u t i o n and the severed o p t i c nerve was drawn 

up i n t o a r e c o r d i n g s u c t i o n e l e c t r o d e . A s t e e l micro-

e l e c t r o d e , i n s u l a t e d to w i t h i n 5-10 Jims of the t i p , was 

introduced i n t o the eye through the hole i n the s c l e r a . 

The e l e c t r o d e was advanced i n 5 \im s t e p s towards the 

r e g i o n of the o p t i c nerve head u n t i l a maximal response 

to a 20 V 0.1 msec p u l s e could be recorded w i t h the s u c t i o n 

e l e c t r o d e . The i n d i f f e r e n t e l e c t r o d e was placed on the 

cornea i n toads and near to the eye i n t a d p o l e s . 

B. RECORDINGS FROM ISOLATED NERVES 

Recordings were made from i s o l a t e d nerves from animals 

up to a postmetamorphic age of two months. A f t e r t h i s time 
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i t i s too d i f f i c u l t to i s o l a t e the nerve i n t a c t . The b r a i n s 

were exposed and removed under Niu-Twitty s o l u t i o n a s d e s c r i b e d 

i n 'A' above. The o p t i c nerve and the eye were f r e e d from 

a l l the surrounding t i s s u e and the nerve sheath was loosened 

w i t h sharpened s t e e l p i n s to enable the nerve to be w i t h ­

drawn. A desheathed p r e p a r a t i o n was necessary t o prevent 

f o u l i n g of the s u c t i o n e l e c t r o d e s . For ease of handling 

the eye remained attached to the nerve u n t i l the l a t t e r 

was introduced i n t o the e l e c t r o d e s . 

The diameter of the i s o l a t e d nerve was measured u s i n g 

a c a l i b r a t e d eyepiece g r a t i c u l e . S u c t i o n e l e c t r o d e s were 

produced by breaking the t i p from a g l a s s m i c r o e l e c t r o d e 

and flame p o l i s h i n g the end. These e l e c t r o d e s were f i l l e d 

by i n j e c t i o n of Niu-Twitty s o l u t i o n and were i n s e r t e d i n t o 

the holder which contained a s i l v e r / s i l v e r c h l o r i d e w i r e . 

Each end of the nerve was then introduced i n t o a s e p a r a t e 

s u c t i o n e l e c t r o d e by reduced p r e s s u r e . The second s t i m u l ­

a t i n g e l e c t r o d e was placed a d j a c e n t to where the nerve 

emerged from the s u c t i o n e l e c t r o d e . The i n d i f f e r e n t 

e l e c t r o d e f o r r e c o r d i n g was p o s i t i o n e d so as t o reduce 

the s t i m u l u s a r t e f a c t to a minimum. 

P u l s e s were generated by a C.F. Palmer 8128 s t i m u l a t o r 

and were used to d r i v e a D e v i c e s I s o l a t e d S t i m u l a t o r Mark 

I I I , w i th a del a y . T h i s produced p u l s e s of up t o 90 V. 

The width of the s t i m u l a t i n g p u l s e was u s u a l l y maintained 

a t 50 usees, although o c c a s i o n a l l y a width of 100 usees 
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was used. The CAP s i g n a l s were a m p l i f i e d by 1,000 using 

a high input impedance a m p l i f i e r w i t h an input time constant 

of two seconds. For d i s p l a y and r e c o r d i n g the output was 

passed to a T e k t r o n i x 502A o s c i l l o s c o p e which was t r i g g e r e d 

by the C.F. Palmer s t i m u l a t o r . S i n g l e frame photographs 

were taken on Kodak 2495 RAR f i l m , w i t h a Nihon-Kohden PC-2A 

o s c i l l o s c o p e camera. 

The length of each o p t i c nerve was measured jln v i v o 

and i n v i t r o u s i n g a c a l i b r a t e d eye p i e c e g r a t i c u l e i n an 

Olympus stereomicroscope. The l e n g t h of the nerves, or 

d i s t a n c e between the e l e c t r o d e s , could be measured to 

w i t h i n an accuracy of 50 \im i n a l l -preparations except 

those i n v o l v i n g a d u l t s . 

Latency and hence conduction v e l o c i t y were determined 

and stimulus/response graphs were compiled from the photo­

graphs . 

C. HISTOLOGY 

A number of nerves were prepared f o r e l e c t r o n micro­

scopy i n order to c o r r e l a t e the nerve f i b r e s i z e d i s t r i b u t i o n 

w i t h the recorded CAP. For t h i s , nerves from which r e c o r d i n g s 

had been made i n s i t u were f i x e d jLn s i t u by immersion and were 

l e f t i n the same f i x a t i v e o v e r n i g h t . The nerves were then 

d i s s e c t e d from the animal and were l e f t i n f i x a t i v e f o r a 

f u r t h e r twelve hours, a f t e r which they were t r a n s f e r r e d to 

a dextrose/phosphate wash. i' ^ V i ' 

t 

timrin't 



I s o l a t e d nerves were f i x e d i n the r e c o r d i n g apparatus 

f o r 30 minutes w i t h c o l d f i x a t i v e , a f t e r which they were 

r e l e a s e d from the s u c t i o n e l e c t r o d e s . The nerves were 

kept i n the same f i x a t i v e f o r 24 hours and were then 

t r a n s f e r r e d - t o the dextrose/phosphate wash. 

A l l nerves were s t o r e d i n t h i s wash s o l u t i o n u n t i l a 

number had accumulated over a period of one week. They 

were then processed and embedded f o r e l e c t r o n microscopy 

a s d e t a i l e d i n s e c t i o n '£' of the General Methods. 

Measurements of myelinated and unmyelinated f i b r e s were 

c a r r i e d out a s d e s c r i b e d i n Chapter 1. 



RESULTS 

A. PHYSIOLOGICAL RECORDINGS 

Compound a c t i o n p o t e n t i a l s (CAP's) were recorded i n 

response to e l e c t r i c a l s t i m u l a t i o n i n 76 o p t i c nerves. 

In the case of 13 i n d i v i d u a l s , responses were obtained 

from both o p t i c nerves. The r e s u l t s from i n s i t u and 

i s o l a t e d p r e p a r a t i o n s were found to be s i m i l a r i n animals 

of the same s t a g e . Fourteen of the nerves from which the 

CAP was recorded were f i x e d f o r e l e c t r o n microscopy. 

D e t a i l e d a n a l y s i s of the f i b r e diameter d i s t r i b u t i o n 

of f i v e of these nerves were c a r r i e d out. 

The l e n g t h of the nerve between s t i m u l a t i n g and 

r e c o r d i n g e l e c t r o d e s was taken to be the conduction 

d i s t a n c e . Measurements of l a t e n c i e s were taken from 

o s c i l l o s c o p e t r a c e s photographed nt high swoop speeds. 

Photographs of responses were taken a t low sweep speeds 

f o r i l l u s t r a t i v e purposes. Latency measurements were 

always taken from the maximal response evoked, and 

measured w i t h r e s p e c t to the peak of the wave, s i n c e 



Fig. 3.1s Compound action potentials recorded in an 
adult Xeriopus optic nerve. 

(a) Sequence of compound action wave forms 
recorded from the adult optic nerve to two 
levels of stimulating voltage. The f i r s t 
record (10 V stimulus) reveals the short 
latency m-̂  potential at stimulus levels that 
do not stimulate the slower conducting fibres. 
The second record, at a higher stimulus 
voltage (60 V) reveals three additional 
conduction velocity groups, labelled nt,, u-^ 
and U 2 (the m-̂  wave i s obscured by the stimulus 
a r t i f a c t ) . The calibration scales apply to 
both records. 

(b) Stimulus voltage - amplitude plot for the 
four compound action waves. The waves, i n 
order of increasing threshold, are wave 
(curve 1), wave (curve 2), u-̂  wave (curve 3) 
and U p wave (curve 4). 
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the beginning of a p a r t i c u l a r wave was o f t e n obscured by 

another wave or the s t i m u l u s a r t i f a c t . Conduction v e l o c i t i e s 

were c a l c u l a t e d from the measured conduction d i s t a n c e d i v i d e d 

by the measured l a t e n c y . 

Adult 

The compound a c t i o n p o t e n t i a l recorded from the a d u l t 

Xenopus o p t i c nerve i n response to a low i n t e n s i t y s t i m u l u s 

(10 V) comprises a s m a l l negative d e f l e c t i o n of sh o r t 

l a t e n c y which i s p a r t i a l l y obscured by the s t i m u l u s a r t i ­

f a c t ( f i g . 3:1 a, 10 V ) . At a much higher s t i m u l u s i n t e n ­

s i t y (60 V ) , the f i r s t wave i s completely obscured by the 

st i m u l u s a r t i f a c t , and t h r e e waves w i t h longer l a t e n c i e s 

a r e apparent ( f i g . 3:1 a ) a t t h i s higher s t i m u l u s i n t e n s i t y . 

The four waves have conduction v e l o c i t i e s of 2.75, 1.2, 0.78 

and 0.25 ra/sec'and have been termed m̂ , m2, u^ and U2 

r e s p e c t i v e l y , i n accordance w i t h a study of the conduction 

v e l o c i t i e s i n the o p t i c nerve of Rana p i p i e n s (Chung, B l i s s 

and Keating, 1974). 

The responses of the four waves of the CAP to i n c r e a s i n g 

s t i m u l u s v o l t a g e s a r e given i n f i g u r e 3:1 b. From t h i s i t 

can be seen t h a t the four waves appear s e q u e n t i a l l y as the 

st i m u l u s v o l t a g e i s i n c r e a s e d . The f i r s t wave (n^) appears 

a t a s t i m u l u s v o l t a g e of 2 V and very r a p i d l y reaches a 

maximum amplitude a t 12 V. The second wave («i2) appears 

a t 14 V and the maximum response i s reached a t 30 V. The 

t h i r d wave (u, ) appears a t 20 V and i n c r e a s e s very s l o w l y 



t o a maximum a t 66 V. The f o u r t h wave ( u 2 ) appears i n 

response to a 24 V s t i m u l u s and becomes maximal a t 70 V. 

I t was p o s s i b l e to s t i m u l a t e a l l four groups maximally 

w i t h the 90 V a v a i l a b l e u s i n g p u l s e s of 50 or 100 usee 

only. 

These stimu l u s - r e s p o n s e r e c o r d i n g s demonstrate t h a t 

the wave has the lowest t h r e s h o l d and the f a s t e s t 

conduction v e l o c i t y , which suggest t h a t the f i b r e s 

producing t h i s wave a r e the l a r g e s t f i b r e s w i t h i n the 

o p t i c nerve. The t h r e s h o l d v a l u e s f o r the second, t h i r d 

and f o u r t h waves a r e p r o g r e s s i v e l y higher and the l a t e n ­

c i e s p r o g r e s s i v e l y longer. T h i s i n d i c a t e s t h a t the 

responses a r e recorded from groups of f i b r e s of d e c r e a s i n g 

diameter, the f o u r t h wave being d e r i v e d from the s m a l l e s t 

f i b r e s . 

Tadpoles 

Stage 48 

At Stage 48, only one CAP wave can be evoked i n the 

o p t i c nerve ( f i g . 3:2 a ) . The stimul u s - r e s p o n s e c h a r a c t e r ­

i s t i c s a r e e s s e n t i a l l y l i n e a r up to a s t i m u l u s of 8 V, and 

a maximal response i s obtained a t 12 V ( f i g . 3:2 b ) . The 

l a t e n c y to the peak of the wave i n d i c a t e s a conduction 

v e l o c i t y of 0.19 m/sec".' 



Fig. 3»2: Compound action potentials i n a stage 48 
tadpole optic nerve. 

(a) Compound action potentials recorded i n 
a stage 48 tadpole optic nerve to 
increasing stimulus voltage (stimulus 
voltage indicated below each record). 
Only one wave i s present i n a l l records. 
The conduction velocity of this compound 
action potential was 0.19 m/secf1 In a l l 
records the time of application of the 
stimulus i s marked by a small spot above 
the records. 

(b) Stimulus voltage - compound action potential 
amplitude plot for the stage 48 optic nerve 
illu s t r a t e d i n a. 
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Stage 50 

At Stage 50, e i t h e r one or two waves are evoked. 

F i g u r e 3:3 a shows a stim u l u s - r e s p o n s e s e r i e s w i t h the 

CAP c o n s i s t i n g of one wave only. T h i s i s r e p r e s e n t e d 

g r a p h i c a l l y i n f i g u r e 3:3 b which shows the s t i m u l u s -

response r e l a t i o n s h i p t o be asymptotic. The l a t e n c y 

to the peak of the wave g i v e s a conduction v e l o c i t y of 

0.14 m/sec.' F i g u r e 3:4 a i s an example of the CAP 

c o n s i s t i n g of two waves. The wave w i t h the lowest 

t h r e s h o l d has the s h o r t e s t l a t e n c y . Both waves show 

an asymptotic r e l a t i o n s h i p between the s t i m u l u s v o l t a g e 

and the response ( f i g . 3:4 b ) . The conduction v e l o c i t i e s 

of the two waves are 0.2 - 0.25 m/sec'and 0.14 m/sec.' 

T h i s second wave has the same conduction v e l o c i t y a s 

the s i n g l e wave recorded i n p r e p a r a t i o n s of the same 

stage i n which only one wave could be e l i c i t e d . 

Stage 54 

At Stage 54, the evoked CAP i s more complex ( f i g s . 

3:5 a, b ) . The f i r s t wave to be evoked o c c u r s i n 

response to a 4 V s t i m u l u s and the amplitude of the 

response shows an i n i t i a l r a p i d i n c r e a s e w i t h i n c r e a s i n g 

i n t e n s i t y and reaches asymptote a t 30 V. The second 

wave a l s o has a low t h r e s h o l d , appearing a t a s t i m u l u s 

i n t e n s i t y of 6 V. The response amplitude i n c r e a s e s 

r a p i d l y and l e v e l s o f f a t 40 V. The t h i r d wave, which 



Fig« 3« 3s Compound action potentials in a stage 50 
tadpole optic nerve. 

(a)- Records of compound action potentials 
in a stage 50 tadpole nerve to increasing 
values of stimulus voltage-(indicated 
beneath each record). I n this series 
only a single compound action potential 
i s recorded, whose conduction velocity 
i s 0.1*1 m/sec.'1 

(b) Stimulus voltage - compound action 
potential amplitude graph for the 
records il l u s t r a t e d i n a. 
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Fig. 3.4 s Compound action potentials i n a stage 50 
tadpole optic nerve. 

(a) Records of compound action potentials 
in a stage 50 tadpole nerve to 
increasing values of stimulus voltage 
(indicated beneath each record). In 
this series the compound action 
potential fractionates into two 
conduction velocity groups (0.25 m/sec""' 
and 0.14 m/sec1). 

(b) Stimulus voltage - compound action potential 
amplitude graph for the two potential 

• components illustrated in a. The lowest 
threshold group (labelled 1) corresponds 
to the wave with the shortest latency, 
(plotted as f i l l e d c i r c l e s ) . The longer 
latency wave B labelled 2- (solid squares). 
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ffig» 3-5: Compound action potentials i n a stage 5*< 
tadpole optIC nerve. 

(a) Compound action potentials recorded in 
a stage 5^ optic nerve at different levels 
of stinulus voltage (indicated below each 
record). At this stage three compound 
action potential groups, separated by 
their different time courses and latencies, 
can be observed. The conduction 
velocities of the waves are 1.13, 0.25 
and 0.15 m/aecr' 

(b) Stimulus voltage - compound action 
potential amplitude graph for the three 
waves recorded i n the series in a. The 
curves labelled 1 (solid triangles), 2 
(solid c i r c l e s ) and 3 (solid squares) are 
the stimulus voltage-amplitude relationships 
for the groups with conduction velocities 
of 1.13, 0.25 and 0.15 m/sec respectively. 
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i s p a r t i a l l y obscured by the second wave, s l o w l y i n c r e a s e s 

i n amplitude and i s evoked maximally a t about 70 V. At 

higher s t i m u l u s v o l t a g e s the amplitude of the wave d e c r e a s e s . 

The conduction v e l o c i t i e s of the t h r e e waves are 1.13, 0.25 

and 0.15 m/sec.' The very s h o r t l a t e n c y wave i s p o s s i b l y 

comparable to the m2 wave of the a d u l t . I f t h i s i s the 

c a s e , Stage 54 i s the e a r l i e s t age a t which rayje^_inated — ? 

f i b r e a c t i v i t y can be detected i n the tadpole o p t i c nerve. 

F i g u r e 3:6 shows the C AP^ recorded from both o p t i c 

nerves obtained from a Stage 54 animal. The responses 

obtained were s l i g h t l y sub-maximal, but s i m i l a r waveforms 

a r e produced i n the two n e r v e s . Two prominent waves are 

present i n each response, a f a s t conducting group (wave l ) 

w i t h conduction v e l o c i t i e s of 1.33 m/sec'for nerve ? a ' and 

1.2 m/sec'for nerve *b', and a slower group (wave 2 ) w i t h 
- I 

conduction v e l o c i t i e s of 0.3 m/sec f o r nerve ' a ? and 0.28 

m/sec'for nerve •b*. A t h i r d long l a t e n c y wave (wave 3 ) 

w i t h a conduction v e l o c i t y of 0.1 m/sec'is i n d i c a t e d i n 

the r e c o r d i n g s from both nerves. 

Stage 56 

At Stage 56, s i m i l a r responses to those obtained 

from the Stage 54 nerves can be evoked. The m2 wave 

can be evoked a t a very low s t i m u l u s i n t e n s i t y ( f i g . 

•3:7 a, b ) . T y p i c a l l y , the response amplitude r i s e s 

r a p i d l y w i t h s m a l l increments of the s t i m u l u s i n t e n s i t y , 



Fig. 3«6: Compound action potentials in both optic 
' nerves of a single stage 5*1 tadpole. 

(a) Compound action potential waves 
recorded from one nerve of a stage 5^ 
animal compared with the records 
obtained from the optic nerve on the 
opposite side (b). The calibration 
bars apply to both records. Labels 
1, 2 and 3 identify the nig, u-, and u 2 

waves respectively. 
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Fig. 3«7t Compound action potentials i n a stage 56 
tadpole optic nerve. 

(a) Records of compound action potential 
responses i n a stage 56 tadpole optic 
nerve to increasing values of stimulus 
voltage (indicated beneath each record). 
In this series i t i s clear that three 
distinct conduction velocity groups are 
present. (Conduction velocities 1.27> 
0.22 and 0.16 m/sec"). 

(b) Stimulus voltage - compound action potential 
amplitude plot for the tliree waves illustrated 
i n a. The lowest threshold group (solid 
triangle i s labelled 1) corresponds to the 
wave with the shortest latency (conduction 
velocity 1.27 m/sec). The curve labelled 
2 (solid c i r c l e s ) corresponds to the wave 
with a conduction velocity of 0.22 m/sec. 
The curve labelled 3 (solid squares) 
represents the long latency wave with a 
conduction velocity of 0.16 m/secT' This 
nerve was fixed after recordings and 
fibre diameters and numbers were counted. 
The structure i s ill u s t r a t e d i n figure 3.12. 
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108 
but no f u r t h e r i n c r e a s e can be produced by s t i m u l i g r e a t e r 

than about 40 V. At a s t i m u l u s of 10 V, the second wave 

appears. The responses of these two waves i n i t i a l l y 

i n c r e a s e and then l e v e l o f f . At higher s t i m u l u s i n t e n ­

s i t i e s (e.g. 30 V) a t h i r d longer l a t e n c y wave i s present-, 

which a t even higher i n t e n s i t i e s ( g r e a t e r than 75 V o l t s ) 

d e c r e a s e s , a s i n the Stage 54 nerve ( f i g . 3 : 6 ) . There i s 

a p o s s i b l e i n d i c a t i o n of a very long l a t e n c y f o u r t h wave 

i n the CAP's produced by 80 V and 90 V s t i m u l i ( f i g . 3:7 a ) , 

the conduction v e l o c i t y of which i s 0.1 m/sec' The l a t e n c -

c i e s of the t h r e e prominent waves i n d i c a t e conduction 

v e l o c i t i e s of 1.27, 0.22 and 0.16 m/sec7' 

Stage 58 

The CAP recorded from a Stage 58 tadpole comprises 

four waves ( f i g . 3:8 a ) . The f i r s t wave has a conduction 

v e l o c i t y of 1.43 m/sec,' and the amplitude r i s e s q u i c k l y 

i n response t o i n c r e a s e d s t i m u l i up t o 10 V. T h e r e a f t e r 

the amplitude of the response appears t o i n c r e a s e f o r a l l 

increments i n s t i m u l u s i n t e n s i t y . T h i s however i s a conse­

quence of the i n c r e a s i n g s t i m u l u s a r t i f a c t which i s super­

imposed on t h i s wave ( f i g . 3:% a, b ) . The second wave i s 

the most prominent and f i r s t appears i n response to a 20 V 

s t i m u l u s . I t s amplitude s t e a d i l y i n c r e a s e s w i t h i n c r e a s i n g 

s t i m u l u s i n t e n s i t y . The t h i r d wave f i r s t appears a t a 

s t i m u l u s of 30 V, and the f o u r t h wave a t 50 V. The second 



Fig. 3.8: Compound action potentials i n a stage 58 
tadpole optic nerve. 

(a) Representative waveforms produced with 
increasing stimulus voltages (values 
beneath each record). At this stage of 
development four waves are present, 
separated in time by their differing 
conduction velocities and hence latencies. 
The conduction velocities of these four 
waves are 1.43, 0.29, 0.2, and 0.1 m/sec7 

(b) Stimulus voltage - compound action 
potential amplitude graphs for the four 
waves illustrated i n the records of a. 
The numbers refer to descending conduction 
velocity groups i . e . curve 1 i s the group with 
the fastest conduction velocity (1.43 m/secf), 
curve 4 i s the group with the slowest 
conduction velocity (0.1 m/sec^. 
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.1 
and f o u r t h waves produce maximal responses.to a 75 V 

s t i m u l u s , whereas the maximal response of the t h i r d wave 

occurs a t about 85 V. The conduction v e l o c i t i e s of the 

second, t h i r d and f o u r t h waves a r e 0.29, 0.2 and 0.1 m/sec ' 

r e s p e c t i v e l y . The f o u r t h wave may be i d e n t i f i e d w i t h the 

f o u r t h wave from the Stage 56 tadpole CAP. The conduction 

v e l o c i t y (0.1 m/sec) i s v e r y low f o r a v e r t e b r a t e axon, 

and i t i s d i f f i c u l t to a s c r i b e i t to a p a r t i c u l a r group 

of f i b r e s . 
Stage 60 

The responses recorded from a Stage 60 ( f i g . 3:9 a ) 

o p t i c nerve a r e l e s s complex than those recorded from a 

Stage 58 nerve ( f i g . 3:8 a ) . At Stage 60, two p r i n c i p a l 

waves a r e p r e s e n t , w i t h an i n f l e x i o n on the second of 

these waves. The f i r s t wave has t y p i c a l response c h a r a c t e r ­

i s t i c s to a low s t i m u l u s i n t e n s i t y ( f i g . 3:9 b) w i t h a 

s t i m u l u s of 1 V being s u f f i c i e n t t o evoke a response. 

T y p i c a l l y , on f u r t h e r i n c r e a s e of the s t i m u l u s i n t e n s i t y 

the response r i s e s s h a r p l y to become maximal a t about 10 V 

( f i g . 3:9 a, b ) . The second wave i s evoked by a s t i m u l u s 

of 12 V and i n c r e a s e s i n amplitude up to an i n t e n s i t y of 

35 V when i t becomes maximal. However, at 20 V a. s m a l l 

i n f l e x i o n i s observed on the f a l l i n g phase of the second 

wave which i n c r e a s e s w i t h i n c r e a s i n g s t i m u l u s i n t e n s i t y 

and becomes maximal a t about 40 V. The conduction v e l o c i t i e s 

of these t h r e e waves, c a l c u l a t e d from t h e i r l a t e n c i e s a r e 
- I 

1.63, 0.27 and 0.19 m/sec r e s p e c t i v e l y . 



Fig. 3.9t Compound action potentials i n a stage 60 
tadpole optic nerve. 

(a) Representative waveforms evoked by a 
series of increasing stimulus voltages 
(stimulus voltage beneath each record). 
In this nerve only three clearly 
distinct conduction velocity groups 
are present (1.63, 0.27 and 0.19 m/se'd). 

(b) Stimulus voltage - compound action 
potential amplitude curves of the 
waves illustrated in a. The curves 
are numbered in order of their latencies 
(curve 1 i s the shortest latency wave, 
curve 3 i s the longest latency wave). 
This nerve was fixed after the records 
were taken and used for fibre diameter 
and number counts. 
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Stage 66 

At the end of metamorphic climax (Stage 6 6 ) , the CAP 

c o n s i s t s of two waves ( f i g . 3:10 a ) . The s h o r t e s t l a t e n c y 

wave appears a t a s t i m u l u s i n t e n s i t y of 4 V. For s m a l l 

increments i n s t i m u l u s i n t e n s i t y , the amplitude of the 

wave r i s e s d r a m a t i c a l l y to become maximal a t 15 V ( f i g . 

3:10 a, b ) . At 13 V, a second wave, which i s the more 

prominent of the two waves, emerges and i n i t i a l l y the 

incremental i n c r e a s e i n amplitude, w i t h i n c r e a s i n g 

s t i m u l u s i n t e n s i t y , i s s m a l l . However, above an i n t e n s i t y 

of 20 V the amplitude of the evoked wave i n c r e a s e s r a p i d l y 

u n t i l i t becomes maximal a t 50 V. The conduction v e l o c i t i e s 
-i -i a r e 1.13 m/sec and 0.25 m/sec f o r the two waves. I t should 

be noted t h a t i n f i g u r e 3:10 a the f i r s t evoked wave becomes 

i n c r e a s i n g l y a f f e c t e d by the a r t i f a c t above a 20 V s t i m u l u s 

and i s completely l o s t a t 40 V. 

J u v e n i l e Toads 

The o p t i c nerves of toads, up to the age of two months 

postmetamorphosis, produce e s s e n t i a l l y the same p a t t e r n of 

responses depicted f o r a Stage 66 i n d i v i d u a l ( f i g . 3:10). 

A f t e r the age of s i x months responses a r e t y p i c a l l y a d u l t . 

However, between these two ages e i t h e r two or t h r e e waves 

can be evoked i n response t o e l e c t r i c a l s t i m u l a t i o n . 



Fig. 3.10? Compound action potentials in a stage 66 
Optic nerve. 

(a) Representative waveforms recorded in 
response to a series of increasing 
stimulus voltages (sj^mulus voltage 
indicated beneath each record). In 
this metamorphic animal only two 
waves were evoked i n the optic nerve. 
The conduction velocities of these two 
waves are 1.13 and 0.25 m/sec 

Cb) Stimulus voltage - compound action potential 
amplitude curves of the two waves illustrated 
in a. Curve 1 (solid triangles) i s the 
short latency, low amplitude wave whose 
conduction velocity i s 1.13 m/sec".1 

Curve 2 (solid c i r c l e s ) i s the longer 
latency, greater amplitude wave whose 
conduction velocity i s 0.25 m/sec ."• 
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The r e s u l t s obtained from a l l the p h y s i o l o g i c a l 

experiments c a r r i e d out on the o p t i c nerves of tadpole 

and a d u l t Xenopus a r e shown di a g r a m m a t i c a l l y i n f i g u r e 

3:11. I t i s apparent t h a t t h e r e a r e two groups of 

conduction v e l o c i t i e s which can be recorded i n tadpole 

nerves. The responses i n the lower group can be recorded 

from the youngest animals s t u d i e d and a r e present through­

out l i f e . T h i s group i s continuous w i t h the Ug wave of 

the a d u l t , w i t h conduction v e l o c i t i e s f a l l i n g t y p i c a l l y 

i n the range 0.15 - 0.3 m/sec. 

The group w i t h conduction v e l o c i t i e s of about 1.2 

m/sec i s probably homologous w i t h the m2 f i b r e group 

of the a d u l t . I t i s i n t e r e s t i n g to note t h a t the CAP 

wave with a conduction v e l o c i t y of 1.2 m/sec'appears a t 

Stage 54 although t h e r e i s no evidence f o r conduction 

v e l o c i t i e s between 0.2 and 1.2 m/sec.' 

At Stage 66, a group w i t h conduction v e l o c i t i e s 

about 0.6 m/sec'appears, which can probably be i d e n t i f i e d 

w i t h the group i n the a d u l t nerve whose conduction v e l o c i t y 

i s 0.71 m/secT 1 

I t i s c l e a r from f i g u r e 3:10 t h a t i n the tadpole 

o p t i c nerve t h e r e are no v a l u e s which a r e comparable to 

the mean conduction v e l o c i t y of 2.68 m/sec'found i n the 

a d u l t Xenopus nerve. I n the two nerves from a Stage 55 



Fig. 3,11: Collected data for the conduction velocity 
groups present in various stages of 
developing optic nerves. In tadpoles 
younger than stage 5^ only one low 
conduction velocity group i s present 
(0.15 -0.3 m/sec 1solid c i r c l e s ) . This 
low conduction velocity group can be 
recorded i n the optic nerve throughout 
tadpole and adult l i f e . At stage 5^ 

. ;a second group of fibres (solid triangles) 
with a conduction velocity of 1.2 m/sec"' 
appears. In subsequent tadpole stages 
and i n adults this group of fibres i s a 
constant feature. In stage 66, and adult 

. animals a third conduction velocity group 
i s present (conduction velocity 0.6-0.7 
m/secJ1 open c i r c l e s ) . In the adult animal, 
in addition to the three groups mentioned 
above, a fourth short latency group can . 
be recorded (conduction velocity 2.68 m/secJ 
At stage 55 an intermediate conduction 
velocity of 2.68 m/sec"'(open c i r c l e ) i s 
present, wherea^ the conduction velocity 
group (1.2 m/sec) common to ages 5̂  to 
adult animals i s absent. The arrows at 
stages 56 and 57 indicate that two values 
for the low conduction velocity 'group have 
been measured, th i s i s a reflection of the 
fact that i n the nerves from these stages a 
number of independent waves with similar 
long latencies can be measured (see text). 
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tadpole an intermediate mean conduction v e l o c i t y of 0.47 

m/sec was obtained. At Stages 56 and 57 two v e l o c i t i e s 

a r e p l o t t e d f o r the f i b r e group ( f i g . 3:11) s i n c e a t t h i s 

time a number of independent waves could be d i f f e r e n t i a t e d 

and these waves f e l l i n t o two groups having conduction 

v e l o c i t i e s of about 0.2 and 0.3 m/sec.' 

B. ELECTRON MICROSCOPY OF EXPERIMENTAL NERVES 

A f t e r p h y s i o l o g i c a l experiments, 28 of the nerves 

used were prepared f o r e l e c t r o n microscopy, 14 of which 

were s t u d i e d , f i v e i n d e t a i l . The g e n e r a l q u a l i t y of the 

p r e s e r v a t i o n was good, e s p e c i a l l y of the axons which could 

be seen t o c o n t a i n microtubules and m i c r o f i l a m e n t s ( f i g . 

3:12). G l i a l c e l l p r o c e s s e s were absent i n many c a s e s 

and the e x t r a c e l l u l a r space had i n c r e a s e d . The g l i a l 

c e l l i l l u s t r a t e d ( f i g . 3:12) i s an a s t r o c y t e , and although 

s l i g h t l y damaged, i t s g e n e r a l appearance i s normal, w i t h 

an i n t a c t nucleus and p r o c e s s e s c o n t a i n i n g m i c r o f i l a m e n t s . 

Summarized i n Table 3:1 a r e the morphological f i n d i n g s of 

the Stage 50, 56 and 60 o p t i c nerves from which the e l e c t r o 

p h y s i o l o g i c a l r e s u l t s a r e given i n s e c t i o n A above. 



Fig. 3.12;• Electron mcrograph of a stage 56 tadpole 
experjjrierital optic nerve. 

The electron micrograph shows unmyelinated 
(U) and myelinated (A) fibres which contain 
microfilaments and microtubules. The 
myelinated fibres are surrounded by normal 
myelin (m). An astrocyte (AST) i s evident. 
A l l these features appear to be essentially 
normal when compared with non-experimental 
nerves (e.g. Fig, 1.15), although i n this 
figure the extracellular (ex) spaces have 
increased. 
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TABLE 3:1 

A summary of the conduction v e l o c i t i e s and the 

r e s p e c t i v e mean and modal diameters f o r both mye­

l i n a t e d and unmyelinated f i b r e s . The t a b u l a t e d 

r e s u l t s a r e d e r i v e d from three tadpole o p t i c nerves 

a t Stages 50, 56 and 60. The q u a l i t y of the p r e s e r ­

v a t i o n of the Stage 56 nerve can be observed i n 

f i g u r e 3:12. 
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Myelinated f i b r e s 

A l l myelinated f i b r e s from the t h r e e nerves shown i n 

Table 3:1 have s i m i l a r f i b r e diameter d i s t r i b u t i o n s w i t h 

the modal v a l u e s the same a t 1.35 jim. However, the mean 

v a l u e s a r e somewhat d i f f e r e n t , being 1.47 nm a t Stage 50, 

1.61 |im a t Stage 56 and 2.11 jim a t Stage 60. These v a l u e s 

i n d i c a t e t h a t , w h i l e the populations have s i m i l a r d i s t r i ­

b utions, the s i z e of the myelinated f i b r e s i n c r e a s e s w i t h 

age. Compound a c t i o n p o t e n t i a l s a t t r i b u t a b l e to the mye­

l i n a t e d f i b r e s could not be recorded i n the nerve from a 

Stage 50 tadpole. However, waves e l i c i t e d from myelinated 

f i b r e s were evident i n the r e c o r d i n g s from the o p t i c nerve 

of Stage 56 and Stage 60 animals and the l a t e n c y of the 

peaks of these waves i n d i c a t e conduction v e l o c i t i e s of 

1.27 and 1.63 m / s e c ' r e s p e c t i v e l y . 

Unmyelinated f i b r e s 

T able 3:1 a l s o c o n t a i n s data concerning the unmye­

l i n a t e d f i b r e s i n the same Stage 50, 56 and 60 nerves 

mentioned above. The modes of the f i b r e diameter d i s t r i ­

butions a r e v a r i a b l e , w ith v a l u e s of 0.175 jim a t Stage 50, 

0.15 \im a t Stage 56 and 0.23 jim a t Stage 60. The mean 

v a l u e s of the f i b r e p o pulations a r e l e s s e r r a t i c , being 

0.15 jim a t Stage 50, 0.20 jira a t Stage 56 and 0.22 jim a t 

Stage 60, which i n d i c a t e a t r e n d of i n c r e a s i n g f i b r e s i z e 

during development. 



The conduction v e l o c i t i e s of the unmyelinated f i b r e 

groups i n the developmental s e r i e s were somewhat more 

v a r i a b l e . At Stage 50, t h e r e i s a s i n g l e wave and the 

l a t e n c y of the peak i n d i c a t e s a conduction v e l o c i t y of 0.14 

m / s e c A t Stages 56 and 60, two c l e a r l y d i s c e r n a b l e waves 

a r e present, the peaks of which i n d i c a t e conduction v e l o ­

c i t i e s of 0.22 and 0.16 m/sec'for the Stage.56 nerve and 

0.27 and 0.19 m/sec'for the Stage 60 nerve. 



DISCUSSION 

S i m i l a r r e s u l t s were obtained i n response to e l e c t r i c a l 

s t i m u l a t i o n of the o p t i c nerve of a p a r t i c u l a r aged i n d i v i ­

d u al, whether the s t i m u l u s was a p p l i e d i n t r a o c u l a r l y and 

recorded i n t r a c r a n i a l l y , or whether the nerve was an i s o l a t e d 

p r e p a r a t i o n . The v a r i a t i o n s observed between p r e p a r a t i o n s 

were not a s s o c i a t e d w i t h one p a r t i c u l a r r e c o r d i n g s i t u a t i o n , 

and may be due to a number of reasons. I n a c c u r a c i e s may 

occur i n the measurement of the length of the o p t i c nerve* 

although f o r tadpole nerves the i n t e r e l e c t r o d e d i s t a n c e 

could be measured to w i t h i n an accuracy of 50 |xm. I n some 

c a s e s a s h i f t i n the l a t e n c y of the peak of the CAP was 

observed w i t h i n c r e a s i n g s t i m u l u s i n t e n s i t i e s . I t i s 

unknown whether t h i s i s due t o d i f f e r e n t i a l e x c i t a b i l i t y 

c h a r a c t e r i s t i c s of the popu l a t i o n of f i b r e s under study 

or whether i t i n d i c a t e s a s h i f t i n the s i t e of a c t i o n 

p o t e n t i a l i n i t i a t i o n . I f i t i s the l a t t e r c a s e , the 

conduction d i s t a n c e w i l l be l e s s than the i n t e r e l e c t r o d e 

d i s t a n c e and hence the conduction v e l o c i t y w i l l be over­

estimated. I n a c c u r a c i e s of t h i s nature d i m i n i s h w i t h 

i n c r e a s i n g lengths of the nerves used f o r study. 



I I 

I n a c c u r a c i e s may a r i s e a f t e r the nerve has been cut 

t o permit entry i n t o the s u c t i o n e l e c t r o d e s . A f t e r c u t t i n g , 

the nerve may shorten or t h e r e could be a p o s s i b l e r e t r a c t i o n 

of f i b r e s , e s p e c i a l l y i f they a r e h e l d under a s l i g h t t e n s i o n 

i n the animal. I f t h i s i s the case, the conduction v e l o c i t y 

w i l l be underestimated. One obvious disadvantage encountered 

i n Xenopus tadpoles was the n a t u r a l l y o c c u r r i n g change i n 

length of the nerve during maturation. At Stage 47, the 

nerve i s of the order of 2 to 2.5 mm i n length and may 

i n c r e a s e t o 7 mm a t Stages 57 to 58, a f t e r which i t s h o r t e n s 

a g a i n . Although a complete d e s c r i p t i o n of the CAP can be 

given a t a l l s t a g e s of development, comparison between 

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

Stages 57 to 58, i n comparison to Stages 47 and 66, enables 

g r e a t e r temporal s e g r e g a t i o n of the CAP i n t o a number of 

waves. On account of t h i s i t i s not known whether the 

presence of s m a l l minor peaks a t Stages 56 and 58 ( f i g s . 

2:6 a and 2:7 a ) are due to morphological changes o c c u r r i n g 

i n the nerve a t t h a t time or due to the more evident temporal 

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

I t i s very d i f f i c u l t to compare s t i m u l u s s t r e n g t h / 

response c h a r a c t e r i s t i c s q u a n t i t a t i v e l y because the s t i m ­

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

p r e p a r a t i o n s . However, i t i s p o s s i b l e to compare them 

q u a l i t a t i v e l y on the b a s i s of the order i n which the waves 

appear, t h e i r r e l a t i v e . p r o m i n a n c e and conduction v e l o c i t i e s . 
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There i s much con f u s i o n i n the l i t e r a t u r e concerning the 

conduction v e l o c i t i e s of ganglion c e l l axons i n the anuran 

o p t i c nerve, and t h i s c o n f u s i o n i s compounded by the d i f ­

f e r e n t c r i t e r i a s e t f o r l a t e n c i e s , the d i f f e r e n t methods 

of measurement and the d i f f e r e n t s p e c i e s used (see G r i l s s e r 

and G r u s s e r - C o r n e h l s , 1976). A v a r i e t y of f i n d i n g s have 

been made w i t h v a l u e s ranging from 12 to 0.2 m/sec 'in four 

r a n i d anurahs. The r e s u l t s which a r e most s i m i l a r to the 

present ones are those of T a s a k i (1970) who quotes conduction 

v e l o c i t i e s of 3.3, 1.4 and 0.24 m/sec'for Rana c a t e s b e i a n a . 

However, Chung, B l i s s and Keating (1974) quote minimum 

v a l u e s of 6, 2, 0.5 and 0.2 m/sec'for the four waves i n 

the o p t i c nerve of Rana p i p i e n s . 

From tadpole Stage 54, two main conduction v e l o c i t y 

groups a r e present i n Xenopus, w i t h v a l u e s of about 0.2 

and 1.2 m/seci C o r r e l a t i n g the data from the CAP's and 

the f i b r e diameter d i s t r i b u t i o n s i s not easy, except i n 

t h a t the two groups of conduction v e l o c i t i e s a t 1.2 and 

0.2 m/sec'can be a s s o c i a t e d w i t h the myelinated and unmye­

l i n a t e d f i b r e s r e s p e c t i v e l y . The f i b r e s which a r e e x c i t e d 

by the lowest s t i m u l u s i n t e n s i t y and a l s o have the s h o r t e s t 

l a t e n c y would be expected to be myelinated, s i n c e these a r e 

the l a r g e s t f i b r e s present (Katz, 1966). The f a c t t h a t the 

f i b r e s which have a conduction v e l o c i t y of 1.2 m/sec'in the 

a d u l t a r e myelinated (Chapter 5 ) a l s o g i v e s grounds f o r 

su r m i s i n g t h a t the f a s t e s t conducting group i n the tadpole 

a f t e r Stage 54 i s myelinated. 



V e r t e b r a t e unmyelinated f i b r e s commonly conduct 

impulses a t 0.2 to 0.5 m/sec.' E c c l e s et a l (1966), 

Freeman (1969), K i t a e e t a l (1969), Nicholson and L l i n a s 

(1971), Shepherd (1974), Vanegas and Williams (1977) and 

other workers studying the o p t i c nerve of anurans have 

encountered conduction v e l o c i t i e s which f a l l w i t h i n 

these v a l u e s ( P e r e t z , 1961; t e r Keurs, 1970; T a s a k i , 

1970; Chung, B l i s s and Keating, 1974). Comparisons a r e 

made more d i f f i c u l t by the presence of the four conduction 

v e l o c i t y groups obtained from an a d u l t o p t i c nerve, but of 

only two population f i b r e s i z e s of myelinated and unmye­

l i n a t e d f i b r e s . I n the two populations of over 1,000 and 

2,000 measurements, no subpopulations were apparent 

morphologically (see Chapter 2 ) . The only p o s s i b i l i t y 

which remains i s t h a t , w i t h i n these two groups, four 

groups of f i b r e s w i t h d i f f e r e n t e x c i t a b i l i t y and 

conduction c h a r a c t e r i s t i c s a r e p r e s e n t . 

From f i g u r e 3:11, i t i s c l e a r t h a t the myelinated 

f i b r e response s t a r t s a t Stage 54. The f a s t component 

of the CAP was recorded from a l l f i v e Stage 54 nerves 

s t u d i e d . I n the Stage 50 nerve, which was s t u d i e d by 

e l e c t r o n microscopy, 97 myelinated f i b r e s were present 

although no response could be recorded from them. I t i s 

p o s s i b l e t h a t these f i b r e s a r e not capable of supporting 

a c t i o n p o t e n t i a l propagation, although t h i s i s u n l i k e l y , 

s i n c e much s m a l l e r unmyelinated f i b r e s c a r r y a c t i o n 
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p o t e n t i a l s r e a d i l y . A l t e r n a t i v e l y , t h e r e a r e not enough 

myelinated f i b r e s present t o r e g i s t e r a response w i t h the 

present experimental methods. I t i s u n l i k e l y t h a t the 

numbers of myelinated f i b r e s present i n t h i s nerve a r e 

unusually high, s i n c e a count on another Stage 50 o p t i c 

nerve produced 11 myelinated f i b r e s , and Wilson (1971) 

i n her study counted 30 and 72 myelinated f i b r e s i n two 

Stage 52 n e r v e s . The r e c o r d i n g of responses from Stage 

54 myelinated f i b r e s may be due to one of two p o s s i b i l i t i e s , 

t h a t i t i s a t t h i s stage t h a t they s t a r t to conduct a c t i o n 

p o t e n t i a l s , or t h a t they a r e present i n s u f f i c i e n t numbers 

to r e g i s t e r a response. The l a t t e r i s the more probable, 

s i n c e myelinated f i b r e s u s u a l l y f u n c t i o n as unmyelinated 

f i b r e s before developing a myelin sheath (Rager, 1976 a, b ) . 

However, t h i s does not take i n t o account the absence of a 

f a s t conducting group i n the Stage 55 o p t i c nerve s t u d i e d . 

The responses recorded a t t h i s stage included a wave w i t h 

an intermediate conduction v e l o c i t y of 0.47 m/sec' The 

two Stage 55 nerves used f o r r e c o r d i n g CAP's were obtained 

from the same animal. I t i s u n l i k e l y t h a t t h i s v e l o c i t y i s 

a r t i f i c i a l l y low because of shrinkage of the nerve, because 

the unmyelinated f i b r e conduction v e l o c i t i e s were a s expected 

a t 0.21 and 0.22 m/sec.' A l t e r n a t i v e l y , the wave r e p r e s e n t s 

a genuine c l a s s of f i b r e s which a r e p o s s i b l y i n the process 

of forming myelin or a r e only myelinated f o r a p a r t of t h e i r 
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length, which would produce a mixture of s a l t a t o r y and 

continuous conduction. From Stage 56 onwards, conduction 

v e l o c i t y , groups of about 1.2 m/sec were present i n a l l 

p r e p a r a t i o n s s t u d i e d . 

At Stage 55, a response can o c c a s i o n a l l y be recorded 

whose conduction v e l o c i t y i s 0.6 m/sec] although t h i s 

response i s absent i n f i g u r e 3:9 a. T h i s group may be 

a c l a s s of f i b r e which "matures" p h y s i o l o g i c a l l y from 

the other f i b r e s of the u 2 group a t t h i s time, by d e v e l ­

oping lower t h r e s h o l d e x c i t a b i l i t y and i n c r e a s e d conduction 

v e l o c i t y c h a r a c t e r i s t i c ' s . T h i s group i s probably homologous 

w i t h the u^ group found i n the a d u l t opt.ic nerve which has 

a conduction v e l o c i t y of 0.71 m/sec.' The f a s t ( n ^ ) 

conduction v e l o c i t y group (2.75 m/sec') of the a d u l t o p t i c 

nerve can only be recorded i n animals of s i x months of age 

or more. However, i t s absence i n r e c o r d i n g s from tadpoles 

i s not n e c e s s a r i l y an i n d i c a t i o n t h a t the f i b r e s c o n t r i b u t i n g 

to the wave are only present i n the a d u l t . I n r e c o r d i n g 

CAP*s, o c c a s i o n a l l y very f a s t responses (up t o about 3 m/sec) 

could be recorded, but could not be maintained f o r a s u f f i c i e n t 

l ength of time to study them i n d e t a i l . The s h o r t n e s s of the 

nerves from which r e c o r d i n g s were taken, e s p e c i a l l y i n animals 

j u s t p r i o r t o and j u s t a f t e r metamorphosis, precluded the 

r e c o r d i n g of f a s t conducting f i b r e s . For example the le n g t h 

of some nerves from metamorphic animals from which r e c o r d i n g s 

were made was only 800 Jim. 



The presence of waves w i t h long l a t e n c i e s which 

i n d i c a t e conduction v e l o c i t i e s below 0.2 m/sec'at Stages 

54, 56 and 58 f o r example ( f i g s . 3:5 a, 3:7 a and 3:8 a ) , 

suggest t h a t these f i b r e s may be s m a l l and immature. 

Evidence f o r t h i s was obtained by using r e p e t i t i v e 

s t i m u l i . W h i l s t the group of the a d u l t and most 

tad p o l e s could s u s t a i n a response a t a s t i m u l u s frequency 

of up to 10 to 50 Hz, these long l a t e n c y groups could only 

be s t i m u l a t e d to give comparable responses each time a t a 

frequency of 0.5 to 1 Hz. The long l a t e n c y and s u s c e p t ­

i b i l i t y of impulse propagation suggest t h a t t h e s e f i b r e s 

a r e of very s m a l l diameter. 

When the f i b r e diameter data f o r the Stage 50 and 

Stage 60 nerves a r e compared w i t h t h e i r non-experimental 

c o u n t e r p a r t s , i t can be seen t h a t the myelinated f i b r e s 

have s i m i l a r mean v a l u e s , whereas the unmyelinated f i b r e s 

a r e approximately one t h i r d s m a l l e r i n the case of the 

experimental nerves. 

The shrinkage e f f e c t s obtained w i t h the m a t e r i a l 

prepared f o r e l e c t r o n microscopy may cause some a n x i e t y 

about the e f f e c t s of using p r e p a r a t i o n s i n Niu-Twitty 

s o l u t i o n . However, i t i s more l i k e l y t h a t the shrinkage 

of the unmyelinated f i b r e s i s caused by the f i x a t i o n and 

dehydration of the t i s s u e f o r e l e c t r o n microscopy. S i n c e 

the r e s u l t s of experiments c a r r i e d out on i n s i t u and 

i s o l a t e d p r e p a r a t i o n s were s i m i l a r , and the Niu-Twitty 

s o l u t i o n only came i n t o c o n t a c t w i t h the i n t r a c r a n i a l 



p o r t i o n of the o p t i c nerve i n the i n s i t u p r e p a r a t i o n s , 

i t i s j u s t i f i e d t o regard the Niu-Twitty s o l u t i o n a s 

having no e f f e c t on the physiology of the nerve. 

However, no r i g o r o u s c o n t r o l experiments were c a r r i e d 

out to explore t h i s p o s s i b i l i t y f u r t h e r . 

The a b i l i t y of myelinated f i b r e s i n the o p t i c nerve 

to conduct impulses a t Stage 54 i s of p a r t i c u l a r i n t e r e s t 

s i n c e a p o s t s y n a p t i c component d e r i v e d from myelinated 

f i b r e s cannot be recorded i n the o p t i c tectum p r i o r to 

Stage 59 (Chapter 5; Chung, Keating and B l i s s ( 1 9 7 4 ) ) . 

T h i s i m p l i e s t h a t these f i b r e s e i t h e r p r o j e c t elsewhere 

i n the b r a i n or a r e s y n a p t i c a l l y n o n - f u n c t i o n a l (see 

g e n e r a l d i s c u s s i o n ) . Another i n t e r e s t i n g f i n d i n g was 

the absence of any overt e f f e c t of the a b e r r a n t myelin 

reported t o be present a t metamorphosis i n Chapter 1. 
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