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CHAPTER IV 

Development of the r e c e p t i v e f i e l d p r o p e r t i e s of r e t i n a l 

g anglion c e l l s 
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INTRODUCTION 

Few 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 developing v e r t e b r a t e r e t i n a . Hamasaki and F l y n n 

(1977) s t u d i e d the k i t t e n r e t i n a and found t h a t the 

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

those of a d u l t s , however, the i n h i b i t o r y r e g i o n s were 

underdeveloped and the ganglion c e l l d i s c h a r g e s were 

" s l u g g i s h " . 

S t u d i e s on developing r e t i n a s have mainly concentrated 

on amphibians. S t u d i e s of the developing r e t i n a of Xenopus 

have been mainly concerned w i t h the time of o r i g i n and 

l o c a t i o n of developing ganglion c e l l s ( H o l l y f i e l d , 1971; 

S t r a z n i c k y and Gaze, 1971; Jacobson, 1976; S t r a z n i c k y and 

Tay, 1977). Other s t u d i e s have examined the u l t r a s t r u c t u r a l 

p a t t e r n of s y n a p t i c connexions ( F i s h e r , 1976). Witkovsky 

et a l (1976) have c o r r e l a t e d t h e i r u l t r a s t r u c t u r a l f i n d i n g s 

w i t h the development of the e l e c t r o r e t i n o g r a m (ERG) and 

have shown t h a t the photoreceptors f u n c t i o n a t Stage 38 

p r i o r t o synapse development and t h a t photoreceptor s y n 

a p t i c ribbons were present and f u n c t i o n a l a t Stage 39. 
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F i s h e r (1976) s t u d i e d the inner p l e x i f o r m l a y e r 

of Xenopus r e t i n a and found t h a t synapse formation 

i n c r e a s e d e x p l o s i v e l y a t Stage 40, and t h a t the r a t e 

of i n c r e a s e i n the numbers of synapses f e l l a f t e r 

Stage 47 i n the r e g i o n of the c e n t r a l r e t i n a . However, 

the r e t i n a i s by no means s t r u c t u r a l l y mature a t t h i s 

s t a g e . 

In view of the evidence of previous work e s t a b l i s h i n g 

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

developing r e t i n a and t e c t a l input i t should be p o s s i b l e 

to examine the responses and a s s e s s the extent to which 

v i s u a l i nformation i s processed and t r a n s m i t t e d to the 

tectum a t v a r i o u s s t a g e s during development. The responses 

of r e t i n a l ganglion c e l l s were s t u d i e d throughout develop

ment s i n c e i t was c l e a r t h a t the r e c e p t i v e f i e l d p r o p e r t i e s 

of tadpole ganglion c e l l s were very d i f f e r e n t t o those 

recorded i n the a d u l t . 



METHOD 

A. PREPARATION OF THE ANIMAL 

( i ) Adults 

Animals were prepared i n order to expose the o p t i c 

tectum to enable the r e c o r d i n g of a c t i o n p o t e n t i a l s from 

ganglion c e l l t e r m i n a l s . A d u l t s of a t l e a s t two months 

of age were a n a e s t h e t i z e d w i t h e t h e r . The eyes were 

s h i e l d e d from the d i s s e c t i n g l i g h t and the s k i n o v e r l y i n g 

the s k u l l and the surrounding muscle was removed. The two 

l a r g e d o r s a l blood v e s s e l s were sutured and c u t . The 

d o r s a l s u r f a c e of the s k u l l was removed w i t h the a i d of a 

d e n t a l burr, and the f o r e b r a i n was -removed by s u c t i o n . 

2-12 mg of s u c c i n y l c h o l i n e were adm i n i s t e r e d to the 

d o r s a l lymph s a c to immobilize the p r e p a r a t i o n . Cotton 

threads soaked i n X y l o c a i n e ( A s t r a ) were placed along a l l 

cut edges. A l l exposed s u r f a c e s , e s p e c i a l l y the eyes, 

were covered w i t h p a r a f f i n o i l . The animal was then draped 

w i t h a f r e s h medical wipe t i s s u e and placed i n a shallow 

bath c o n t a i n i n g Niu-Twitty s o l u t i o n . 
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( i i ) Tadpoles and toads up to two months of age 

The toads were a n a e s t h e t i z e d by e t h e r and the tadpoles 

by immersion i n a 1:1000 (w/v) s o l u t i o n of MS 222. A l l 

i n d i v i d u a l s were half-submerged i n a Niu-Twitty s o l u t i o n . 

The s k i n o v e r l y i n g the b r a i n was cut away and the roof of 

the s k u l l which r e q u i r e d g e n t l e b u r r i n g i n o l d e r j u v e n i l e s 

was cut and removed. The f o r e b r a i n was removed by s u c t i o n 

and the animals were immobilized with 0.02 - 0.05 mg d-tubo-

c u r a r i n e . T h i s was i n j e c t e d i n t o the t h i g h i n young toads 

and behind the non-experimental eye i n t a d p o l e s . Many of 

these animals were then placed i n a g l a s s hemisphere 

(Beazley et a l , 1972; Gaze e t a l , 1974). With a Syl g a r d 

(Dow Corning) base and f i l l e d w i t h Niu-Twitty s o l u t i o n . 

The. p i a of Xenopus tad p o l e s i s tough and e l a s t i c and 

when platinum-tipped indium e l e c t r o d e s were used p e n e t r a t i o n 

of the t e c t a l membrane was o f t e n accompanied by l o s s of the 

Platinum t i p . I t was t h e r e f o r e decided to attempt to s o f t e n 

the membrane by d i g e s t i o n (Chung et a l , 1975; George, 1970) 

w i t h Protease Type 1 (Sigma). Over a f i v e minute period a 

s o l u t i o n of protease (10 mg/ml) i n Niu-Twitty s o l u t i o n was 

dropped ge n t l y onto the t e c t a l s u r f a c e using a P a s t e u r 

p i p e t t e . The p r e p a r a t i o n was then t r a n s f e r r e d to Niu-Twitty 

s o l u t i o n to wash. 

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

used i n t h i s study f o r comparison. These were prepared i n 

a s i m i l a r manner, but were immobilized w i t h 0.05 - 0.5 mg of 

d-tubocurarine, the q u a n t i t y depending on the time of year. 
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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 was delayed f o r h a l f an 

hour a f t e r o p e r a t i v e surgery i n a d u l t s and f o r f i v e t o ten 

minutes i n tadpoles to allow the animals to re c o v e r from the 

a n a e s t h e t i c . 

B. ELECTRODES 

M e t a l - i n - g l a s s p i p e t t e s and s t a i n l e s s s t e e l r e c o r d i n g 

e l e c t r o d e s were used t o i n v e s t i g a t e the l o c a t i o n of ganglion 

c e l l t e r m i n a l s i n the o p t i c tectum. 

( i ) M e t a l - i n - g l a s s p i p e t t e s 

The e l e c t r o d e s comprised a mixture of indium (BDH) and 

Woods metal (BDH) i n g l a s s m i c r o p i p e t t e s and were manufactured 

acc o r d i n g to a method s i m i l a r t o t h a t of Gesteland e t a l 

(1959). 

The m i c r o p i p e t t e s were produced from b o r o s i l i c a t e g l a s s 

tubing w i t h an i n t e r n a l diameter of 1 mm, usi n g an automatic 

g l a s s p u l l e r . The t i p s of the mi c r o p i p e t t e s were broken to 

give a diameter of approximately 3 jim. 

The Woods metal and indium were heated to a temperature 

s l i g h t l y above t h e i r melting point and the l i q u i d was drawn 

up i n t o a PVC tubing which had an i n t e r n a l bore s l i g h t l y 

s m a l l e r than that of the m i c r o p i p e t t e s . A f t e r c o o l i n g , the 

PVC tubing was gen t l y c u t away and the Woods metal/indium 

a l l o y w i r e was i n s e r t e d i n t o the m i c r o p i p e t t e . Tinned 
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copper wire was used t o f o r c e the a l l o y to the t i p of the 

m i c r o p i p e t t e which was then warmed on the b i t of a s o l d e r i n g 

i r o n . Firm p r e s s u r e was a p p l i e d t o the t i n n e d copper, w i r e 

u n t i l a s m a l l bubble of a l l o y appeared a t the t i p and the 

copper w i r e became embedded i n the a l l o y . The m i c r o p i p e t t e 

was removed from the heat and p r e s s u r e was maintained u n t i l 

the a l l o y had s o l i d i f i e d . 

These e l e c t r o d e s were p l a t e d i n d i v i d u a l l y p r i o r to use. 

Each e l e c t r o d e was p l a c e d i n a microdrive and the t i p was 

lowered to the s u r f a c e of an aqueous s o l u t i o n of 1% a u r i c 

potassium cyanide (BDH). A negative 3V square wave pu l s e 

t r a i n a t a frequency of 1 KHz was a p p l i e d t o the t i p f o r 

15-30 seconds from a Servomex waveform generator type LF 

141. A carbon rod was used a s the i n d i f f e r e n t e l e c t r o d e . 

T h i s process was repeated u s i n g a s o l u t i o n of 1% c h l o r o -

p l a t i n i c a c i d (BDH) c o n t a i n i n g 0.01% (w/v) lead a c e t a t e 

and a few granules of g e l a t i n . The g e l a t i n was d i s p e r s e d 

throughout the s o l u t i o n by the heat of the bench l i g h t . 

A negative square wave of 1.5V produced from the same wave

form generator was used t o p l a t e the e l e c t r o d e t i p w i t h 

platinum. The a l t e r n a t i n g c u r r e n t which passed through 

the t i p was monitored on an o s c i l l o s c o p e and was used to 

determine the e l e c t r o d e impedance. P l a t i n g was continued 

u n t i l the impedance was reduced to about 100 Ksi.. The 

e l e c t r o d e s were viewed under a microscope and any t i p s 

which were too l a r g e or uneven were removed and r e p l a t e d . 

E l e c t r o d e s produced i n t h i s manner were used immediately. 
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( i i ) S t a i n l e s s s t e e l e l e c t r o d e s 

S t a i n l e s s s t e e l e l e c t r o d e s were prepared a c c o r d i n g 

to the method of E. S c h i i r g - P f e i f f e r ( p e r s o n a l communication) 

S i z e '0' i n s e c t p i n s were cleaned i n acetone and the heads 

were dipped r e p e a t e d l y 2-3 mm i n t o a 25% s o l u t i o n of hydro

c h l o r i c a c i d ( v / v ) . An a l t e r n a t i n g c u r r e n t of 3A d r i v e n by 

12V from a Radford Lab 59 R Labpack was passed between the 

i n s e c t p i n and-a copper c o i l i n the a c i d . A f t e r a s m a l l 

spark had passed between the p i n and the e t c h i n g f l u i d , 

the p i n was dipped i n the a c i d twice more, washed i n 

d i s t i l l e d water and observed under a microscope. E t c h i n g 

was continued u n t i l a t i p diameter of 1-2 |xm was produced. 

Some e l e c t r o d e s were p o l i s h e d i n a mixture of H^PO^, 

H 2S0 4 and water i n the r a t i o 21:17:12 (Cross and S i l v e r , 

1963). These e l e c t r o d e s seemed to have no improved 

q u a l i t i e s over unpolished e l e c t r o d e s , and t h e r e f o r e the 

method was d i s c o n t i n u e d . 

The e l e c t r o d e s were i n s u l a t e d by immersion i n a 50% 

s o l u t i o n of I n s l - X and acetone. They were removed and 

r a p i d l y i n v e r t e d and allowed to dry i n a i r . P r i o r to 

use the e l e c t r o d e t i p was ge n t l y wiped on a s o f t p i e c e 

of paper. T h i s enhanced the s i g n a l to n o i s e r a t i o , 

presumably by removing a l i t t l e of the i n s u l a t i o n . 



C. VISUAL STIMULI 

V i s u a l s t i m u l i were b l a c k paper d i s c s mounted on g l a s s 

wands, v a r y i n g i n s i z e from 2°-30° of v i s u a l a r c . These 

s t i m u l i were moved manually i n f r o n t of a tangent s c r e e n 

which was p o s i t i o n e d 28 cm from the eye of the animal. 

T h i s s c r e e n was matt white and was flooded by l i g h t w i t h 
-2 

a luminance of 4.8 cd»m and could be dimmed over a range 

of $ l o g u n i t s . 

The c r i t e r i o n f o r the edge of the r e c e p t i v e f i e l d of 

a neuron under study was s e t a s the p o s i t i o n of the l e a d i n g 

edge of the d i s c when the f i r s t s p i k e was recorded. When 

d e l i n e a t i n g a r e c e p t i v e f i e l d , each scan of the wand i n a 

p a r t i c u l a r d i r e c t i o n was not repeated u n t i l one minute had 

e l a p s e d . 

Neuronal responses i n a d u l t s , and where p o s s i b l e i n 

young toads and t a d p o l e s , were c l a s s i f i e d a c cording to the 

scheme of G r i i s s e r and G r i i s s e r - C o r n e h l s (1976), which i s 

o u t l i n e d i n f i g u r e 4:1. 

These two t e s t s c o n s i s t e d of the responses to the 

s w i t c h i n g o f f and on of the background i l l u m i n a t i o n and 

the response to the movement of a s m a l l b l a c k o b j e c t (2°) 

i n t o the r e c e p t i v e f i e l d . However, c l a s s I and I I c e l l s 

a r e extremely s e n s i t i v e to s l i g h t movements of the wand. 

T h i s problem was overcome by a t t a c h i n g a b l a c k s t i m u l u s 



Fig. 4.1; Schematic diagram of the responses of adult 
amphibian retinal ganglion c e l l s . 

Two tests were used routinely to cl a s s i f y the 
responses of adult Xenopus retinal ganglion c e l l s . 
The two tests were either the switching on and 
off of background illumination (a) or moving 
a 2° black target into the receptive f i e l d and 
holding i t stationary (b). 

(a) Class I and I I ganglion c e l l s do not respond 
to the switching on and off of the background 
illumination. Class I I I ganglion c e l l s have 
a phasic response to both the 'on' and 'off 1 

of the light. Class IV units have a 
maintained low level discharge i n the dark 
(start of trace) which i s inhibited by the 
light 'on'. When the light i s switched 
off an intense discharge i s produced, the rate 
of which decreases to the level prior to the 
light 'on'. 

(b) Class I and I I ganglion c e l l s respond with a 
discharge of action potentials when a small (2°) 
black object i s moved into the receptive f i e l d 
and this discharge i s maintained i f the object i s 
beld stationary. Class I and I I response may be 
distinguished from each other by cojnbining the 
test illustrated i n (a) with that i n (b) since 
class I I show the phenomenon of 'erasability' 
(Maturana et a l , 1960). Class I ganglion c e l l s 
produce the maintained discharge when a aiiiall 
object i s moved into the receptive f i e l d , when 
the background illumination i s switched off the 
response stops, however at 'on' the response 
continues. In contrast, after the discharge has 
stopped at light ' o f f i n Class I I ganglion c e l l s , 
at light 'on' no further discharge i s produced. 
Class I I I ganglion c e l l s give only a transient 
response to the movement of the target. Class IV 
ganglion c e l l s do not respond to this stimulus. 
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o b j e c t to the s c r e e n , so the s t i m u l u s could be introduced 

i n t o the r e c e p t i v e f i e l d by movement of the s c r e e n . I n 

a l l c a s e s c o n t r o l s were performed t o determine i f any 

responses were produced to movement of the s c r e e n alone 

and neurons which d i d respond i n t h i s way were ignored. 

D. RECORDING PROCEDURE 

E l e c t r o d e s were lowered i n t o the o p t i c tectum u s i n g 

P r i o r micromanipulators. A c t i o n p o t e n t i a l s ( s p i k e s ) i n 

response t o v i s u a l s t i m u l i were recorded by means of meta 1-

f i l l e d m i c r o p i p e t t e s or s t a i n l e s s s t e e l e l e c t r o d e s . The 

s i l v e r i n d i f f e r e n t e l e c t r o d e was l o c a t e d i n the Niu-Twitty 

s o l u t i o n surrounding the animal. The responses were 

a m p l i f i e d 1000 times by an AC-coupled high input impedance 

a m p l i f i e r . A band pass f i l t e r was used to e l i m i n a t e s i g n a l s 

below 700 Hz and above 2KHz. The s i g n a l from the a m p l i f i e r 

was passed through two T e k t r o n i x 502 A o s c i l l o s c o p e s , one 

fo r o b s e r v a t i o n and one f o r photography, t o a Pioneer 

CT-F2121 FM tape r e c o r d e r t o produce a permanent r e c o r d 

f o r l a t e r a n a l y s i s . The s i g n a l was a l s o passed to a window 

d i s c r i m i n a t o r , the output of which was used to b r i g h t e n 

s p i k e s of s e l e c t e d amplitude on a t h i r d o s c i l l o s c o p e by 

Z-axis modulation. T h i s s i g n a l was a l s o l e d to the tape 

r e c o r d e r f o r permanent s t o r a g e . A c t i o n p o t e n t i a l s were 

monitored on the o s c i l l o s c o p e s c r e e n s and by means of a 

loudspeaker. Photographs were taken u s i n g a 35 mm Nihon-

Kohden o s c i l l o s c o p e camera both on- and o f f - l i n e . 



E. HISTOLOGICAL CONTROL OF RECORDING SIT E 

The l o c a t i o n of u n i t s was confirmed by producing a 

s m a l l l e s i o n a t the r e c o r d i n g s i t e by p a s s i n g 7.5 (iA f o r 

10 seconds through the metal f i l l e d m i c r o p i p e t t e s w i t h 

the e l e c t r o d e n e g a t i v e . The animals were then f i x e d and 

processed a s d e s c r i b e d i n the g e n e r a l methods. A l t e r 

n a t i v e l y , r e c o r d i n g s i t e s were marked by us i n g the 

P r u s s i a n Blue technique of Adrian and Moruzzi (1939). 

T h i s involved p a s s i n g a d i r e c t c u r r e n t of 7.5 fiA f o r one 

to two seconds w i t h the e l e c t r o d e p o s i t i v e . The t i s s u e 

was f i x e d w i t h 0.9% S a l i n e c o n t a i n i n g 10% formaldehyde 

and 1% f e r r o c y a n i d e . 



RESULTS 

R e t i n a l ganglion c e l l axon t e r m i n a l s were c l a s s i f i e d 

a c c ording to the schema of Grusser and G r i i s s e r - C o r n e h l s 

(1976) which i s based on the responses t o e i t h e r the "on" . 

and " o f f " of a background l i g h t or the movement of a s m a l l 

b l a c k o b j e c t i n t o the r e c e p t i v e f i e l d . C l a s s I and I I 

g anglion c e l l s were d i f f e r e n t i a t e d by the presence or 

absence of e r a s a b i l i t y (Maturana e t a l 1960). Using these 

two c r i t e r i a , responses i n both a d u l t s and tadpoles could 

be w e l l c h a r a c t e r i z e d . Most r e c o r d i n g s from r e t i n a l gang

l i o n c e l l t e r m i n a l s were made from the par t of the tectum 

which r e c e i v e s t e r m i n a l s from c e n t r a l r e t i n a l ganglion 

c e l l s . 

A d u l t s 

The responses of ganglion c e l l axon t e r m i n a l s were 

c h a r a c t e r i z e d i n twenty-three Xenopus l a e v i s which were 

e i t h e r two y e a r s o l d and bred i n the l a b o r a t o r y or o l d e r 

and purchased from s u p p l i e r s . Twelve f r o g s (Rana s p e c i e s ) ' 

were a l s o s t u d i e d f o r comparative purposes. 

Four response types were recorded which correspond 

to the c l a s s e s I to IV of Maturana e t a l (1960) and 

Gr u s s e r and G r i i s s e r - C o r n e h l s (1976). Responses from 

c l a s s e s I and I I could be recorded i n the more s u p e r f i c i a l 



p a r t of l a y e r 9 of the tectum. T y p i c a l depths f o r c l a s s I 

and I I t e r m i n a l s were 50 [in and 100 nm r e s p e c t i v e l y . 

However, some c l a s s I responses could be recorded i n the 

reg i o n of c l a s s I I t e r m i n a l s and v i c e v e r s a . Accurate 

depth measurements were d i f f i c u l t to make because of 

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

e l e c t r o d e p e n e t r a t i o n . However, using the P r u s s i a n blue 

method (Adrian and Moruzzi, 1939) of e l e c t r o d e t i p l o c a l 

i z a t i o n , c l a s s I t e r m i n a l s were u s u a l l y found more super

f i c i a l to c l a s s I I ( f i g . 4:11 a, b ) . 

F i g u r e 4:2 shows the a c t i v i t y of a C l a s s I t e r m i n a l 

recorded i n response to the movement of a s m a l l 4° b l a c k 

o b j e c t i n t o the r e c e p t i v e f i e l d . The a c t i v i t y was main

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

r e c e p t i v e f i e l d . S i m i l a r responses were obtained from 

c l a s s I I t e r m i n a l s ( f i g . 4:3) although the d i s c h a r g e i n 

t h i s case was a t a lower r a t e . The a b i l i t y to e r a s e the 

neuronal response was used r o u t i n e l y to d i f f e r e n t i a t e 

c l a s s I and I I responses. I f , a f t e r the s t i m u l u s had 

been moved i n t o the r e c e p t i v e f i e l d , the background 

l i g h t was switched o f f , both c l a s s e s of f i b r e s stopped 

f i r i n g . But when the l i g h t s were switched on a g a i n a f t e r 

a s h o r t delay, c l a s s I f i b r e s continued t h e i r maintained 

d i s c h a r g e , whereas c l a s s I I f i b r e s d id not ( f i g s . 4:2 and 

4:3 ) . 



Responses of adult Class I and I I 
ganglion c e l l s 

Fig. 4.2: The response illustrated i s from a class I ganglion 
c e l l terminal. A small 4° black target was moved 
into the receptive f i e l d (sloping line) and held 
stationary. The response was intense during the 
movement of the target. The maintained discharge 
stopped at light ' o f f (downward deflection of the 
lower li n e ) and restarted at 'on' (upward deflection 
of the lower line.) 

Fig. 4.3: Similar maintained responses were recorded from 
Class I I terminals. A target moved into the 
receptive f i e l d e l i c i t e d a response which was 
maintained when the target was held stationary, 

- When the light was switched off the response 
stopped and was not re-established at light 'on'. 
Thus the response was erasable. 

Fig, 4,4: The presence of an inhibitory surround to the 
class I and I I ganglion c e l l s was investigated 
by moving a black 30° target into the receptive 
f i e l d periphery. A maintained discharge was 
evoked from a class I I ganglion c e l l when a 4o 
target was moved into the receptive f i e l d and 
held stationary (a). This maintained activity 
was inhibited by the movement of a 30° target 
into the peripheral region of the receptive f i e l d 
(bar i n b). Note that the discharge almost 
ceased. When the second stimulus was removed the 
maintained response continued (b). The larger 
spikes at the time of entry and exist of the second 
stimulus were from a second ganglion c e l l . 

Time calibration for a l l figures are as 
indicated. 
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The presence of an i n h i b i t o r y surround to the 

e x c i t a t o r y c e n t r e of the c l a s s I and I I r e c e p t i v e f i e l d s 

was a l s o i n v e s t i g a t e d . A 4° o b j e c t was moved i n t o a 

c l a s s I I e x c i t a t o r y r e c e p t i v e f i e l d and held s t a t i o n a r y . 

T h i s produced a maintained response from the neuron 

( f i g . 4:4 a ) . A f t e r s e v e r a l seconds, a bla c k 30° s t i m u l u s 

was moved to a p o s i t i o n 60° away from 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 . T h i s movement l e d to the i n h i b i t i o n of 

the maintained response of the c l a s s I I ganglion c e l l and 

a l s o to the e x c i t a t i o n of another ganglion c e l l , as e v i d 

enced by the l a r g e r s p i k e s a t the point of e n t r y and 

removal of the l a r g e r s t i m u l u s ( f i g . 4:4 b ) . Once the 

second s t i m u l u s had been removed, the maintained a c t i v i t y 

was r e - e s t a b l i s h e d . The i n h i b i t i o n was produced by the 

movement of the second s t i m u l u s to w i t h i n 60° to 100° of 

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 i n c l a s s I I f i b r e s and to 

w i t h i n 30° to 80° i n c l a s s I f i b r e s . The e x c i t a t o r y 
i 

r e c e p t i v e f i e l d s i z e s f o r both c l a s s I and c l a s s I I 

ganglion c e l l s i n the a d u l t were u s u a l l y between 3° and 

6°. 

C l a s s I I I ganglion c e l l s responded with a b r i e f 

b u r s t of a c t i o n p o t e n t i a l s t o both the s w i t c h i n g on and 

o f f of the background i l l u m i n a t i o n ( f i g . 4 : 5 ) . They 

a l s o responded to s m a l l and medium s i z e o b j e c t s (2° to 

12°) t r a v e r s i n g the r e c e p t i v e f i e l d s , which were 8° to 

12° i n diameter. The c l a s s I I I d i s c h a r g e s could be 

recorded between depths of 120 tim and 240 fim i n the 



Responses of adult Class I I I and IV 
ganglion c e l l s . 

Fig. 4.5: Class I I I ganglion c e l l s respond to the 'on' and 
' o f f of the background light with a brief transient 
discharge. The downward deflection of the lower 
line i n the figure indicates light ' o f f and notice 
that the ' o f f discharge was more prolonged than the 
'on' (upward deflection of the lower line.) 

Pig. 4.6: Class IV ganglion c e l l s are easily characterized by 
their response to the 'on' and ' o f f of the background 
illumination. This figure shows a 'bursty' endogenous 
discharge in the dark (start of trace) which was totally 
inhibited by the light 'on' downward deflection of the 
lower line. When the light was switched on an 
intense discharge was produced, the rate of which 
decreased to the endogenous level prior to the test. 
Note the 'bursty' appearance of the endogenous discharge 
at the right of the trace. 

Time calibrations for both traces are as indicated. 



2 Sec 
i 

2 Sec 
i 1 



tectum, w i t h a depth of 170 |jtm being t y p i c a l . C l a s s I I I 

responses were always deeper than c l a s s I I responses 

( f i g . 4:11 c ) . 

C l a s s IV ganglion c e l l t e r m i n a l s were not commonly 

encountered and responded only to moving b l a c k s t i m u l i 

a t l e a s t 4° i n diameter. The r e c e p t i v e f i e l d s i z e s were 

u s u a l l y 16° to 21° w i t h some as l a r g e a s 28°. C l a s s IV 

neurons could e a s i l y be c h a r a c t e r i z e d by t h e i r massive 

d i s c h a r g e when the background i l l u m i n a t i o n was switched 

o f f , and the t o t a l i n h i b i t i o n of the endogenous a c t i v i t y 

i n the l i g h t . A t y p i c a l response i s e x h i b i t e d i n f i g u r e 

4:6, where the b u r s t s of endogenous a c t i v i t y were i n h i b i t e d 

by s w i t c h i n g on the background i l l u m i n a t i o n . When the 

l i g h t was switched o f f , an i n t e n s e response was produced 

which returned t o the endogenous r a t e of a c t i v i t y seen 

p r i o r to the l i g h t "on". C l a s s IV responses were always 

found to be the deepest of a l l four ganglion c e l l term

i n a l s from which r e c o r d i n g s were taken, and P r u s s i a n blue 

e l e c t r o d e markings were always i n l a y e r 7 or l a y e r 8 

( f i g . 4:11 d ) . 

Tadpoles 

Responses were recorded from the t e c t a of 123 t a d 

p o l e s and where p o s s i b l e were c l a s s i f i e d u s i n g the same 

c r i t e r i a t h a t were used to d e f i n e the responses of a d u l t 

r e t i n a l ganglion c e l l s . 



Stages 46 to 49 

The e a r l i e s t v i s u a l l y evoked responses which could 

be recorded were from Stage 46 tadpoles and responses 

were recorded from 37 tadpoles between Stages 46 and 49. 

Act i o n p o t e n t i a l s could be evoked and recorded i n the 

tectum i n response t o s w i t c h i n g the background i l l u m 

i n a t i o n on and o f f . The responses c o n s i s t e d of two to 

s i x s p i k e s a t e i t h e r "on" or " o f f " , u s u a l l y with a 

g r e a t e r response a t "on" ( f i g . 4:7 a ) . These responses 

could be evoked only once or twice, w i t h the second 

response much diminished r e l a t i v e to the f i r s t . These 

ganglion c e l l s a l s o responded t o l a r g e ( a t l e a s t 30°) 

bl a c k v i s u a l s t i m u l i t r a v e r s i n g the r e c e p t i v e f i e l d 

( f i g . 4:7 b ) . Responses were weak and r e a d i l y h a bituated 

to subsequent s t i m u l i presented w i t h i n an i n t e r v a l of one 

minute, although i f a d i f f e r e n t d i r e c t i o n of movement f o r 

the s t i m u l u s was used, the responses improved markedly. 

By Stage 49, u n i t s t y p i c a l of t h i s kind were recorded 

r e g u l a r l y i n the most s u p e r f i c i a l part of the tectum. 

U n i t s could a l s o be recorded whose d i s c h a r g e s were more 

s t a b l e to r e p e t i t i v e s t i m u l i and produced s p i k e b u r s t s 

with a g r e a t e r number of a c t i o n p o t e n t i a l s . 

Stages 50 to 54 

Responses were recorded from 23 tad p o l e s i n Stages 

50 to 54 i n c l u s i v e and these could be c l a s s i f i e d i n t o 

two major t y p e s . 



Responses of tadpole stage 46 ganglion c e l l s 

Pig. 4.7: The discharge illustrated i n (a) was produced i n response 
to the background light ' o f f (upward deflection of the 
lower line) which e l i c i t s five spikes with long (approx. 
400 msec) interspike intervals. Light 'on' (donward 
deflection of the lower line) evoked three spikes. 

The discharge il l u s t r a t e d i n (b) was evoked i n 
response to a 40° target traversing the receptive 
f i e l d and'the traverse i s shown diagrammatically 
by the sloping lower li n e . 

Pig. 4.8: Responses of tadpole stage 50 and 53 
ganglion c e l l s 

(a) A stepwise brightening of the background light 
(stepped lower line) in (ai) evoked single 
spikes or pairs of spikes shortly after the 
illumination change in a stage 50 tadpole. 
Decremental light changes, (stepped lower line) 
evoked discharges of two or three spikes 
after each step and i n total darkness a 
maintained discharge was produced (right end 
of trace). 

(b) A low level endogenous activity was present i n 
the class IV type response from a stage 53 
tadpole. At light 'off (downward deflection 
of the lower line) an intense discharge was 
produced which was reminiscent of an adult class 
IV response to the 'o f f of the background 
illumination. Responses such as illustrated 
here could only be evoked by large illumination 
changes, i n contrast to those illustrated above 
i n (a). 

Time calibrations are as indicated. 
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The two prominent types responded p h a s i c a l l y t o 

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

most e f f e c t i v e s t i m u l i f o r evoking responses were 

brighte n i n g or darkening the v i s u a l f i e l d . The 

f i r s t of these prominent types responded not only to 

a s m a l l stepwise b r i g h t e n i n g of the v i s u a l f i e l d ( f i g . 

4:8 a i ) w i t h one or two s p i k e s , but a l s o to a stepwise 

dimming w i t h b u r s t s of three or four s p i k e s a t the time 

of the a c t u a l change i n the i l l u m i n a t i o n ( f i g . 4:8 a i i ) . 

During the i n t e r v a l between changes i n i l l u m i n a t i o n , some 

endogenous a c t i v i t y was apparent. These neurons h a b i t 

uated r e a d i l y a f t e r two or t h r e e r e p e t i t i o n s of the 

s t i m u l i . 

Another type of response could a l s o be evoked which 

responded only to s tepwise r e d u c t i o n s of the i l l u m i n a t i o n 

and t h e r e f o r e showed s i m i l a r c h a r a c t e r i s t i c s to c l a s s IV 

u n i t s of an a d u l t . However, these u n i t s had a low endo

genous a c t i v i t y i n the l i g h t ( f i g . 4:8 b ) , whereas l i g h t 

i n h i b i t s a c t i v i t y of c l a s s IV neurons i n the a d u l t . 

The dimming responses of the tadpole c l a s s IV u n i t s 

were somewhat d i f f e r e n t from those of the a d u l t i n t h a t 

they could only be evoked by l a r g e decrementa1 s h i f t s of 

background i l l u m i n a t i o n . A t h i r d minor type was a l s o 

present more me d i a l l y and c a u d a l l y i n the tectum and 

these responses were s i m i l a r t o those d e s c r i b e d f o r 

Stages 46 t o 49. 



Stages 55 to 60 ^ 

Responses were recorded from 21 animals between 

Stages 55 and 60. U n i t s could be recorded i n the 

a n t e r o - l a t e r a l pole of the tectum which produced 

responses which were s i m i l a r to c l a s s I I I and IV 

u n i t s recorded i n the a d u l t tectum. Tadpole c l a s s 

I I I u n i t s responded p h a s i c a l l y to the movement of a 

st i m u l u s o b j e c t w i t h i n the r e c e p t i v e f i e l d or t o l a r g e 

i n c r e a s i n g and d e c r e a s i n g i l l u m i n a t i o n ("fig. 4:5) 

whereas c l a s s IV tadpole u n i t s produced a t o n i c d i s 

charge t h a t only i n c r e a s e d on the r e d u c t i o n of i l l u m i n 

a t i o n ( f i g . 4 : 6 ) . These responses were recorded a t 

deeper l e v e l s than those recorded i n tadpoles staged 

between 46 and 54, although depth measurements must 

be regarded a s being i n a c c u r a t e i n these s t a g e s . 

However, i n animals from Stages 55 to 60, c l a s s IV 

responses tended to be evoked deeper i n the tectum 

than c l a s s I I I r e sponses. Responses s i m i l a r t o those 

recorded p r i o r to Stage 55 were recorded more c a u d a l l y 

and m e d i a l l y i n the tectum than the c l a s s I I I and IV 

type responses. 

Stages 61 to 66 

Forty-two metamorphic animals between Stages 61 

and 66 were used f o r r e c o r d i n g responses to v i s u a l 

s t i m u l i . At these s t a g e s responses could be recorded 



from the whole s u r f a c e of the tectum. At the a n t e r o 

l a t e r a l pole responses to i l l u m i n a t i o n change were 

recorded a t t y p i c a l depths of 60 nm to 100 jim from the 

s u r f a c e . These were c l a s s I I I and IV responses which 

were very s i m i l a r t o the responses recorded from a d u l t 

ganglion c e l l t e r m i n a l s , however they d i d tend to 

ha b i t u a t e more r e a d i l y . More s u p e r f i c i a l t o those 

u n i t s , maintained responses could be evoked i n response 

to a b l a c k d i s c of 16° to 24° moving i n t o and being 

h e l d s t a t i o n a r y w i t h i n the r e c e p t i v e f i e l d ( f i g . 4:9).-

The neuronal d i s c h a r g e was very s i m i l a r to the maintained 

a c t i v i t y of an a d u l t c l a s s I I ganglion c e l l , although 

w i t h the i n i t i a l movement of the s t i m u l u s i n t o the 

r e c e p t i v e f i e l d no high frequency a c t i v i t y could be 

recorded (compare f i g . 4 : 4 ) . Switching the background 

l i g h t o f f and on agai n caused the response to be l o s t . 

The response habituated to repeated movements of the 

d i s c along the same path, and movements along d i f f e r e n t 

paths e v e n t u a l l y induced h a b i t u a t i o n . Responses of t h i s 

type were r a r e l y recorded a t Stage 61, but by the end of 

metamorphic climax they could be recorded from a f a r 

l a r g e r area of the tectum and more r e g u l a r l y during a 

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

weak s u s t a i n e d d i s c h a r g e r e m i n i s c e n t of c l a s s I and I I 

t e r m i n a l s i n the a d u l t . The responses were d i f f i c u l t 

t o study because they habituated r e a d i l y . When they 

were f i r s t detected i n s t a g e s p r i o r to metamorphosis 



Traces of Class I and I I type responses 
evoked prior or after metamorphosis. 

Pig. 4.9: A class I I type response i n a stage 62 tadpole 
was evoked by movement of a 20° black target 
into the receptive f i e l d (sloping bottom l i n e ) . 
Note that the i n i t i a l high frequency discharge 
i s absent (compare with figures 4.3 and 4.4). 
The ganglion c e l l produced a maintained discharge 
when the target was held stationary. This 
maintained discharge stopped when the background 
light was switched off and could not be re
established at light 'on'. 

Pig. 4.10; A burst of spikes was evoked by the movement of 
an 8° target into the receptive f i e l d of a 
class I type ganglion cell.. When the target 
was held stationary a maintained response was 
evoked. When the background light was 
switched off the response stopped, and reappeared 
at light on. This record was taken from an animal 
one week after metamorphosis. 
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i t was not p o s s i b l e to i n h i b i t them by movement of a 

l a r g e s t i m u l u s i n the p e r i p h e r y of the r e c e p t i v e f i e l d , 

a s i n a d u l t s . 

J u v e n i l e Toads 

Responses were recorded from 51 animals between the 

completion of metamorphosis and one year of age, by which 

time the responses were i n d i s t i n g u i s h a b l e from those 

recorded i n the a d u l t tectum i n response t o the same 

s t i m u l i . These responses could be recorded from the 

most s u p e r f i c i a l part of l a y e r 9 over the whole s u r f a c e 

of the tectum. I n the period immediately a f t e r meta

morphosis, the responses appeared to be s i m i l a r to 

those recorded i n a d u l t t e c t a , but c l a s s I responses 

were absent. C l a s s e s I I , I I I and IV could be recorded 

a t t y p i c a l depths of 0 to 25 |im, 60 to 100 fim and 120 

to 145 fim r e s p e c t i v e l y . Because of the t h i n n e s s of 

the immature tectum, present metal e l e c t r o d e marking 

techniques were too crude t o g i v e a more a c c u r a t e 

e s t i m a t i o n of p o s i t i o n . With advancing age, the 

responses of these ganglion c e l l t e r m i n a l s became 

i n d i s t i n g u i s h a b l e from those of the mature a d u l t , and 

became e s p e c i a l l y r e s i s t a n t to h a b i t u a t i o n . Between 

s i x and twenty days a f t e r metamorphosis, c l a s s I type 

responses could be recorded. The movement of a bl a c k 

8° d i s c i n t o the r e c e p t i v e f i e l d l e d to a b u r s t of 

a c t i v i t y and i f the s t i m u l u s was h a l t e d w i t h i n the 



Fig. 4.11; Prussian Blue Marked Electrode sites 

A. Superficial recording s i t e of a Class I 
terminal (arrow), marked by the Prussian 
Blue method. 

B. Site of recording of a class I I terminal 
(arrow), which i s deeper (100 ym) than 
the class I terminal i n A. 

C. Site of recording of a class I I I terminal 
(arrow) and the dye mark i s located 
superficial to the c e l l bodies of layer 
8 c e l l s at a depth of 100 pm, 

D. Prussian blue marked s i t e of recording a 
class IV terminal (arrow). The location 
of the recorded fibre i s situated below the 
c e l l bodies of layer 8 at a depth of 
200 pm. 

Figure'8' in a l l figures shows the location of 
layer 8 i n the tectum. 

Calibration scale applies to figures A, C and D. 
Note the different calibration bar i n figure B. 
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r e c e p t i v e f i e l d a maintained d i s c h a r g e was produced which 

was not e r a s i b l e when the i l l u m i n a t i o n was switched o f f 

and on ( f i g . 4:10). I f t h i s procedure was c a r r i e d out 

three or four times, the response did become e r a s i b l e and 

t h e r e f o r e i n d i s t i n g u i s h a b l e from a c l a s s I I response. 

Within the tectum, these c l a s s I responses, occurred with 

the same depth d i s t r i b u t i o n as c l a s s I I t e r m i n a l s . Neither 

type was i n h i b i t e d by the movement of a l a r g e dark o b j e c t 

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

4 : 3 ) . However, surround i n h i b i t i o n of the maintained 

d i s c h a r g e was induced i n one animal two weeks a f t e r meta

morphosis and occurred q u i t e r e g u l a r l y i n animals t h r e e 

weeks a f t e r metamorphosis. 

Between metamorphosis and one month of age the 

r e c e p t i v e f i e l d s of c l a s s I and c l a s s I I ganglion c e l l s 

decreased i n s i z e from 40° to 5 - 15° f o r most of the 

responses recorded. Coupled w i t h t h i s was an i n c r e a s e d 

tendency to respond to s m a l l e r s t i m u l i , l a r g e r s t i m u l i 

producing a l e s s vigorous response. S i m i l a r l y , c l a s s 

I I I and IV ganglion c e l l r e c e p t i v e f i e l d s g e n e r a l l y reduced 

i n s i z e from about 40° to 10 - 15° f o r c l a s s I I I and from 

about 60° to about 20° f o r c l a s s IV. Throughout the 

remainder of the f i r s t s i x months, the responses to 

r e p e t i t i v e s t i m u l i became more robust and the d i s c h a r g e 

r a t e s i n c r e a s e d . The responses were i n d i s t i n g u i s h a b l e 

from those recorded i n mature a d u l t s and the depth a t 

which the u n i t s were recorded developed i n t o the a d u l t 

p a t t e r n w i t h time. 



Depth of Ganglion C e l l T erminals 

The f i r s t responses which can be recorded i n Stage 46 

tadpoles a r e derived from the most s u p e r f i c i a l p a r t of the 

tectum to a depth of 50 jxm by micrometer r e a d i n g s . T h i s 

area cannot be d i f f e r e n t i a t e d i n t o c e l l and p l e x i f o r m 

l a y e r s . These responses a r e d e r i v e d most probably from 

the marginal zone (Boulder committee, 1970). During the 

next few s t a g e s of development, neurons migrate super

f i c i a l l y and responses can a l s o be recorded from s l i g h t l y 

deeper p o s i t i o n s to approximately 80 urn. No c o r r e l a t i o n 

between ganglion c e l l type and depth can be made p r i o r to 

about Stage 55. At t h i s time responses i n d i c a t e a tendency 

f o r c l a s s IV type responses to be l o c a t e d s l i g h t l y deeper 

than the c l a s s I I I type, and t h i s i s q u i t e marked by Stage 

60 when u n i t s were recorded to a depth of 100 nm. Although 

c l a s s I I I type u n i t s could s t i l l be recorded c l o s e to the 

s u r f a c e a t t h i s time, c l a s s IV could not. During meta-

morphic climax, the c l a s s I I type responses were always 

recorded immediately below the p i a l s u r f a c e . 

A f t e r metamorphosis had been completed, t y p i c a l depths 

f o r the r e c o r d i n g of responses were 0 to 25 jim f o r C l a s s I I , 

60 to 100 |xm f o r c l a s s I I I and 120 to 145 jim f o r C l a s s IV. 

With time the l a y e r i n g of the t e r m i n a l s from which responses 

could be recorded diverged even more, c l a s s I I I and IV being 

s i t u a t e d deeper w i t h i n the tectum. At the same time, the 

c l a s s I and I I responses diverged, but remained c l o s e t o 



the p i a . Although t h i s i s not to imply t h a t t h e r e were 

s t r a t a -within l a y e r 9 from which a f f e r e n t a c t i v i t y could 

not be recorded, s i n c e t h e r e was o f t e n s t i l l some degree 

of o v e r l a p of t e r m i n a l s i n the a d u l t . 

A l l of the depths given r e f e r to the a n t e r o l a t e r a l 

pole of the tectum. I n other r e g i o n s , the tectum i s much 

t h i n n e r and consequently depth v a l u e s f o r the d i f f e r e n t 

c l a s s e s a r e l e s s . 



DISCUSSION 

In a d u l t Xenopus l a e v i s , four ganglion c e l l response 

types could be recorded from t e r m i n a l s a t d i f f e r e n t depths 

w i t h i n the o p t i c tectum. The four f u n c t i o n a l response 

t y p e s a r e i n agreement w i t h the r e s u l t s obtained from 

other anuran s p e c i e s (see review by G r l i s s e r and G r i i s s e r -

Cornehls, 1976). The responses conformed to the b a s i c 

p l a n and c l a s s i f i c a t i o n d evised by L e t t v i n e t a l (1959, 

1961) and Maturana et a l (1960). However, t h i s c l a s s 

i f i c a t i o n scheme w i t h r e s p e c t to c l a s s I and I I r e t i n a l 

ganglion c e l l responses has s i n c e been questioned (Keating 

and Gaze, 1970 a). Both types have 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 which are s e n s i t i v e to sharp borders, and an 

i n h i b i t o r y region which can suppress the responses 

generated by the e x c i t a t o r y f i e l d . Keating and Gaze 

argue t h a t the response t y p e s a r e q u a n t i t a t i v e l y r a t h e r 

than q u a l i t a t i v e l y d i f f e r e n t . However, Maturana e t a l 

(196o) reported t h a t the s u s t a i n e d edge d e t e c t o r s ( c l a s s 

I ) respond with a longer l a s t i n g response than the convex 

edge d e t e c t o r s ( c l a s s I I ) . K eating and Gaze (1970 a ) , 

w h i l e i n agreement with t h i s o b s e r v a t i o n , found the 

e f f e c t to be l e s s d i s t i n c t . Maturana e t a l (1960) 

reported the phenomenon of e r a s a b i l i t y , although i n a 



s m a l l proportion of c e l l s a mixed response was obtained 

and Keating and Gaze r e p o r t t h i s f e a t u r e to be even more 

v a r i a b l e . 

Although v a r i a t i o n s s i m i l a r to those reported by 

Keating and Gaze were noted i n p r e p a r a t i o n s of Xenopus 

l a e v i s , c l a s s I and I I responses could e a s i l y be d i s t 

inguished using the c r i t e r i o n of e r a s a b i l i t y , provided 

t h a t a t l e a s t one minute elapsed between p r e s e n t a t i o n s 

of s t i m u l i to the r e c e p t i v e f i e l d . A response was 

c l a s s i f i e d a s c l a s s I i f i t was not e r a s i b l e and a s 

c l a s s I I i f the response was l o s t , r e g a r d l e s s of the 

discharge r a t e . 

Using a technique s i m i l a r to Keating and Gaze (1970 a ) 

the presence of an i n h i b i t o r y surround was detected f o r 

c l a s s I and I I ganglion c e l l responses, i n d i c a t i n g t h a t 

these response types a r e s i m i l a r t o those recorded from 

Ranid anurans. The l a y e r i n g of responses of ganglion c e l l 

axon t e r m i n a l s i n the o p t i c tectum of Xenopus i s i n agree

ment w i t h previous f i n d i n g s of Maturana e t a l (1960). 

Gaze and Keating (1969) and Keating and Gaze (1970 b ) , 

w i t h the c l a s s I responses found n e a r e s t to the t e c t a l 

s u r f a c e , whereas the deepest t e r m i n a l s a r e c l a s s IV u n i t s , 

o c c u r r i n g i n l a y e r 8 or a t the j u n c t i o n of l a y e r s 7 and 8. 

Recently, however, Witpaard and t e r Keurs (1975) have 

questioned both the c l a s s i f i c a t i o n and depth d i s t r i b u t i o n 

of the t e r m i n a l s . They suggest t h a t , the c l a s s I and I I 



responses should be considered as a f u n c t i o n a l group and 

termed c o n t r a s t u n i t s ; t h a t c l a s s I I I response types should 

be d i f f e r e n t i a t e d i n t o slow and f a s t "on-off" u n i t s ; and 

t h a t c l a s s IV a r e the " o f f " u n i t s . T h e i r c l a s s i f i c a t i o n 

scheme i s d e r i v e d from response c h a r a c t e r i s t i c s and micro

meter depth readings which they have compared w i t h the 

p h y s i o l o g i c a l data of Maturana e t a l (1960) and Gaze and 

Keating (1969), the morphological data of P o t t e r (1969) 

and the data on the d i s t r i b u t i o n of degenerative d e b r i s 

a f t e r eye e n u c l e a t i o n ( S c a l i a e t a l , 1968; L a z a r and 

Szekely, 1969). However, t h e i r micrometer depth measure

ments were not s u b s t a n t i a t e d by l e s i o n marking. 

These s t u d i e s were c a r r i e d out on the Rana s p e c i e s , 

R. temporaria, R. e s c u l e n t a or R. p i p i e n s . Ewert and 

von Wietersheim (1974 a ) , using the toad Bufo bufo, found 

a good correspondence between the e l e c t r o l y t i c a l l y marked 

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

a t i v e d e b r i s a f t e r eye e n u c l e a t i o n f o r the t h r e e l a y e r s 

o f ganglion c e l l t e r m i n a l s i n the o p t i c tectum of t h i s 

animal. 

The l o c a t i o n of the f o u r groups of a c t i v i t y reported 

here a r e i n agreement w i t h the l o c a t i o n s of s y n a p t i c a c t 

i v i t y determined by c u r r e n t source d e n s i t y a n a l y s i s 

(Chapter 5 ) . 



Tadpoles 

Numerous s t u d i e s have been c a r r i e d out on the 

developing v i s u a l system of Xenopus l a e v i s , although 

most of these s t u d i e s have been concerned w i t h d e t e r 

mining how an o r d e r l y r e t i n o t o p i c map of the ganglion 

c e l l t e r m i n a l s i n the o p t i c tectum i s formed and when 

a x i a l s p e c i f i c a t i o n of t h i s map o c c u r s . A l l t h i s work 

stemmed from the experiments of Jacobson (1967, 1968 a, 

b) which l o c a l i z e d Stage 30 as the period f o r the 

s p e c i f i c a t i o n of the a n t e r o - p o s t e r i o r a x i s , and p r i o r 

t o stage 31 f o r the d o r s o v e n t r a l a x i s . I n v e s t i g a t i o n s 

i n t o the s t r u c t u r e of the eye a t t h i s p e r i od i n develop

ment have c o r r e l a t e d the c e s s a t i o n of DNA s y n t h e s i s i n 

the c e n t r a l p o r t i o n of the r e t i n a w i t h the time of t h i s 

s p e c i f i c a t i o n (Jacobson, 1968 b) although DNA s y n t h e s i s 

and c e l l p r o l i f e r a t i o n continues a t the p e r i p h e r y of the 

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

Jacobson, 1976; S t r a z n i c k y and Tay, 1977) u n t i l a f t e r 

metamorphosis ha s been completed. E l e c t r o n m i c r o s c o p i c a l 

s t u d i e s i n d i c a t e t h a t , as s p e c i f i c a t i o n of the r e t i n a 

o c c u r s , gap j u n c t i o n s a r e l o s t ( F i s h e r and Jacobson, 

1970; Dixon and C r o n l y - D i l l o n , 1972; Hayes, 1976). They 

ar e however maintained a t the p e r i p h e r y i n the r e g i o n of 

c e l l p r o l i f e r a t i o n . 



Only two e l e c t r o n m i c r o s c o p i c a l s t u d i e s have been 

c a r r i e d out on the normal tadpole r e t i n a ( F i s h e r , 1976; 

Tucker and H o l l y f i e l d , 1977) and the r e s u l t s of the two 

a r e p a r t i a l l y a t v a r i a n c e with each other. T h i s i s prob

a b l y due to the q u a n t i t a t i v e nature of the work and may 

be a s s o c i a t e d w i t h the aim of the l a t t e r work to compare 

l i g h t and dark r e a r e d animals. 

F i s h e r (1976) found t h a t , from an u n d i f f e r e n t i a t e d 

mass, the r e t i n a was produced i n a very s h o r t time (28 

hours from Stage 31 to Stage 4 0 ) . Witkovsky et a l (1976) 

showed t h a t the photoreceptor outer segments s t a r t to 

d i f f e r e n t i a t e a t Stage 37 to 38 and.are f u n c t i o n a l 

immediately as evidenced by the presence of the 'a'-wave 

i n the e l e c t r o r e t i n o g r a m (ERG). They found t h a t by Stage 

39, 40% of the t a d p o l e s examined e x h i b i t e d a 'b*-wave, i n 

the ERG, which i n d i c a t e s the presence of •mature' synapses, 

i n v o l v i n g a s y n a p t i c ribbon, s y n a p t i c v e s i c l e s and an 

invaginated second-order neuron (Witkovsky e t a l , 1976). 

The t i m e - i n t e r v a l between the onset of the 'a* and ' b' 

waves of the ERG i s e q u i v a l e n t to nine and a h a l f hours. 

A f t e r Stage 40, r e t i n a l synapses d i f f e r e n t i a t e r a p i d l y , 

e s p e c i a l l y i n the inner p l e x i f o r m l a y e r where, between 

Stages 40 and 46, t h e r e i s an e x p l o s i v e i n c r e a s e i n the 

number of c o n v e n t i o n a l ribbon synapses and s e r i a l s y n 

apses ( F i s h e r , 1976). B i p o l a r c e l l s c a r r y i n f o r m a t i o n 

from the outer to the i n n e r p l e x i f o r m l a y e r , where they 

form ribbon synapses w i t h amacrine and ganglion c e l l s . 

I n t h i s context, i t i s i n t e r e s t i n g to note t h a t the 



i n t r a c e l l u l a r r e c o r d i n g s by Werblin and Dowling (1969) 

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

f o r the s t a t i c p r o p e r t i e s of the centre-surround r e c e p t i v e 

f i e l d , whereas t r a n s i e n t f e a t u r e s are a t t r i b u t a b l e to the 

inner p l e x i f o r m l a y e r . Dubin (1970) determined t h a t i n a 

v a r i e t y of v e r t e b r a t e s the numbers of ribbon synapses were 

r e l a t i v e l y constant r e g a r d l e s s of s p e c i e s . F i s h e r (1976) 

found i n Xenopus tadpol.es t h a t , once a b i p o l a r c e l l had 

formed ribbon synapses the number of synapses i n a p a r t 

i c u l a r r e g i o n was constant, although Tucker and H o l l y f i e l d 

(1977) i n d i c a t e t h a t the number of b i p o l a r ribbon synapses 

decrease a f t e r the i n i t i a l d i f f e r e n t i a t i o n . Contrary to 

t h i s , F i s h e r (1976) found t h a t a f t e r the i n i t i a l e x p l o s i v e 

formation of c o n v e n t i o n a l synapses between Stages 40 and 

46, c o n v e n t i o n a l synapse d e n s i t y h a r d l y i n c r e a s e d between 

Stage 46 and a j u v e n i l e postmetamorphic age. However, i f 

the numbers of conventional synapses are expressed i n terms 

of inner n u c l e a r l a y e r n u c l e i , then the numbers may be seen 

to have i n c r e a s e d f o u r - f o l d between Stage 46 and a postmeta

morphic j u v e n i l e . Concomitant w i t h t h i s i n c r e a s e i n 

c o nventional synapses i s an i n c r e a s e i n s e r i a l c o n v e n t i o n a l 

synapses which, a f t e r t h e i r i n i t i a l i n c r e a s e , double i n 

number. T h i s r e p r e s e n t s a s i x - f o l d i n c r e a s e per inner 

n u c l e a r l a y e r nucleus. The r a t e of t h i s i n c r e a s e i n 

c o n v e n t i o n a l synapses and s e r i a l synapses i s c o n s t a n t . 

T h i s c o n t r a s t s to the r e s u l t s of F i s h e r (1972) i n a study 

of Rana p i p i e n s , which r e p o r t s t h a t the r a t e of formation 
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of s e r i a l and c o n v e n t i o n a l synapses i n c r e a s e s d r a m a t i c a l l y 

a t the time of f o r e l i m b emergence. I n t h i s context the 

c o n c l u s i o n of Dubin (1970) i s important s i n c e he c o r r e l a t e s 

the numbers of s e r i a l and c o n v e n t i o n a l synapses w i t h the 

r e c e p t i v e f i e l d complexity of the r e t i n a l g anglion c e l l s 

(e.g. i n the f r o g and the pigeon). The i n c r e a s i n g 

complexity of r e c e p t i v e f i e l d s presumably a r i s e s as a 

consequence of i n c r e a s e d i n t e r a c t i o n between amacrine 

c e l l s . The r e s u l t s of F i s h e r (1976) suggest t h a t complex 

r e c e p t i v e f i e l d s of Xenopus a r e g r a d u a l l y produced by 

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

of the present study support t h i s s i n c e no sudden changes 

i n r e c e p t i v e f i e l d o r g a n i z a t i o n were observed during 

development. On the other hand i n a study of Rana p i p i e n s 

( F i s h e r , 1972) observed t h a t not only i s t h e r e a steady 

i n c r e a s e i n the numbers of synapses during l a r v a l l i f e 

but t h e r e i s a l s o a sharp i n c r e a s e i n the number of 

amacrine to amacrine synapses a t the onset of metamorphosis 

T h i s would i n d i c a t e a sharp change i n r e c e p t i v e f i e l d 

complexity during development, but t h i s p o s s i b i l i t y has 

y e t to be i n v e s t i g a t e d f u l l y . Two s t u d i e s of the responses 

of r e t i n a l ganglion c e l l s (Chung, S t i r l i n g and Gaze, 1975) 

and of the development of the r e t i n o t e c t a l map (Gaze, 

Keating and Chung, 1974) i n Xenopus i n d i c a t e t h a t i t i s 

p o s s i b l e to r e c o r d from ganglion c e l l t e r m i n a l s i n the 

tectum a s e a r l y as Stage 43, although t h i s i s not r o u t 

i n e l y p o s s i b l e p r i o r to Stage 46 when the tectum i s s t i l l 



u n d i f f e r e n t i a t e d (Gaze, Keating and Chung, 1974). No 

i n v e s t i g a t i o n s were c a r r i e d out i n animals younger than 

t h i s stage i n the present study. 

At Stage 46, which i s f o r t y hours a f t e r the onset 

of the f u l l ERG (Witkovsky et a l , 1976), t e c t a l responses 

of ganglion c e l l t e r m i n a l s could be evoked to "on" and 

" o f f " of l i g h t or to a l a r g e moving t a r g e t , but these 

responses habituated r e a d i l y . The l a r g e 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 a t t h i s stage i n d i c a t e a c o n s i d e r a b l e 

degree of convergence w i t h i n the r e t i n a without the 

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

By Stage 50 the responses had become l e s s s u s c e p t i b l e 

to r e p e t i t i v e s t i m u l a t i o n and produced responses which 

were a k i n to those obtained from c l a s s I I I and IV ganglion 

c e l l s i n the a d u l t . A subgroup of the u n i t s w i t h "on-off" 

c h a r a c t e r i s t i c s could be i n t e r p r e t e d a s p o s s e s s i n g responses 

intermediate between those of the "on-off" and " o f f " response 

u n i t s s i n c e t h e i r responses included s e n s i t i t i v i t y to the 

dimming and b r i g h t e n i n g of the l i g h t s t i m u l u s . 

By Stage 55, c l a s s I I I and IV u n i t s were present w i t h 

s i m i l a r p r o p e r t i e s to those of the a d u l t although t h e i r 

r e c e p t i v e f i e l d s were l a r g e r . A l l the responses which 

could be recorded i n animals up to Stage 60 showed s m a l l 

v a r i a t i o n from c l a s s I I I and IV type response c h a r a c t e r i s t i c s 

The i n c r e a s e i n complexity of r e c e p t i v e f i e l d s from Stage 46 



t o Stage 60 could, be e x p l a i n e d i n terms of e i t h e r a l o s s 

of e x c i t a t o r y inputs or an i n c r e a s e i n i n h i b i t o r y connexions. 

The number of b i p o l a r ribbon synapses remains constant 

( F i s h e r , 1976) but s i n c e the numbers of c o n v e n t i o n a l and 

s e r i a l synapses a r e i n c r e a s i n g c o n t i n u a l l y t h i s could 

favour the l a t t e r e x p l a n a t i o n . S i n c e , i n the a d u l t , c l a s s 

I I I and IV ganglion c e l l s have simple r e c e p t i v e f i e l d s i n 

comparison t o c l a s s I and I I , the l a t e r a l c o n t a c t s between 

amacrine and amacrine or amacrine and ganglion c e l l s would 

be expected to be s m a l l e r i n number. 

However, a t Stage 61 not only a r e the responses of the 

C l a s s I I I and IV ganglion c e l l s becoming more r e f i n e d and 

more r e s i s t a n t to h a b i t u a t i o n , but a new type of u n i t ( C l a s s 

I I ) appears. H a b i t u a t i o n , l a c k of p e r i p h e r a l i n h i b i t i o n , 

s i z e of the r e c e p t i v e f i e l d and s i z e of the s t i m u l u s r e q u i r e d 

t o evoke a response a l l i n d i c a t e t h a t the number of synapses 

between the r e c e p t o r s and the ganglion c e l l s and the l a t e r a l 

connexions between amacrine c e l l s a r e few i n number. However, 

a s the animal ages not only does 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 decrease i n s i z e but a marked i n h i b i t o r y area develops. 

Within t h i s a r e a , i t i s p o s s i b l e to i n h i b i t the s u s t a i n e d 

d i s c h a r g e of a c l a s s I or I I ganglion c e l l . C l a s s I u n i t s 

do not appear u n t i l a t l e a s t s i x days a f t e r metamorphosis. 

These two o b s e r v a t i o n s a r e i n good agreement w i t h F i s h e r 

(1976). However, i n the tadpole and young toad the responses 

a r e s t i l l very immature compared to those of the a d u l t . 

F i s h e r d i d not r e p o r t r e s u l t s from the inner p l e x i f o r m 

l a y e r from a mature a d u l t f o r comparison. 



The s u s t a i n e d responses which could be recorded j u s t 

p r i o r to the end of metamorphic climax could be completely 

erased by a t r a n s i e n t s t e p to darkness ( L e t t v i n et a l , 

1959, 1961; Maturana e t a l , 1960). However, w i t h i n a 

week of the completion of metamorphosis responses were 

evoked which were not e r a s a b l e i n t h i s way, although 

a f t e r a few r e p e t i t i o n s of the s t i m u l u s , the secondary" 

response was l o s t , i n d i c a t i n g t h a t the b a s i s f o r the 

e r a s a b i l i t y i s l a b i l e . The second point to a r i s e from 

t h i s o b s e r v a t i o n i s that the c l a s s I type responses 

p o s s i b l y d i f f e r e n t i a t e from those of c l a s s I I . I t 

would be i n t e r e s t i n g to determine whether any s t r u c 

t u r a l b a s i s could be found f o r the n o n - e r a s a b i l i t y of 

c l a s s I u n i t s . 

A f t e r metamorphosis, the p r o p e r t i e s of the ganglion 

c e l l r e c e p t i v e f i e l d s do not cease t o change. The t r a n 

s i e n t response c h a r a c t e r i s t i c s of c l a s s I I I and IV u n i t s 

i n j u v e n i l e Xenopus a r e s i m i l a r to those i n a d u l t s , but 

the p e r i p h e r a l i n h i b i t i o n i s underdeveloped and only 

appears w i t h time. Chung et a l (1975) suggest t h a t the 

i n h i b i t o r y surround of c l a s s I and I I u n i t s expands to 

in c l u d e the e n t i r e r e t i n a i n mature Xenopus. Daw (1968) 

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

r e t i n a l ganglion c e l l s may extend to cover the remainder 

of the v i s u a l f i e l d . I t i s i n t e r e s t i n g to note that the 

appearance of c l a s s I I i n h i b i t o r y f i e l d s a f t e r metamorphosis 

c o i n c i d e s w i t h the l a c k of e r a s a b i l i t y i n c l a s s I u n i t s . 



Both these p o i n t s i n d i c a t e the formation of e x t e n s i v e 

l a t e r a l connexions a t t h i s time. 

Chung e t a l (1975) have suggested t h a t the s u s t a i n e d 

responses which appear a t metamorphosis may be r e l a t e d to 

the appearance of a new type of ganglion c e l l i n the r e t i n a . 

The o r i g i n of t h i s new type of ganglion c e l l i s unknown, 

but t h e r e a r e t h r e e p o s s i b i l i t i e s : ( i ) the c e l l has d i f f e r 

e n t i a t e d from an u n d i f f e r e n t i a t e d c e l l , ( i i ) the c e l l has 

migrated l a t e r a l l y w i t h i n the r e t i n a and d i f f e r e n t i a t e d , 

or ( i i i ) the c e l l has d i f f e r e n t i a t e d f u r t h e r from ganglion 

c e l l s which a r e a l r e a d y present p r i o r t o metamorphosis. 

The f i r s t p o s s i b i l i t y cannot be discounted. H o l l y f i e l d 

(1971) found p o s s i b l e evidence f o r c e l l m i g r a t i o n w i t h i n 

the tadpole r e t i n a and has shown t h a t e x t e n s i v e m i t o s i s 

occurs w i t h i n the i n n e r n u c l e a r l a y e r . He suggests t h a t 

w h i l e some c e l l s may d i f f e r e n t i a t e and become neuronal, 

the m a j o r i t y a r e e i t h e r n e u r o e p i t h e l i a l germinal c e l l s , 

g l i o b l a s t s or both. The r e s u l t s from Xenopus are u n l i k e 

those obtained from h i s study of Rana p i p i e n s ( H o l l y f i e l d , 

1968) i n which he found e x t e n s i v e migration of r e t i n a l 

c e l l s . The t h i r d p o s s i b i l i t y has been suggested by 

Chung et a l (1975) on the b a s i s of the evidence t h a t a t 

the time of the appearance of these new f u n c t i o n a l types, 

t h e i r evoked responses had f e a t u r e s i n common w i t h those 

of the c l a s s I I I type. 



S i m i l a r s t u d i e s to those reported here have been 

c a r r i e d out on four s p e c i e s of Rana, R. temporaria, 

R. c a t e s b e i a n a f R. p i p i e n s and R. c l a m i t a n s (Reuter, 

1969; Pomeranz and Chung, 1970; Pomeranz, 1972). 

However, t h e r e i s some co n f u s i o n between these workers, 

s i n c e Reuter (1969), i n a l i m i t e d study on t a d p o l e s , 

recorded from a number of u n i t s which were s i m i l a r to 

c l a s s I f i b r e s , but from only one u n i t s i m i l a r t o a 

c l a s s I I f i b r e . However, Pomeranz and Chung (1970 a ) 

and Pomeranz (1972), i n a f a r more comprehensive study, 

found t h a t c l a s s I I responses could be recorded from 

the tadpole tectum, although from a r e s t r i c t e d a r e a , 

and t h a t c l a s s I responses were absent. Chung e t a l 

(1975) i n t h e i r study of Xenopus ta d p o l e s avoid t h i s 

problem by r e f e r r i n g to both c l a s s I and I I responses 

as ' s u s t a i n e d ' u n i t s on the b a s i s of the comments of 

Keating and Gaze (1970) who q u e s t i o n the d i s t i n c t n e s s 

of the two populations. Chung et a l (1975) found t h a t 

s u s t a i n e d u n i t s appeared only a t metamorphic climax, 

i n agreement w i t h the present r e s u l t s . One d i f f i c u l t y 

a r i s i n g from previous work on Rana (Reuter, 1969; 

Pomeranz and Chung, 1970; Pomeranz, 1972) i s t h a t no 

mention i s given of e i t h e r the stage or age of the 

tadpoles from which responses were evoked. I f r e c o r d i n g s 

were made a t the time of f o r e l i m b emergence, when the 

numbers of s e r i a l and c o n v e n t i o n a l synapses i n c r e a s e 
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r a p i d l y ( F i s h e r , 1972), then the presence of s u s t a i n e d 

u n i t s ( e i t h e r c l a s s I or I I ) would be expected. However, 

on the b a s i s of the r e s u l t s reported here, i t i s l i k e l y 

t h a t had the s t u d i e s i n v o l v e d the use of younger t a d p o l e s , 

no s u s t a i n e d u n i t s would have been d e t e c t e d . 

Pomeranz (1972) concludes t h a t because c l a s s I I 

responses can be recorded i n t a d p o l e s and t h a t the 

f i b r e s t r a n s m i t t i n g c l a s s I and I I information a r e of 

a s i m i l a r s i z e , then the absence of c l a s s I responses 

i n t a dpoles i s not a t e c h n i c a l a r t i f a c t . Using s i m i l a r 

reasoning, Maturana e t a l (1960) and Chung, B l i s s and 

Keating (1974) have s t a t e d that c l a s s I and I I responses 

a r e both mediated by unmyelinated f i b r e s (see a l s o 

Chapter 5 ) . Since responses from r e t i n a l ganglion c e l l 

axons can be recorded i n the tectum of Stage 46 t a d p o l e s , 

and i t i s known (see Chapter 1) t h a t a l l the axons w i t h i n 

the o p t i c nerve a t t h i s time a r e unmyelinated, i t i s 

u n l i k e l y , t h e r e f o r e , t h a t c l a s s I and I I responses i n 

t a d p o l e s would not have been s e l e c t e d by the e l e c t r o d e s 

used i n t h i s study. 

A d d i t i o n a l evidence regarding f u r t h e r maturation of 

the v i s u a l system a f t e r metamorphosis has been provided 

from s t u d i e s of the p r e y - c a t c h i n g behaviour of the midwife 

toad A l y t e s o b s t e t r i c a n s (Ewert, 1977; Ewert and Burghagen, 

1977) and Salamandra salamandra (Himstedt e t a l , 1976). 

Ewert (1977) and Ewert and Burghagen (1977) found t h a t 



d i r e c t l y a f t e r metamorphosis A l y t e s showed v i s u a l angular 

s i z e constancy i n i t s prey s e l e c t i o n , whereas s i x months 

a f t e r metamorphosis the i n d i v i d u a l s showed t r u e s i z e 

constancy s e l e c t i o n . Ewert (1977) a l s o r e p o r t s t h a t 

the prey c a t c h i n g behaviour of s i x months old A l y t e s 

i n v o l v e s the p r e f e r e n t i a l s e l e c t i o n of worm-like prey 

dummies, i n c o n t r a s t to the immediately postmetamorphic 

toad whose prey c a t c h i n g a c t i v i t y i s determined p u r e l y 

by the v i s u a l angular s i z e of the s t i m u l u s , not by i t s 

r e a l s i z e or form. I t i s known t h a t e x t e n s i v e i n t e r 

a c t i o n s occur between the caudal thalamus and the o p t i c 

tectum i n determining prey c a t c h i n g or predator avoidance 

behaviour (Ewert, 1970; Ewert and von Wietersheim, 1974 

b, c; Ewert e t a l , 1974). Himstedt et a l (1976) obtained 

s i m i l a r r e s u l t s from the urodele Salamandra salamandra and 

found t h a t the prey c a t c h i n g response of the l a r v a e depended 

on the s i z e of the prey dummy i n e i t h e r the h o r i z o n t a l , 

v e r t i c a l or both axes. However, a f t e r metamorphosis, 

t h e i r behaviour changed i n r e s p e c t to prey dummies which 

had a v e r t i c a l component and by e i g h t to ten months, a l l 

the salamanders responded p u r e l y to worm-like o b j e c t s , 

with an e l o n g a t i o n i n the h o r i z o n t a l plane and the 

d i r e c t i o n of movement. Presumably the responses of 

c e n t r a l neurons change during t h i s period and i t would 

be i n t e r e s t i n g to compare the responses of r e t i n a l gang

l i o n c e l l s p r i o r and subsequent to metamorphosis i n t h i s 

animal. 
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Depth of ganglion c e l l t e r m i n a l s 

i n the o p t i c tectum 

The d i s t r i b u t i o n of ganglion c e l l t e r m i n a l s i n the 

o p t i c tectum of the a d u l t Xenopus determined by e l e c t r o 

p h y s i o l o g i c a l methods a r e i n good agreement w i t h those 

d e r i v e d from other anurans (Maturana e t a l , 1960; Gaze 

and Keating,1969; Keating and Gaze 1970 b; Ewert and 

von Wietersheim, 1974 a; G r i i s s e r and G r u s s e r - C o r n e h l s , 

1976; but a l s o see Witpaard and t e r Keurs, 1975). 

I n t e r p r e t a t i o n of the anatomical d i s t r i b u t i o n of t e r m i n a l s 

i n the tectum i s somewhat dependent on the h i s t o l o g i c a l 

method used. Three or four l a y e r s may be d i s t i n g u i s h e d 

according to whether the d i s t r i b u t i o n has been mapped by 

Fink-Heimer degeneration, a u t o r a d i o g r a p h i c l a b e l l i n g or 

h o r s e r a d i s h peroxidase i n c u b a t i o n ( f o r review see S c a l i a , 

1976). The l o c a t i o n of ganglion c e l l t e r m i n a l s determined 

by u n i t r e c o r d i n g s and subsequent h i s t o l o g i c a l l o c a l i z a t i o n 

i s an good agreement w i t h the r e s u l t s obtained by c u r r e n t 

source d e n s i t y a n a l y s i s (see Chapter 5 ) . 

The e l e c t r o p h y s i o l o g i c a l l o c a l i z a t i o n of t e r m i n a l 

d i s t r i b u t i o n s i n ta d p o l e s was not p r e c i s e because the 

tectum i s t h i n and s o f t and a c c u r a t e depth measurements 

were d i f f i c u l t to make because of dimpling. The use of 

the P r u s s i a n blue marking technique was precluded by the 

inaccur a c y of the method due to the s i z e of the spot 

r e l a t i v e t o the t h i c k n e s s of the tectum. 



The development of the laminar arrangement of o p t i c 

a f f e r e n t s i n the tectum i s a complex p r o c e s s . I n t a d p o l e s 

p r i o r to Stage 55 the o p t i c a f f e r e n t l a y e r i s t h i n and 

l a m i n a t i o n cannot be r e s o l v e d . A f t e r Stage 55, responses 

of c l a s s I I I and IV t e r m i n a l s can be recorded a t d i f f e r e n t 

depths. At metamorphic climax and s h o r t l y a f t e r w a r d s , c l a s s 

I and I I t e r m i n a l s can be recorded most d o r s a l l y i n the 

tectum and, w i t h f u r t h e r growth, the s e p a r a t i o n of t e r m i n a l 

l a y e r s becomes more d i s t i n c t . 



CHAPTER V 

I n n e r v a t i o n of the a d u l t Xenopus tectum by o p t i c a f f e r e n t s 
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INTRODUCTION 

I n t r a c e l l u l a r e l e c t r i c a l r e c o r d i n g can y i e l d p r e c i s e 

data concerning information p r o c e s s i n g w i t h i n neuronal 

elements. I t i s o f t e n impossible, however, to make 

s t a b l e i n t r a c e l l u l a r r e c o r d i n g s from c e l l s i n the 

c e n t r a l nervous system and i n such c a s e s i t i s necessary 

to use e x t r a c e l l u l a r p o t e n t i a l s a s i n d i c a t o r s of neuronal 

a c t i v i t y (Nicholson and Freeman, 1975). T h i s a p p l i e s to 

the amphibian tectum where the v a s t m a j o r i t y of the c e l l s 

have a diameter of approximately 8 jim. 

Deductions about the s i t e of s y n a p t i c a c t i o n and the 

s i t e of the p o s t s y n a p t i c c e l l bodies may be made from an 

a n a l y s i s of the amplitude and p o l a r i t y of e x t r a c e l l u l a r 

p o t e n t i a l waves a t v a r i o u s depths i n a p e n e t r a t i o n through 

a neuronal ensemble. T h i s i s only p o s s i b l e i f the neurons 

form a population whose c o n s t i t u e n t somata and d e n d r i t e s 

a r e organized i n a s i m i l a r manner. In the case of the 

tectum, most somata are l o c a t e d i n c e l l u l a r s h e e t s , and 

the d e n d r i t e s of the somata are r a d i a l l y o r i e n t a t e d . 

F i e l d p o t e n t i a l a n a l y t i c a l methods enable determination 

of some of the i n t e r c o n n e c t i o n s and i n t e r a c t i o n s w i t h i n 

a neuronal population. The method of c u r r e n t source 

d e n s i t y a n a l y s i s provides a s i g n i f i c a n t improvement i n 
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the a b i l i t y to r e s o l v e the l o c a t i o n and time course of 

neuronal a c t i v i t y , compared w i t h the t r a d i t i o n a l methods 

of a n a l y s i n g e x t r a c e l l u l a r p o t e n t i a l s (Hubbard e t a l , 

1969; Freeman and Nicholson, 1975). 

E x t e n s i v e work has been c a r r i e d out on the o p t i c 

tectum and i t s o p t i c a f f e r e n t i n n e r v a t i o n i n amphibians, 

i n c l u d i n g both s t r u c t u r a l (reviews by S z e k e l y and L a z a r , 

1976; S c a l i a , 1976) and p h y s i o l o g i c a l (review by G r u s s e r 

and G r u s s e r - C o r n e h l s , 1976) s t u d i e s . . Most of the work 

to date has produced data only on the p r o p e r t i e s of gang

l i o n c e l l s ( c o n v e n i e n t l y recorded i n the tectum) and on 

the morphology of the neuronal components. Very l i t t l e 

work has been c a r r i e d out on the i n t e r a c t i o n of elements, 

t h e i r c i r c u i t r y and t h e i r p r o p e r t i e s , the notable e x c e p t i o n s 

being r e p o r t s by Chung, B l i s s and Keating (1974) and by 

Ewert and h i s coworkers (Ewert and von Wietersheim, 1974 

b, c; Ewert, Hock and von-Wietersheim, 1974). Chung and 

c o l l e a g u e s c a r r i e d out a study s i m i l a r to t h i s r e p o r t , 

i n Rana, and E w e r t ( s group have been s t y d y i n g the responses 

of neurons w i t h i n the tectum and t h e i r i n t e r a c t i o n with 

thalamic neurons. 

R e l a t i v e l y l i t t l e a t t e n t i o n has been paid to the 

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

f i b r e s and the l o c a t i o n of t h e i r p o s t s y n a p t i c neurons. 

Chung, B l i s s and Keating (1974), using laminar p r o f i l e 

a n a l y s i s i n Rana p i p i e n s , l o c a t e d t h r e e s y n a p t i c l a y e r s 

s u p e r f i c i a l to l a y e r 8 c e l l s and one s y n a p t i c l a y e r 

immediately beneath t h i s stratum. 



In t h i s r e p o r t the technique of c u r r e n t source 

d e n s i t y a n a l y s i s was employed on the o p t i c tectum of 

Xenopus i n an attempt to g a i n information concerning 

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

t h e i r p o s t s y n a p t i c neurons using responses to 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 to the contra l a tera.l nerve. 



METHOD 

, A. PREPARATION OF THE ANIMAL 

Twenty-two a d u l t Xenopus l a e v i s were used i n t h i s 

study. The b r a i n s were exposed a s d e s c r i b e d i n S e c t i o n 

B of the General Methods. The f o r e b r a i n was removed by 

s u c t i o n and a s m a l l hole was made i n the s c l e r a of the 

eye or i n the t h i c k connective t i s s u e sheath of 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 to f a c i l i t a t e 

e n try of a s t i m u l a t i n g e l e c t r o d e . The p r e p a r a t i o n was 

immobilized w i t h an i n j e c t i o n of 2 to 12 mg of s u c c i n y l 

c h o l i n e i n t o the d o r s a l lymph s a c . The animal was 

covered by a f r e s h medical wipe t i s s u e and was placed 

i n a shallow bath c o n t a i n i n g Niu-Twitty s o l u t i o n . 

Cotton threads soaked i n Xy l o c a i n e ( A s t r a ) were placed 

along a l l cut edges, although great c a r e was taken to 

avoid c o n t a c t with e i t h e r the o p t i c nerve of the b r a i n . 

Contact of e l e c t r o l y t e s w i t h the o p t i c tectum was a l s o 

avoided s i n c e t h i s reduced the s i z e of evoked p o t e n t i a l s 

(Nicholson and L l i n a s , 1971; Klee and R a i l , 1977). A l l 

s u r f a c e s exposed t o the a i r were covered w i t h p a r a f f i n 

o i l . A l l animals were allowed to re c o v e r from the 

a n a e s t h e t i c f o r h a l f an hour p r i o r to the s t a r t of the 

rec o r d i n g procedure. 



S i x t e e n Rana p i p i e n s and R. temporaria were a l s o 

used i n t h i s study f o r comparison. These animals were 

prepared i n a s i m i l a r manner, but were immobilized w i t h 

v a r y i n g amounts of d-tubocurarine (0.05 - 0.4 mg) 

depending on the time of year. 

At the t e r m i n a t i o n of each experiment, the animal 

was d e c a p i t a t e d and the head was f i x e d f o r a t l e a s t one 

day i n 0.9% s a l i n e c o n t a i n i n g 10% formaldehyde. The 

b r a i n was removed, dehydrated, embedded and s e c t i o n e d , 

and a l l s e c t i o n s were s t a i n e d e i t h e r w i t h C r e s y l e c h t 

V i o l e t or by the K l i i v e r - B a r r e r a method f o r c e l l bodies 

and f i b r e s , as d e s c r i b e d i n s e c t i o n C of the General 

Methods. 

B. ELECTRODES 

Four types of e l e c t r o d e s were used i n t h i s study; 

two f o r s t i m u l a t i o n and two f o r r e c o r d i n g purposes. 

S t i m u l a t i n g E l e c t r o d e s 

Woods M e t a l - i n - g l a s s or s t a i n l e s s s t e e l e l e c t r o d e s 

were used to d e l i v e r s t i m u l a t i n g p u l s e s and were manu

f a c t u r e d a s d e s c r i b e d i n the Methods s e c t i o n of Chapter 

•4.' 



Recording E l e c t r o d e s 

One hundred micron diameter s i l v e r / s i l v e r c h l o r i d e 

w i r e e l e c t r o d e s were used t o r e c o r d s u r f a c e evoked 

p o t e n t i a l s and were used mainly to optimize the p o s i t i o n 

of the s t i m u l a t i n g e l e c t r o d e . G l a s s m i c r o p i p e t t e s were 

used to re c o r d not only the s u r f a c e p o t e n t i a l s but a l s o 

p o t e n t i a l s a t depth and any a s s o c i a t e d s p i k e responses. 

The e l e c t r o d e s were manufactured from two m i l l i m e t e r 

e x t e r n a l diameter b o r o s i l i c a t e g l a s s tubing ( D i a l 

Glassworks, Stourbridge, Worcs.). In the l a t e r e x p e r i 

ments g l a s s tubing c o n t a i n i n g an i n t e g r a l g l a s s rod was 

used. The g l a s s was cut i n t o convenient lengths and was 

washed i n warm water c o n t a i n i n g 'Quadralene* detergent. 

A f t e r the g l a s s was r i n s e d s e v e r a l times i n tap and then 

d i s t i l l e d water i t was placed upright and allowed t o dry 

i n an oven a t 60°C. 

The m i c r o e l e c t r o d e s were made using a C.F. Palmer 

h o r i z o n t a l p u l l e r . The e l e c t r o d e s were f i l l e d by meth

anol under reduced p r e s s u r e . The methanol was l a t e r 

d i s p l a c e d by t r a n s f e r r i n g the e l e c t r o d e s to d i s t i l l e d 

water f o r a t l e a s t h a l f an hour. The e l e c t r o d e s were 

then t r a n s f e r r e d to a s o l u t i o n of e i t h e r 2 M or 4 M 

sodium c h l o r i d e overnight to al l o w adequate d i f f u s i o n 

of the e l e c t r o l y t e i n t o the e l e c t r o d e t i p . The e l e c t r o 

l y t e s o l u t i o n s were f i l t e r e d through a M i l l i p o r e f i l t e r 

(0.45 jira) p r i o r to use. The e l e c t r o d e t i p s were broken 



c a r e f u l l y to give a diameter not g r e a t e r than 2 \im. The 

e l e c t r o d e s which contained an i n t e g r a l g l a s s rod were 

f i l l e d by d i r e c t i n j e c t i o n of the e l e c t r o l y t e s o l u t i o n 

using a s y r i n g e and a f i n e needle i n s e r t e d as f a r a s the 

shoulder of the m i c r o p i p e t t e . The s o l u t i o n was c a r r i e d 

t o the e l e c t r o d e t i p by c a p i l l a r i t y . More commonly, the 

e l e c t r o l y t e s o l u t i o n used contained b a s i c dyes f o r the 

purpose of marking the r e c o r d i n g s i t e s i n the tectum. 

F a s t Green FCF or Pontamine Sky Blue 6 BX were used and 

both were obtained from George T. Gurr, London. The 

s o l u t i o n of F a s t Green FCF was made by adding e x c e s s dye 

to a warm (40°C) 2 M sodium c h l o r i d e s o l u t i o n and then 

f i l t e r i n g . The Pontamine Sky Blue was made as a 4% (w/v) 

s o l u t i o n i n 0.5 M sodium a c e t a t e ( P o t t e r e t a l , 1966; 

Helion, 1971) and h y d r o c h l o r i c a c i d was added u n t i l a 

pH of 7.7 was obtained. These e l e c t r o d e s had r e s i s t a n c e s 

of e i t h e r 3 - 8 Mil or 2 - 5 MjCl (Thomas and Wilson, 1965; 

Hellon, 1971). 

C. RECORDING PROCEDURE 

Constant v o l t a g e negative p u l s e s , u s u a l l y of 50 fisec 

d u r ation, were d e l i v e r e d by m e t a l - i n - g l a s s or s t a i n l e s s 

s t e e l e l e c t r o d e s e i t h e r to the o p t i c nerve head or to 

the o p t i c nerve. The p o s i t i o n f o r the s t i m u l a t i n g 

e l e c t r o d e was chosen so t h a t the maximum amplitude of 



the t e c t a l evoked p o t e n t i a l i n response to a 20 V 

0.1 msec pulse was obtained. The i n d i f f e r e n t s t i m 

u l a t i n g e l e c t r o d e was placed on the cornea. The d i s t a n c e 

between the 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 

measured using a microscope w i t h a c a l i b r a t e d eye-piece 

g r a t i c u l e . S h i e l d e d e l e c t r o d e h o l d e r s were used through

out to minimize the s t i m u l u s a r t i f a c t . P u l s e s of up to 

90 V were produced as d e s c r i b e d i n the Methods s e c t i o n 

of Chapter 3 and were d e l i v e r e d from a s t i m u l u s i s o l a t i o n 

u n i t . The evoked p o t e n t i a l s were l e d to a high input 

impedance a m p l i f i e r of 1,000 times gain, e i t h e r DC or 

o c c a s i o n a l l y AC coupled w i t h a time constant of two 

seconds. The output was d i s p l a y e d on a t r i g g e r e d 

T e k t r o n i x 502 A o s c i l l o s c o p e and s i n g l e frame photo

graphs were taken w i t h a Nihon-Kohden PC-2A o s c i l l o 

scope camera. Responses from s e q u e n t i a l depths of the 

tectum and other events of i n t e r e s t were photographed. 

Recordings i n a depth sequence were u s u a l l y made 

as the e l e c t r o d e was withdrawn, a s the tectum o f t e n 

dimpled during p e n e t r a t i o n . Recordings were regarded 

a s v a l i d only i f the micrometer measurement a t the 

t e c t a l s u r f a c e was the same before and a f t e r a pene

t r a t i o n . Dye spots were deposited by p a s s i n g a d i r e c t 

c a t h o d a l c u r r e n t of 7.5 fiA f o r e i g h t minutes f o r the 

F a s t Green FCF dye and f o r two minutes f o r the Pontamine 

Sky Blue dye. S u c c e s s f u l marking could be observed during 

c u r r e n t flow s i n c e the tectum i s s e m i - t r a n s p a r e n t . 



D. DATA COLLECTION AND COMPUTATIONAL METHODS 

Responses were recorded a t sample i n t e r v a l s of 

10 |im s i n c e i t has been suggested t h a t sample p o i n t s 

must be spaced a t i n t e r v a l s of l e s s than 50 Jim f o r 

accuracy i n c a l c u l a t i n g the second s p a t i a l d e r i v a t i v e 

(Freeman and Nicholson, 1975). The evoked p o t e n t i a l 

was measured a t a f i x e d l a t e n c y . T h i s was not neces

s a r i l y a t the peak of the evoked wave s i n c e the s i t e s 

of c u r r e n t s o u r c e s and s i n k s a r e dependent on the r a t e 

of change i n the vol t a g e f i e l d . 

C a l c u l a t i o n of the c u r r e n t d e n s i t y i n one dimension 

under i d e a l c o n d i t i o n s can be c a r r i e d out usi n g the 

f o l l o w i n g r a t i o n a l e : 

I ( t ) i s the c u r r e n t d e n s i t y a t time t under i d e a l 

c o n d i t i o n s i n a d i r e c t i o n normal to the s u r f a c e of the 

tectum and may be expressed i n terms of the f i r s t and 

second d e r i v a t i v e s of the p o t e n t i a l a t a given depth, 

as f o l l o w s : 

* Freeman and Stone (1969) 

where V ( t ) - the p o t e n t i a l of time ( t ) w i t h r e s p e c t to 

and O x = the c o n d u c t i v i t y of the t i s s u e i n the x 

i x ( t ) -4* 
6*2 

v(t) . <5x + Sv(t) . OCTx ® 
* 

a d i s t a n t e l e c t r o d e 

d i r e c t i o n 



L e t V^, V Q and v
2 be t h r e e c o n s e c u t i v e p o t e n t i a l v a l u e s 

a t time t i n a depth p r o f i l e such t h a t : 

V 1 = V(x - A x , t ) 

V Q = V(x, t ) 

v 2 - V(x + A x , t ) 

and l e t - the c o n d u c t i v i t y f o r the i n t e r v a l 

(x - A x) to x 
and = t h e c o n d u c t i v i t y f o r the i n t e r v a l 

x to (x + A x ) 

From the d e f i n i t i o n s of the f i r s t and second d e r i v a t i v e s : 

Sv(t) V 2 - V l 
i x 2 Ax 

_|Vt) ̂  ( V 2 - V ~ < V0 " V 

6x 

A x 2 

G2 - 6 : 
A x 

s u b s t i t u t i n g i n t o equation ( I ) : 

I x ( t ) 

A x 2 

<5i + 62 

V 2 " V l 
2&x 

tfl - tf2 

"1 

^ cr2 < v2 - V - Cfx ( v 0 - v 2 ) 
. A x 2 



A simple g r a p h i c a l i n t e r p r e t a t i o n i s permitted by 

equation to convert p o t e n t i a l depth p r o f i l e s i n t o 

net c u r r e n t d e n s i t y p r o f i l e s when the c o n d u c t i v i t y 

v a l u e s a r e known. The degree of ac c u r a c y of the v a l u e s 

of I ( t ) w i l l be i n v e r s e l y p r o p o r t i o n a l to the l e n g t h of 

Ax. With constant r e s i s t i v i t y , equation reduces to 

the f o l l o w i n g : 

• ^ > _ V l + V 2 - 2 V 0 
<J A x 2 

Equation permits the c o n v e r s i o n of p o t e n t i a l depth 

p r o f i l e s i n t o ' s e c o n d - d e r i v a t i v e * c u r v e s t h a t a r e d i r e c t l y 

p r o p o r t i o n a l to I (t) a t every point under i d e a l c o n d i t i o n s 

and constant c o n d u c t i v i t y . I n a s i n g l e p e n e t r a t i o n the 

p o t e n t i a l v a l u e s measured a t a f i x e d l a t e n c y were p l o t t e d 

f o r depth i n t e r v a l s af 10 urn and a depth p r o f i l e was 

obtained by drawing a smooth curve by eye through the 

p l o t t e d p o i n t s . The smooth curve reduced the s c a t t e r of 

the 20 urn increment v a l u e s used to c a l c u l a t e the second 

s p a t i a l d e r i v a t i v e from equation . 

F i g u r e 5:1 i l l u s t r a t e s s c h e m a t i c a l l y the experimental 

b a s i s of laminar f i e l d p o t e n t i a l a n a l y s i s . I n f i g u r e 5:1 

a negative square wave constant v o l t a g e e l e c t r i c shock i s 

d e l i v e r e d to the o p t i c nerve a t time t Q and t h i s evokes 

e x t r a c e l l u l a r f i e l d p o t e n t i a l s i n the tectum which vary 

i n both form and p o l a r i t y a c c o r d i n g to depth. The a m p l i -



F i g . 5:1 Schematic diagram i l l u s t r a t i n g the t h e o r e t i c a l 
b a s i s of laminar f i e l d p o t e n t i a l a n a l y s i s 

( a ) The e x t r a c e l l u l a r voltage waveforms 
produced by c u r r e n t flow generated i n a 
p o s t s y n a p t i c population of neurons are 
recorded a t v a r i o u s depths i n the neurone 
f i e l d . The p o s t s y n a p t i c a c t i v i t y i s 
produced i n response to a s t i m u l u s a p p l i e d 
( a t time t = 0 ) to the p r e s y n a p t i c f i b r e 
p opulation. The amplitude and p o l a r i t y of 
the evoked wave i s measured at a f i x e d time 
( t ^ ) a f t e r the s t i m u l u s . 

(b) The amplitude and p o l a r i t y of the evoked 
waveform a t time t = t j i s p l o t t e d i n a 
depth p r o f i l e and a smooth curve f i t t e d 
by eye to the p o i n t s . 

( c ) The second s p a t i a l d e r i v a t i v e of the smooth 
curve of voltage/depth p r o f i l e i s c a l c u l a t e d 
by the procedure described i n the t e x t cxnd 
r e v e a l s the r e l a t i v e magnitude and d i r e c t i o n 
of transmembrane c u r r e n t . 

( c ) Current e n t e r s the p o s t s y n a p t i c membrane 
and i s d i s t r i b u t e d to the remainder of 
the i d e a l i z e d neuron. A s m a l l c u r r e n t 
l e a k s out of the d e n d r i t e s but the major 
p o r t i o n l e a v e s from the c e l l body. The 
outward c u r r e n t i s d i v i d e d and flows 
e i t h e r r a d i a l l y to the synapse or v i a 
an e x t e r n a l c u r r e n t path. An e q u i v a l e n t 
c i r c u i t diagram c o n s i s t s of two p o t e n t i o 
meters. The p o s i t i o n of the wipers 
correspond to the l o c a t i o n s of the 
r e c o r d i n g and i n d i f f e r e n t e l e c t r o d e . 
(Redrawn from Chung, B l i s s and Keating, 
1974. ) 
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tude of these evoked p o t e n t i a l s a r e measured a t a co n s t a n t 

time i n t e r v a l of t ^ and a depth p r o f i l e i s c o n s t r u c t e d by 

p l o t t i n g these v a l u e s a s a f u n c t i o n of s u c c e s s i v e depths 

( f i g . 5:1 b ) . The r e l a t i v e d i r e c t i o n and magnitude of 

the transmembrane c u r r e n t can be c a l c u l a t e d from these 

v a l u e s u s i n g the second s p a t i a l d e r i v a t i v e which i s shown 

i n f i g u r e 5:1 c. F i g u r e 5:1 d shows an i d e a l i z e d neuron 

of the o p t i c tectum. At the s y n a p t i c region, c u r r e n t i s 

absorbed from the surrounding medium when the d e n d r i t e i s 

d e p o l a r i z e d . The i n t r a c e l l u l a r c u r r e n t flows along the . 

den d r i t e , and a s m a l l amount l e a k s to the o u t s i d e through 

the d e n d r i t i c membrane. The m a j o r i t y of t h i s c u r r e n t 

passes to the c e l l soma and then outwards, s i n c e i n t h i s 

r e g i o n the space constant d e c r e a s e s a b r u p t l y . The 

p r i n c i p a l outward c u r r e n t passes from the c e l l soma 

d i r e c t l y to the synapse, although a second minor outward 

c u r r e n t t a k e s an e x t e r n a l path v i a the i n d i f f e r e n t e l e c t r o d e . 



RESULTS 

A. PHYSIOLOGY 

The r e s u l t s i l l u s t r a t e d and d i s c u s s e d here a r e 

taken from a d u l t Xenopus, although depth p r o f i l e s 

obtained from Rana p i p i e n s a r e a l s o presented f o r 

comparative purposes. 

S t i m u l a t i o n of the o p t i c nerve of a d u l t Xenopus 

wi t h b r i e f e l e c t r i c a l s t i m u l i produced three d i s t i n c t 

negative waves a t the s u r f a c e of the c o n t r a l a t e r a l 

tectum ( f i g . 5:2 a, b ) . These waves have been l a b e l l e d 

mg, u^ and Ug i n accordance w i t h the terminology of 

Chung, B l i s s and Keating (1974). O c c a s i o n a l l y a s m a l l 

negative wave w i t h a very s h o r t l a t e n c y , termed m̂ , 

could be recorded a t the t e c t a l s u r f a c e . T h i s wave was 

o f t e n obscured by the s t i m u l u s a r t i f a c t i n many r e c o r d i n g s 

As the r e c o r d i n g e l e c t r o d e penetrated the tectum, the m2 

wave became more d i s t i n c t w i t h the m̂  wave superimposed 

on the i n i t i a l negative going phase of the nig wave ( f i g . 

5:2 c ) . The r e l a t i o n s h i p between the m̂  and m2 waves i s 

shown more c l e a r l y i n f i g u r e 5:2 d which i s a r e c o r d i n g 

made from a depth of 190 |xm i n the tectum, a t which depth 



F i g . 5:2 E x t r a c e l l u l a r p o t e n t i a l waves recorded i n the 
or»tic tectum i n response to st i m u l u s a p p l i e d 
t o the c o n t r a l a t e r a l o p t i c nerve 

( a ) Recordings made a t the s u r f a c e of the 
tectum r e v e a l the presence of three 
d i s t i n c t waves of negative p o l a r i t y . 
These waves a r e l a b e l l e d m2, u j and U2 
according to t h e i r r e s p e c t i v e l a t e n c i e s 
(see t e x t ) . 

(b) Same re c o r d i n g c o n d i t i o n s as i n ( a ) 
except that the time s c a l e has been 
expanded and the s t i m u l u s voltage has 
been reduced (to minimise s t i m u l u s 
a r t e f a c t ) i n order to r e v e a l the 
r e l a t i v e l a t e n c i e s and waveforms of 
the m2 and u^ waves. 

( c ) Records of m̂  and m2 waves made at a 
t e c t a l depth of 190 urn. The amplitudes 
of these two negative waves i s maximum 
at t h i s depth whereas the amplitudes of 
the 'u' waves are sma l l (compare t h i s 
r e c o r d w i t h record ( a ) ) . The l a t e n c i e s 
and waveforms of the ' m' waves i s more 
c l e a r l y r e v e a l e d on the f a s t e r time 
d i s p l a y of record ( d ) . 

( e ) Record ( e ) shows the t e c t a l responses 
and ( l a b e l l e d 1 and 2) to a st i m u l u s of 
( f ) the i p s i l a t e r a l o p t i c nerve ( e ) com

pared w i t h those evoked by s t i m u l a t i o n 
of the c o n t r a l a t e r a l nerve ( f ) . 

Time and voltage s c a l e s a r e i n d i c a t e d 
i n each record. I n a l l r e c o r d s , p o s i 
t i v e p o l a r i t y i s d i s p l a y e d upwards. 

1 
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the amplitudes of the fm' waves a r e near maximal (see 

depth p r o f i l e s ) . The l a t e n c i e s of the peaks of the 

waves i n f i g u r e s 5:2 a and 5:2 b a r e 6, 16 and 61 msecs 

f o r the nig, u^ and Ug waves r e s p e c t i v e l y . The responses 

from a d i f f e r e n t p r e p a r a t i o n , shown i n f i g u r e 5:2 d, have 

l a t e n c i e s of 4 and 8 msec f o r the m̂  and nig waves. 

T y p i c a l v a l u e s f o r the l a t e n c i e s of the peaks a r e 3 - 4 

msec, 6 - 8 msec, 12 - 16 msec and 50 - 60 msec f o r the 

m̂ , mg, u^ and Ug evoked p o t e n t i a l s r e s p e c t i v e l y . S i m i l a r 

responses were obtained i n the Rana sp. used. 

F i g u r e s 5:2 e and 5:2 f show the responses to the 

same s t i m u l u s recorded from the s u r f a c e of the i p s i l a t e r a l 

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

response c o n s i s t e d of a complex wave i n which a s h o r t 

l a t e n c y peak (7 msec) and a longer l a t e n c y wave (80 msec) 

were prominent ( f i g . 5:2 e ) . The wave, comparable i n 

l a t e n c y to the nig wave of the c o n t r a l a t e r a l tectum i s 

superimposed on the s t i m u l u s a r t i f a c t , whereas the longer 

l a t e n c y i p s i l a t e r a l response i s c l e a r l y e v i d e n t . S i n c e 

the i p s i l a t e r a l response could not be d i s t i n c t l y c h a r a c t e r 

i z e d i n t o a number of components i n the same way as the 

c o n t r a l a t e r a l response t h i s pathway was not s t u d i e d f u r t h e r . 

The c o n t r a l a t e r a l response shows the nig wave super

imposed on the s t i m u l u s a r t i f i c a t and two c l e a r l y evident 

'u' waves w i t h l a t e n c i e s of 5, 12 and 40 msec r e s p e c t i v e l y . 



Stimulus Strength - T e c t a l Response C h a r a c t e r i s t i c s 

F i g u r e 5:3 shows the c h a r a c t e r i s t i c s of the m̂  and 

m 2 waves recorded a t a depth of 240 jim i n response to 

s t i m u l i of i n c r e a s i n g i n t e n s i t y a p p l i e d to the o p t i c 

nerve. These r e s u l t s a r e represented g r a p h i c a l l y i n 

f i g u r e 5:4. A s t i m u l u s of 4 V e l i c i t e d no response 

from the tectum ( f i g . 5 ; 3 ) . A 5 V s t i m u l u s produced a 

sm a l l negative d e f l e c t i o n which i n c r e a s e d i n s i z e i n 

response t o a 6 V s t i m u l u s . The l a t e n c y of t h i s wave 

i n d i c a t e d t h a t i t was an wave. At 6 V, a second 

wave appeared the l a t e n c y of which was i n d i c a t i v e of 

the nig wave. The m̂  wave amplitude s a t u r a t e d w i t h 

s t i m u l i of 12 to 14 V, whereas the nig wave amplitude 

continued to i n c r e a s e up to a maximum f o r a 20 V s t i m 

u l u s ( f i g s . 5:3 and 5 : 4 ) . 

F i g u r e 5:5 shows the s t i m u l u s s t r e n g t h - t e c t a l 

response c h a r a c t e r i s t i c s f o r 'u' waves recorded from 

the s u r f a c e of the tectum. These a r e 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 5:4. A st i m u l u s of 6 V evoked 

no response from the tectum, but a wave w i t h a l a t e n c y 

of 20 msecs was produced by a s t i m u l u s of 10 V which 

can be i d e n t i f i e d on the b a s i s of i t s l a t e n c y as the 

u^ wave. At 15 V, the t a i l of t h i s wave was d i s t o r t e d 

by the overlapping u 2 wave. An 18 V s t i m u l u s evoked 

waves of l a r g e r amplitude. With s t i m u l i of 20 V the 

u, wave amplitude was maximum but the u 9 wave 



F i g . 5:3 Stimulus voltage - c o n t r a l a t e r a l t e c t a l 
response c h a r a c t e r i s t i c s 8m* waves 

Responses recorded i n the tectum at a depth 
of 240 (im. A 5 V stimu l u s produces a s m a l l 
negative d e f l e c t i o n a t a l a t e n c y which 
i n d i c a t e s an wave. A 6 V st i m u l u s evokes 
a second wave w i t h a longer l a t e n c y which i s 
i n d i c a t i v e of an m2 wave. The m̂  wave 
i n c r e a s e s \n amplitude with i n c r e a s i n g s t i m 
u l u s voltage and s a t u r a t e s a t 12-14 V. The 
m2 wave a l s o i n c r e a s e s 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 voltage and i s s a t u r a t e d 
by a s t i m u l u s of 20 V. See f i g u r e 5:4 f o r 
graph of r e s u l t s . Time and voltage s c a l e s 
are i n d i c a t e d i n each record. In a l l r e c o r d s , 
p o s i t i v e p o l a r i t y i s upward. The f i g u r e s 
below the t r a c e s a r e the v o l t a g e s a p p l i e d . 
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F i g . 5:4 Graph of s t i m u l u s s t r e n g t h - t e c t a l response 
c h a r a c t e r i s t i c s 

The t r a c e s from which measurements have been 
taken f o r the graph a r e shown i n f i g u r e 5:3 
(mi a n ^ m 2 waves) and f i g u r e 5:5 (u^ and U2 
waves). The t h r e s h o l d of the wave i s 5 V, 
wit h i n c r e a s i n g voltage the wave i n c r e a s e s i n 
amplitude and becomes maximal at 12-14 V. 
The t h r e s h o l d of the 7?2 wave i s s l i g h t l y 
higher (6 V ) . With s m a l l increments of s t i m 
u l u s voltage the amplitude of the nwj wave 
i n c r e a s e s r a p i d l y and i s s a t u r a t e d with a 
st i m u l u s of 20 V. The ' u' waves are evoked 
by higher v o l t a g e s . The u^ wave can be evoked 
by 10 V st i m u l u s , and the U2 wave by a s t i m 
ulus of 13 V. Both waves i n c r e a s e i n ampli
tude r a p i d l y with s m a l l i n c r e a s e s (1 V) of 
st i m u l u s i n t e n s i t y . The U2 wave i s s a t u r a t e d 
by a s t i m u l u s of 20 V. However, the U2 wave 
continued to i n c r e a s e i n amplitude and i s 
s a t u r a t e d w i t h a stimu l u s of about 40 V. 

While v a r a i t i o n s i n the voltag e l e v e l a t 
which t h r e s h o l d s and s a t u r a t i o n are evident 
i n d i f f e r e n t experiments, the r e l a t i v e 
v o l t a g e v a l u e s f o r t h r e s h o l d and s a t u r a t i o n 
a r e c o n s t a n t . 
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F i g . 5:5 Stimulus voltage - t e c t a l response c h a r a c t e r 
i s t i c s * u ' waves 

The e f f e c t of i n c r e a s i n g s t i m u l u s voltage on 
the t e c t a l response was recorded at the s u r f a c e 
of the c o n t r a l a t e r a l tectum. A 10 V s t i m u l u s 
evokes a u^ wave, and a st i m u l u s of 18 V evokes 
a l s o a longer l a t e n c y U2 wave which i s super
imposed on the t a i l of the u j wave. The 112 
wave •'vas s a t u r a t e d by a stimu l u s of 20 V.. The 
u j wave continued to 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 voltage u n t i l a s t i m u l u s of 
40 V a t which s a t u r a t i o n occurred. See f i g u r e 
5:4 f o r g r a p h i c a l r e p r e s e n t a t i o n of the r e s u l t s . 
Time and voltage s c a l e s are i n d i c a t e d i n each 
r e c o r d . I n a l l r e c o r d s , p o s i t i v e p o l a r i t y i s 
upward. The f i g u r e s below the t r a c e s are the 
v o l t a g e s a p p l i e d . 
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continued to i n c r e a s e i n amplitude u n t i l a s t i m u l u s of 

40 V a t which amplitude s a t u r a t i o n o c c u r r e d . The 

r e s u l t s presented here w h i l e not q u a n t i t a t i v e l y a p p l i c a b l e 

to a l l experiments, s i n c e s t i m u l a t i n g and r e c o r d i n g 

c o n d i t i o n s vary, a r e q u a l i t a t i v e l y s i m i l a r . With 

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 m̂  wave always 

appeared p r i o r t o the m2, and both of th e s e waves had 

lower t h r e s h o l d c h a r a c t e r i s t i c s than the ' u* waves. 

The u^ wave was always a c t i v a t e d by lower v o l t a g e than 

the Ug wave. 

A n a l y s i s of P r e s y n a p t i c and 

P o s t s y n a p t i c Events 

The nig, u^ and Ug waves were o f t e n preceeded by 

b r i e f monophasic, d i p h a s i c or t r i p h a s i c wave forms. 

•These low amplitude d e f l e c t i o n s were u s u a l l y recorded 

a t a t e c t a l depth f o r which evoked waves had t h e i r max

imum amplitude. An example of a t r i p h a s i c waveform 

preceeding the nig wave i s e x h i b i t e d i n f i g u r e 5:6 a. 

T h i s b r i e f wave has a l a t e n c y of 2 msec, a d u r a t i o n of 

0.8 msec and the d i f f e r e n c e s between the l a t e n c i e s of 

t h i s wave and the peak of the l a r g e monophasic negative 

wave i s 4 msec. F i g u r e s 5:6 b and 5;6 c show s i m i l a r 

s m a l l waveforms which preceed the l a r g e negative d e f l e c 

t i o n s . The l a t e n c y , d u r a t i o n and d i f f e r e n c e i n the 

l a t e n c i e s a r e 6, 2 and 8 msec f o r the u^ wave and 25, 

2 and 10 msec f o r the u 0 wave. 



F i g . 5:6 ( a ) A t r i p h a s i c , short l a t e n c y (2 mSec), short 
d u r a t i o n (0.8 mSec) d e f l e c t i o n ( l a b e l l e d 
w ith an open t r i a n g l e ) preceeding an m2 
wave. 

(b) A U2 wave preceeded by a b r i e f (2 mSec 
d u r a t i o n ) negative-going d e f l e c t i o n 
( l a b e l l e d with an open t r i a n g l e ) . 

( c ) A ui wave preceeded i)y a b r i e f (2 msec 
d u r a t i o n ) d i p h a s i c waveform (open t r i 
angle ) . 

(d) Records of a u^ wave preceeded by a 
and d i p h a s i c s p i k e p o t e n t i a l (open t r i a n g l e 
( e ) i n ( d ) ) . The recordings i n ( e ) were 

taken a t 1, 3, 5 and 8 seconds a f t e r the 
s t a r t of a st i m u l u s pulse t r a i n a t a 
frequency of 20 Hz and 12 seconds d u r a t i o n . 
Note that w h i l e the u^ wave decreases i n 
amplitude throughout the duration of the 
pulse t r a i n the d i p h a s i c p o t e n t i a l shows 
l i t t l e v a r i a t i o n i n amplitude. Record 
(d) i s the c o n t r o l response to a s i n g l e 
s t i m u l u s recorded before the a p p l i c a t i o n 
of the twelve second s t i m u l a t i o n p e r i o d . 
The u^ wave amplitude has almost recovered 
i t s c o n t r o l v a l u e . A c u r i o u s f e a t u r e , 
however i s the s l i g h t i n c r e a s e i n the 
d i p h a s i c waveform amplitude, record ( f ) 
i s the response of the u^ wave recorded 
t h r e e seconds a f t e r the end of the twelve 
second s t i m u l a t i o n period. 
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The p r o p e r t i e s of these small waveforms were 
i n v e s t i g a t e d i n c o n j u n c t i o n w i t h the l a r g e r , longer 
l a t e n c y evoked waves, using double s t i m u l u s pulses 
and t e t a n i c t r a i n s of s t i m u l i . Recordings of the 

wave i n response t o a s t i m u l u s c o n s i s t i n g of a 
pulse t r a i n a t a frequency o f 20 Hz f o r a p e r i o d 
of 12 seconds i s i l l u s t r a t e d i n f i g u r e 5:6 e. A 
c o n t r o l response f o r a s i n g l e s t i m u l u s i s shown 
i n f i g u r e 5:6 d f o r comparison. Responses were 
recorded 1, 3, 5 and 8 seconds a f t e r the s t a r t of 
the pulse t r a i n and show a progressive decrease i n 
amplitude of the l a r g e u^ wave. At 3 seconds a f t e r 
the end of the 12 second s t i m u l a t i n g p e r i o d the u^ 
wave amplitude had recovered t o c o n t r o l l e v e l s 
( f i g . 5:6 f ) . However, note t h a t the small nega
t i v e wave has a constant amplitude i n a l l records. 
The s u s c e p t i b i l i t y of the u^ wave t o r e p e t i t i v e 
s t i m u l i suggests t h a t i t may be a postsynaptic 
component. I t i s p o s s i b l e t h a t the preceeding 
small negative wave i n f i g u r e 5:6d i s a presynaptic 
component and may be regarded as a synchronous 
impulse v o l l e y t r a n s m i t t e d by a f f e r e n t f i b r e s . 
T his c o n c l u s i o n i s based on the evidence t h a t t h i s 
wave f o l l o w s , w i t h o u t decrement o f amplitude, a 
hi g h frequency s t i m u l u s . 



Further evidence f o r the p o s t s y n a p t i c nature of the 
l a r g e monophasic waveforms was obtained by a p p l y i n g double 
s t i m u l i t o the o p t i c nerve. Such a re c o r d i s shown i n 
f i g u r e 5:7 (e.g. 6 msec r e c o r d ) , where the amplitude of 
the evoked wave, f o r s t i m u l i of constant i n t e n s i t y , 
increases on p r e s e n t a t i o n of a second s t i m u l u s which 
r a p i d l y f o l l o w s an i n i t i a l s t i m u l u s . This p o t e n t i a t i o n 
of the m̂  wave i s expressed i n terms of a percentage 
increase i n amplitude r e l a t i v e t o t h a t of a c o n t r o l wave 
recorded i n response t o a s i n g l e s t i m u l u s ( f i g . 5:7 a, b ) . 
No p o t e n t i a t i o n occurs w i t h an i n t e r s t i m u l u s i n t e r v a l of 
1 msec, but w i t h i n t e r v a l s of between 2 and 6 msecs, the 
amplitude of the second wave r a p i d l y increases over the 
c o n t r o l t o give a p o t e n t i a t i o n of 140% ( f i g . 5:7 b ) . 
With i n t e r s t i m u l u s i n t e r v a l s g r e a t e r than 6 msecs, the 
amplitude decreases t o produce a 20% p o t e n t i a t e d response 
a t an i n t e r s t i m u l u s i n t e r v a l of 20 msecs. This degree of 
p o t e n t i a t i o n i s maintained up t o i n t e r v a l s of 70 to.80 
msecs. 

The percentage increase i n the amplitude of the 
wave i s c a l c u l a t e d r e l a t i v e t o the amplitude when only a 
s i n g l e s t i m u l u s i s a p p l i e d ( f i g . 5:8 a ) . An i n t e r s t i m u l u s 
i n t e r v a l of 5 msecs has no e f f e c t on the amplitude o f the 
mg wave, but note a t t h i s i n t e r v a l the p o t e n t i a t e d 

response of the m̂  wave, as expected from the r e s u l t s 
above ( f i g . 5:7 a, b ) . A 10 msec i n t e r v a l produces a 





F i g . 5:7 E f f e c t s of paired s t i m u l i on the m.. wave 
(a) Records t o show the change i n amplitude 

of an mi wave t o double s t i m u l i a t v a r y i n g 
i n t e r v a l s . Figures below the traces 
i n d i c a t e the i n t e r v a l between two pulses. 
The second wave i n the 2 msec i n t e r v a l 
record i s c l e a r l y l a r g e r than the c o n t r o l 
( o ) . The mi wave i s p o t e n t i a t e d f u r t h e r 
w i t h i n c r e a s i n g stimulus i n t e r v a l s , u n t i l 
a maximal second response i s obtained 
w i t h i n t e r v a l s of 5-6 msec. Thereafter 
the p o t e n t i a t e d wave decreases i n a m p l i 
tude t o c o n t r o l l e v e l s . Dots above t r a c e s 
i n d i c a t e the stimulus and the c a l i b r a t i o n 
i s as i n d i c a t e d . 

(b) Graphical r e p r e s e n t a t i o n of the r e s u l t s 
obtained from the records i l l u s t r a t e d i n 
( a ) . The percentage increase i n amplitude 
i s p l o t t e d against the i n t e r v a l i n msecs. 
Maximal p o t e n t i a t i o n (140%) occurs at an 
i n t e r v a l of 5-6 msec. 
I n a l l records p o s i t i v e p o l a r i t y a t the 
re c o r d i n g e l e c t r o d e i s upwards. 
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F i g . 5;8 P o t e n t i a t i o n of the m0 wave 
(a) T y p i c a l records showing m2 wave poten

t i a t i o n . Figures below the traces 
i n d i c a t e the i n t e r v a l i n msecs between 
two s t i m u l i . With an i n t e r v a l of 5 msec 
no ni2 wave p o t e n t i a t i o n i s produced. A 
delay of 10 msec between pulses poten
t i a t e s the second response maximally (50% 
increase i n amp l i t u d e ) . Increasing the 
i n t e / w a l f u r t h e r , leads t o a decline i n 
the e f f e c t i v e n e s s of the f i r s t s t i m u l u s , 
u n t i l a t i n t e r v a l s 50 msecs the secondary 
response i s at an amplitude comparable t o 
the i n i t i a l response. Note the d i f f e r e n t 
time c a l i b r a t i o n marks. The 50 msec scale 
r e f e r s t o traces 0, 5, 10, 15 and 20. 
Dots above tra c e s i n d i c a t e the s t i m u l i . 

(b) Graphical r e p r e s e n t a t i o n of the r e s u l t s 
i l l u s t r a t e d above. Percentage poten
t i a t i o n i s p l o t t e d against i n t e r s t i m u l u s 
i n t e r v a l . The 1112 wave i s maximally poten
t i a t e d by an i n t e r s t i m u l u s i n t e r v a l of 10 
msec. 

In a l l records p o s i t i v e p o l a r i t y of the re c o r d i n g 
e l e c t r o d e s i s upwards. 
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maximally p o t e n t i a t e d nig wave, which has increased i n 
amplitude by 50%. I n t e r v a l s g r e a t e r than t h i s are le s s 
e f f e c t i v e and the degree of p o t e n t i a t i o n i s only 5% when 
the second s t i m u l u s i s d e l i v e r e d 50 msecs a f t e r the f i r s t . 
These r e s u l t s are summarized i n the graph i n f i g u r e 5:8 b. 

Figure 5:9 b shows the c o n d i t i o n i n g and p o t e n t i a t e d 
responses of the u^ wave t o double s t i m u l i w i t h an i n t e r 
s t i m u l u s i n t e r v a l of 30 msecs. The e f f e c t s of v a r y i n g the 
i n t e r v a l are shown g r a p h i c a l l y i n f i g u r e 5:9 a where i t 
can be seen t h a t the u^ pos t s y n a p t i c wave may be poten
t i a t e d by double s t i m u l i , p r o v i d i n g the i n t e r s t i m u l u s 
i n t e r v a l i s not gr e a t e r than 150 msecs. Maximum poten
t i a t i o n (50%) occurs w i t h i n t e r v a l s of 40 t o 50 msecs. 
Figure 5:9 a summarizes the data of p o t e n t i a t i o n of the 
u 2 wave. 

The l i m i t s of the p o t e n t i a t i n g s t i m u l u s i n t e r v a l s 
are s i m i l a r t o t h a t of the u^ wave. However, the maximal 
p o t e n t i a t i o n of the Ug wave occurs a t a longer i n t e r 
s t i m u l u s i n t e r v a l (60 msecs) than f o r the u^ wave (40 -
50 msec). Figure 5:9 c shows an i n v e r t e d p o t e n t i a t e d 
Ug wave which i s the recorded deep i n the tectum a t 380 (im 
from the sur f a c e . 

I n summary, a l l f o u r p ostsynaptic waves may be 
p o t e n t i a t e d , w i t h the most e f f e c t i v e i n t e r s t i m u l u s 
i n t e r v a l s being 7 msecs f o r the m̂  wave, 10 msecs 
f o r the wave, 45 msecs f o r the u^ wave and 60 msecs 
f o r the u 0 wave. 



F i g . 5:9 P o t e n t i a t i o n of 'u' waves 
(a) Summary of the amplitudes of u-̂  and U2 

waves evoked i n response t o double s t i m u l i 
a p p l i e d w i t h various i n t e r s t i m u l u s i n t e r 
v a l s . The o r d i n a t e i s the percentage 
increase i n amplitude of the response t o 
the second pulse of the paired stimulus 
compared w i t h the amplitude of a c o n t r o l 
response t o a s i n g l e s t i m u l u s . Maximum 
p o t e n t i a t i o n of and 112 waves occur at 
i n t e r s t i m u l u s i n t e r v a l s of 45 and 60 msecs 
r e s p e c t i v e l y . 

(b) An example of p o t e n t i a t i o n recorded i n a 
ui wave w i t h an i n t e r s t i m u l u s i n t e r v a l of 
30 rnsecs. 

( c ) An example of p o t e n t i a t i o n recorded i n a 
U2 wave. I n t h i s record the p o l a r i t y of 
the evoked wave i s reversed as a conse
quence of the depth i n the tectum from 
which the responses were recorded. 

I n a l l recordings p o s i t i v e p o l a r i t y i s upwards. 
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Depth P r o f i l e s and Current 
Source Density A n a l y s i s 

Depth p r o f i l e s of evoked wave amplitudes were d e t e r 
mined and from these the second s p a t i a l d e r i v a t i v e s were 
c a l c u l a t e d . Comparisons between the responses obtained 
from d i f f e r e n t p r e p a r a t i o n s and even from d i f f e r e n t 
e l e c t r o d e p e n e t r a t i o n s i n the same p r e p a r a t i o n were 
d i f f i c u l t t o make because of the v a r i a t i o n s i n the t h i c k 
ness of the tectum. The r e s u l t s r e p o r t e d below are 
deriv e d from s i n g l e e l e c t r o d e p e n e t r a t i o n s i n order t h a t 
comparisons of the d i f f e r e n t waveforms may be made. 

The Mr, wave 

The m2 wave i s u s u a l l y observed i n records from the 
most s u p e r f i c i a l p a r t of the tectum appearing as a small 
negative wave preceeding both the u^ and Ug waves ( f i g . 
5:2 a, b ) . The la t e n c y of the presynaptic p o t e n t i a l s 
u s u a l l y associated w i t h ^ waves i n d i c a t e an approximate 

-\ 
conduction v e l o c i t y of 1.1 t o 1.3 msec. 

I n f i g u r e 5:10 a, the m̂  wnvc i s not r e a d i l y apparent 
i n the responses obtained from the f i r s t 50 |itn of the 
microelectrode p e n e t r a t i o n , as i t i s obscured by the 
negative going edge of the u.̂  wave. At 100 urn, the u 1 

wave i s decreasing i n amplitude and the m2 wave i s 
beginning t o appear as an i n f l e x i o n on the negative 
going phase of t h i s wave ( f i g . 5:10 a ) . At a depth of 



F i g . 5:10 Current d e n s i t y a n a l y s i s of Xenopus t e c t a l 
m2 waves 
(a) Samples of evoked waves recorded a t 

various depths i n the tectum. The upper
most record i s from the t e c t a l surface, 
subsequent records are taken at successive 
50 |j.m depth increments. The s o l i d dot i n 
the f i r s t record marks the time at which 
the c o n t r a l a t e r a l o p t i c nerve was s t i m 
ulate: 1;. The s o l i d v e r t i c a l I ine represents 
the constant latency a t which m2 wave 
amplitudes, at the various depths, were 
measured. 

(b) M2 wave amplitude-depth d i s t r i b u t i o n 
( s o l i d c i r c l e s ) and i t s second d e r i v a t i v e 
(open c i r c l e s ) f o r the p o t e n t i a l records, 
some of which are i l l u s t r a t e d i n ( a ) . 
The abscissa i s scaled i n m i l l i v o l t s f o r 
the amplitude-depth d i s t r i b u t i o n and i s 
a l s o a r e l a t i v e scale f o r the second 
d e r i v a t i v e . The negative quadrant 
represents negative p o l a r i t y a t the 
r e c o r d i n g e l e c t r o d e f o r the amplitude-
depth curve and also c u r r e n t sinks f o r 
the second s p a t i a l d e r i v a t i v e . P o s i t i v e 
values i n the second s p a t i a l d e r i v a t i v e 
are c u r r e n t sources. The depth o r i d i n a t e 
i s scaled i n um (microelectrode depth) 
and i s a l s o marked w i t h a s o l i d t r i a n g l e 
l a b e l l e d D, corresponding t o the depth 
a t which the amplitude of the negative 
m2 wave was a maximum and a t which a dye 
spot was deposited by the microelectrode 
H i s t o l o g i c a l examination of t h i s tectum 
( f i g . 5:13 a) l o c a t e s t h i s spot i n t e c t a l 
l a y e r 9. 
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150 |im, the m2 wave n e g a t i v i t y i s prominent and appears 
t o increase as the postsynaptic wave i n v e r t s a t 190 jim 
( f i g . 5:10 a, b ) . At 300 um, the amplitude of the m2 wave 
decreases t o the base l i n e zero, although i t s t i l l appears 
t o be prominent due t o the presence of the s t i m u l u s a r t i 
f a c t . 

C a l c u l a t i o n of the second s p a t i a l d e r i v a t i v e i n d i c a t e s 
a maximum net inward c u r r e n t l o c a t e d a t a depth of 150 um 
( f i g . 5:10 b ) . This c u r r e n t s i n k was f l a n k e d both d o r s a l l y 
and v e n t r a l l y by c u r r e n t sources, whose maxima l a y a t 100 
and 200 Jim, the l a t t e r being somewhat more prominent. 

At a depth of 150 jim (the maximum amplitude of the 
m2 wave) a dye spot was deposited, h i s t o l o g i c a l l y recovered 
and i l l u s t r a t e d i n f i g u r e 5:13 a. The l o c a t i o n of the dye 
spot a t the maximum n e g a t i v i t y of the depth p r o f i l e c o r r e 
sponds t o the l o c a t i o n of the maximum c u r r e n t s i n k on the 
second s p a t i a l d e r i v a t i v e . Knowledge of the depth i n the 
tectum of any one p o i n t on the depth p r o f i l e enables a l l 
other p o s i t i o n s on the p r o f i l e t o be equated w i t h a p a r t 
i c u l a r t e c t a l depth. I t may be assumed t h a t shrinkage of 
the t i s s u e occurred d u r i n g h i s t o l o g i c a l processing and was 
constant throughout the thickness of the tectum. Therefore 
from f i g u r e 5:10 b i t may be determined t h a t the maximum 
cu r r e n t s i n k i s l o c a t e d i n l a y e r 9 pf the tectum. The 
l o c a t i o n of the deep c u r r e n t source a t 200 |im corresponds 
t o the l o c a t i o n o f the c e l l bodies. A c u r r e n t source i s 
a l s o located more s u p e r f i c i a l l y then the c u r r e n t s i n k . 
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Since i t i s known t h a t the c e l l bodies of l a y e r 8 extend 
t h e i r a p i c a l d e n d r i t e s i n t o l a y e r 9 i t may be assumed t h a t 
the synaptic s i n k occurs on the ascending d e n d r i t e s of these 
c e l l s and the c u r r e n t i s d i s t r i b u t e d t o the more s u p e r f i c i a l 
p o r t i o n s of the d e n d r i t e s and deeper t o the c e l l bodies. 

The U-̂  wave 

The u^ wave i s a prominent monophasic negative p o t e n t i a l 
recorded a t the surface of the tectum. The conduction 
v e l o c i t y o f the a f f e r e n t f i b r e s determined from the l a t e n c y 
of the pres y n a p t i c p o t e n t i a l u s u a l l y associated w i t h the u^ 
wave i n d i c a t e s an approximate conduction v e l o c i t y of 0.6 msec. 
As the e l e c t r o d e penetrates the tectum i n a d i r e c t i o n perpen
d i c u l a r t o the sur f a c e , the evoked p o t e n t i a l i s of constant 
amplitude f o r the f i r s t 50 urn of the p e n e t r a t i o n . The 
amplitude decreases w i t h f u r t h e r p e n e t r a t i o n and f i n a l l y 
i n v e r t s t o a p o s i t i v e value a t 170 fim ( f i g . 5:11 a, b ) . 
As the e l e c t r o d e continues t o penetrate the tectum the 
p o s i t i v e i n v e r t e d wave continues t o increase amplitude. 

C a l c u l a t i o n of the second s p a t i a l d e r i v a t i v e of the 
depth p r o f i l e i n d i c a t e s a l a r g e c u r r e n t s i n k which i s 
maximal 70 nm below the surface. A s i n g l e c u r r e n t source 
i s present, the maximum of which i s loc a t e d a t a depth o f 
150 |im ( f i g . 5:11 b ) . The dye deposited d u r i n g the pene
t r a t i o n ( f i g . 5:13 a) l o c a l i z e s the c u r r e n t s i n k as being 
the most s u p e r f i c i a l i n the tectum. The maximum c u r r e n t 



F i g . 5:11 Current d e n s i t y a n a l y s i s of Xenopus t e c t a l 
u i waves 
(a) Samples of evoked waves recorded at 50 urn 

depth increments i n the o p t i c tectum. The 
s o l i d dot i n the f i r s t record marks the 
time a t which the c o n t r a l a t e r a l o p t i c 
nerve was s t i m u l a t e d . The s o l i d v e r t i c a l 
l i n e represents the constant latency a t 
which u j wave amplitudes, at each depth, 
were measured. 

(b) Hi wave amplitude-depth d i s t r i b u t i o n 
( s o l i d c i r c l e s ) and i t s second d e r i v a t i v e 
(open c i r c l e s ) f o r the records, some of 
which are i l l u s t r a t e d i n ( a ) . The scales 
and remarks concerning the abscissa and 
o r d i n a t e of t h i s graph are the same as 
i n f i g u r e 5:10 b. The dye spot p o s i t i o n , 
marked D, when recovered h i s t o l o g i c a l l y 
( f i g . 5:13 a) allows comparison of the 
l o c a t i o n s of the cu r r e n t s i n k and sources 
•with the depths of c e l l , and synaptic 
l a y e r s (see t e x t ) . 
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source can be l o c a l i z e d t o a r e g i o n j u s t s u p e r f i c i a l t o 

t h e c e l l s o f l a y e r 8, and t h i s c o r r e s p o n d s t o t h e main 

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

c e l l s . 

The U 9 wave 

The Ug wave i s a p r o m i n e n t n e g a t i v e d e f l e c t i o n when 

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

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

w i t h U2 waves i n d i c a t e an a p p r o x i m a t e c o n d u c t i o n v e l o c i t y 

o f 0.2 msec' 

For a c o n s t a n t s t i m u l u s s t r e n g t h t h e a m p l i t u d e o f 

t h e U2 wave i n c r e a s e s as t h e e l e c t r o d e i s advanced 

r a d i a l l y i n t o t h e t e c t u m , down t o a d e p t h o f 100 fim f r o m 

t h e s u r f a c e ( f i g . 5:12 a, b ) . W i t h f u r t h e r p e n e t r a t i o n 

t h e wave decreases i n a m p l i t u d e and e v e n t u a l l y r e v e r s e s 

p o l a r i t y a t a d e p t h o f 250 jim. When t h e second s p a t i a l 

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

i n d i c a t e t h r e e peaks; a s m a l l p o s i t i v e maximum v e r y c l o s e 

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

100 am and a p o s i t i v e maximum a t 180 um. Since t h e dye 

s p o t d e p o s i t e d d u r i n g t h e p e n e t r a t i o n a t a d e p t h o f 150 um 

was r e c o v e r e d ( f i g . 5:13 a ) , t h e l o c a t i o n o f t h e deep 

c u r r e n t s ource a t 180 um may be i d e n t i f i e d as t h e c e l l s 

o f l a y e r 8. The p r o m i n e n t c u r r e n t s i n k i s l o c a t e d s u p e r 

f i c i a l l y i n l a y e r 9, however i t i s l o c a t e d a t a l e v e l 

s l i g h t l y deeper t h a n t h e l o c a t i o n o f t h e maximum u, s i n k . 



F i g . 5:12 C u r r e n t d e n s i t y a n a l y s i s o f Xenopus t e c t a l 
U q waves 

( a ) Samples of evoked waves r e c o r d e d a t 
v a r i o u s depths i n t h e t e c t u m ( f o r 
d e t a i l s see legend t o f i g . 5:10 a ) . 
The s o l i d v e r t i c a l l i n e r e p r e s e n t s 
t h e c o n s t a n t l a t e n c y a t which U2 wave 
a m p l i t u d e s , a t s u c c e s s i v e depths, were 
measured. 

( b ) U2 wave a m p l i t u d e - d e p t h d i s t r i b u t i o n 
( s o l i d c i r c l e s ) and i t s second d e r i v a t i v e 
(open c i r c l e s ) f o r t h e r e c o r d s i l l u s 
t r a t e d i n ( a ) . I n t e r p r e t a t i o n o f 
a b s c i s s a and o r d i n a t e as i n f i g u r e 5:10 b. 
The p o s i t i o n o f t h e d e p o s i t e d dye spot 
marker i s i n d i c a t e d by a s o l i d t r i a n g l e 
l a b e l l e d D. 
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F i g . 5;13 L i g h t m i c r o g r a p h s t o show d e p o s i t e d dye s p o t s . 

I n a l l f i g u r e s t h e f i g u r e *8* i n d i c a t e s l a y e r 
8 o f t h e te c t u m and 'D' i n d i c a t e s t h e dye s p o t . 

( a ) A dye spot i s i n d i c a t e d which was d e p o s i t e d 
d u r i n g t h e p e n e t r a t i o n f r o m which t h e 
p r e v i o u s depth p r o f i l e s were c a l c u l a t e d 
( f i g s . 5:10, 5:11 and 5:12). The s p o t 
was d e p o s i t e d a t t h e s i t e o f maximum 
n e g a t i v i t y o f t h e ni2 wave (l.'O (im). 
T h i s s i t e i s l o c a t e d above l a y e r 8 and 
cor r e s p o n d s t o t h e l o c a t i o n o f maximum 
inwa r d c u r r e n t o f t h e m£ wave. 

( b ) The dye spot i n d i c a t e s t h e l o c a t i o n o f 
maximum n e g a t i v i t y o f an wave d u r i n g 
a p e n e t r a t i o n o f t h e t e c t u m w i t h a m i c r o -
e l e c t r o d e . The spot i s l o c a t e d immed
i a t e l y beneath t h e c e l l bodies o f l a y e r 
8. 

( c ) The dye spot ( a t a raicroelectrode d e p t h 
o f 120 Jim) i n d i c a t e s t h e l o c a t i o n o f t h e 
p o s t s y n a p t i c neuron whose a c t i v i t y was 
superimposed on t h e iruj wave. The r e c o r d s 
o f t h e a c t i v a t i o n and t h e e f f e c t s o f a 
s t i m u l u s p u l s e t r a i n a r e shown i n f i g u r e s 
5:19 e, f and g. 

( d ) Dye s p o t marking t h e l o c a t i o n o f deep 
neuron (see f i g . 5:20 a, b, c ) whose 
a c t i v i t y c o u l d be r e c o r d e d over a 
d i s t a n c e o f 50 Jim ( f i g . 5:20 a, b, c ) . 
The c e l l i s l o c a t e d i n l a y e r 2 o f t h e 
t e c t u m . 
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The M.. wave 

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

t h e wave c o u l d n o t be d e t e r m i n e d s i n c e i t i s r a r e l y 

preceeded by a p r e s y n a p t i c component. No d e p t h p r o f i l e 

c o u l d be d e t e r m i n e d f o r t h e m^ wave i n Xenopus s i n c e t h e 

a m p l i t u d e o f t h e wave was t o o s m a l l t o be r e c o r d e d a t a 

number o f d e p t h s t h u s p r e v e n t i n g c o n s t r u c t i o n o f an 

adequate d e p t h p r o f i l e . However, i n t h e p e n e t r a t i o n 

d e s c r i b e d above f o r t h e nig, u^ and Ug waves, t h e m^ wave 

e x h i b i t e d a maximum n e g a t i v i t y a t a d e p t h 240 jim and i s 

shown i n f i g u r e 5:17 a. From t h e d e p o s i t i o n o f t h e dye 

s p o t t h i s i n d i c a t e s t h a t t h e l o c u s o f maximum n e g a t i v i t y 

i s l o c a t e d deeper t h a n t h e c e l l b o d i e s o f l a y e r 8. Indeed 

i n a n o t h e r p e n e t r a t i o n where dye was d e p o s i t e d a t t h e 

maximum n e g a t i v i t y o f t h e m^ p o s t s y n a p t i c wave, i t was 

r e c o v e r e d beneath t h e c e l l b o d i e s o f l a y e r 8 ( f i g . 5:13 b ) 

F i e l d P o t e n t i a l s i n Rana 

The f i e l d p o t e n t i a l s evoked f r o m t h e f r o g c o n t r a 

l a t e r a l o p t i c t e c t u m i n response t o an e l e c t r i c a l s t i m 

u l u s o f t h e o p t i c n erve a r e q u a l i t a t i v e l y s i m i l a r t o 

t h o s e o b t a i n e d f r o m Xenopus. However, t h e y do d i f f e r 

q u a n t i t a t i v e l y w i t h r e s p e c t t o t h e l o c a t i o n o f t h e i r 

s o u r c e s and s i n k s . 



The Ug wave 

The u 2 wave, as i n Xenopus i s r e c o r d e d as a p r o m i n e n t 

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

i n c r e a s i n g e l e c t r o d e d e p t h , t h e a m p l i t u d e o f t h e wave 

i n c r e a s e s s l i g h t l y t o g i v e a maximal response a t about 

100 um ( f i g . 5:14 a, b ) . On f u r t h e r p e n e t r a t i o n t h e wave 

decreases i n a m p l i t u d e and r e v e r s e s i t s p o l a r i t y a t 320 um 

a f t e r w h i c h t h e a m p l i t u d e o f t h i s r e v e r s e d p o l a r i t y wave 

s t a r t s t o i n c r e a s e a g a i n . 

The second s p a t i a l d e r i v a t i v e i n d i c a t e s a maximum 

c u r r e n t s i n k a t a d e p t h o f 100 um and a maximum c u r r e n t 

s o u r c e a t 360 um ( f i g . 5:14 b ) . The d e p o s i t i o n o f dye 

s p o t s , as c a r r i e d o u t f o r Xenopus, i n d i c a t e t h a t a c u r r e n t 

s i n k i s l o c a t e d s u p e r f i c i a l l y i n l a y e r 9 and t h e d e p t h o f 

t h e c u r r e n t s o u r c e c o r r e s p o n d s t o t h e c e l l s o f l a y e r 8. 

A second minor c u r r e n t s o u r c e i s a l s o p r e s e n t a t a 

s l i g h t l y deeper p o s i t i o n , w h i c h c o r r e s p o n d s t o t h e deeper 

c e l l s o f l a y e r 6. 

The U-, wave 

F i g u r e s 5:15 a and 5:15 b show t h a t t h e u^ wave i s 

p r o m i n e n t a t t h e t e c t a l s u r f a c e and i n c r e a s e s i n a m p l i t u d e 

w i t h i n t h e f i r s t 60 um o f t h e t e c t a l c o r t e x , a f t e r w h i c h 

t h e a m p l i t u d e decreases. The p o l a r i t y o f t h e wave 

r e v e r s e s a t a d e p t h o f 230 um and reaches a maximum 

p o s i t i v i t y a t a d e p t h o f 420 um. 



F i g . 5:14 C u r r e n t d e n s i t y a n a l y s i s o f Ug waves i n Rana 
t e c t u m 

( a ) Samples o f evoked waves r e c o r d e d a t 
v a r i o u s depths i n t h e t e c t u m . The upper
most r e c o r d i s f r o m t h e t e c t a l s u r f a c e , 
subsequent r e c o r d s a r e t a k e n a t succes
s i v e 100 |im depth i n c r e m e n t s . The s o l i d 
v e r t i c a l l i n e t h r o u g h a l l r e c o r d s i s t h e 
c o n s t a n t l a t e n c y a t which 112 wave a m p l i 
t u d e s were measured. 

( b ) U 2 wave a m p l i t u d e - d e p t h d i s t r i b u t i o n 
( s o l i d c i r c l e s ) and i t s second d e r i v a t i v e 
(open c i r c l e s ) . Scales f o r t h e a m p l i t u d e 
and second d e r i v a t i v e c u r v e s a r e e x p l a i n e d 
i n f i g u r e 5:10 b, but note t h e g r e a t e r 
d e p t h t o w h i c h p e n e t r a t i o n s a r e made i n 
t h e t e c t u m o f Rana ( t o 600 Jim) compared 
w i t h t h a t i n Xenopus ( t o 350 |im). The 
s o l i d t r i a n g l e l a b e l l e d D c o r r e s p o n d s t o 
t h e l o c a t i o n o f a dye s p o t t h a t was used 
t o c o r r e l a t e s o u r c e - s i n k l o c a t i o n w i t h 
s p e c i f i c t e c t a l l a y e r s (see t e x t ) . 
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F i g . 5;15 C u r r e n t d e n s i t y a n a l y s i s o f U i waves i n Rana 
t e c t u m 

( a ) Samples o f evoked waves r e c o r d e d a t 
v a r i o u s depths i n t h e t e c t u m . The upper
most r e c o r d i s t a k e n from t h e t e c t a l 
s u r f a c e , subsequent r e c o r d s a r e t a k e n 
a t s u c c e s s i v e 100 |J.m depth i n c r e m e n t s . 
The s o l i d v e r t i c a l l i n e t h r o u g h a l l 
r e c o r d s i s t h e c o n s t a n t l a t e n c y a t 
;vnich wave a m p l i t u d e s wer-= measured. 

( b ) wave a m p l i t u d e - d e p t h d i s t r i b u t i o n 
( s o l i d c i r c l e s ) and i t s second d e r i v a t i v e 
(open c i r c l e s ) . E x p l a n a t i o n o f s c a l e s as 
i n f i g u r e 5:10 b and f i g u r e 5:14 b. The 
p o s i t i o n o f t h e m i c r o e l e c t r o d e d e p o s i t e d 
dye s p o t was used t o c o r r e l a t e s o u r c e -
s i n k l o c a t i o n s o f t h e second d e r i v a t e d 
w i t h s p e c i f i c t e c t a l l a y e r s (see t e x t ) . 
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The second s p a t i a l d e r i v a t i v e ( f i g . 5:15 b ) i n d i c a t e s 

a s h a r p l y l o c a l i z e d c u r r e n t s i n k a t a d e p t h o f 60 (ira, t h e 

source o f w h i c h i s l o c a t e d a t 380 |j.m ( f i g . 5:15 b ) . The 

d e p o s i t e d dye s p o t o f t h i s p e n e t r a t i o n i n d i c a t e s t h a t t h e 

c u r r e n t s i n k i s l o c a t e d more s u p e r f i c i a l l y t h a n t h e u 2 

s i n k and t h a t t h e c u r r e n t s o u r c e can be l o c a l i z e d t o t h e 

somata o f l a y e r 8. 

The M 2 wave 

The d e p t h p r o f i l e f o r t h e m 2 wave i s shown i n f i g u r e 

5:16 b and i s d e r i v e d f r o m t h e t r a c e s shown i n f i g u r e 5:16 a. 

T h i s n e g a t i v e wave has a s m a l l amplitude- f r o m t h e t e c t a l 

s u r f a c e down t o a d e p t h o f 150 |im. On f u r t h e r advancement 

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

become m a x i m a l l y n e g a t i v e i n t h e r e g i o n o f 270 jim f r o m t h e 

t e c t a l s u r f a c e ( f i g . 5:16 a, b ) . On f u r t h e r p e n e t r a t i o n 

t h e a m p l i t u d e o f t h e wave t h e n showed an e q u a l l y d r a m a t i c 

decrease t o an a l m o s t c o n s t a n t l e v e l a t a p p r o x i m a t e l y 

400 [im d e p t h . 

The c u r r e n t s ources and s i n k s o f t h e m 2 wave d e t e r 

mined f r o m t h e second s p a t i a l d e r i v a t i v e were l o c a t e d i n 

a s i m i l a r p o s i t i o n t o t h o s e o f t h e m 2 wave i n t h e Xenopus 

t e c t u m . The maximum c u r r e n t s i n k was a t a d e p t h o f 280 um 

and t h i s c o r r e s p o n d s t o a p o s i t i o n w h i c h l i e s h a l f - w a y 

between t h e u 2 c u r r e n t s i n k and t h e c e l l b o d i e s o f l a y e r 

8. T h i s s i n k i s f l a n k e d b o t h d o r s a l l y and v e n t r a l l y by 

c u r r e n t s o u r c e s , t h e deeper o f w h i c h c o r r e s p o n d s t o t h e 
deeper c e l l b o d i e s o f l a y e r 8. 



F i g . 5:16 C u r r e n t d e n s i t y a n a l y s i s o f waves i n Rana 
t e c t u m 

( a ) Samples o f evoked waves r e c o r d e d a t 
v a r i o u s depths i n t h e t e c t u m . The upper
most r e c o r d i s t a k e n f r o m t h e t e c t a l s u r 
f a c e , subsequent r e c o r d s a r e t a k e n a t 
s u c c e s s i v e 100 JJ.HI depth i n c r e m e n t s . The 
s o l i d v e r t i c a l l i n e t h r o u g h a l l r e c o r d s 
i s a t a c o n s t a n t l a t e n c y f r o m t h e a p p l i 
c a t i o n o f t h e s t i m u l u s t o t h e c o n t r a 
l a t e r a l o p t i c nerve and i s t h e t i m e a t 
w h i c h mg wave a m p l i t u d e s were measured. 

( b ) M2 wave a m p l i t u d e - d e p t h d i s t r i b u t i o n 
( s o l i d c i r c l e s ) and i t s second d e r i v a t i v e 
(open c i r c l e s ) . E x p l a n a t i o n o f s c a l e s 
and s i g n i f i c a n c e o f dye s p o t (marked D) 
as i n f i g u r e 5:10 b and f i g u r e 5:14 b. 

http://jj.hi
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The wave 

As i n Xenopus, c u r r e n t s o u r c e d e n s i t y a n a l y s i s c o u l d 

n o t be c a r r i e d o u t on t h e mi wave, s i n c e t h e encroachment 

o f t h e s t i m u l u s a r t i f a c t on t h e wave p r e v e n t e d a c c u r a t e 

measurement o f i t s a m p l i t u d e . Dye s p o t s a t t h e s i t e o f 

maximum n e g a t i v i t y were f o u n d a t t h e j u n c t i o n between 

l a y e r s 7 and 8. 

Other p o s t s y n a p t i c e v e n t s 

i n Xenopus t e c t u m 

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

evoked i n t h e c o n t r a l a t e r a l t e c t u m by e l e c t r i c a l s t i m u l i 

a p p l i e d t o t h e o p t i c n e r v e , a number o f o t h e r e v e n t s were 

observed w h i c h c o u l d be r e g a r d e d as b e i n g a d i r e c t conse

quence o f t h e a p p l i c a t i o n o f a s t i m u l u s t o t h e n e r v e . 

As t h e e l e c t r o d e p e n e t r a t e d t h e t e c t u m , s m a l l nega

t i v e d e f l e c t i o n s c o u l d be observed on t h e n e g a t i v e g o i n g 

phase o f t h e Ug wave i n l a y e r 9 ( f i g . 5:17 b ) . As t h e 

e l e c t r o d e p e n e t r a t e d f u r t h e r and t h e *u' waves s t a r t e d 

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

monophasic p o s i t i v e d e f l e c t i o n s c o u l d be observed t o 

be superimposed on t h e s e waves a t a d e p t h o f 230 fxm 

( f i g . 5:17 c ) and c o u l d be r e c o r d e d o v e r many m i c r o n s . 

The response i l l u s t r a t e d i n f i g u r e 5:17 d was r e c o r d e d 

a t a d e p t h o f 250 |im. I t i s p o s s i b l e t h a t t h e s e s p i k e s 



F i g . 5; 17 ( a ) Mt wave recorded a t a depth of 240 |im a t 
which i t e x h i b i t e d maximum n e g a t i v i t y . 
Dye spot d e p o s i t i o n i n d i c a t e d t h a t the 
l o c u s of m^ maximum n e g a t i v i t y was 
beneath c e l l bodies of l a y e r 8 neurons 
( f i g . 5:13 b and t e x t ) . 

F i g s . 5:17 b, c , d, e, f and g Monophasic p o t e n t i a l s 
a s s o c i a t e d w i t h U g 
waves 

(b ) U2 wave recorded i n l a y e r 9 of the tectum 
w i t h an a s s o c i a t e d b r i e f p o t e n t i a l 
d e f l e c t i o n on i t s r i s i n g ( n e g a t i v e - g o i n g ) 
edge. 

( c ) The U2 wave of (b) recorded at a deeper 
l o c a t i o n (230 |im). The U2 wave i n t h i s 
r e g i o n has a s m a l l e r ampli tude and has 
superimposed on i t a b r i e f , monophasic 
p o s i t i v e p o t e n t i a l . 

(d ) The U2 wave of (b) and ( c ) recorded a t a 
and depth of 250 urn. The presence of b r i e f 
( e ) monophasic p o s i t i v e p o t e n t i a l s i n r e c o r d s 

( c ) , (d ) and ( e ) a r e s u g g e s t i v e of a c t i o n 
p o t e n t i a l s o r i g i n a t i n g from the somata of 
l a y e r 8 neurons . 

( f ) The U2 wave of r e c o r d s (b) to ( e ) r ecorded 
and i n t e c t a l depths i n which p o l a r i t y r e v e r -
( g ) s a l i s t a k i n g p l a c e . Smal l monophasic 

negat ive p o t e n t i a l s a r e superimposed on 
the low ampl i tude U2 wave. 
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may have o r i g i n a t e d from the somata of l a y e r 8 neurons . 

These s p i k e s o c c u r r e d e i t h e r s i n g l y ( f i g . 5:17 e ) or 

o c c a s i o n a l l y i n m u l t i p l e s ( f i g s . 5:17 c , d ) . I n a d d i t i o n 

a t s l i g h t l y deeper p o s i t i o n s , s m a l l monophasic p o t e n t i a l s 

were superimposed on the i n v e r t e d f u ' waves ( f i g s . 5:17 

f , g ) . These s m a l l waves a r e i n d i c a t i v e of an a c t i o n 

p o t e n t i a l p a s s i n g c l o s e to the t i p of the m i c r o e l e c t r o d e . 

At depths i n which the U g wave i s i n v e r t e d d i p h a s i c 

s p i k e s can o c c a s i o n a l l y be seen to be superimposed on t h i s 

*u? wave. These d i p h a s i c s p i k e s may have o r i g i n a t e d from a 

c e l l i n l a y e r 8 or from deeper l a m i n a e . The examples 

shown i n f i g u r e s 5:18 a , b and c were recorded deep i n 

the tectum. The l a t e n c y of the prominent s p i k e was 

v a r i a b l e . 

A c t i o n p o t e n t i a l s were r e g u l a r l y r e c o r d e d i n a s s o c 

i a t i o n w i t h the mg p o s t s y n a p t i c wave ( f i g . 5:18 d ) . 

These a c t i o n p o t e n t i a l s were o f t e n much l a r g e r than 

those superimposed on the u waves ( f i g . 5:17 c , d , f , g ) . 

The response i l l u s t r a t e d i n f i g u r e 5:18 d was r e c o r d e d 

a t a depth of 210 fxm. The synapse had a f a i r l y h igh 

s a f e t y f a c t o r , s i n c e i t was only a t s t i m u l u s f r e q u e n c i e s 

h i g h e r than 20 Hz t h a t s p i k e i n i t i a t i o n f a i l e d ( f i g . 5:18 

d , e ) . A c t i o n p o t e n t i a l s superimposed on waves were 

not a d v e r s e l y a f f e c t e d by double s t i m u l i of 15 msec 

i n t e r v a l a n d , i n f i g u r e 5:18 f , a s m a l l d i p h a s i c d e f l e c t i o n 

i s p r e s e n t a t a much longer l a t e n c y . 



F i g . 5:18 ( a ) , (b ) and ( c ) Sample responses of d i p h a s i c 
p o t e n t i a l s recorded i n 
a s s o c i a t i o n w i t h an ' i n v e r 
t e d ' U2 wave. The depth of 
the tectum at which the 
r e c o r d s were taken was below 
l a y e r 8. The l a t e n c y of the 
prominent d i p h a s i c r e s p o n s e , 
i l l u s t r a t e d by these r e c o r d s 
was found to be v a r i a b l e . 

F i g . 5:18 ( d ) , ( e ) ana ( f ) (d ) D i p h a s i c po' o : i ' ; i a l 
recorded w i t h a l a t e n c y 
s i m i l a r to tha t of an 
m 2 wave. The t e c t a l 
depth from which t h i s 
r e c o r d was taken was 
210 jim. 

( e ) S u c c e s s i v e , superimposed 
responses of the d i p h a s i c 
p o t e n t i a l recorded i n 
( d ) , w i t h a s t i m u l u s 
frequency of 20 Hz. 

( f ) The responses of the 
d i p h a s i c p o t e n t i a l , 
recorded i n (d) and ( e ) , 
to two s t i m u l i s e p a r a t e d 
by 15 msecs. 

I n a d d i t i o n to the two r e s 
ponses of the d i p h a s i c po ten 
t i a l an a d d i t i o n a l , lower 
ampl i tude d i p h a s i c p o t e n t i a l 
i s noted having a g r e a t e r 
l a t e n c y . 



5-18 

0-5 mV 

20mSec 

|0-2mV 

SmSec 

|0 2mV 

lOmSec 



At a depth of 200 |im, i n a d d i t i o n to a prominent 

nig wave, p r e s y n a p t i c and p o s t s y n a p t i c p o t e n t i a l s t h a t 

have long l a t e n c i e s (200 msec) cou ld be evoked ( f i g s . 

5:19 a , b ) . These long l a t e n c y p o t e n t i a l s a r e reproduced 

on an expanded time s c a l e i n f i g u r e s 5:19 c and d . 

I t can be seen i n f i g u r e 5:19 a t h a t the long 

l a t e n c y evoked p o t e n t i a l has an ampl i tude about h a l f 

of t h a t of the nig wave. Comparison of the l a t e n c i e s 

o f these s m a l l waves show they v a r y by l i t t l e more than 

1 msec. F i g u r e s 5:19 c and d show c l e a r l y a 1 msec 

p r e s y n a p t i c and a 20 msec p o s t s y n a p t i c component. The 

p o s t s y n a p t i c component can be c o n d i t i o n e d by an i n i t i a l 

impulse and p o t e n t i a l by a second impulse , i f t h i s a r r i v e s 

s h o r t l y a f t e r w a r d s ( f i g . 5:19 d ) . I n t h i s p a r t i c u l a r 

c a s e , the p o t e n t i a t i o n amounts to a 70% i n c r e a s e w i t h 

an i n t e r s p i k e i n t e r v a l of 14 msecs , and the ampl i tude 

of the p o s t s y n a p t i c wave i s a lmost a s l a r g e a s t h a t of 

the nig wave. 

A c u r i o u s r e s u l t was obta ined a t one e l e c t r o d e s i t e 

and i s e x h i b i t e d i n f i g u r e 5:19 e, f . A monophasic 

n e g a t i v e s p i k e superimposed on the ing wave was r e c o r d e d 

a t a depth of 120 urn i n the tectum. The s p i k e had a 

c o n s t a n t l a t e n c y , but f a i l e d when t e t a n i c s t i m u l i were 

a p p l i e d b r i e f l y a t 100 Hz ( f i g . 5:19 g ) . The l o c a t i o n 

of the e l e c t r o d e t i p a t the t ime of r e c o r d i n g was conf i rmed 

by dye d e p o s i t i o n and was found to be s i t u a t e d next to a 

s u p e r f i c i a l l y l o c a t e d neuron i n l a y e r 9 of t h e tectum 

( f i g . 5:13 c ) . 



F i g . 5:19 Long l a t e n c y waves 

( a ) Long l a t e n c y wave recorded at a depth of 
and 200 |im. The time c a l i b r a t i o n s a r e 100 
( c ) msec and 20 msec f o r ( a ) and ( c ) r e s p e c 

t i v e l y . The r e c o r d a t a f a s t e r sweep 
speed r e v e a l s t h a t t h i s long l a t e n c y 
wave i s composed of two components, a 
b r i e f d u r a t i o n (1 msec) p o s s i b l y p r e 
s y n a p t i c p o t e n t i a l (open t r i a n g l e ) , and 
a longer d u r a t i o n [2.0 msec) p o s t s y n a p t i c 
component. 

(b) I l l u s t r a t e p o t e n t i a t i o n o c c u r r i n g i n the 
and p o s t s y n a p t i c component when two p r e -
( d ) s y n a p t i c p o t e n t i a l s (open t r i a n g l e s ) 

O C C U 1 - a t an i n t e r v a l of 14 msec. The 
ampl i tude of the second p o s t s y n a p t i c ( e ) 
wave i s p o t e n t i a t e d by 70%. The time 
c a l i b r a t i o n i n (b) i s 100 msec, i n (d) 
i t i s 20 msec. 

Short l a t e n c y waves 

( e ) Records of a s h o r t l a t e n c y , monophasic 
and negat ive p o t e n t i a l superimposed on an 
( f ) m2 wave r e c o r d e d at a depth of 120 fim. 

T e t a n i c s t i m u l i of 100 Hz a p p l i e d 
b r i e f l y ( r e c o r d g) r e s u l t i n f a i l u r e 
of t h i s p o t e n t i a l . The e l e c t r o d e was 
l o c a t e d i n l a y e r 9 ( f i g . 5:13 c ) . 
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Neurons i n the deep l a y e r s which were a c t i v a t e d to 

produce s p i k e s were found o c c a s i o n a l l y . An example i s 

shown i n the s e r i e s i n f i g u r e 5 :20 . A monophasic nega

t i v e wave was recorded i n the a scend ing phase of a p o s i 

t i v e wave, a t a depth of 360 jim ( f i g . 5:20 a ) . The 

l a t e n c y of the s p i k e was comparable to t h a t o f an 

wave. As the e l e c t r o d e p e n e t r a t e d f u r t h e r , the s p i k e 

c o u l d be r e c o r d e d w i t h a p u r e l y p o s i t i v e component a t a 

depth of 400 \im ( f i g . 5:20 b ) . As the e l e c t r o d e advanced 

a f u r t h e r 10 fims, a l a r g e t y p i c a l d i p h a s i c e x t r a c e l l u l a r 

soma s p i k e was recorded a t a lower g a i n i n f i g u r e 5:20 c . 

The p o s i t i o n of the s p i k e - p r o d u c i n g s t r u c t u r e was l o c a l 

i z e d to l a y e r 2 of the tectum by d e p o s i t i n g a s m a l l dye 

spot ( f i g . 5:13 d ) . 

B . MORPHOLOGY 

E l e c t r o n micrographs of the o p t i c tectum r e v e a l 

l a y e r 8 to comprise a band of somata enmeshed i n axons 

and d e n d r i t e s . More s u p e r f i c i a l to l a y e r 8, t h e r e i s a 

dense network of a x o n a l and d e n d r i t i c p r o f i l e s , w i t h the 

o c c a s i o n a l c e l l soma. S y n a p t i c g l o m e r u l i ( S z e k e l y e t a l , 

1973) a r e a l s o e v i d e n t i n l a y e r 9 . 

Synapses a r e r e a d i l y apparent i n l a y e r 9 ( f i g . 5:21 a ) . 

F i g u r e 5:21 b i l l u s t r a t e s a p r e s y n a p t i c t e r m i n a l i n g r e a t e r 

d e t a i l . I t i s an unmyel inated f i b r e t e r m i n a l l o c a t e d a t a 



F i g . 5:20 ( a ) A monophasic b r i e f negat ive wave s u p e r 
imposed on a s lower ' i n v e r t e d ' wave 
recorded a t a t e c t a l depth of 350 Jim. 
The l a t e n c y of the b r i e f negat ive wave 
i s s i m i l a r to t h a t of an m2 wave. With 
f u r t h e r p e n e t r a t i o n of the m i c r o e l e c t r o d e 
to 400 jim depth the b r i e f wave i n v e r t e d 
i n p o l a r i t y and a monophasic p o s i t i v e 
p o t e n t i a l was recorded ( b ) . With an 
a d d i t i o n a l m i c r o e l e c t r o d e advance of 
10 fim n l a r g e , t y p i c a l diphr t•:'.(: e x t r a 
c e l l u l a r soma s p i k e was r e c o r d e d . 

The r a p i d p o t e n t i a l changes i n these 
r e c o r d s have been retouched f o r c l a r i t y . 
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F i g . 5:21 Synapses i n the s u p e r f i c i a l par t of l a y e r 9 
i n Xenopus tectum 

( a ) Numerous synapses ( S ) a r e l o c a t e d i n the 
most s u p e r f i c i a l par t of the tectum and 
a r e formed between an axon and a d e n d r i t e 
( f o r example S-^) or between two d e n d r i t e s 
( f o r example S 2 ) . An unmyel inated f i b r e 
which ends i n t e r m i n a l ( l a r g e S ) forms a 
synapse w i t h a d e n d r i t i c sp ine and i s 
e n l a r g e d i n f i g u r e 5:21 b. 

(b) An unmyel inated f i b r e (U) c o n t a i n i n g 
m i c r o f i l a m e n t s has a t e r m i n a l s w e l l i n g 
( T ) which i s f i l l e d w i th s y n a p t i c v e s 
i c l e s and the o c c a s i o n a l dense core v e s 
i c l e ( a r r o w ) . An a s s y i w n e t r i c a l synapse 
i s formed w i t h a s m a l l (0 .28 jim) d iameter 
d e n d r i t i c s p i n e ( S ) . The d e n d r i t e (D) 
c o n t a i n s m i c r o t u b u l e s . The s y n a p t i c 
membranes a r e a s s y m m e t r i c a l , the p o s t 
s y n a p t i c membrane i s t h i c k e n e d on the 
c y t o p l a s m i c f a c e . The morphology s u g 
g e s t s a Type 1 t e r m i n a l of S z e k e l y et 
a l ( 1 9 7 3 ) . 

( c ) F i v e t e r m i n a l s a r e i l l u s t r a t e d (1 a-d and 
3 D ) . T e r m i n a l s 1 a and 1 c a r e f i l l e d 
w i t h s y n a p t i c v e s i c l e s and 1 a forms a 
synapse ( s ) w i t h the p r o f i l e 3 D. Term
i n a l 1 b i s a l s o f i l l e d w i t h s y n a p t i c 
v e s i c l e s and has a l i g h t l y s t a i n e d m i t o 
chondr ion (M). T e r m i n a l 1 d forms an 
en passant synapse w i t h the p r o f i l e 3 D 
p r i o r to a t e r m i n a l s w e l l i n g T . The 
c h a r a c t e r i s t i c s of t e r m i n a l s f i l l e d w i t h 
v e s i c l e s and the presence of l i g h t l y 
s t a i n e d mitochondria a r e i n d i c a t i v e of 
o p t i c a f f e r e n t s . (Type 1 t e r m i n a l s of 
S z e k e l y e t a l , 1973) T e r m i n a l s 1 a , 1 b 
and 1 d form a s s y m m e t r i c a l synapses w i t h 
p r o f i l e 3 D. P r o f i l e 3 D c o n t a i n s a mod
e r a t e number of s y n a p t i c v e s i c l e s and has 
a l i g h t e r background m a t r i x than the type 
1 t e r m i n a l s . T h i s p r o f i l e corresponds to 
a type 3 d e n d r i t i c t e r m i n a l of S z e k e l y e t . 
a l ( 1 9 7 3 ) . 
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depth of 49 fim from the s u r f a c e . The axon c o n t a i n s m i c r o 

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

packed w i t h s y n a p t i c v e s i c l e s of d i f f e r e n t s i z e s . Two 

dense core v e s i c l e s a r e a l s o e v i d e n t ( f i g . 5:21 a , b ) . * 

The synapse i s formed w i t h a s m a l l (0 .28 |im d i a m e t e r ) 

d e n d r i t i c appendage. The synapse i s a s y m m e t r i c a l w i t h 

an a c c u m u l a t i o n of dense m a t e r i a l on the c y t o p l a s m i c 

s i d e of the p o s t s y n a p t i c membrane. The morphology of t h i s 

t e r m i n a l sugges t s t h a t i t may be c l a s s i f i e d a s Type 1, 

a c c o r d i n g to the terminology of S z e k e l y e t a l ( 1 9 7 3 ) , 

who r e g a r d these t e r m i n a l s a s o r i g i n a t i n g from o p t i c 

a f f e r e n t s . 

F i g u r e 5:21 c shows a s m a l l group of t e r m i n a l s which 

a r e f i l l e d w i t h s y n a p t i c v e s i c l e s and form a number of 

s y n a p t i c i n t e r c o n n e c t i o n s . These a r e Type 1 o p t i c 

t e r m i n a l s ( S z e k e l y e t a l , 1 9 7 3 ) . I n the f i g u r e , f o u r 

Type 1 p r o f i l e s a r e p r e s e n t . T e r m i n a l s l a and l c a r e 

f u l l of v e s i c l e s and t e r m i n a l l a forms a synapse w i t h a 

l a r g e r p r o f i l e ( 3 D ) . T e r m i n a l l b s i m i l a r l y i s packed 

w i t h v e s i c l e s and has a - l i g h t l y s t a i n e d mi tochondr ion , 

which i s a l s o i n d i c a t i v e of an o p t i c a f f e r e n t t e r m i n a l 

( S z e k e l y e t a l , 1 9 7 3 ) . T h i s o p t i c t e r m i n a l forms a synapse 

on to p r o f i l e 3D. P r o f i l e I d c o n t a i n s a l i g h t l y s t a i n e d 

mitochondr ion and forms en p a s s a n t synapses w i t h p r o f i l e 

3D. The beg inning of a t e r m i n a l s w e l l i n g can be seen ( T ) . 



P r o f i l e 3D c o n t a i n s a moderate number of s y n a p t i c 

v e s i c l e s and has a l i g h t e r background than the Type 1 

t e r m i n a l s . T h i s p r o f i l e corresponds to a Type 3 d e n d r i t i c 

t e r m i n a l ( S z e k e l y e t a l , 1 9 7 3 ) . T h i s Type 3 t e r m i n a l i s 

p o s t s y n a p t i c , to t e r m i n a l s l a , l b and I d , and i s presumably 

p r e s y n a p t i c to a p r o f i l e not apparent i n t h i s p lane of 

s e c t i o n i n g . Note t h a t the synapses formed by t e r m i n a l s 

l a , l b and I d have a t h i c k e n e d p o s t s y n a p t i c membrane. 

F i g u r e 5:22 a shows an a s c e n d i n g , b r a n c h i n g , l a y e r 

8 c e l l d e n d r i t e w i t h a b u t t i n g t e r m i n a l s , two of which 

a r e of o p t i c a f f e r e n t o r i g i n . One of these t e r m i n a l s 

forms a synapse on to the d e n d r i t i c s h a f t . The v e s i c l e s 

i n t h i s s y n a p t i c t e r m i n a l a r e fewer than i n the o t h e r 

o p t i c t e r m i n a l p r e s e n t , but the mi tochondr ia a r e not a s 

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

F i g u r e 5:22 b i s a low power micrograph of p a r t of a 

l a y e r 8 c e l l . A number of t e r m i n a l s a r e p r e s e n t , of which 

f i v e form synapses w i t h the base of the d e n d r i t e and one 

of these i s of o p t i c a f f e r e n t o r i g i n . T h i s t e r m i n a l i s 

shown i n more d e t a i l i n f i g u r e 5:22 c . I t i s d e n s e l y 

packed w i t h v e s i c l e s and has a p o s t s y n a p t i c membrane 

t h i c k e n i n g w i t h a mitochondrion p r e s e n t . 

O p t i c a f f e r e n t s form synapses w i t h l a y e r 8 neurons 

( f i g . 5:23 a , b ) . They a r e d e n s e l y packed w i t h v e s i c l e s 

and appear e l e c t r o n dense . T h e i r s y n a p t i c membrane 



F i g . 5:22 Optic t e r m i n a l synapses on to the bases and 
s h a f t d e n d r i t e s of l a y e r 8 c e l l s 

( a ) An ascending branching l a y e r 8 c e l l 
d e n d r i t e with a butting t e r m i n a l s (T, OT). 
T e r m i n a l ' T * i s f u l l of s y n a p t i c v e s i c l e s 
but to synapses. Terminal 'OT* c o n t a i n s 
numerous v e s i c l e s and a l i g h t l y s t a i n e d 
mitochondrion (M). The t e r m i n a l forms a 
synapse (arrow) with one of the d e n d r i t i c 
branches. 

(b) A l a y e r 8 c e l l body (L8) has f i v e syn
apses on to the base of an ascending 
dendrite. Of these synapses ( T) one i s 
of o p t i c o r i g i n (OT) and i s shown i n 
more d e t a i l i n f i g u r e 5:22 c. 

( c ) D e t a i l of the o p t i c t e r m i n a l (OT) of (b) 
above. Abundant s y n a p t i c v e s i c l e s are 
present, a mitochondrion (M) and a w e l l 
developed post y n a p t i c membrane t h i c k 
ening to produce an assymmetrical syn
apse on to the base of the l a y e r 8 c e l l 
d e n d r i t e . 



: 

i 

'Mi 0 
3 

• 

ft 
» ti 

urn Hi 
MA 

r 
• 

* 

11 

• 

* * 
I t / . A . 

t 

» 
f 

! 

-v. 

US * 

I 

2bm x 1 J 



F i g . 5:23 Synapses on to the c e l l bodies of l a y e r 8 
c e l l s 

( a ) A t e r m i n a l ( l ) i s f i l l e d with v e s i c l e s 
i n a dense matrix. A synapse (arrow) i s 
formed between t h i s t e r m i n a l (and the 
soma of a l a y e r 8 c e l l . The t e r m i n a l 
has the c h a r a c t e r i s i t c s of a type 1 
o p t i c t e r m i n a l (Szekely et a l , 1973). 

(b) l\vo synapses on to a l a y e r C c e l l body 
are evident ( a r r o w s ) . Terminal 1 i s 
f i l l e d w i th v e s i c l e s w i t h i n a dense 
matrix, and the synapse has a po s t 
s y n a p t i c membrane t h i c k e n i n g . T h i s i s 
a type 1 of Szekely e t a l (1973). In 
c o n t r a s t the second t e r m i n a l (X) has 
fewer v e s i c l e s which are i n a l i g h t e r 
background matrix. The pre t e r m i n a l 
r e g i o n i s evident and i s c h a r a c t e r i s t i c 
of a d e n d r i t e . T h i s t e r m i n a l may be a 
type 3 (Szeke l y et a l , 1973). 

( c ) The t e r m i n a l 3 c o n t a i n s d i s t r i b u t e d syn
a p t i c v e s i c l e s . The t e r m i n a l forms a 
symmetrical synapse (arrow) with a l a y e r 
8 c e l l body. T h i s t e r m i n a l may be 
c h a r a c t e r i z e d a s a type 3 (Szekely e t a l , 
1973). 
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s p e c i a l i z a t i o n i s s m a l l (0.5 jim i n f i g u r e 5:23 a ) and 

0.2 fim i n f i g u r e 5:4 b) and densely s t a i n e d . The term

i n a l i n f i g u r e 5:23 c, w i t h i t s synapse on to a l a y e r 8 

soma, i s d i f f e r e n t to those i l l u s t r a t e d i n f i g u r e s 5:23 a 

and 5:23 b. Although the s y n a p t i c s p e c i a l i z a t i o n i s of a 

s i m i l a r s i z e t o t h a t of the previous examples (0.2 \im), 

i t i s s y m m e t r i c a l l y thickened and has only a few v e s i c l e s 

w i t h i n a l i g h t l y s t a i n e d matrix. T h i s i s a Type 3 term

i n a l and i s considered by Sze'kely et a l (1973) not to be 

an o p t i c a f f e r e n t . 



DISCUSSION 

The f i e l d p o t e n t i a l s produced by a group of c e l l s 

r e f l e c t , i n d i r e c t l y , changes i n membrane c u r r e n t t h a t 

occur i n unison whether these be s y n a p t i c or a c t i o n 

c u r r e n t s . A study of such p o t e n t i a l s g i v e s i n v a l u a b l e 

information concerning the average a c t i v i t y of the c e l l s 

i n a group and i s a b a s i c p r e r e q u i s i t e f o r the under

standing of the p h y s i o l o g i c a l c h a r a c t e r i s t i c s of any 

neuronal assembly. When the anatomical arrangement of 

a neuronal group i s w e l l understood, the a c t i v i t y of 

the group a s a whole can o f t e n be t r e a t e d a s i f i t were 

generated by a s m a l l number of " i d e a i " elements, with 

each element r e p r e s e n t i n g the a c t i v i t y of the p a r t i c u l a r 

c e l l s which a r e a c t i v a t e d synchronously from s p e c i f i c 

s i t e s of s t i m u l a t i o n (Hubbard et a l , 1969). 

A c e l l whose membrane p o t e n t i a l i s changed non-

u n i f o r m i l y , so t h a t one p a r t of the membrane i s depol

a r i z e d more than another, w i l l have c y t o p l a s m i c c u r r e n t 

flow. Together w i t h t h i s i n t r a c e l l u l a r c u r r e n t , there 

i s by n e c e s s i t y a corresponding flow of c u r r e n t i n the 

e x t r a c e l l u l a r medium, whereby the c u r r e n t path i s 

completed. S i n c e the c o n d u c t i v i t y of the e x t r a c e l l u l a r 

f i e l d i s f i n i t e , the c u r r e n t f i e l d i s a s s o c i a t e d w i t h an 



e x t r a c e l l u l a r p o t e n t i a l f i e l d , the p o t e n t i a l g r a d i e n t 

a t any point being p r o p o r t i o n a l t o the c u r r e n t flow. 

The e x t r a c e l l u l a r f i e l d p o t e n t i a l s generated from the 

transmembrane c u r r e n t s of a number of c e l l s w i l l summate 

l i n e a r l y and a l g e b r a i c a l l y a t every point i n space 

concerned. Thus c a n c e l l a t i o n of f i e l d s can occur 

(Lorente de No, 1947 a; L l i n a s and Nicholson, 1974; 

Nicholson and Freeman, 1975). The s i t e of maximum 

amplitude of the e x t r a c e l l u l a r p o t e n t i a l i s not neces

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

because a synchronous d e p o l a r i z a t i o n of a p a r t of a 

neuron w i l l not be detected by a mi c r o e l e c t r o d e i f the 

area a c t i v a t e d i s l a r g e w i t h r e s p e c t to the e l e c t r o d e 

t i p , even i f i t i s r e c o r d i n g a t the s i t e of maximum 

a c t i v i t y . S i n c e the whole n e u r a l s u r f a c e near the 

re c o r d i n g s i t e i s a t a new p o t e n t i a l l e v e l , l i t t l e or 

no c u r r e n t w i l l flow between a d j a c e n t p o i n t s of the 

membrane. Therefore only s m a l l p o t e n t i a l d i f f e r e n c e s 

w i l l a r i s e between the mic r o e l e c t r o d e and the r e f e r e n c e 

z e r o e l e c t r o d e . On the other hand i f the e l e c t r o d e i s 

moved to a new r e c o r d i n g s i t e where the c u r r e n t d i s t r i 

bution i s not uniform, l a r g e p o t e n t i a l s w i l l be recorded 

a t the new s i t e (Hubbard e t a l , 1969). 

In order to r e c o n s t r u c t transmembrane c u r r e n t s i n 

any medium, i t i s necessary to measure the p o t e n t i a l 

v a l u e from d i f f e r e n t sampling p o i n t s a t e x a c t l y the same 

moment i n time a f t e r a s t i m u l u s s i n c e c u r r e n t flow i s 

e s s e n t i a l l y i n s t a n t a n e o u s . 
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Evidence suggests t h a t e x t r a c e l l u l a r c u r r e n t 

produced by a p a r t i c u l a r neurone does not flow through 

the c e l l membranes of a d j a c e n t c e l l s (Nicholson, 1973) 

s i n c e a l l membranes have a l a r g e c a p a c i t y and high 

r e s i s t a n c e . The d i s t r i b u t i o n of transmembrane c u r r e n t 

r e s u l t s i n a system of sources and s i n k s of c u r r e n t . On 

simultaneous a c t i v a t i o n of a densely packed ensemble of 

c e l l s , the s o u r c e s and s i n k s a r e numerous, dense, and 

may be regarded a s being c o n t i n u o u s l y d i s t r i b u t e d w i t h i n 

a f i n i t e volume defined by the ensemble of a c t i v e c e l l s 

(Nicholson, 1973). 

Synchronous a c t i v a t i o n of o p t i c a f f e r e n t s produces 

synchronous d e p o l a r i z a t i o n of the t e c t a l d e n d r i t e s . 

Current flow i n t o the d e n d r i t e a t the p o s t s y n a p t i c 

membrane i s d i s t r i b u t e d p a s s i v e l y to the remainder of 

the c e l l . I n t r a c e l l u l a r c u r r e n t flow i n the d e n d r i t e 

r e s u l t s i n a s m a l l component of outward c u r r e n t flow a c r o s s 

the d e n d r i t i c membrane. However, the m a j o r i t y of the 

c u r r e n t reaches the c e l l soma and, s i n c e i t i s i n t h i s 

r e g i o n t h a t the space constant decreases a b r u p t l y (Katz, 

1966),the c u r r e n t passes through the c e l l membrane 

to the e x t r a c e l l u l a r space. Since the c e l l s i n the tectum 

have an arrangement of long ascending a p i c a l d e n d r i t e s , 

the neuronal population i s of the open f i e l d type (Lorente 

de No", 1947 a ) and can be r e p r e s e n t e d by a s i n g l e pyramidal 

c e l l . Thus d e p o l a r i z a t i o n of the d e n d r i t e w i l l produce a 

i 



d i p o l e of inward c u r r e n t a t the synapse and a d i s t r i b u t e d 

outward c u r r e n t p a s s i v e l y extruded p r i n c i p a l l y a t the c e l l 

soma. Since the e x t r a c e l l u l a r c u r r e n t p a s s e s through a 

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

produced. The p o t e n t i a l so produced can be recorded and 

i s p r o p o r t i o n a l t o the transmembrane c u r r e n t ( L l i n a s and 

Nicholson, 1974; Nicholson and Freeman, 1975). 

A singe c e l l a c t i v a t e d by a f f e r e n t input generates 

an e x t r a c e l l u l a r p o t e n t i a l g r a d i e n t i n the m i c r o v o l t 

range (Klee and R a i l , 1977). Since the e x t r a c e l l u l a r 

c u r r e n t a r i s e s from a system of sour c e s and s i n k s r e s u l t i n g 

from the passage of c u r r e n t through the membranes of a 

number of i n d i v i d u a l neuronal elements, the r e s u l t a n t 

e x t r a c e l l u l a r p o t e n t i a l may be i n the m i l l i v o l t range. 

Klee and R a i l (1977) c a r r i e d out a t h e o r e t i c a l a n a l y s i s 

of e x t r a c e l l u l a r f i e l d p o t e n t i a l s i n an attempt to 

e x p l a i n the r e s u l t s obtained by R a i l and Shepherd (1968), 

Shepherd and Haberly (1970) and Haberly and Shepherd 

(1973) i n t h e i r s t u d i e s on the o l f a c t o r y bulb and 

prepyriform c o r t e x . They have shown t h a t a t r u e l y s p h e r i c a l 

c o r t i c a l population of neurons generates an e x t r a c e l l u l a r 

f i e l d p o t e n t i a l which cannot be recorded o u t s i d e the 

population. They a l s o show t h a t once a puncture has been 

made i n the sphere and an open f i e l d c o r t i c a l population 

has been produced, e x t r a c e l l u l a r c u r r e n t s generated by 

the a c t i v e c o r t i c a l population may flow along one of two 

pathways, thus primary and secondary e x t r a c e l l u l a r c u r r e n t s 

a r e produced ( R a i l and Shepherd, 1968). The primary c u r r e n t 



flows w i t h i n the c o r t i c a l r e g i o n and remains e s s e n t i a l l y 

r a d i a l . The secondary c u r r e n t flows from the inner 

c o r t i c a l s u r f a c e out through the puncture and i n the 

r e g i o n of the i n d i f f e r e n t e l e c t r o d e to the outer c o r t i c a l 

s u r f a c e . T h i s secondary c u r r e n t i s r e s p o n s i b l e f o r two 

e f f e c t s , a c u r r e n t shunt and a p o t e n t i a l s h i f t . By 

shunting some of the primary c u r r e n t a r e d u c t i o n i n the 

p o t e n t i a l d i f f e r e n c e generated a c r o s s the c o r t e x o c c u r s 

to an e x t e n t of 5 to 15%. However, even i f the p o t e n t i a l 

d i f f e r e n c e generated a c r o s s the c o r t e x i s decreased by 

15% i n t h i s way, the e f f e c t i s only on the magnitude of 

the depth p r o f i l e , not on i t s shape. A second c o n s i d e r 

a t i o n i n an open f i e l d s i t u a t i o n i s t h a t s i n c e a z e r o 

i s o p o t e n t i a l l i n e , w i t h r e s p e c t to a d i s t a n t e l e c t r o d e , 

extends ad i n f i n i t u m (Hubbard e t a l , 1969) the t o t a l 

p a r a l l e l r e s i s t a n c e of the secondary c u r r e n t path i s 

d i v i d e d i n t o an outer and an inner secondary r e s i s t a n c e , 

which a r e i n s e r i e s with each o t h e r . T h i s p a i r of r e s i s 

t a n c e s d i v i d e s the p o t e n t i a l generated a c r o s s the c o r t e x 

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

to a r e f e r e n c e e l e c t r o d e . T h e r e f o r e , w h i l e the l o c u s of 

the z e r o p o t e n t i a l of the depth p r o f i l e may vary, the 

shape of the depth p r o f i l e and hence the second d e r i v a t i v e 

a r e not a l t e r e d . 



Before c u r r e n t source d e n s i t y a n a l y s i s can be under

taken, four assumptions must be made i f an i d e a l s i t u a t i o n 

i s to be r e a l i s e d . 

( i ) The s y n a p t i c and c e l l body l a y e r s should be 

w e l l laminated, 

( i i ) The t e c t a l c o r t i c a l l a y e r s should be p e r f e c t l y 

p lanar and have no s t r u c t u r a l g r a d i e n t s or 

e l e c t r i c a l inhomogeneities. 

( i i i ) Synchronous a c t i v a t i o n over a l a r g e area of the 

tectum i s r e q u i r e d , 

( i v ) The p e n e t r a t i o n of the r e c o r d i n g e l e c t r o d e 

must be normal to the s u r f a c e . 

Under these c o n d i t i o n s i n t r a c o r t i c a l e x t r a c e l l u l a r 

c u r r e n t flow generated by r a d i a l l y o r i e n t e d c e l l s i s 

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

However, these four assumptions can be regarded a s 

being p a r t i a l l y v a l i d i n the Xenopus tectum. F i r s t l y , 

the c e l l body l a y e r s a r e not i d e a l l y laminated ( f i g . 5:13 a 

and i t i s not known to what degree the s y n a p t i c l a y e r s a r e 

laminated. Secondly, w h i l e the t e c t a l l a y e r s a r e not 

pl a n a r , they do run p a r a l l e l to each other a c r o s s the 

whole c u r v a t u r e of the tectum. S t r u c t u r a l g r a d i e n t s do 

e x i s t , such as between the p l e x i f o r m and c e l l u l a r l a y e r s , 

but i t i s not known whether these c r e a t e e x t r a c e l l u l a r 

e l e c t r i c a l inhomogeneities. I f the r a d i a l c o n d u c t i v i t i e s 

a r e not constant or a r e not known, the p o t e n t i a l g r a d i e n t 



may not r e f l e c t a c c u r a t e l y the magnitude and d i r e c t i o n of 

the transmembrane c u r r e n t (Freeman and Stone, 1969; Haberly 

and Shepherd, 1973). T h i r d l y , synchronous a c t i v a t i o n by 

myelinated f i b r e s i s l i k e l y t o occur w i t h i n a given a r e a 

of the tectum, s i n c e the l a t e n c i e s of myelinated f i b r e 

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

d i f f e r e n t f o r unmyelintted f i b r e s s i n c e i t i s known t h a t 

the conduction v e l o c i t i e s of these f i b r e s a r e p a r t of a 

broad spectrum (Chapter 3 ) , which coupled w i t h the con

du c t i o n d i s t a n c e , i n d i c a t e s t h a t the CAP i s permitted to 

f r a c t i o n a t e l e a d i n g to non-synchronous a c t i v a t i o n of 

t e c t a l c e l l s . Non-synchronous a c t i v a t i o n of t e c t a l 

neurons could l e a d to s u b s t a n t i a l h o r i z o n t a l c u r r e n t 

pathways and hence h o r i z o n t a l v o l t a g e g r a d i e n t s which 

would a f f e c t the depth p r o f i l e s . Klee and R a i l (1977) 

suggest t h a t l a c k of synchrony and s p a t i a l r e g i s t e r can 

be t r e a t e d by modifying the population source c u r r e n t s . 

At any i n s t a n t i n time, the source d e n s i t i e s can be 

thought of a s the sum of the c u r r e n t s produced by the 

synchronous c e l l s p l u s the time s h i f t e d c u r r e n t s produced 

by the l e a d i n g and lagging neurons. S i m i l a r l y , the 

c u r r e n t d e n s i t i e s a t any l e v e l w i l l be d e r i v e d from 

those c e l l s i n r e g i s t e r p l u s s h i f t e d v a l u e s from those 

above or below the main pop u l a t i o n . F o u r t h l y , i t i s 

unknown whether the e l e c t r o d e p e n e t r a t e s the tectum 

normal to the s u r f a c e . Even i f t h i s were the case , 

many neurons and t h e i r d e n d r i t e s may not be arranged 



p e r f e c t l y p e r p e n d i c u l a r to the p i a l s u r f a c e . However, 

the f a c t t h a t the s p a t i a l d i s t r i b u t i o n of c u r r e n t s o u r c e s 

and s i n k s can be c o r r e l a t e d w i t h the known d i s t r i b u t i o n of 

o p t i c nerve t e r m i n a l s and c e l l bodies suggests t h a t what

ever departures from the above c r i t e r i a occur, they have 

l i t t l e s i g n i f i c a n t e f f e c t on the c o n c l u s i o n s drawn from 

the data. 

I n t e r p r e t a t i o n of c u r r e n t source 

d e n s i t y a n a l y s i s r e s u l t s 

The second d e r i v a t i v e of the depth p r o f i l e i n d i c a t e s 

t h a t the u 2 c u r r e n t s i n k i s l o c a l i z e d i n a r e g i o n of the 

tectum about 100 urn from the s u r f a c e ( f i g . 5:12 b) and 

has a s m a l l c u r r e n t source s u p e r f i c i a l to the s i n k and 

a much l a r g e r c u r r e n t source deeper i n the tectum. The 

s i n k / s o u r c e d i s t r i b u t i o n corresponds to the d e n d r i t e s and 

c e l l bodies of l a y e r 8 neurons with r e s p e c t to the second 

s p a t i a l d e r i v a t i v e . A s i m i l a r p a t t e r n i s e x h i b i t e d by 

the second s p a t i a l d e r i v a t i v e of the nig p o s t s y n a p t i c 

depth p r o f i l e ( f i g . 5:10) w i t h a s h a r p l y l o c a l i z e d c u r r e n t 

s i n k a t a depth of 150 fim, bounded more s u p e r f i c i a l l y and 

deeply by two e q u a l l y prominent c u r r e n t s o u r c e s . T h i s 

s i m i l a r p a t t e r n of the second d e r i v a t i v e s obtained from 

the u 2 and m2 depth p r o f i l e s i n the tectum i n d i c a t e s t h a t 

a r e g i o n of inward c u r r e n t flow a t an e x c i t a t o r y synapse 

draws c u r r e n t from r e g i o n s which a r e l o c a t e d proximal and 
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d i s t a l to the synapse. The synapses can be regarded a s 

being l o c a t e d on the main s h a f t of the a p i c a l d e n d r i t e s 

of l a y e r 8 neurons ( f i g . 5:10). 

A s l i g h t l y d i f f e r e n t d i s t r i b u t i o n o c c u r s f o r the u^ 

p o s t s y n a p t i c wave. The second s p a t i a l d e r i v a t i v e has one 

s i n k and one source which a r e l o c a t e d a t 70 and 150 urn 

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

i n the r e g i o n of the l a y e r 8 c e l l somata and the bases 

of t h e i r ascending a p i c a l d e n d r i t e s . These r e s u l t s 

suggest t h a t u^ synapses a r e l o c a t e d a t the a p i c e s of 

the t e c t a l d e n d r i t e s , s i n c e a more s u p e r f i c i a l c u r r e n t 

source i s absent. 

Since second s p a t i a l d e r i v a t i v e s a r e h i g h l y s e n s i t i v e 

to s m a l l changes i n the depth p r o f i l e and c a l c u l a t i o n s a r e 

based on the r a t e of change of p o t e n t i a l , the i n d i c a t e d 

l o c a t i o n of the maximum inward c u r r e n t s i n k may be s u b j e c t 

to e r r o r . I n u^ waves the wave amplitude a l t e r s only 

s l o w l y f o r the f i r s t 50 urn of p e n e t r a t i o n . As a r e s u l t 

the l o c a t i o n of the s u p e r f i c i a l s i n k may i n f a c t be a s 

f a r a s the extreme terminals, of the a p i c a l d e n d r i t e s a t 

the p i a l s u r f a c e and not a s a d i s c r e t e band a s suggested 

by the second s p a t i a l d e r i v a t i v e . 

A s o u r c e - s i n k d i s t r i b u t i o n could not be determined 

f o r the m̂  wave i n Xenopus or Rana, although the l o c a t i o n 

of the dye spot i n d i c a t e s t h a t the synapses a r e l o c a t e d 

below l a y e r 8. However, the present study provides no 

data on the l o c a t i o n of the p o s t s y n a p t i c neurons. Chung, 



B l i s s and Keating (1974) have evidence t h a t the p o s t 

s y n a p t i c c e l l bodies a r e l o c a t e d i n l a y e r 8. 

Comparison w i t h other s t u d i e s 

of t e c t a l f i e l d p o t e n t i a l s 

The o p t i c t e c t a of non-mammalian v e r t e b r a t e s have 

o f t e n been the s u b j e c t of i n v e s t i g a t i o n s to determine 

the response of t e c t a l components to an e l e c t r i c a l stimr-

u l u s a p p l i e d t o the o p t i c nerve. These s t u d i e s have been 

c a r r i e d out p r i n c i p a l l y on f i s h (Motokawa e t a l , 1958; 

K o n i s h i , 1960; S u t t e r l i n and Prosser., 1970; Vanegas, 

E s s a y a g - M i l l a n and L a u f e r , 1971; Vanegas e t a l , 1974) 

or b i r d s (Cragg et a l , 1954; Holden, 1968 a, b; Stone 

and Freeman, 1971; Mori, 1973; Rager, 1976 b ) . Only 

two s t u d i e s have been reported f o r r e p t i l e s ( H e r i c , 1964; 

H e r i c and Kruger, 1966) and only t h r e e f o r amphibians 

( P e r e t z , 1969; t e r Keurs, 1970; Chung, B l i s s and Keating, 

1974). The responses evoked from the tectum a r e complex 

i n a l l non-mammalian s p e c i e s s t u d i e d . 

An i n t e r e s t i n g f e a t u r e of a l l these s t u d i e s i s t h a t , 

a s i n Xenopus, the tectum i s i n n e r v a t e d by a f f e r e n t gang

l i o n c e l l axons which have d i f f e r e n t conduction v e l o c i t i e s 

(Holden, 1968 b; Stone and Freeman, 1971; Vanegas, Es s a y a g -

M i l l a n and L a u f e r , 1971; Mori, 1973; Chung, B l i s s and 

Keating, 1974; Vanegas e t a l , 1974; Rager, 1976 a, b ) . 
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I p s i l a t e r a l responses 

A l l s t u d i e s on the r e t i n o t e c t a l p r o j e c t i o n using 

anterograde degeneration, autoradiography and h o r s e 

r a d i s h peroxidase t r a n s p o r t , have shown t h a t the r e t i n o 

t e c t a l p r o j e c t i o n i n amphibia i s t o t a l l y c r o s s e d (Sze'kely 

and L a z a r , 1976; review by S c a l i a , 1976). However, 

Neary (1976) using a u t o r a d i o g r a p h i c t r a c i n g methods, 

obtained evidence f o r an i p s i l a t e r a l r e t i n o t e c t a l 

pathway i n Rana, Bufo, Bombina and Xenopus. The r e s u l t s 

i l l u s t r a t e d i n f i g u r e 5:2 e show t h a t a c t i v i t y can be 

recorded i n the i p s i l a t e r a l tectum i n response to a 

s t i m u l u s a p p l i e d to the o p t i c nerve. The p o t e n t i a l 

waveforms recorded may be e l i c i t e d by four p o s s i b l e 

mechanisms: 

( i ) they may be an e x t e n s i o n of the p o t e n t i a l 

f i e l d generated by the c o n t r a l a t e r a l tectum 

(Lorente de No', 1947 a; Hubbard et a l , 1969), 

( i i ) they r e p r e s e n t a c t i v i t y which i s r e l a y e d t o 

the i p s i l a t e r a l tectum v i a the thalamus or 

the c o n t r a l a t e r a l tectum, 

( i i i ) they a r e produced by impulses i n r e t i n a l gang

l i o n c e l l axons, which a r i s e by the synchronous 

c u r r e n t flow i n f i b r e s of the c o n t r a l a t e r a l 

o p t i c nerve, s i n c e the ganglion c e l l axons 

i n t e r d i g i t a t e a t the chiasm, 



( i v ) they a r e produced by the a c t i v a t i o n of 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, 

as suggested by Neary (1976), P i c o u e t and 

C l a i r a m b a u l t (1976) and G a i l l a r d and Galand 

(1977). 

Experiments were not performed to t e s t t hese a l t e r n a t i v e s . 

C o n t r a l a t e r a l responses 

P o t e n t i a l waves have been recorded i n the o p t i c 

tectum of Rana ( P e r e t z , 1969; t e r Keurs, 1970; Chung, 

B l i s s and Keating, 1974). The former two s t u d i e s recorded 

t h r e e p o t e n t i a l waves which correspond to the nig, u^ and 

Ug waves reported here. I n agreement w i t h the present 

r e s u l t s f o r Xenopus, Chung, B l i s s and Keating (1974) 

reported four p o s t s y n a p t i c p o t e n t i a l waves, two being 

maximally negative c l o s e t o the s u r f a c e and two being 

maximally negative deeper i n the tectum. 

P e r e t z (1969) and t e r Keurs (1970) monitored f i e l d 

p o t e n t i a l s a t d i f f e r e n t depths i n the o p t i c tectum of 

Rana. S o l e l y on the evidence of p r e s y n a p t i c elements, 

P e r e t z concluded t h a t the o p t i c a f f e r e n t t e r m i n a l s a r e 

d i s t r i b u t e d throughout the t e c t a l p l a t e . Ter Keurs 

(1970) used the a c t i v a t i o n of s i n g l e p o s t s y n a p t i c u n i t s 

as an i n d i c a t i o n of the l o c a t i o n of the p o s t s y n a p t i c 

elements i n Rana, i n the same way a s Holden (1968 b) has 



done i n the pigeon. Ter Keurs concluded t h a t the th r e e 

waves evoked i n the tectum were produced by the a r r i v a l 

of impulses i n the a f f e r e n t f i b r e s (the f i r s t wave), 

which d e p o l a r i z e l a y e r 6 c e l l s (the second wave) which 

i n t u r n d e p o l a r i z e other l a y e r 6 c e l l s (the t h i r d wave). 

Although the ab s o l u t e depth v a l u e s f o r the l o c a t i o n 

of the maximum c u r r e n t s o u r c e s and s i n k s a r e d i f f e r e n t 

i n Xenopus and Rana f o r the nig, u^ and u 2 waves, the 

events appear i n the same sequence during a s i n g l e 

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

Chung, B l i s s and Keating (1974) reported t y p i c a l 

v a l u e s f o r the depths of the four maximal c u r r e n t s i n k s 

i n Rana to be 90, 130, 240 and 380 (im f o r the u 1 , u 2 , m2 and 

r e s p e c t i v e l y . These r e s u l t s a r e i n reasonable agreement 

wi t h those reported here f o r Rana w i t h maxima a t 60, 100 

and 280 jim f o r the u ^ u g and m 2 waves. Chung, B l i s s and 

Keating (1974) recorded a depth p r o f i l e f o r the m1 wave 

which was not achieved i n the present study, although 

t y p i c a l v a l u e s f o r the maximum n e g a t i v i t y of the m̂  wave 

appears to be a good i n d i c a t i o n of the s i t e of the synapses. 

The present r e s u l t s f o r Xenopus a r e q u a l i t a t i v e l y 

s i m i l a r to those f o r Rana. However the q u a n t i t a t i v e 

r e s u l t s a r e r a t h e r d i f f e r e n t . The u, c u r r e n t s i n k of 
* 1 

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

a t a depth of 70 (xm i n Xenopus and 60 fim i n Rana. The 



depths of the c u r r e n t sources d i f f e r g r e a t l y between the 

two s p e c i e s , w i t h a va l u e of 180 |im i n Xenopus and 390 |im 

i n Rana. However, c u r r e n t source d e n s i t y a n a l y s i s demon

s t r a t e s t h a t the a f f e r e n t s impinge on to the a p i c a l 

d e n d r i t e s of. l a y e r 8 c e l l s . Although the depth d i s t r i 

butions f o r Xenopus a r e q u a n t i t a t i v e l y a t v a r i a n c e w i t h 

those obtained f o r Rana, t h i s i s a r e f l e c t i o n of the 

d i f f e r e n t t e c t a l t h i c k n e s s e s , hence the d i s t r i b u t i o n of 

o p t i c a f f e r e n t s i n the Xenopus o p t i c tectum may be 

regarded a s homologous w i t h those obtained from Rana 

s p e c i e s . 

P o s t s y n a p t i c a c t i v a t e d u n i t a r y p o t e n t i a l s 

A c t i o n p o t e n t i a l s have been recorded i n the o p t i c 

tectum i n response t o o p t i c a f f e r e n t s t i m u l a t i o n . These 

a c t i o n p o t e n t i a l s cannot be ignored and have e i t h e r been 

shown to be p r e s y n a p t i c ( f i g . 5:6) or p o s t s y n a p t i c ( f i g . 

5:18 d, e ) . The p r e s y n a p t i c a c t i o n p o t e n t i a l s a r e u s u a l l y 

recorded i n the r e g i o n s which correspond to the l o c a t i o n s 

of the maximum negative amplitudes of the evoked waves. 

The p o s t s y n a p t i c a c t i o n p o t e n t i a l s a r e l i k e l y to be soma/ 

axon p o t e n t i a l s or a l t e r n a t i v e l y d e n d r i t i c s p i k e s . 

Negative monophasic p o t e n t i a l s ( f i g . 5:19 c, d) on 

the negative going phase of the evoked wave a r e i n d i c a t i v e 

of d e n d r i t i c s p i k e s (Stone and Freeman, 1971). 
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There have been a number of r e p o r t s of d e n d r i t i c 

a c t i o n p o t e n t i a l s i n the non-mammalian c e n t r a l nervous 

system f o r example i n the cerebellum of the a l l i g a t o r 

(Llina's and Nicholson, 1971; Nicholson and Llina's, 1971). 

Other workers have reported d e n d r i t i c s p i k e s i n the o p t i c 

tectum of non-mammalian s p e c i e s , i n the t e l e o s t Eugerres 

(Vanegas, E s s a y a g - M i l l a n and L a u f e r , 1971) i n Rana (Chung, 

B l i s s and Keating, 1974) i n Necturus ( C a l d w e l l and Berman, 

1977) and i n the pigeon (Stone and Freeman, 1971). 

Monophasic p o s i t i v e and d i p h a s i c waves on the nega

t i v e nig wave and on the i n v e r t e d V waves were u s u a l l y 

recorded i n the r e g i o n of the c e l l bodies of l a y e r 8. 

S i m i l a r p o t e n t i a l s have been reported by Shepherd (1962, 

1963) and Haberly (1973) i n the o l f a c t o r y bulb and p r e -

p y riform c o r t e x i n response to synchronous a f f e r e n t 

s t i m u l a t i o n . The a c t i o n p o t e n t i a l s superimposed on the 

'u* waves are u s u a l l y s m a l l e r than those superimposed on 

the nig wave. Recordings from the l a t t e r u n i t s could 

u s u a l l y be maintained f o r a longer period of time, 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 l a r g e r s i z e of the s p i k e s 

may i n d i c a t e that the nig a f f e r e n t s synapse on to a la-pg-e** 

population ofAjieurons. U n i t a r y p o t e n t i a l s could a l s o be 

recorded o c c a s i o n a l l y i n the stratum p e r i v e n t r i c u l a r e . 

The long l a t e n c y u n i t a r y p o t e n t i a l s a r e probably 

evoked a s a consequence of p o l y s y n a p t i c a c t i v i t y , such 

a s t h a t r e l a y e d v i a the d i e n c e p h a l i c v i s u a l c e n t r e s . 

i i 



CHAPTER V I 

Sequence and d i s t r i b u t i o n of o p t i c a f f e r e n t i n n e r v a t i o n to 

. the developing tectum 



INTRODUCTION 

In preceeding c h a p t e r s the morphogenesis of the 

o p t i c nerve and the p h y s i o g e n e s i s of ganglion c e l l s 

and t h e i r axons were s t u d i e d . I n Chapter 5, e l e c t r o 

p h y s i o l o g i c a l methods were used to determine the 

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

i n the Xenopus tectum. The present chapter d e a l s w i t h 

the synaptogenesis of ganglion c e l l axons i n the tectum 

and the p r o p e r t i e s of these synapses. 

Although the development of the o p t i c tectum of 

Xenopus has been the s u b j e c t of a number of i n v e s t i 

g a t i o n s ( S t r a z n i c k y and Gaze, 1972; L a z a r , 1973; Gaze 

e t a l , 1974; S c o t t , 1974; S c o t t and Laza'r, 1976), only 

one study has been concerned w i t h the responses of post 

s y n a p t i c neurons to a f f e r e n t a c t i v i t y (Chung, Keating 

and B l i s s , 1974). 

The o p t i c a f f e r e n t input to the o p t i c tectum of 

a d u l t Xenopus i s laminated (Chapter 5) and t h e r e i s 

good c o r r e l a t i o n between the r e t i n a l g anglion response 

t y p e s , t h e i r conduction v e l o c i t i e s and t h e i r s i t e s of 

t e r m i n a t i o n (see General D i s c u s s i o n ) . I t i s known t h a t 



the f i r s t axons to appear i n the o p t i c nerve a r e unmye

l i n a t e d and t h a t ganglion c e l l responses a r e d i f f e r e n t 

from those of the a d u l t , i t i s t h e r e f o r e important to 

determine whether these r e t i n a l ganglion c e l l a f f e r e n t s 

synapse i n the tectum. The p r o p e r t i e s of these synapses 

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

c o r r e l a t e d w i t h the CAPs recorded i n the a d u l t tectum. 

E l e c t r o n m i c r o s c o p i c a l a n a l y s i s of the l o c a t i o n s 

of synapses and t h e i r time of o r i g i n i n the tectum do 

not produce unequivocal evidence of i n n e r v a t i o n s i n c e 

other a f f e r e n t f i b r e s may a l s o be developing. However, 

the use of p h y s i o l o g i c a l methods to l o c a t e and c h a r a c t e r 

i z e the synapses i s extremely u s e f u l i f c a r r i e d out i n 

c o n j u n c t i o n w i t h morphological s t u d i e s . 

S t u d i e s of the normal development of the amphibian 

r e t i n a ( 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) 

have shown t h a t growth occurs by a d d i t i o n of c e l l s a t the 

c i l i a r y margin, although t h i s development i s not t r u l y 

c o n c e n t r i c (Jacobson, 1976; S t r a z n i c k y and Tay, 1977). 

During tadpole development the tectum grows from i t s 

r o s t r o v e n t r o l a t e r a l pole to i t s caudodorsomedial pole 

i n a c u r v i l i n e a r f a s h i o n , the c e l l s being generated i n 

a s e r i e s of roughly p a r a l l e l 'developmental bands' 

( S t r a z n i c k y and Gaze, 1972; C u r r i e , 1974). The f i r s t 

neurons to be generated and to d i f f e r e n t i a t e a r e found 
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a t the a n t e r i o r pole, and the f i r s t axons to i n n e r v a t e 

the tectum a r e a l s o l o c a t e d i n t h i s r e g i o n ( C u r r i e , 1974; 

C u r r i e and Cowan, 1975). 

In p r e v ious s t u d i e s the sequence of t e c t a l i n v a s i o n 

by o p t i c nerve f i b r e s during development has been analyzed 

i n m a t e r i a l prepared by v a r i o u s , r e l a t i v e l y n o n - s p e c i f i c 

h i s t o l o g i c a l methods. For example, u s i n g a c i d haematoxylin 

h i s t o l o g y K o l l r o s (1953) d e s c r i b e d what he thought to be 

o p t i c nerve f i b r e s a t the r o s t r a l pole of the tectum i n 

Rana p i p i e n s a t embryonic Stage 23, and regarded them as 

having reached the caudal pole by l a r v a l stage IV ( T a y l o r 

and K o l l r o s , 1946). S t r a z n i c k y and Gaze (1972) have 

suggested on the b a s i s of a study of Holme's s i l v e r prep

a r a t i o n s , t h a t many of the f i b r e s which comprise the white 

matter a t the r o s t r a l end of the Xenopus tectum a t Stage 

41 a r e r e t i n a l a f f e r e n t s . T h i s c o n c l u s i o n i s by no means 

c e r t a i n s i n c e i t i s impossible to determine the o r i g i n of 

the f i b r e s i n q u e s t i o n i n t h i s type of m a t e r i a l . The 

r e s u l t s of C u r r i e (1974) and C u r r i e and Cowan (1974) who 

used a u t o r a d i o g r a p h i c t r a c i n g methods i n tadpole Rana 

p i p i e n s suggest t h a t r e t i n a l ganglion c e l l t e r m i n a l s a r e 

present i n the tectum from embryonic Stage 23. 

Most p h y s i o l o g i c a l s t u d i e s of the anuran o p t i c 

tectum have been concerned w i t h r e c o r d i n g ganglion 

c e l l responses a t t h e i r t e r m i n a l s i n the tectum and 

not w i t h the connexions and p r o c e s s i n g of information 



by t e c t a l neurons.. F i e l d p o t e n t i a l s may be used to 

determine a t what s t a g e s f u n c t i o n a l synapses a r e formed 

and to d i s c r i m i n a t e between e x c i t a t o r y and i n h i b i t o r y 

a c t i o n s . Information about the l o c a t i o n of p o s t s y n a p t i c 

neurons may a l s o be obtained. 



METHOD 

A. PREPARATION OF THE ANIMAL 

Twenty-four t a d p o l e s and f i f t e e n j u v e n i l e toads 

were used i n t h i s study. The b r a i n s were exposed a s 

d e s c r i b e d i n s e c t i o n B of the General Methods. The 

f o r e b r a i n was removed by s u c t i o n and 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 the e n t r y 

of a s t i m u l a t i n g e l e c t r o d e . A l l animals were immobilized 

w i t h 0.02 to 0.05 mg d-tubocurarine (Duncan, F l o c k h a r t 

and Co. L t d . , London) ad m i n i s t e r e d by i n j e c t i o n i n t o 

the l e g of young toads and behind the non-experimental 

eye i n tadpoles (Gaze e t a l , 1974). P r e p a r a t i o n s were 

h a l f submerged i n Niu-Twitty s o l u t i o n and were covered 

w i t h a medical wipe t i s s u e . The Niu-Twitty s o l u t i o n was 

not permitted t o come i n t o c o n t a c t w i t h the b r a i n i n 

order t o avoid a t t e n u a t i o n of the evoked p o t e n t i a l s . To 

avo i d d e s s i c a t i o n 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 . 

B. ELECTRODES 

Wood's M e t a l - i n - g l a s s or s t a i n l e s s s t e e l e l e c t r o d e s 

were used to d e l i v e r s t i m u l a t i n g p u l s e s and were manu

f a c t u r e d a s d e s c r i b e d i n the Methods s e c t i o n of Chapter 4. 



S i l v e r / s i l v e r c h l o r i d e w i r e s and g l a s s m i c r o p i p e t t e s were 

used f o r r e c o r d i n g and were manufactured by the procedure 

d e s c r i b e d i n s e c t i o n B of the Methods of Chapter 5. 

C. RECORDING PROCEDURE 

The r e c o r d i n g procedure f o r tadpoles and young toads 

was e s s e n t i a l l y the same a s f o r a d u l t s , and i s d e s c r i b e d 

i n s e c t i o n C of the Methods of Chapter 5. However, s t i m 

u l a t i n g p u l s e s were d e l i v e r e d only to the o p t i c nerve head 

and not to the o p t i c nerve i t s e l f . 

D. MORPHOLOGY 

The morphology of s i n g l e neurons w i t h i n the tectum 

of Xenopus ta d p o l e s was s t u d i e d u s i n g the G o l g i impreg

na t i o n method. D e t a i l s of t h i s procedure a r e given i n 

s e c t i o n D of the General Methods. 

The o p t i c t e c t a of Xenopus ta d p o l e s were processed 

f o r e l e c t r o n microscopy a s d e s c r i b e d i n s e c t i o n B of the 

General Methods. 



RESULTS 

A. MORPHOLOGY 

Stage 46 was the e a r l i e s t tadpole stage a t which 

p o t e n t i a l s could be evoked from the tectum and a t t h i s ' 

s t age synapses were present a t the a n t e r i o r pole ( f i g . 

6:1), but were s c a r c e i n any one e l e c t r o n microscope 

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

6:1 i s l o c a t e d 9 Jim from the s u r f a c e of the tectum and 

i s surrounded by many axons which a r e presumed to be 

o p t i c a f f e r e n t s . Some of these a f f e r e n t s a r e very s m a l l , 

l e s s than 0.1 (im i n diameter, and c o n t a i n only one micro

t u b u l e . The synapse c o n t a i n s a s m a l l number of s y n a p t i c 

v e s i c l e s , p o s s e s s e s a s y n a p t i c c l e f t and has a thickened 

p o s t s y n a p t i c membrane. However, i n other presumably 

t e r m i n a l p r o c e s s e s , v e s i c l e s and v e s i c u l a r s t r u c t u r e s 

a r e more p l e n t i f u l . The p r e s y n a p t i c p r o f i l e i s b e l i e v e d 

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

of the tectum and i s accompanied by a multitude of axons, 

a l l of which are a l i n e d along an a n t e r o p o s t e r i o r a x i s . 

I t i s not p o s s i b l e , however, to v e r i f y the nature of the 

p o s t s y n a p t i c p r o f i l e s i n c e very young l a r v a l m a t e r i a l i s 

" a f f e c t e d a d v e r s e l y by the e l e c t r o n m i c r o s c o p i c a l p r e p a r a t i v e 

methods. 



F i g . 6:1 A coronal s e c t i o n of the s u p e r f i c i a l p a r t of a 
Stage 46 tadpole tectum 

The t e r m i n a l ( T ) forms a synapse (arrow) w i t h 
an u n i d e n t i f i e d p o s t s y n a p t i c s t r u c t u r e , which 
i s b e l i e v e d to be a d e n d r i t e . The t e r m i n a l 
c o n t a i n s v e s i c l e s (V) and the p r e s y n a p t i c mem
brane i s more e l e c t r o n dense than the c y t o 
plasm. Between the p r e - and p o s t s y n a p t i c 
s t r u c u t r e s a s y n a p t i c c l e f t i s pre s e n t . The 
cytoplasmic s i d e of the p o s t s y n a p t i c membrane 
i s thickened. I n an a d j o i n i n g p r o f i l e the 
numbers of v e s i c l e s i s gr e a t e r and the v e s 
i c l e s are l a r g e r ( L V ) . The l a r g e number of 
axons (some l a b e l l e d 'a') a r e present and 
many are s m a l l e r than 0.1 |j.m and only c o n t a i n 
one microtubule (Mt). 
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In Stage 46 tadpole o p t i c tectum, synapses were r a r e l y 

found being l i m i t e d t o the marginal zone t o a depth of 25 \im 

I t was not u n t i l Stage 50 t h a t axosomatic synapses were 

observed. S y n a p t i c p r o f i l e s observed before t h i s s tage 

ar e presumably a x o d e n d r i t i c . 

The G o l g i method of impregnating neurons i s extremely 

u s e f u l f o r determining the form of the c o n s t i t u e n t neurons 

of the tectum. I n f i g u r e 6:2, two G o l g i impregnated c e l l s 

from the tectum of a Stage 49 tadpole a r e i l l u s t r a t e d . 

The impregnated neurons c l e a r l y i n d i c a t e w e l l developed 

d e n d r i t i c a r b o r i z a t i o n s which a r e not arranged perpendic

u l a r to the s u r f a c e , although they have not migrated 

from the v e n t r i c u l a r zone (Boulder committee, 1970). As 

the tectum develops, obvious r a d i a l o r i e n t a t i o n i s e v i d e n t 

a t Stage 55 a t the a n t e r i o r pole and a t metamorphosis f o r 

the remainder of the tectum. However i n the major p a r t of 

the tectum, where c e l l p r o l i f e r a t i o n or c e l l m i g r a t i o n i s 

o c c u r r i n g , a major number of neurons a r e arranged such 

t h a t t h e i r d e n d r i t e s a r e not r a d i a l l y o r i e n t e d . 

B. PHYSIOLOGY 

P o s t s y n a p t i c events and p o t e n t i a l s 

The e a r l i e s t tadpole stage from which responses could 

be recorded was Stage 46. F i g u r e 6:3 a shows a r e c o r d i n g 



F i g . 6;2 Morphology of t e c t a l neurons i n a Stage 49 
tadpole 

The f i g u r e shows camera l u c i d a drawings i n the 
l e f t hand and l i g h t micrographs of the impreg
nated neurons i n the r i g h t hand column. The 
top of the f i g u r e corresponds to the d o r s a l 
s u r f a c e of the animal. 

The upper p a i r of i l l u s t r a t i o n s show a c e l l 
w i t h a p a i r of ascending d e n d r i t e s vvhich a r e 
o r i e n t e d 45° to the s u r f a c e . The ascending 
d e n d r i t e s have s m a l l c l u b shaped s p r i g s ( s p ) 
and the c e l l body has an axon emanating from 
i t . The c e l l body i s l o c a t e d i n the middle 
of the c e l l body l a y e r . The lower p a i r of 
i l l u s t r a t i o n s show a c e l l body whose a p i c a l 
dendrite g i v e s r i s e to a complex d e n d r i t i c 
t r e e which i s o r i e n t e d almost h o r i z o n t a l to 
the s u r f a c e . Some of the d e n d r i t e s have 
s m a l l s p i n e s ( s p i n e ) i n c o n t r a s t to the c l u b 
shaped s p r i g s of the upper i l l u s t r a t i o n . An 
axon (Ax) o r i g i n a t e s a t the base of the c e l l 
body. 

Note the s l i g h t l y d i f f e r e n t c a l i b r a t i o n between 
the upper and lower p a i r s of f i g u r e s . 

G o l g i s t a i n . 
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F i g . 6:3 Responses recorded i n the tadpole tectum to an 
e l e c t r i c a l s t i m u l u s to the o p t i c nerve 

( a ) Records from a Stage 48 tadpole. Two l a r g e 
and negative waves are present i n (a) which was 
(b) recorded at the s u r f a c e of the tectum. 

Record (b) shows the response to the same 
st i m u l u s recorded at depth. Note t h a t the 
waves are the same except t h a t they have 
i n v e r t e d . 

The l a t e n c i e s of these waves i n d i c a t e t h a t 
they a r e comparable to the and 112 waves 
recorded i n the a d u l t . 

( c ) S i m i l a r responses from a Stage 52 tadpole 
and to those above i n ( a ) and ( b ) . The s u r f a c e 
(d) r e c o r d i n g ( c ) shows the u-̂  and 112 negative 

waves which i n v e r t as the e l e c t r o d e pene
t r a t e s the tectum. 

( e ) Responses recorded from a Stage 59 tadpole 
to show the two 'u' waves and an 'm* wave 
which i s superimposed on the stimulus a r t i 
f a c t . The stimulus i s submaximal to avoid 
l o s s of the i n i t i a l 'm' wave. 

C a l i b r a t i o n s f o r ( a ) to ( e ) as i n d i c a t e d next 
to r ecord ( e ) . E l e c t r o d e p o s i t i v i t y i s upward. 

( f ) S i m i l a r responses from a Stage 59 tadpole 
to t h a t i l l u s t r a t e d i n ( e ) . An 'in' wave 
and two *u f waves are p r e s e n t . C a l i b r a t i o n 
as i n d i c a t e d . 

(g) Three waves are c l e a r l y evident i n t h i s 
r e c o r d which was obtained from a two week 
old toad. These waves are the mo, u^ and 

A s m a l l i n f l e x i o n ( t r i a n g l e ) i s 
superimposed on the s t i m u l u s a r t i f a c t and 
t h i s may be a s m a l l m-̂  wave. C a l i b r a t i o n s 
i n d i c a t e d . 
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of a p o t e n t i a l evoked i n response to an o p t i c nerve 

s t i m u l u s i n a Stage 48 tadpole. Note the two prominent 

negative d e f l e c t i o n s . The l a t e n c i e s of 20 and 58 msec 

i n d i c a t e t h a t these waves correspond to the u^ and Ug 

p o s t s y n a p t i c waves of the a d u l t (Chapter 5 ) . As the 

e l e c t r o d e p e n e t r a t e s the tectum, the waves i n v e r t from 

a negative to a p o s i t i v e p o l a r i t y ( f i g . 6:3 b ) . The 

l o c a t i o n of t h i s r e v e r s a l i s u n c e r t a i n due t o the t h i n 

ness of the tectum. S i m i l a r responses can be obtained . 

from a l l o l d e r t a d p o l e s , an example of which i s shown 

f o r a Stage 52 animal ( f i g . 6:3 c, d ) . The responses 

comprise two negative u^ and u 2 waves a t the s u r f a c e 

( f i g . 6:3 c ) which i n v e r t a t deeper l o c a t i o n s ( f i g . 

6:3 d ) . 

Up to the beginning of metamorphic climax only two 

waves can be recorded. 

At Stage 59, a very s h o r t l a t e n c y negative d e f l e c t i o n 

can be evoked which i s u s u a l l y superimposed on the s t i m u l u s 

a r t i f a c t ( f i g . 6:3 e, f ) . The l a t e n c y of t h i s wave i s 

s i m i l a r to an adult ,m f wave ( f i g s . 5:1, 6:3 e, f ) . 

Three waves can be recorded a s the animal c o n t i n u e s 

to develop. Two weeks a f t e r metamorphosis a s m a l l d e f l e c t i o n 

w i t h an extremely s h o r t l a t e n c y i n f l e x i o n can be recorded 

on the a r t i f a c t . T h i s i n f l e x i o n occurs p r i o r to the m2, u^ 

and u 2 evoked p o t e n t i a l s ( f i g . 6:3 g) and may i n d i c a t e the 
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f i r s t appearance of an m̂  wave. The m̂  wave i s e v i d e n t 

one month a f t e r metamorphosis. 

A s t i m u l u s i n t e n s i t y t e c t a l response s e r i e s from a 

Stage 63 tadpole i s shown i n f i g u r e 6:4 a f o r t h e two 

'u 1 waves and i s re 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 6:4 b. 

An e l e c t r i c a l s t i m u l u s of 8 V produced no response, 

whereas 10 V e l i c i t e d a s m a l l d e f l e c t i o n on the t r a c e 

base l i n e a t a l a t e n c y e q u i v a l e n t to the Ug a f f e r e n t 

group of f i b r e s . At 16 V the Ug wave i s much more prom

ine n t , and the u^ wave i s more e v i d e n t . Both waves a r e 

prominent i n response to a s t i m u l u s of 24 V. With 

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 the Ug wave i n c r e a s e s i n 

amplitude continuously w h i l e the u^ wave i s d i s t o r t e d 

by an encroaching s t i m u l u s a r t i f a c t ( f i g s . 6:4 a, b ) . 

F i g u r e 6:5 a shows the e f f e c t of double s t i m u l i 

on the u 2 wave from a Stage 63 animal. The r e s u l t s 

a r e 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 6:5 b. The 

graph compares the percentage i n c r e a s e of the evoked 

wave, w i t h a p o t e n t i a l evoked by a s i n g l e s t i m u l u s . 

An i n t e r s t i m u l u s i n t e r v a l of 20 msec produces a poten

t i a t e d response of 25%. As the i n t e r v a l i n c r e a s e s the 

p o t e n t i a t e d response i n c r e a s e s and becomes maximal 

(60%) w i t h an i n t e r s t i m u l u s i n t e r v a l of 50 msecs. 

T h e r e a f t e r , the i n c r e a s e i n the amplitude wave due 

t o a c o n d i t i o n i n g s t i m u l u s i s reduced a s the i n t e r -



F i g . 6:4 Stimulus s t r e n g t h - t e c t a l response 

The r e c o r d s of st i m u l u s s t r e n g t h -
t e c t a l response c h a r a c t e r i s t i c s are 
i l l u s t r a t e d i n ( a ) and represented 
g r a p h i c a l l y i n ( b ) . A 10 V stimu l u s 
evokes a s m a l l response which becomes 
more evident i n response to a 16 V 
s t i m u l u s . The u^ wave i n c r e a s e s i n 
amplitude with 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 only slowl> / '.vhereas the U2 
wave i n c r e a s e s i n amplitude d r a m a t i c a l l y . 
The u-̂  wave g r a d u a l l y becomes superimposed 
on the st i m u l u s a r t e f a c t , which i s denoted 
by a dot. The U2 wave i s not s a t u r a t e d by 
a 60 V s t i m u l u s . 

The f i g u r e s below the t r a c e s i n d i c a t e 
s t i m u l u s v o l t a g e . Note the change i n 
the c a l i b r a t i o n f o r s t i m u l u s i n t e n s i t i e s 
of 30, 40, 50 and 60 V. 
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F i g . 6:5 Ug wave p o t e n t i a t i o n a t Stage 63 

Records of the responses of the e f f e c t s of 
double s t i m u l i are shown i n ( a ) and represented 
g r a p h i c a l l y i n ( b ) . When a st i m u l u s preceeds 
the t e s t s t i m u l u s by 20 mSec the t e s t wave i s 
po t e n t i a t e d by 25%. With i n c r e a s i n g i n t e r v a l s 
the degree of p o t e n t i a t i o n i n c r e a s e s and i s 
maximal (60%) with an i n t e r v a l of 50 mSec. 
With ever 1 f u r t h e r i n c r e a s e s i n the i n t e r v a l 
the degree of p o t e n t i a t i o n decreases s h a r p l y 
a t f i r s t and then more s t e a d i l y and i s only 
5% with an i n t e r v a l of 200 mSec. 
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s t i m u l u s i n t e r v a l i n c r e a s e s u n t i l an i n t e r v a l of 200 

msec, the p o t e n t i a t i n g e f f e c t i s minimal. The i n t e r -

s t i m u l u s i n t e r v a l f o r which u 2 p o t e n t i a t i o n i s maximum 

i n a Stage 63 animal and the range of i n t e r v a l s f o r 

which p o t e n t i a t i o n o c c u r s i s s i m i l a r t o those v a l u e s 

obtained i n an e q u i v a l e n t experiment i n the a d u l t . 

F i g u r e 6:6 a shows the p o t e n t i a t e d responses 

recorded from a Stage 57 tadpole, of both the and u 2 

p o s t s y n a p t i c waves w i t h an i n t e r s t i m u l u s i n t e r v a l of 

160 msec. 

The e f f e c t s of a t e t a n i z i n g s t i m u l u s t r a i n a t Stage 

57 can be seen i n f i g u r e 6:6 b. When s t i m u l u a r e a p p l i e d 

t o the nerve a t a frequency of 0.25 Hz, a l l s t i m u l i evoke 

the same response. At a frequency of 1 Hz the evoked u 2 

wave i s p o t e n t i a t e d . At a frequency of 5 Hz the Ug wave 

decreases i n amplitude, w h i l e a t 10 Hz the u 2 wave i s not 

evoked a f t e r the i n i t i a l s t i m u l u s . 

These two t e s t s of p o t e n t i a t i n g and t e t a n i z i n g 

s t i m u l i , combined w i t h the f a c t t h a t the p o l a r i t y of the 

'u f waves r e v e r s e s w i t h depth i n the tectum i n d i c a t e t h a t 

these waves a r e der i v e d from p o s t s y n a p t i c elements. 

The e f f e c t s of double and t e t a n i z i n g s t i m u l i on the 

*m' wave i n tad p o l e s could not be t e s t e d thoroughly. The 

nature of t h i s wave can t h e r e f o r e only t e n t a t i v e l y be 

assumed t o be p o s t s y n a p t i c . 



F i g . 6:6 Evidence f o r p o s t s y n a p t i c nature of the evoked 
wave 

(a ) The response to double s t i m u l i i s shown i n 
t h i s f i g u r e . The dots above the t r a c e 
i n d i c a t e the time of s t i m u l a t i o n . The 
second 112 wave i s c l e a r l y p o t e n t i a t e d by 
the c o n d i t i o n i n g s t i m u l u s . The i n t e r v a l 
between s t i m u l i i s 160 mSec. F i l l e d 
c i r c l e s i n d i c a t e the p o s i t i o n of the 
s t i m u l i . 

(b) The e f f e c t s of mild t e t a n i z i n g s t i m u l u s 
t r a i n s on the u.2 wave are shown. A pulse 
t r a i n a t a frequency of 0.25 Hz shows the 
constancy of the response. The record of 
the response to a stimu l u s pulse t r a i n a 
1 Hz shows a s m a l l degree of p o t e n t i a t i o n . 
The response to a stimu l u s t r a i n a t 5 Hz 
decreases i n amplitude a f t e r the i n i t i a l 
normal response. The response f a i l s a f t e r 
the i n i t i a l normal response to a s t i m u l u s 
t r a i n a t 10 Hz. 

( c ) The response recorded i n the tectum of a 
Stage 62 tadpole shows a U]_ wave (U^) and 
i s preceeded by a b r i e f d i p h a s i c poten
t i a l . Evidence from t e t a n i z i n g s t i m u l u s 
t r a i n s suggests t h a t i t i s a p r e s y n a p t i c 
a c t i o n p o t e n t i a l . 

(d) I n the same Stage 62 tadpole an tmt wave 
(M) i s followed by a t r i p h a s i c p o t e n t i a l 
which i s i n d i c a t i v e of a p o s t s y n a p t i c a l l y 
a c t i v a t e d s p i k e . 

C a l i b r a t i o n s are as i n d i c a t e d f o r each f i g u r e . 
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U n i t a r y P o t e n t i a l s 

The waves e l i c i t e d i n the tectum may be preceded by 

a s m a l l p r e s y n a p t i c component, a d i p h a s i c example of which 

i s i l l u s t r a t e d i n f i g u r e 6:6 c . I n the same Stage 62 

animal, an V wave was evoked which was followed by a 

s m a l l t r i p h a s i c s p i k e , which i n d i c a t e s t h a t an a c t i o n 

p o t e n t i a l passed the e l e c t r o d e t i p ( f i g . 6:6 d ) and may 

i n d i c a t e the a c t i v a t i o n of a p o s t s y n a p t i c neuron. 

S i m i l a r s m a l l t r i p h a s i c s p i k e s have been recorded 

i n a s s o c i a t i o n w i t h other p o t e n t i a l waves. The responses 

i l l u s t r a t e d i n f i g u r e 6;7 a were obtained on the same 

e l e c t r o d e p e n e t r a t i o n . A s m a l l d i p h a s i c s p i k e preceeding 

the u 2 wave was recorded a t a depth of 100 (im. At 110 |im 

depth, s m a l l t r i p h a s i c s p i k e s were present on both V waves 

and a t a depth of 160 fim a number of these s p i k e s could be 

recorded on the i n v e r t i n g waves. 

Small negative d e f l e c t i o n s a r e i l l u s t r a t e d i n f i g u r e 

6:7 b a t depths of 170 and 180 \im i n a Stage 58 tadpole 

tectum. The shape of these negative d e f l e c t i o n s i n d i c a t e 

t h a t they comprise pa r t of a d i s c h a r g e of a c t i o n p o t e n t i a l 

o r g i n a t i n g from one neuron. As i n the a d u l t tectum, mono-

ph a s i c p o s i t i v e s p i k e s can be recorded i n the tectum i n 

response to an e l e c t r i c a l s t i m u l u s to the nerve. An 

example i s shown ( f i g . 6:7 c ) which was recorded a t a 

depth of 290.Jim i n the tectum of a Stage 57 tadpole. 



F i g . 6:7 U n i t a r y p o t e n t i a l s 

( a ) U n i t a r y p o t e n t i a l s ( t r i a n g l e s ) a r e evident 
a t the three depths from which r e c o r d i n g s 
were taken i n a s i n g l e e l e c t r o d e pene
t r a t i o n i n t o the tectum of a Stage 55 t a d 
pole. At a depth of 100 \im a b r i e f d i p h a s i c 
p r e s y n a p t i c s p i k e preceeds the p o s t s y n a p t i c 
wave. At 110 |im the same d i p h a s i c spike i s 
evident and i s followed by a t r i p h a s i c 
potent JLP.1. At a depth of 160 fiir. t hree 
s m a l l t r i p h a s i c s p i k e s are present on the 
i n v e r t e d U2 wave. 

(b) Records a t the i n d i c a t e d depth of 170 and 
180 Jim i n a Stage 58 tadpole tectum. A 
b r i e f d i p h a s i c s p i k e preceeds the U2 wave. 
During the U2 wave two or three negative 
d e f l e c t i o n s a r e present ( t r i a n g l e s ) . The 
constancy of shape of these p o t e n t i a l s 
p o s s i b l y i n d i c a t e the same o r i g i n . 

( c ) A purely monophasic s p i k e ( t r i a n g l e ) i s 
superimposed on an i n v e r t e d U2 wave i n 
the tectum of a Stage 57 tadpole. 

(d) P u r e l y monophasic m u l t i p l e d i s c h a r g e s 
recorded at a depth of 250 urn i n the 
tectum of a Stage 58 tadpole. The s p i k e s 
are superimposed on an i n v e r t e d u-̂  wave. 
The d i s c h a r g e s were u s u a l l y of two s p i k e s 
although o c c a s i o n a l l y more were evoked. 
Lower c a l i b r a t i o n time s c a l e r e f e r s to 
lower t r a c e . 

C a l i b r a t i o n s a r e as i n d i c a t e d . 
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F i g u r e 6:7 d shows the responses of a p o s t s y n a p t i c 

neuron recorded a t a depth of 250 jim i n the tectum of a 

Stage 58 tadpole. The s p i k e s a r e superimposed on an 

i n v e r t e d u^ wave and a r e evoked every time by a s t i m u l u s 

to the nerve which e l i c i t s a burst of a c t i o n p o t e n t i a l s . 

The e a r l i e s t stage a t which s i m i l a r a c t i o n p o t e n t i a l s 

could be recorded was Stage 48, then only a t the a n t e r o 

l a t e r a l pole of the tectum. The e a r l i e s t stage a t which 

p o s t s y n a p t i c spontaneous a c t i v i t y could be recorded was 

Stage 58. 

F i e l d P o t e n t i a l A n a l y s i s 

T e c t a l d e n d r i t i c a r b o r i z a t i o n s , w h i l e c l e a r l y w e l l 

developed a t Stage 48, a r e not r a d i a l l y o r i e n t e d ( f i g . 

6:2). T h i s point, i n c o n j u n c t i o n w i t h other problems 

such as the v a r i a b l e t h i c k n e s s and the s o f t n e s s and 

s t i c k i n e s s of the t e c t a l p l a t e , makes the use of c u r r e n t 

source d e n s i t y a n a l y s i s i n a p p l i c a b l e i n .determining the 

l o c a t i o n s of the o p t i c a f f e r e n t synapses and p o s t s y n a p t i c 

neurons i n the tadpole tectum. When the method was 

attempted, v a r i a b l e r e s u l t s were obtained and no d e t a i l e d 

r e s u l t s a r e r e p o r t e d . 

The g e n e r a l f e a t u r e s of e l e c t r o d e p e n e t r a t i o n i n 

tadpole t e c t a a r e d e s c r i b e d . The p o t e n t i a l s evoked by 

unmyelinated f i b r e s , which are comparable to the u 1 and 

u 2 waves of the a d u l t , can be recorded as n e g a t i v e poten

t i a l s through most of l a y e r 9 of the tectum. 



The W wave which i s e l i c i t e d i n Stage 59 ta d p o l e s 

i s l o c a t e d deeper i n the tectum than the 'u* waves. I n a 

Stage 62 tadpole, dye was deposited a t two s i t e s which 

correspond to the s i t e of maximum nega t i v e s of the'm' 

wave and the u^ wave ( f i g . 6:8). The u^ dye spot i s 

lo c a t e d j u s t s u p e r f i c i a l t o the main band of c e l l bodies 

of l a y e r 8 c e l l s , and the m dye spot i s l o c a t e d s l i g h t l y 

deeper w i t h i n the l a y e r of somata. I n the a d u l t , these 

two l o c a t i o n s correspond to the maximum n e g a t i v e s of the 

m̂  and nig waves. I n the tadpole tectum a maximally evoked 

u 2 wave could be recorded over a range of depths, and t h i s 

f a c t p o s s i b l y i n d i c a t e s t h a t synapses a r e d i s t r i b u t e d 

throughout l a y e r 9 of the tectum, s i n c e the p o t e n t i a l 

wave decreased and i n v e r t e d s h a r p l y . 

The a d u l t p a t t e r n of c u r r e n t s o u r c e s and s i n k s appeared 

a t about one month a f t e r metamorphosis. 



F i g . 6;8 Deposited dye spots 

Two dye spots were recovered i n the same 
s e c t i o n of a Stage 62 animal. The pene
t r a t i o n was made at the a n t e r i o r part of 
the tectum. L a y e r s 7, 8 and 9 are i n d i 
c a t e d . The two dye spots correspond to 
the s i t e s of maximum n e g a t i v i t y of the 
U j and'm* waves. The l o c a t i o n of the u^ 
dye spot i s located s l i g h t l y s u p e r f i c i a l 
to the n/iii) band of c e l l bodies of l a y e r 
8. The M dye spot i s l o c a t e d s l i g h t l y 
deeper w i t h i n l a y e r 8. 
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DISCUSSION 

The waves evoked i n the tadpole o p t i c tectum a r e 

s i m i l a r to those of the a d u l t , and p h y s i o l o g i c a l t e s t s 

show they f u l f i l the c r i t e r i a f o r p o s t s y n a p t i c poten

t i a l s . However, these t e s t s only apply t o the f u ' waves 

s i n c e the t e s t s could not be c a r r i e d out w i t h confidence 

f o r the 'm* wave evoked a t metamorphosis. 

The *u' waves a r e o f t e n preceeded by a p r e s y n a p t i c 

component ( f i g . 6:6 c ) . They may be p o t e n t i a t e d ( f i g s . 

6:5 a and 6:6 a ) , the waves i n v e r t a s the e l e c t r o d e 

p e n e t r a t e s the tectum ( f i g . 6:3 b, d) and the p o s t 

s y n a p t i c component f a i l s w i t h a t e t a n i c t r a i n of s t i m 

u l i ( f i g . 6:6 b ) . The c l e a r e s t evidence f o r p o s t s y n a p t i c 

a c t i v a t i o n i s t h a t a c t i o n p o t e n t i a l s can be evoked from 

the p o s t s y n a p t i c neurons ( f i g . 6:7 d ) . 

The r e s u l t s show t h a t e x c i t a b l e synapses a r e formed 

e a r l y i n development a t Stage 46. T h i s point i s of i n t e r 

e s t i n the l i g h t of the f i n d i n g t h a t , a t t h i s time, the 

e x p l o s i v e i n c r e a s e i n the numbers of synapses i n the 

c e n t r a l r e g i o n of the r e t i n a begins to d e c l i n e ( F i s h e r , 

1976). I t i s known t h a t ganglion c e l l axons t r a n s m i t 

v i s u a l i nformation t o the o p t i c tectum a t t h i s e a r l y 

stage (Chapter 4; Chung e t a l , 1975). I d e n t i f i c a t i o n 
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of the tadpole'u* waves i n d i c a t e s t h a t the predominant 

input to the tectum i n tadpoles i s v i a unmyelinated 

f i b r e s , which i s not s u r p r i s i n g s i n c e only 500 mye

l i n a t e d f i b r e s a r e present i n the o p t i c nerve a t Stage* 

58. 

A. MORPHOLOGY 

At Stage 46, many unmyelinated f i b r e s a r e present 

below the pia and the o c c a s i o n a l synapse i s observed 

( f i g . 6:1). T h i s c o r r e l a t e s w i t h the p h y s i o l o g i c a l 

r e s u l t s which suggest t h a t synapses a r e present a t 

t h i s time. I t is,however, d i f f i c u l t to s t a t e unequi

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

e l e c t r o n microscope have a r e t i n a l o r i g i n , although 

they a r e l o c a t e d i n the r e g i o n of the tectum which 

f i r s t r e c e i v e s o p t i c a f f e r e n t information. S c o t t (1974) 

attempted to l o c a t e the ganglion c e l l t e r m i n a l s i n the 

tectum of tadpoles, u s i n g degeneration methods. He 

found l a r g e amounts of spontaneous degeneration, but 

produced r e s u l t s which demonstrated the presence of 

ganglion c e l l axon t e r m i n a l s a t Stage 47. 

The synapses present a t t h i s time a r e only axo

d e n d r i t i c as i s the case i n the developing c a t c e r e b r a l 

c o r t e x (Pappas and Purpura, 1961; V o e l l e r e t a l , 1963). 

Rager (1976 b) has found s i m i l a r r e s u l t s i n the embryonic 

c h i c k o p t i c tectum. 



I t i s known t h a t the r e c e p t o r s i n the c e n t r a l r e t i n a 

a r e f u n c t i o n a l a t Stage 38 (Witkovsky e t a l , 1976), t h a t 

f u n c t i o n a l r i b b o n synapses i n the outer p l e x i f o r m l a y e r 

a r e present a t Stage 40 (Witkovsky e t a l , 1976), and 

t h a t e x t e n s i v e l a t e r a l connexions w i t h i n the outer p l e x i 

form l a y e r form by Stage 46 ( F i s h e r , 1976; Tucker and 

H o l l y f i e l d , 1977). At t h i s s t a g e , ganglion c e l l r esponses 

can be recorded a t the s i t e of t h e i r t e r m i n a l s i n the 

tectum. Synapses have been observed e l e c t r o n microscop

i c a l l y a t t h i s l o c a t i o n ( f i g . 6:1) and p o s t s y n a p t i c poten

t i a l s can be evoked by e l e c t r i c a l s t i m u l i a p p l i e d to the . 

nerve. However, p o s t s y n a p t i c s p i k e s , which are p o s s i b l y 

i n d i c a t i v e of e f f e r e n t output, could not be a c t i v a t e d a t 

s t a g e s e a r l i e r than Stage 48. A l l these p o i n t s i n d i c a t e 

t h a t the Xenopus tadpole v i s u a l system develops s e q u e n t i a l l y 

from the r e c e p t o r s through to the t e c t a l e f f e r e n t s . 

I n c o n t r a s t , the c h i c k r e t i n a and tectum develop 

independently up t o 12 t o 14 days of i n c u b a t i o n ( K e l l y 

and Cowan, 1972). Ganglion c e l l g e n e r a t i o n i s almost 

complete by the t w e l f t h day of i n c u b a t i o n (Kahn, 1973). 

Synapses form i n the inner as w e l l a s the outer p l e x i f o r m 

l a y e r before the outer segments of the photoreceptors 

develop (Rager, 1976 a ) . At the same time, the area of 

tectum which w i l l r e c e i v e the f i r s t a f f e r e n t f i b r e s i s 

h i g h l y d i f f e r e n t i a t e d and approximates t h a t of the a d u l t 

(Rager, 1976 b ) . Because of the l a t e maturation of 

r e c e p t o r outer segments, v i s u a l s t i m u l i become e f f e c t i v e 



only when s y n a p t i c c o n t a c t s have been made over the e n t i r e 

t e c t a l s u r f a c e and ganglion c e l l axons have invaded the 

deeper l a y e r s . The i n d i v i d u a l elements i n the c h a i n of 

r e t i n o - t e c t a l connexions a r e a l s o f u n c t i o n a l before 

r e c e p t o r a c t i v i t y can be e l i c i t e d (Rager, 1976 a, b ) . . 

I n Xenopus the r e t i n a l components begin to f u n c t i o n 

very soon a f t e r d i f f e r e n t i a t i o n , and the G o l g i method 

shows c e l l s i n the tectum have w e l l developed d e n d r i t i c 

a r b o r i z a t i o n s , which by Stage 48 can i n t e g r a t e a f f e r e n t 

information ( f i g . 6:6 b ) . 

B. PHYSIOLOGY 

At Stage 46, synapses on to t e c t a l d e n d r i t e s could 

be detected w i t h the e l e c t r o n microscope and p o s t s y n a p t i c 

p o t e n t i a l s could be recorded a s p a r t of the evoked poten

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

t h a t the n e c e s s a r y c o n d i t i o n s f o r s y n a p t i c t r a n s m i s s i o n a r e 

e s t a b l i s h e d . However, i t i s nojt u n t i l Stage 48 that s i n g l e 

c e l l s d r i v e n by o p t i c nerve input can be recorded. At Stage 

46, synapses a r e s m a l l but w e l l formed, and a r e l o c a t e d on 

the t e r m i n a l s p r i g s of t e c t a l c e l l d e n d r i t e s . These a r e 

u s u a l l y of a s m a l l diameter and t h e r e f o r e would be expected 

to have only a s m a l l l e n g t h c o n s t a n t . I t i s p o s s i b l e t h a t 

a c t i o n p o t e n t i a l e l e c t r o g e n e s i s i s not developed, however 



p o s t s y n a p t i c events due to t e c t a l c e l l d e n d r i t e d e p o l a r 

i z a t i o n may s t i l l be recorded. I t was only p r i o r to 

metamorphosis t h a t spontaneously a c t i v e neurons could 

be recorded. 

The f a i l u r e to evoke a p o s t s y n a p t i c wave i n the 

tectum i n response to r e p e t i t i v e s t i m u l i i s not neces

s a r i l y i n d i c a t i v e of s y n a p t i c f a i l u r e . I t i s known 

t h a t the o p t i c nerve c o n t a i n s mainly unmyelinated axons 

which are separated by g l i a l septae (Chapter 1 ) . I t i s 

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

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

sium ions r e l e a s e d from the axon may accumulate i n the 

e x t r a c e l l u l a r space (Orkand e t a l , 1 9 6 6 ) . T h i s may 

r e s u l t i n a long l a s t i n g diminution i n the membrane 

p o t e n t i a l . The e x t r a c e l l u l a r potassium may not be 

removed r a p i d l y enough by the g l i a l p r o c e s s e s p r e s e n t . 

The second p o s s i b i l i t y i s t h a t the e f f e c t s of r e p e t i t i v e 

t e t a n i z i n g s t i m u l i a r e t o decrease the p o s t s y n a p t i c 

response (Wedensky i n h i b i t i o n ) . The evidence so f a r 

suggests t h a t t e t a n i z i n g s t i m u l i produce a breakdown 

of s i g n a l t r a n s m i s s i o n a t the synapse. 

Chung, Keating and B l i s s (1974) c a r r i e d out e x p e r i 

ments on s i m i l a r evoked t e c t a l waves i n Xenopus t a d p o l e s 

and came to s i m i l a r c o n c l u s i o n s on the nature and the 

p r o p e r t i e s of the evoked response. They have i n t e r 

preted t h e i r r e s u l t s of evoked p o t e n t i a l s i n the Xenopus 

tadpole tectum i n terms of the c u r r e n t t h e o r i e s of 

neuronal s p e c i f i c i t y and s h i f t i n g synapses. 



Depth r e c o r d i n g s i n d i c a t e t h a t the ganglion c e l l 

axons form synapses throughout l a y e r 9, although no 

s t r a t i f i c a t i o n of synapses can be seen p r i o r to meta

morphosis. However, a t t h i s time the synapses of the 

Ug p o s t s y n a p t i c p o t e n t i a l a r e d i s t r i b u t e d throughout 

the whole of t e c t a l l a y e r 9, w i t h £he u^ synapses 

deeper than most of the u 2 , and the myelinated a f f e r e n t s 

synapse i n the r e g i o n of l a y e r 8. These r e s u l t s a r e i n 

s l i g h t c o n t r a d i c t i o n to those of the a d u l t , where the 

synapses a r e l o c a t e d s l i g h t l y nearer to the p i a than 

the synapses. The r e s u l t i n a tadpole may be accounted 

f o r by the f a c t t h a t many of the tadpole u^ f i b r e s may be 

d e s t i n e d f o r m y e l i n a t i o n . 
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GENERAL DISCUSSION 

The purpose of t h i s study was to i n v e s t i g a t e the 

development of the primary v i s u a l system of Xenopus 

l a e v i s , u s i n g both morphological and p h y s i o l o g i c a l 

methods. However, an understanding of the a d u l t 

r e t i n o t e c t a l v i s u a l system i s e s s e n t i a l p r i o r to an 

i n v e s t i g a t i o n of development. 

A. COMPARISONS OF THE PHYSIOLOGICAL 

AND MORPHOLOGICAL FEATURES OF THE 

ADULT RETINOTECTAL VISUAL SYSTEM 

E l e c t r o n m i c r o s c o p i c a l i n v e s t i g a t i o n of the s t r u c t u r e 

of the a d u l t o p t i c nerve r e v e a l s t h a t both unmyelinated 

and myelinated axons a r e pr e s e n t , although the m a j o r i t y 

a r e unmyelinated. The axonal diameters of these two 

groups of f i b r e s show unimodal, skewed d i s t r i b u t i o n s and 

t h e r e was no evidence f o r the presence of any sub-populations. 

However, 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 of the evoked poten

t i a l s i n the o p t i c nerve 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 show t h e r e a r e four conduction v e l o c i t y groups. 

I t i s d i f f i c u l t to c o r r e l a t e t h e s e four evoked waves w i t h 

the presence of two morphological f i b r e groups. 



C o r r e l a t i o n between the evoked p o t e n t i a l s 

and f i b r e c l a s s e s w i t h i n the nerve 

The conduction v e l o c i t y groups recorded from the 

o p t i c nerve a r e i n good agreement w i t h the conduction 

v e l o c i t y v a l u e s c a l c u l a t e d from the l a t e n c i e s of the 

responses recorded i n the tectum. S i n c e the path, 

- along which the a c t i o n p o t e n t i a l s t r a v e l from the 

r e t i n a to the tectum cannot be measured a c c u r a t e l y 

the l a t e n c y v a l u e s may be s u b j e c t to e r r o r . The 

conduction v e l o c i t y v a l u e s of the f i b r e s evoking the 

mg, u^ and Ug waves reported here a r e 1.1 - 1.3, 0.6 

and 0.2 m/sec" r e s p e c t i v e l y . Comparable v a l u e s obtained 

i'roin the nerve alone a r e 1.2, 0.7 and 0.2 m/sec 'respect 

i v e l y (Chapter 3 ) . As d i s c u s s e d i n chapter 3, t h e s e 

v a l u e s a r e d i f f e r e n t from those obtained i n Rana 

(Chung, B l i s s and Keating, 1974). Although no 

conduction v e l o c i t y could be determined f o r the 

f i b r e s which e l i c i t the m̂  wave, t h i s wave always 

•appears a t a s h o r t e r l a t e n c y than the wave and 

consequently the f i b r e s evoking t h i s wave must have 

a f a s t e r conduction v e l o c i t y . 

The s t i m u l u s s t r e n g t h - t e c t a l response c h a r a c t e r 

i s t i c s ( f i g . 5:4) show s i m i l a r trends to the s t i m u l u s 

s t r e n g t h - o p t i c nerve CAP responses reported i n Chapter 

3. The r e l a t i v e t h r e s h o l d s f o r evoking m. and m9, u.. 



and u 2 waves are the same f o r both the i s o l a t e d o p t i c 

nerves and i n r e c o r d i n g s of t e c t a l waves. T h i s o c c u r s 

i n e x a c t l y the same manner i n the nerve. Since the 

events reported i n Chapter 5 a r e p o s t s y n a p t i c no d i r e c t 

comparison w i t h the CAP r e s u l t s of Chapter 3 can be made 

i n terms of a b s o l u t e t h r e s h o l d s . However, the t r e n d s 

e x h i b i t e d a r e the same wi t h the m̂ , m^, u^ and Ug waves 

appearing s e q u e n t i a l l y w i t h 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 . 

Because these a r e p o s t s y n a p t i c r e c o r d i n g s , they do not 

give a d i r e c t measure of f i b r e e x c i t a b i l i t y , s i n c e the 

interposed synapses may d i s t o r t the v a l u e s , depending 

on t h e i r e f f i c a c y and number. 

Correspondence of the l o c a t i o n of 

c u r r e n t s i n k s and ganglion c e l l t e r m i n a l s 

The second s p a t i a l d e r i v a t i v e s of the m2, u^ and 

Ug waves l o c a l i z e the p o s t s y n a p t i c neurons a s c e l l s 

whose somata l i e i n l a y e r 8 of the tectum. The l o c a t i o n 

of the c u r r e n t s i n k s of these t h r e e waves, determined 

from depth p r o f i l e s and subsequent d e p o s i t i o n of dye 

spots a t the s i t e s of the c u r r e n t s i n k s , corresponds 

to the l o c a t i o n of ganglion c e l l axon t e r m i n a l s , d e t e r 

mined by P r u s s i a n blue marking, f o l l o w i n g s i n g l e u n i t 

m i c r o e l e c t r o d e r e c o r d i n g . I t i s p o s s i b l e , t h e r e f o r e , 

to conclude t h a t the ganglion c e l l axon t e r m i n a l s synapse 

on to l a y e r 8 t e c t a l c e l l s . These c e l l s , however, may 

not be the only p o s t s y n a p t i c elements pres e n t , s i n c e 



most neurons i n the amphibian tectum have d e n d r i t e s which 

ascend i n t o l a y e r 9 ( S z e k e l y e t a l , 1973; S z e k e l y and 

L a z a r , 1976), whether t h e i r somata are s i t u a t e d i n l a y e r 

8 or i n the p e r i v e n t r i c u l a r l a y e r s of 2, 4 or 6. Indeed 

evidence presented here may i n d i c a t e t h a t monosynaptic 

a c t i v a t i o n of deeply l y i n g neurons occurs ( f i g s . 5:18) 

A l s o evidence from c u r r e n t source d e n s i t y a n a l y s i s i n d i c a t e 

t h a t a c u r r e n t source i n response to o p t i c a f f e r e n t a c t 

i v a t i o n can be l o c a t e d deeper i n the tectum, s i n c e s m a l l 

d e f l e c t i o n s occur on the depth p r o f i l e s i n r e g i o n s e q u i 

v a l e n t to the p e r i v e n t r i c u l a r l a y e r s . 

The u^ f i b r e t e r m i n a l s synapse most s u p e r f i c i a l l y i n 

the tectum, i n the same r e g i o n where o p t i c a f f e r e n t f i b r e s 

can be recorded. These a f f e r e n t s a r e the t e r m i n a l s of 

C l a s s I (Maturana e t a l , 1960; GrUsser and G r i i s s e r - C o r n e h l s , 

1976) ganglion c e l l s (Chapter 4 ) . These t e r m i n a l s o f t e n 

o v e r l a p i n d i s t r i b u t i o n w i t h those of c l a s s I I ganglion 

c e l l s but dye marking i n d i c a t e s t h a t c l a s s I t e r m i n a l s 

a r e u s u a l l y more s u p e r f i c i a l than c l a s s I I . The data 

presented here i n d i c a t e t h a t the maximum c u r r e n t s i n k of 

the Ug p o s t s y n a p t i c wave i s l o c a t e d s l i g h t l y deeper i n 

the tectum than t h a t f o r the u^ s i n k . I t i s t h e r e f o r e 

p o s s i b l e t o a s s o c i a t e t e n t a t i v e l y the c l a s s I t e r m i n a l s 

w i t h the u^ p o s t s y n a p t i c response and the c l a s s I I term

i n a l s w i t h the u 9 p o s t s y n a p t i c response. 



Deeper i n the tectum, t e r m i n a l s of c l a s s I I I gang

l i o n c e l l s could be recorded. The d i s t r i b u t i o n of t h e s e 

t e r m i n a l s r a r e l y o v e r l a p s w i t h t h a t of other a c t i v e l y 

r e s p o n s i v e axon t e r m i n a l s . The l o c a t i o n of dye sp o t s 

deposited a t the ra2 s i n k corresponds c l o s e l y to t h a t of 

dye spots marking the s i t e s of c l a s s I I I u n i t s . These 

s i t e s are found s u p e r f i c i a l t o the somata of l a y e r 8 

c e l l s ( f i g s . 4:11 c, 5:13 a ) . The l o c a t i o n of the dye 

spots a t the s i t e of maximum n e g a t i v i t y of the m̂  wave 

i s below l a y e r 8, a s a r e the P r u s s i a n blue marked s i t e s 

of c l a s s IV t e r m i n a l s ( f i g s . 4:11 d, 5:13 b ) . On the 

b a s i s of t h i s evidence one can conclude t h a t the four 

r e t i n a l ganglion c e l l types send axonal p r o j e c t i o n s to 

four laminae i n the o p t i c tectum, the l o c a t i o n s of which 

a r e i d e n t i c a l to the s i t e s of maximum inward c u r r e n t f o r 

p o s t s y n a p t i c neurons recorded i n response to o p t i c nerve 

s t i m u l a t i o n . The four r e t i n a l ganglion c e l l c l a s s e s may 

be regarded, t h e r e f o r e , a s g i v i n g r i s e to the four p o s t 

s y n a p t i c waves recorded i n the tectum of Xenopus. S i m i l a r 

r e s u l t s have been obtained by Chung, B l i s s and Keating 

(1974) i n Rana p i p i e n s 

These r e s u l t s would suggest t h a t i n Bufo and Hyla, 

which possess only t h r e e c l a s s e s of ganglion c e l l responses 

(Ewert and Hock, 1972; Grusser and Gr u s s e r - C o r n e h l s , 1976), 

only t h r e e conduction v e l o c i t y groups i n the nerve and t h r e e 

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 i n the tectum would be evoked. 



The nature of the o p t i c input 

The present data i n d i c a t e s t h a t the o p t i c a f f e r e n t 

input i s e x c i t a t o r y and t h a t p o s t s y n a p t i c neurons a r e 

d e p o l a r i z e d by t h i s a f f e r e n t a c t i v i t y . T h i s c o n c l u s i o n 

i s confirmed by the l o c a t i o n of c u r r e n t s i n k s which 

correspond to the r e g i o n s of ganglion c e l l t e r m i n a l s 

i n the tectum. I n h i b i t o r y synapses would have produced 

h y p e r p o l a r i z a t i o n s and hence c u r r e n t s o u r c e s a t the s i t e 

of transmembrane c u r r e n t movement i n the s u p e r f i c i a l 

l a y e r s . The c o n c l u s i o n t h a t the synapses a r e e x c i t a t o r y 

i s f u r t h e r strengthened by the presence of u n i t a r y poten

t i a l s which a r e superimposed on the p o s t s y n a p t i c waves. 

These p o t e n t i a l s a r e recorded mainly when the e l e c t r o d e 

i s i n the v i c i n i t y of l a y e r 8. 

Ewert and von Wietersheim (1974 b, c ) have shown 

i n the toad Bufo bufo t h a t there a r e two c l a s s e s of 

neurons i n the stratum griseum et album c e n t r a l e ( l a y e r s 

7 and 8 ) which a r e e x c i t e d by v i s u a l s t i m u l i . T h i s 

f i n d i n g t h a t t e c t a l neurons of l a y e r 8 a r e e x c i t e d by 

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

reported here. 

C o r r e l a t i o n w i t h Anatomical Data 

Most s t u d i e s on the s t r u c t u r e and i n n e r v a t i o n of 

the o p t i c tectum have been c a r r i e d out on Ranid anurans 
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(reviewed by S c a l i a , 1976; and Szekely and L a z a r , 1976). 

Only one study has been published on the morphology of 

the Xenopus o p t i c tectum and t h i s was a comparison w i t h . 

the developing tectum of the tadpole ( L a z a r , 1973). 

From the r e s u l t s presented here and from morphological 

s t u d i e s (Payne, i n p r e p a r a t i o n ) the o p t i c tectum of Xenopus 

i s s i m i l a r to other anurans i n both i t s c o n s t i t u e n t elements 

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

a f f e r e n t f i b r e s and neurons w i t h i n the tectum i s not as 

d i s t i n c t as i n Rana sp. However, the g e n e r a l data on the 

f r o g o p t i c tectum can a l s o be a p p l i e d to Xenopus, although 

i t i s known th a t o p t i c a f f e r e n t f i b r e s form synapses on t o 

the ends and the s h a f t s of d e n d r i t e s and on to the somata 

of l a y e r 8 c e l l s i n Xenopus (Chapter 5 ) , 

E a r l y morphological s t u d i e s (Ramon, 1890; Wlassak, 

1893; Ramon y C a j a l , 1911) have shown t h r e e l a y e r s of 

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

R e s u l t s obtained u s i n g degeneration methods (Knapp e t a l , 

1965), autoradiography ( S c a l i a , 1973) and h o r s e r a d i s h 

peroxidase marking ( S c a l i a and Colman, 1974) show three 

or four bands of t e r m i n a l s (reviewed by S c a l i a , 1976 and 

by Szekely and L a z a r , 1976). The depths of the s e term

i n a l s correspond w e l l w i t h the r e s u l t s presented here 

f o r Rana. No comparable s t u d i e s have been c a r r i e d out 

on Xenopus. Since o p t i c t e r m i n a l s may be found a t the 

s i t e s of the maximum c u r r e n t s i n k s and 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 obtained from Xenopus agree w e l l w i t h 
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those obtained from Rana, a t l e a s t i n t h e i r q u a l i t a t i v e 

l o c a t i o n , i t may be s a f e to assume t h a t four l a y e r s of 

t e r m i n a l s e x i s t i n Xenopus, although t h e i r s t r a t i f i c a t i o n 

i s l e s s d i s t i n c t . 

The most s u p e r f i c i a l t e r m i n a l s a r e l o c a t e d some 50 urn 

below the t e c t a l s u r f a c e i n Rana (S z e k e l y , 1973) w i t h a 

second sheet l o c a t e d a d j a c e n t to the f i r s t . I n Xenopus, 

o p t i c nerve t e r m i n a l s can be found immediately below the 

p i a . The m a j o r i t y of axons i n the most s u p e r f i c i a l p a r t 

of t e c t a l l a y e r 9 a r e unmyelinated Rana, the second s p a t i a l 

d e r i v a t i v e c u r r e n t s i n k s correspond to the l a y e r s of unmye

l i n a t e d f i b r e s , a s the u^ and Ug p o s t s y n a p t i c c u r r e n t s i n k s 

i n Xenopus correspond to the upper r e g i o n of unmyelinated 

f i b r e s . 

The mg c u r r e n t s i n k i n both Rana and Xenopus i s 

l o c a t e d i n a r e g i o n of myelinated f i b r e s which have a 

r e t i n a l o r i g i n . Again, the l o c a t i o n of the m2 s i n k i n 

Rana corresponds w e l l w i t h the r e s u l t s of anterograde 

t r a c i n g of myelinated f i b r e s . The l o c a t i o n of the m2 

c u r r e n t s i n k i n Xenopus a l s o corresponds to a r e g i o n 

of myelinated f i b r e s and the c l a s s I I I r e t i n a l ganglion 

c e l l t e r m i n a l s . These f i b r e s a r e probably of r e t i n a l 

o r i g i n . The f i b r e s which g i v e r i s e to the m̂  wave i n 

Rana occupy a d i s t i n c t l a y e r between l a y e r s 7 and 8 of 

the tectum and ganglion c e l l axons have been shown to 



terminate i n t h i s r e g i o n ( S c a l i a e t a l , 1968; Szekely, 

1973; L a z a r and Sze'kely, 1969). However, a d i s t i n c t 

l a y e r a t t h i s l o c a t i o n i s not evident i n Xenopus, and 

i t i s not so easy to c o r r e l a t e t h i s s i t u a t i o n w i t h t h a t 

found i n Rana. 

Laza'r and Szekely (1969) and S z e k e l y (1973) found 

the l a r g e s t diameter f i b r e s of the r e t i n a l input term

i n a t e j u s t below the c e l l s of l a y e r 8 i n the tectum. 

T h i s corresponds w e l l w i t h the l o c a t i o n of the maximum 

n e g a t i v i t y of the depth p r o f i l e of the m̂  wave. 

The obvious i n f e r e n c e from the data f o r the m̂  wave 

i s t h a t m̂  a f f e r e n t f i b r e s a r e d i s t r i b u t e d as i n Rana and 

the p o s t s y n a p t i c neurons may w e l l l i e i n l a y e r 8, w i t h 

synapses formed w i t h the b a s a l d e n d r i t e s and the somata 

of these c e l l s . 

The r e s u l t s of c u r r e n t source d e n s i t y a n a l y s i s 

suggest t h a t the nig f i b r e group t e r m i n a l s synapse p r i n 

c i p a l l y on to the s h a f t s of the a p i c a l d e n d r i t e s of l a y e r 

8 c e l l s or on to the c e l l bodies of t h e s e neurons. I n 

c o n j u n c t i o n w i t h t h i s , r e t i n a l ganglion c e l l t e r m i n a l 

synapses on to the somata of l a y e r 8 c e l l s have been 

observed. Comparable anatomical work to t h a t of Knapp 

e t a l (1965) and S c a l i a (1973) would be u s e f u l confirm

a t i o n of the l o c a t i o n of o p t i c a f f e r e n t synapses reported 

here. 
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The anatomical o b s e r v a t i o n s of myelinated f i b r e s i n 

Xenopus (Payne, i n p r e p a r a t i o n ) and i n Rana ( S c a l i a e t a l , 

1968; P o t t e r , 1972; Szekely, 1976) show t h a t these f i b r e s 

may be l o c a t e d i n r e g i o n s of the tectum other than t h a t 

which corresponds to the m̂  and m̂  s i n k s . I n Rana, 

P o t t e r (1972) recognised the problem of r e c o n c i l i n g t h i s 

f i n d i n g w i t h the e l e c t r o p h y s i o l o g i c a l data of L e t t v i n e t 

a l (1959) and Maturana e t a l (1960), who r e p o r t e d t h a t 

the two s u p e r f i c i a l l a y e r s of o p t i c nerve t e r m i n a l s were 

d e r i v e d from f i b r e s w i t h conduction v e l o c i t i e s which 

i n d i c a t e d t h a t they were unmyelinated. The r e s u l t s 

r eported here and those of Chung, B l i s s and Keating 

(1974) a r e i n s u b s t a n t i a l agreement w i t h those of 

L e t t v i n e t a l (1959) and Maturana e t a l (1960), although • 

Chung, B l i s s and Keating obtained r e s u l t s which i n d i c a t e d 

myelinated f i b r e input i n the s u p e r f i c i a l l a y e r s of the 

tectum. I n Xenopus, w i t h i t s compressed r e c e p t i v e r e g i o n 

of r e t i n a l a f f e r e n t s , i t i s d i f f i c u l t to d i s c e r n super

f i c i a l myelinated a c t i v i t y from the deeper myelinated a c t 

i v i t y . However, the r e s u l t i n f i g u r e s 5:19 e and 5:19 f 

i n d i c a t e s t h a t s u p e r f i c i a l myelinated f i b r e s can l e a d to 

s p i k e a c t i v i t y i n s u p e r f i c i a l l y l o c a t e d neurons, although 

most f i b r e s i n t h i s r e g i o n a r e unmyelinated and produced 

a c t i v i t y which has a much longer l a t e n c y . An m2 a s s o c 

i a t e d u n i t a r y p o t e n t i a l ( f i g . 5:19 e, f ) , which was l o c a t e d 

more s u p e r f i c i a l l y i n the tectum than the m„ s i n k , was found. 



T h i s r e s u l t i n d i c a t e s t h a t not only a r e some s u p e r f i c i a l 

f i b r e s myelinated (based on l a t e n c y measurements) but t h a t 

they produce a c t i o n p o t e n t i a l s i n the c e l l s w i t h which 

they synapse. The p o s t s y n a p t i c s p i k e was recorded from 

l a y e r 9 and t h e r e f o r e probably o r i g i n a t e d from a s t e l l a t e 

or amacrine c e l l ( S z e k e l y and L a z a r , 1976). The q u e s t i o n 

which a r i s e s i s whether these a r e f i b r e s from c l a s s I or 

I I r e t i n a l ganglion c e l l s , as expected from t h e i r l o c a t i o n , 

or whether they a r e f i b r e s of c l a s s I I I ganglion c e l l s , a s 

would be p r e d i c t e d from the l a t e n c y of the response. 

Szekely and L a z a r (1976) d i s c u s s the i n c o n s i s t e n c y 

of the data obtained by anterograde t r a c i n g methods on 

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

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

f i b r e s i n the tectum. They conclude t h a t i t i s c o n c e i v 

a b l e t h a t a l l t e r m i n a l r e c o r d i n g s a r e d e r i v e d from mye

l i n a t e d f i b r e s . T h i s seems to be u n l i k e l y s i n c e the 

data reported i n Chapter 4 and the data reported by 

Gaze e t a l (1974) and Chung e t a l (1975) show t h a t 

o p t i c a f f e r e n t f i b r e s could be recorded i n the tectum 

of very young tadpoles when i t i s known t h a t a l l of the 

f i b r e s i n the o p t i c nerve of Stage 46 animals a r e unmye

l i n a t e d (Chapters 1 and 2 ) . Since i t i s known t h a t the 

r e c o r d i n g s i t u a t i o n s used i n the s t u d i e s reported i n 

t h i s t h e s i s were i d e n t i c a l f o r a d u l t and tadpole Xenopus, 

the suggestion of S z e k e l y and L a z a r (1976) i s untenrfable. 
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I m p l i c a t i o n s 

The work of L e t t v i n e t a l (1959) and Maturana e t a l 

(1960) suggests t h a t b e h a v i o u r a l l y s i g n i f i c a n t f e a t u r e s 

of the image impinging on the f r o g ' s r e t i n a a r e a b s t r a c t e d , 

encoded and t r a n s m i t t e d to four t e c t a l depths. 

Evidence from G o l g i impregnated neurons i n both Rana 

(Ramon, 1890; La'zar and Szekely, 1967) and Xenopus i n d i c a t e 

t h a t a l l l a y e r 8 neurons extend t h e i r d e n d r i t e s i n t o l a y e r 

9. The v a s t m a j o r i t y of these neurons are s m a l l , pear-

shaped c e l l s which have e s s e n t i a l l y 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 , although a number of l a r g e g a n g l i o n i c c e l l s 

s i m i l a r to those of Rana (La'zar and Szekely, 1967) a r e 

present whose d e n d r i t e s i n s c r i b e a c o n i c a l volume. 

On the evidence of a common c u r r e n t source f o r the 

m2 and both *u'waves, one may conclude t h a t l a y e r 8 c e l l s 

r e c e i v e not only myelinated (m 2) but a l s o unmyelinated 

(u-^ and u 2 ) input. The m̂  input cannot be a s c r i b e d 

c o n c l u s i v e l y to these c e l l s . 

Not only do o p t i c a f f e r e n t s a r r i v e i n the tectum 

at d i f f e r e n t times because of t h e i r axon c a l i b r e and 

hence conduction v e l o c i t y , but they a l s o synapse a t 

d i f f e r e n t depths w i t h i n the tectum. 

The evidence, that l a y e r 8 c e l l s are p o s t s y n a p t i c 

to m2, u^ and u 2 f i b r e s may suggest t h a t convergence of 

r e t i n a l input occurs a t these c e l l s . While t h e r e i s no 



d i r e c t evidence f o r convergence of d i f f e r e n t c l a s s e s of 

r e t i n a l input to these c e l l s i n e i t h e r Xenopus or Rana 

p i p i e n s (Chung, B l i s s and Keating, 1974) t h i s p o s s i b i l i t y 

cannot be r u l e d out. 

A p o s s i b l e consequence of convergence i s that c o n s i d 

e r a b l e economy might be achieved i n terms of the numbers 

of neurons i n the tectum which pr o c e s s v i s u a l information, 

s i n c e one p o s t s y n a p t i c c e l l may respond to a c l a s s of 

v i s u a l inputs without l o s i n g the a b i l i t y to process 

information a r r i v i n g along other o p t i c a f f e r e n t c h a nnels. 

For example, the l o c a t i o n of nig f i b r e input on the bases 

of l a y e r 8 a p i c a l d e n d r i t e s w i l l be more e f f e c t i v e i n 

evoking a r a p i d response. Since the input f i b r e s a r e 

myelinated, the conduction v e l o c i t y i s g r e a t e r than t h a t 

of unmyelinated f i b r e s . The synapses are l o c a t e d nearer 

to the c e l l body and 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 . In c o n t r a s t , the unmyelinated f i b r e a c t i v i t y , which 

i s conducted a t a lower v e l o c i t y , a c t i v a t e s l a y e r 8 c e l l s 

a t the d i s t a l ends of the d e n d r i t e s . 

Current source d e n s i t y a n a l y s i s only produces r e s u l t s 

on the a c t i v a t i o n of a population of neurons and not on 

the s o u r c e / s i n k d i s t r i b u t i o n of s i n g l e u n i t s . I f conver

gence does occur, i t cannot be determined whether a l l 

four r e t i n a l ganglion c e l l c l a s s e s synapse on to s i n g l e 

l a y e r 8 c e l l s . An a l t e r n a t i v e i s t h a t d i f f e r e n t r e t i n a l 

ganglion c e l l t e r m i n a l s synapse on sub-populations of 



neurons which combine d i f f e r e n t i n p u t s . The method of 

c u r r e n t source d e n s i t y a n a l y s i s does not permit a d i s t 

i n c t i o n between these two a l t e r n a t i v e s . I f c o m b i n a t o r i a l 

convergence does occur i n the amphibian tectum, i t i s an • 

a l t e r n a t i v e method of f e a t u r e e x t r a c t i o n to t h a t of 

s e q u e n t i a l convergence employed i n the v i s u a l c o r t e x 

( K u f f l e r and N i c h o l l s , 1976). 

In the absence of temporal s e g r e g a t i o n , c e l l s w i t h 

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 would be r e s t r i c t e d to one 

degree of freedom, which would be determined by the 

summation of the v a r i o u s i n p u t s . Temporal s e g r e g a t i o n 

permits an i n c r e a s e i n the amount of information processed 

The spatiotemporal d i s t r i b u t i o n of a f f e r e n t input to the 

tectum a l s o permits i n t e r a c t i o n with other a f f e r e n t v i s u a l 

information which may be t r a n s m i t t e d along a d i f f e r e n t 

path (e.g. v i a the t h a l a m i c / p r e t e c t a l r e g i o n ) to the 

tectum s i n c e i t i s known, a t l e a s t i n f r o g s and Bufonid 

toads, t h a t thalamic r e g i o n s p r o j e c t to the tectum (Ewert, 

1968, 1970; Ewert and von Wietersheim, 1974 c; Ewert e t a l 

1974; Trachtenberg and I n g l e , 1974; W i l c z y n s k i and 

Northcutt, 1977). 

Since no information i s a v a i l a b l e f o r the c u r r e n t 

sources of the m̂  wave i n Xenopus, i t i s d i f f i c u l t to 

a s s e s s the r o l e of these a f f e r e n t f i b r e s i n the scheme, 

although there i s evidence t h a t they too synapse on to 

l a y e r 8 c e l l s . 



24 

B. THE DEVELOPMENT OF THE 

RETINOTECTAL VISUAL SYSTEM 

The main emphasis of t h i s work has been on the changes 

i n s t r u c t u r e and f u n c t i o n of the o p t i c nerve during develop

ment and on the development of the i n n e r v a t i o n of the o p t i c 

tectum by the ganglion c e l l axons t h a t l e a d s to the p a t t e r n 

found i n the a d u l t . 

During development g l i a l c e l l s i n the o p t i c nerve 

d i f f e r e n t i a t e from ependymoglial c e l l s (Turner and Singer, 

1974) which have a l s o been termed a s t r o b l a s t s by Blunt e t 

a l (1972) and Skoff e t a l (1976 a, b ) . These c e l l s 

d i f f e r e n t i a t e to gi v e t y p i c a l a s t r o c y t e s and oligodendro

c y t e s ( P e t e r s e t a l , 1970) between Stages 46 and 50. T h i s 

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

a f i n d i n g which i s i n agreement w i t h the f i n d i n g s of 

Vaughn (1969), Hirose and Bass (1973) and Skoff e t a l 

(1976 a, b) i n the r a t o p t i c nerve and by Moore et a l 

(1976) i n the c a t o p t i c nerve. I t i s a l s o a t t h i s time 

t h a t i n c r e a s i n g numbers of newly developing axons en t e r 

the nerve, and i t i s po s t u l a t e d t h a t the s h e e t - l i k e 

processes of the newly d i f f e r e n t i a t e d a s t r o c y t e s a c t a s " 

guides f o r the growing axons. 

The morphological 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 a t , and a f t e r , the time of metamorphosis, such t h a t 

they a l l take on a uniform appearance which may be considered 



to be a d e d i f f e r e n t i a t e d s t a t e . T h i s d e d i f f e r e n t i a t e d s t a 

may be a s s o c i a t e d with ( i ) a r e d u c t i o n of myelogenesis, 

although m y e l i n a t i o n does continue i n t o a d u l t l i f e , and 

( i i ) w i t h the absence of l a r g e numbers of growing axons 

f o r guidance to the b r a i n by a s t r o c y t e s . The a d u l t o p t i c 

nerve i s not o v e r t l y f a s c i c u l a t e d . 

E x t e n s i v e degeneration of myelin occurs a t the time 

of metamorphosis, G e n e r a l l y , the axons appear to be 

unaffected, s i n c e only t h r e e myelinated axons were 

observed to be degenerating from the t o t a l number of 

nerves s t u d i e d . Unmyelinated axons may degenerate, 

although t h i s f e a t u r e i s u n l i k e l y to be observed r e a d i l y . 

The degeneration i s presumed to be r e l a t e d to the s h o r t 

ening of the o p t i c nerve when the d i s t a n c e between the 

eye and the b r a i n d e c r e a s e s . The l a m e l l a t e d s t r u c t u r e 

of the myelin r e s u l t s i n the sheaths being thrown i n t o 

f o l d s a t the time of o p t i c nerve s h o r t e n i n g . 

The e f f e c t of degenerating myelin on the conduction 

p r o p e r t i e s of ganglion c e l l axons, as judged by CAP and 

f i e l d p o t e n t i a l r e c o r d i n g s from the o p t i c nerve and 

o p t i c tectum r e s p e c t i v e l y could not be r e s o l v e d . The 

e f f e c t s of the demyelination on the responses of s i n g l e 

u n i t s could not be a s s e s s e d . 

Ganglion c e l l axons i n the o p t i c nerve c o n t i n u o u s l y 

i n c r e a s e i n number during development (Chapter 3; Wilson, 

1971). The mean diameter of the axons f a i l s t o i n c r e a s e 



a t metamorphosis and may even decrease, although t h e r e i s 

a g e n e r a l trend of i n c r e a s i n g axonal diameter with maturity 

M y e l i n a t i o n of axons i s continuous and i n d i c a t e s t h a t the 

m a j o r i t y of axons i n the Xenopus o p t i c nerve r e c e i v e a 

s u f f i c i e n t amount of myelin to confer optimum conduction 

v e l o c i t y v a l u e s only a t adulthood. 

CAP r e c o r d i n g s from the o p t i c nerve show that, p r i o r 

to Stage 50, only one conduction v e l o c i t y group of f i b r e s 

i s p r e s e n t . At Stage 50, two groups may be e v i d e n t , and 

at Stage 54 a f a s t s h o r t l a t e n c y group can a l s o be recorded 

T h i s group i s presumed to be myelinated, s i n c e i t shows 

s i m i l a r conduction v e l o c i t y v a l u e s t o an a d u l t myelinated 

f i b r e group. S l i g h t l y o l d e r tadpoles show m u l t i p l e waves 

i n CAP r e c o r d i n g s , although these p o t e n t i a l s a r e recorded 

mainly from one group of f i b r e s whose conduction v e l o c i t i e s 

a l low them to f r a c t i o n a t e i n t o component groups over the 

length of nerve used. T h i s w i l l occur with conduction 

v e l o c i t i e s which vary by a s l i t t l e a s 0.02 msec'in the 

lengths of nerves s t u d i e d . At metamorphosis, when the 

o p t i c nerve d e c r e a s e s i n length, these p o t e n t i a l waves 

are l o s t . 

At the end of metamorphosis, and s h o r t l y a f t e r w a r d s , 

a f o u r t h wave appears, which corresponds to the f a s t e s t 

myelinated group i n the a d u l t . The conduction v e l o c i t y 

groups recorded from the o p t i c nerve do not s i g n i f i c a n t l y 

a l t e r a t metamorphosis when the nerve s h o r t e n s . Since 
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v i s u a l information i s conducted along channels with 

d i f f e r e n t conduction v e l o c i t i e s , temporal asynchrony 

between events a r r i v i n g a t the tectum w i l l be l e s s f o r 

s h o r t e r conduction d i s t a n c e s . These d i f f e r e n c e s w i l l 

be most apparent i f c e n t r i f u g a l f i b r e s a r e i n v o l v e d . 

D i s c r e p a n c i e s a r i s e between the evoked p o t e n t i a l s 

recorded from the tectum i n response to o p t i c nerve 

s t i m u l a t i o n (Chapter 6 ) , and the CAPs recorded from 

the o p t i c nerves of tadpoles (Chapter 3 ) . F i g u r e s 

6:3 a and 6:3 b show t h a t two p o s t s y n a p t i c p o t e n t i a l s 

a r e evoked from the tectum a t a Stage 48 tadpole, although 

only one wave forms the CAP recorded from the o p t i c nerve 

( f i g . 3 : 2 ) . Two p o s s i b l e e x p l a n a t i o n s a r e p o s s i b l e f o r 

these e f f e c t s . F i r s t l y , the d i s t a n c e over which the CAP 

was recorded was not s u f f i c i e n t to permit the conduction 

v e l o c i t y groups to f r a c t i o n a t e i n t o t h e i r components. 

Secondly, s y n a p t i c e f f e c t s w i t h d i f f e r e n t time courses 

ar e present i n the tectum. 

Two p o s t s y n a p t i c waves, which are a c t i v a t e d by unmye

l i n a t e d f i b r e synapses, a r e recorded throughout tadpole 

and indeed a d u l t l i f e . Whereas p o s t s y n a p t i c waves a c t 

i v a t e d by myelinated f i b r e synapses do not appear i n the 

tectum u n t i l Stage 59. I n c o n t r a s t , the responses 

recorded from o p t i c nerves of tadpoles a t Stage 56 and 

58 show CAPs which have four component conduction v e l o c i t y 

groups, an'm'wave, two'uf waves, and a s m a l l f o u r t h negative 



d e f l e c t i o n . I t i s d i f f i c u l t to r e c o n c i l e the presence of 

these four waves i n the CAP r e c o r d i n g s with the two p o s t 

s y n a p t i c waves recorded i n the tectum p r i o r t o Stage 59. 

A major d i s c r e p a n c y i n the r e s u l t s obtained from CAP 

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

a c t i v a t i o n of t e c t a l neurons o c c u r s a t a l a t e n c y e q u i v a l e n t 

to'm1 wave a c t i v a t i o n . F i e l d p o t e n t i a l a c t i v i t y w i t h a s h o r t 

l a t e n c y V wave component f i r s t appeared i n the r e c o r d i n g s 

from tadpole o p t i c tectum a t Stage 59, which c o r r o b o r a t e s 

the r e s u l t s of Chung, Keating and B l i s s (1974). However, 

a CAP could be recorded from the nerve w i t h an »m' wave 

l a t e n c y as e a r l y as Stage 54. 

A number of reasons may be advanced to e x p l a i n t h i s 

d i s c r e p a n c y . 

( i ) The t e r m i n a l s a r e too few i n number and too 

s p a r s e l y d i s t r i b u t e d f o r p o s t s y n a p t i c events 

to be recorded. The s m a l l s i z e of the mye

l i n a t e d f i b r e population i n young tadpole 

o p t i c nerves ( p r i o r to Stage 54) probably 

precludes t h e i r r e c o r d i n g (Chapters 1, 2 and 

3 ) . 

( i i ) The f i b r e s which give r i s e to the W wave i n 

tadpole o p t i c nerves a r e myelinated f o r only 

pa r t of t h e i r l e n g t h . The conduction v e l o c i t y 

of an a c t i o n , p o t e n t i a l which p a s s e s along t h i s 



f i b r e w i l l be decreased c o n s i d e r a b l y by the 

unmyelinated p o r t i o n of the axon. The 

re c o r d i n g of neuronal a c t i v i t y would then 

show a p o t e n t i a l which i s not separated 

i n t o i t s components, 

( i i i ) The myelinated f i b r e s present i n the o p t i c 

nerve from Stage 50 do not p r o j e c t to and 

. form connexions w i t h the tectum u n t i l Stage 

59. The evidence a g a i n s t t h i s i s the f a c t 

t h a t axons u s u a l l y form connexions w i t h a 

p o s t s y n a p t i c element before the process of 

myelinogenesis i s i n i t i a t e d (Rager, 1976 a ) , 

( i v ) The myelinated f i b r e s do not connect with 

the tectum u n t i l Stage 59, and i n younger 

tadpoles the observed myelinated f i b r e s may 

p r o j e c t to other r e g i o n s of the b r a i n . I t 

i s known i n Rana p i p i e n s t h a t the r e t i n a 

forms connexions w i t h c o n t r a l a t e r a l d i e n 

c e p h a l i c v i s u a l n u c l e i i n tadpoles ( C u r r i e 

and Cowan, 1974 a ) and t h a t Xenopus t a d p o l e s 

can produce o p t o k i n e t i c nystagmus when the 

tectum has been a b l a t e d to l e a v e the pretectum 

and b a s a l o p t i c nucleus (Mark and Feldman, 

1972). L a z a r (1973 a)has shown t h a t a d u l t 

f r o g s can perform o p t o k i n e t i c nystagmus when 

only the b a s a l o p t i c nucleus remains. I f 

v i s u a l behaviour of the tadpole i s mediated 
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by an o p t i c c e n t r e other than the o p t i c 

tectum, t h i s would permit the tectum to 

develop d i r e c t l y i n t o the a d u l t p a t t e r n , 

and so avoid p o s s i b l e r e o r g a n i z a t i o n a t 

metamorphic climax, 

( v ) Although myelinated f i b r e s a r e p r o j e c t i n g 

to the tadpole tectum, the synapses a r e 

not f u n c t i o n a l . 

U nfortunately, present morphological and p h y s i o l o g i c a l 

techniques a r e inadequate f o r determining which one or 

which combination of the above f i v e p o s s i b i l i t i e s i s 

c o r r e c t . 

The responses of ganglion c e l l s recorded i n the o p t i c 

tectum a r e q u a l i t a t i v e l y s i m i l a r to four of the f i v e o r i g i n a l 

c l a s s e s reported by L e t t v i n e t a l (1959) i n the f r o g . The 

f i f t h type has not been reported s i n c e the i n i t i a l s t u d i e s 

of L e t t v i n and h i s c o l l e a g u e s were c a r r i e d out. 

The ganglion c e l l responses develop g r e a t e r complexity 

from the time when they a r e f i r s t recorded i n the tectum 

(Stage 46) and have "crude" responses to only the "on" and 

" o f f " of l i g h t . T h e i r appearance i n the tectum corresponds 

to the time when the f i r s t synapses appear and when po s t 

s y n a p t i c a c t i v i t y can f i r s t be recorded. As the tadpole 

develops, c l a s s I I I and IV type responses can be recorded 

i n e a r l y Stage 50 t a d p o l e s . The c l a s s I I responses appear 

a t Stage 61 and c l a s s I a t one week a f t e r metamorphosis. 



During arid a f t e r tadpole l i f e , the r e c e p t i v e f i e l d s 

i n c r e a s e i n complexity. T h i s may be c o r r e l a t e d w i t h 

the r e s u l t s of a study by F i s h e r (1976) who showed 

t h a t a f t e r an i n i t i a l r a p i d i n c r e a s e i n the numbers 

of c o n v e n t i o n a l and s e r i a l c o n v e n t i o n a l synapses, the 

r a t e of i n c r e a s e d e c l i n e d . 

The evoked f i e l d p o t e n t i a l s i n the tadpole tectum 

i n d i c a t e t h a t the a f f e r e n t input i s unmyelinated, and 

myelinated f i b r e s only give r i s e t o p o s t s y n a p t i c a c t 

i v i t y from Stage 59 onwards (Chapter 6; Chung, Keating 

and B l i s s , 1974). I t i s only some time a f t e r meta

morphosis t h a t m̂  a c t i v i t y can be recorded, although 

i t i s known t h a t myelinated f i b r e s a r e present i n the 

tectum a t e a r l i e r s t ages (Payne, i n p r e p a r a t i o n ) and 

t h a t t h e i r a c t i v i t y can be recorded i n the o p t i c nerve. 

The evoked p o t e n t i a l s i n d i c a t e t h a t the o p t i c 

a f f e r e n t input i s e x c i t a t o r y a t a l l s t a g e s of develop

ment. Synapses a r e formed a t Stage 46, p o s t s y n a p t i c 

u n i t s may be s y n a p t i c a l l y d r i v e n from Stage 48 and 

spontaneous p o s t s y n a p t i c . a c t i v i t y can be recorded from 

Stage 58 onwards. Development continues a f t e r meta

morphosis and the a d u l t p a t t e r n i s e s t a b l i s h e d a t one 

month postmetamorphosis. 



The mode of i n n e r v a t i o n of the 

tectum by r e t i n a l a f f e r e n t s 

The development of the laminar arrangement of o p t i c 

a f f e r e n t s i n the tectum i s a complex pr o c e s s , f u r t h e r 

complicated by the d i f f e r e n t modes of growth of the 

r e t i n a and the tectum ( S t r a z n i c k y and Gaze, 1971, 1972; 

but see a l s o Jacobson, 1976; S t r a z n i c k y and Tay, 1977). 

I t i s known t h a t the c l a s s I I I and IV type u n i t s i n the 

tectum of tadpoles a r b o r i z e i n the s u p e r f i c i a l l a y e r and 

form e x c i t a b l e s y n a p t i c c o n t a c t s w i t h a p i c a l d e n d r i t e s 

and c e l l bodies (see Chapter 5 ) . I n ta d p o l e s , very few 

ganglion c e l l axons a r e myelinated and myelin production 

i n c r e a s e s with maturation (Chapter 2; Gaze and P e t e r s , 

1961; Wilson, 1971). I n the a d u l t , synapses from mye

l i n a t e d f i b r e s a r e formed between c l a s s I I I t e r m i n a l s 

and the a p i c a l d e n d r i t e s , between c l a s s IV t e r m i n a l s 

and the somata and the b a s a l d e n d r i t e s of c e l l s i n 

l a y e r 8. Unmyelinated f i b r e s of c l a s s I and I I synapse 

above these two l a y e r s a l s o on to the a p i c a l d e n d r i t e s 

of l a y e r 8 c e l l s . Chung e t a l (1975) suggest t h a t the 

s i t e s of synapses i n t a d p o l e s d i f f e r from those of the 

a d u l t . They a l s o suggest two p o s s i b l e e x p l a n a t i o n s . 

The f i r s t i s t h a t unmyelinated f i b r e s remain unmyelinated 

and change i n f u n c t i o n from c l a s s I I I and IV to the c l a s s 

I and I I f i b r e s . The second e x p l a n a t i o n i s t h a t s y n a p t i c 

c o n t a c t s formed during embryonic development a r e t r a n 

s i t o r y and s h i f t c o n t i n u a l l y during the course of 

maturation of the r e t i n o t e c t a l pathway. Chung e t a l 



(1975) c o n s i d e r the f i r s t e x p l a n a t i o n to be u n l i k e l y a s 

t h i s i m p l i e s r e o r g a n i z a t i o n of r e t i n a l connexions f o r 

which t h e r e i s as yet no evidence. They f i n d the second 

a l t e r n a t i v e more appealing s i n c e i t i s known t h a t the 

Xenopus o p t i c tectum grows l i n e a r l y i n c o n t r a s t to the 

r e t i n a which grows c o n c e n t r i c a l l y a t the c i l i a r y margin 

( S t r a z n i c k y and Gaze, 1971). According to S t r a z n i c k y 

and Gaze (1972), the only way t o account f o r t h i s 

incongruence i n growth i s to p o s t u l a t e s h i f t i n g s y n a p t i c 

connexions. F u r t h e r e l e c t r o p h y s i o l o g i c a l evidence has 

been produced to show t h a t g a n g l i o n c e l l axons a r b o r i z e 

c o n s e c u t i v e l y a t a s e r i e s of t e c t a l p o s i t i o n s and form 

f u n c t i o n a l synapses (Gaze, Chung and Keating, 1972; 

Gaze e t a l , 1974; Chung, Keating and B l i s s , 1974). 

S c o t t and L a z a r (1976), u s i n g anatomical methods, have 

shown t h a t l a b e l l e d ganglion c e l l t e r m i n a l s do indeed 

move r e l a t i v e to l a b e l l e d t e c t a l c e l l s during develop

ment. Longley (1975), has observed s i m i l a r r e s u l t s 

u s i n g degeneration methods. Chung et a l (1975) conclude 

from t h e i r f i n d i n g s concerning the l a y e r i n g of the gang

l i o n c e l l t e r m i n a l s i n the a d u l t o p t i c tectum t h a t the 

end r e s u l t of the process i s the formation and d e s t r u c t i o n 

of many temporary and l a b i l e synapses. 

More r e c e n t l y , Jacobson (1976) i n v e s t i g a t e d the 

mode of growth of the r e t i n a , by g i v i n g tadpoles 

m u l t i p l e i n j e c t i o n s of t r i t i a t e d thymidine. From 



t h i s pulse l a b e l l i n g , he noted t h a t the v e n t r a l r e t i n a 

i n tadpoles grows a t a much f a s t e r r a t e than the d o r s a l 

margin. He suggests t h a t S t r a z n i c k y and Gaze (1971) 

missed t h i s asymmetrical growth p a r t l y by only admin

i s t e r i n g a s i n g l e p u l s e of t r i t i a t e d thymidine but 

mainly because they chose a h o r i z o n t a l s e c t i o n i n g plane. 

The o b s e r v a t i o n s of Jacobson have been confirmed by 

S t r a z n i c k y and Tay (1977). Jacobson suggests t h a t , 

because the r e t i n a and the tectum do not grow incon-

g r u e n t l y , i t i s unnecessary to p o s t u l a t e s h i f t i n g 

s y n a p t i c connexions. 

Using data based on m i t o t i c c r i t e r i a , C u r r i e (1974) 

suggests t h a t the a x i a l p o l a r i t y of the tectum i s s e t up 

at the time of the a r r i v a l of the f i r s t ganglion c e l l 

axons. Chung and Cooke (1975) provide evidence t h a t 

the a x i a l p o l a r i t i e s of the tectum are l a b e l l e d i r r e v o 

c a b l y between Stages 37 and 45. 

Between Stage 46 and adulthood, the tectum i n c r e a s e s 

i n t h i c k n e s s e s p e c i a l l y l a y e r 9. T h i s i s due t o the 

i n c r e a s i n g numbers of a f f e r e n t f i b r e s ( C u r r i e , 1974; 

C u r r i e and Cowan, 1974 b, 1975) and the i n c r e a s i n g 

a r b o r i z a t i o n of the t e c t a l d e n d r i t e s i n t h i s r e g i o n 

( L a z a r , 1973). C u r r i e (1974) r e p o r t s t h a t i n Rana 

p i p i e n s t e c t a l c e l l d i f f e r e n t i a t i o n begins when the 

f i r s t o p t i c axons i n n e r v a t e the tectum. The f i r s t 

c e l l s to migrate from the v e n t r i c u l a r zone are the 



l a r g e r p r o j e c t i o n neurons of l a y e r s 7 and 8. The 

pyramidal c e l l s of l a y e r s 6 and 4 a r e then produced, 

followed by the pyramidal and g r a n u l a r c e l l s of l a y e r s 

8 and 9. The c e l l s of l a y e r s 1 and 2, i n c l u d i n g most 

of the ependymoglial c e l l s , a r e the l a s t to be produced 

i n any given r e g i o n of the tectum. 

The p a t t e r n of c e l l g e n e r a t i o n i s not a simple 

" i n s i d e - o u t " sequence a s i n the mouse c e r e b r a l c o r t e x 

(Angevine and Sidman, 1961; Hinds and Angevine, 1965) 

or " o u t s i d e - i n " a s i n the cerebellum (Miale and Sidman, 

1961; F u j i t a , 1967) or i n the r e t i n a (Sidman, 1961). 

The c l o s e s t resemblance i s the mouse o l f a c t o r y bulb 

(Hinds, 1969), where a s m a l l proportion of l a r g e m i t r a l 

c e l l s i s produced before the l a r g e r population of granule 

and t u f t e d c e l l s . Those which a r e deep, i n the bulb 

a r i s e before those which migrate out past the m i t r a l 

c e l l s . T h i s p a t t e r n i s s i m i l a r to the development of 

the anuran tectum, i f the m i t r a l c e l l s may be regarded 

as e q u i v a l e n t to the l a r g e g a n g l i o n i c or candelabra 

c e l l s of l a y e r s 7 and 6. Also o c c u r r i n g i n the tectum 

i s a secondary " i n s i d e - o u t " g r a d i e n t of c o l l s , w i t h 

those deep i n l a y e r 6 appearing before those i n the 

most s u p e r f i c i a l l a y e r s and those i n l a y e r 8 appearing 

before the neurons i n l a y e r 9. . 

The p a t t e r n of a f f e r e n t i n n e r v a t i o n and synapse 

formation, where the a f f e r e n t f i b r e s a r r i v e a t t h e i r 

f u t u r e t e r m i n a t i o n area e i t h e r p r i o r to or during 



c e l l migration, i s found i n the rhes u s monkey v i s u a l 

c o r t e x ( R a k i c , 1977), the c o n t r a l a t e r a l p r o j e c t i o n of 

the r a t commisural f i b r e s (Wise and Jones, 1976), r a t 

o p t i c tectum (Lund and Bunt, 1976) and the human c e r e 

bellum ( R a k i c and Sidman, 1970; Z e c e v i c and R a k i c , 1976). 

The ingrowth of o p t i c a f f e r e n t s to the v i s u a l c o r t e x 

i n the rhesus monkey occurs before embryonic day 78, but 

axonal endings i n i t i a l l y do not invade the c o r t i c a l p l a t e . 

I n s t e a d axons accumulate i n the intermediate zone below 

the c o r t i c a l p l a t e . At t h i s f o e t a l age, the m a j o r i t y of 

neurons of l a y e r IV, which e v e n t u a l l y r e c e i v e input from 

the g e n i c u l o c o r t i c a l f i b r e s , a r e e i t h e r as yet ungenerated, 

or a r e i n the proc e s s of migrat i o n . R a k i c (1977) suggests 

that the g e n i c u l o c o r t i c a l axons remain below the c o r t e x 

and "wait 1 1 t h e r e i n a densely packed f i b r e l a y e r u n t i l 

the c o n d i t i o n s become e s t a b l i s h e d f o r t h e i r e n t r y i n t o 

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

may contact migratory neurons, which pass through the 

intermediate zone before they r e a c h the ap p r o p r i a t e l e v e l 

i n the c o r t e x . T h i s has a l s o been observed by Ko s t o v i c 

and M o l l i v e r (1974) i n the human te l e n c e p h a l o n . 

S i m i l a r o b s e r v a t i o n s have been made wi t h regard to 

the commissural f i b r e s i n the neonatal r a t . A f t e r 

e n t e r i n g the c o n t r a l a t e r a l hemisphere, they remain i n 

the white matter f o r s e v e r a l days before invading the 



c o r t e x (Wise and Jones, 1976). Another r e l e v a n t example 

i s the h i s t o g e n e s i s of the human cerebellum, where a 

t r a n s i e n t embryonic l a y e r , the lamina d i s s e c a n s (Jakob, 

1928) develops between the P u r k i n j e c e l l l a y e r and the 

g r a n u l a r l a y e r . T h i s t r a n s i e n t c e r e b e l l a r l a y e r i n the 

human foetus c o n t a i n s v a r i o u s c e r e b e l l a r a f f e r e n t s , 

i n c l u d i n g mossy f i b r e t e r m i n a l s and a s m a l l number of 

immature synapses (Rakic and Sidman, 1970; Z e c e v i c and 

R a k i c , 1976). T h i s lamina may r e p r e s e n t a " w a i t i n g 

compartment" of c e r e b e l l a r a f f e r e n t s which become depleted 

as young granule c e l l s " p i c k up" t h e i r synapses w h i l e 

migrating through t h i s l a y e r ( R a k i c , 1977). 

During development of the o p t i c tectum i n the r a t 

(Lund and Bunt, 1976), synapses a r e i n i t i a l l y formed a t 

the s u r f a c e of the s u p e r i o r c o l l i c u l u s . Whereas i n the 

a d u l t r a t , the synapses a r e s i t u a t e d i n the stratum 

opticum, deep to the neurons i n the stratum griseum 

s u p e r f i c i a l e . E i t h e r the synapses descend from the 

s u r f a c e or neuronal somata migrate through the s y n a p t i c 

zone to the s u r f a c e and d i s p l a c e the synapses v e n t r a l l y 

i n a manner s i m i l a r to the p e n e t r a t i o n of the lamina 

d i s s e c a n s by c e r e b e l l u l a r granule c e l l s . Lund and Bunt 

(1976) a l s o show t h a t , a s the neurons d i f f e r e n t i a t e , 

synapses a r e formed w i t h the o p t i c a f f e r e n t f i b r e s . 



Since Jacobson (1976) has questioned and S t r a z n i c k y 

and Tay (1977) have confirmed t h a t the Xenopus r e t i n a 

grows a s y m m e t r i c a l l y t h i s p o i n t , coupled w i t h the 

above evidence from mammalian s p e c i e s and C u r r i e ' s 

(1974) e x c e l l e n t e l u c i d a t i o n of the time of o r i g i n and 

migration of the c e l l s i n the tectum of Rana p i p i e n s , 

l e a d s one to p o s t u l a t e a h y p o t h e t i c a l , but very p o s s i b l e , 

mode of i n n e r v a t i o n of ganglion c e l l a f f e r e n t s t o the 

o p t i c tectum and the formation of the a d u l t p a t t e r n of 

s y n a p t i c connexions i n Xenopus. 

I suggest t h a t the f i r s t ganglion c e l l axons to 

invade the tectum have responses which a r e p r i m o r d i a l 

to e i t h e r c l a s s I I I or IV. These f i b r e s arrange them

s e l v e s i n the marginal zone (Boulder.Committee, 1970) 

of the tectum, and the c e l l s of the f u t u r e l a y e r 8 

migrate i n t o t h i s marginal zone of f i b r e s and form 

synapses. A l l or most of the f i b r e s make s y n a p t i c 

connexions e i t h e r w i t h the soma or newly emerging 

b a s a l or a p i c a l p r o c e s s e s which a r e known to have 

t e r m i n a l growth cones (Payne, i n p r e p a r a t i o n ) . The 

a f f e r e n t s may a l s o make c o n t a c t w i t h the a p i c a l den

d r i t e s of the c e l l s of l a y e r 6. Even a t Stage 49, the 

neurons of l a y e r s 6 and 8 have d i f f e r e n t i a t e d w ith 

prominent d e n d r i t i c t r e e s (Chapter 6 ) , although these 

are not r a d i a l l y o r i e n t e d . These f i b r e s arrange them

s e l v e s i n the r e g i o n of the somata of l a y e r 8 c e l l s , 



and as more f i b r e s e n t e r the tectum s y n a p t i c formation 

i s f o r c e d more d o r s a l l y by the absence of p o s s i b l e 

s y n a p t i c s i t e s . The i n c r e a s i n g length of the d e n d r i t e 

production of new p o s t s y n a p t i c s i t e s i s p o s s i b l e because . 

of the i n c r e a s i n g l e n g t h of the de n d r i t e due to the 

growth cone. A precedent f o r t h i s may be found i n the 

cerebellum where a developmental g r a d i e n t i s pr e s e n t , 

w i t h the most r e c e n t l y formed p a r a l l e l f i b r e s l o c a t e d 

most d o r s a l l y ( R a k i c , 1971). 

When the f u t u r e c l a s s I and I I r e t i n a l ganglion 

c e l l f i b r e s invade the tectum a t or s h o r t l y a f t e r meta

morphosis, a l l or most of the s y n a p t i c s i t e s on t e c t a l 

c e l l a p i c a l d e n d r i t e s a r e occupied by the f u t u r e mye

l i n a t e d f i b r e s of the c l a s s I I I and IV ganglion c e l l s . 

Hence c l a s s I and I I f i b r e s must synapse more d o r s a l l y 

on to t e c t a l c e l l s f o l l o w i n g the growth of the a p i c a l 

d e n d r i t e s . Evidence f o r or a g a i n s t t h i s h y p o t h e s i s 

could be obtained by l a b e l l i n g ganglion c e l l axons 

w i t h t r i t i a t e d p r o l i n e a t a p a r t i c u l a r stage of develop

ment, e.g. p r i o r t o metamorphic climax, Stage 57. Through 

out t h i s period of development the t e c t a l c e l l s a r e 

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

t e c t a l c e l l s . A f f e r e n t s from other r e g i o n s of the b r a i n 

a r e a r r i v i n g i n the s u p e r f i c i a l zone (Trachtenberg and 

I n g l e , 1974; W i l c z y n s k i and Northcutt, 1977). Since 



259 

t r a n s p o r t e d r a d i o a c t i v e p r o l i n e i s known to remain i n axon 

t e r m i n a l s of mice f o r a t l e a s t four weeks ( G r a f s t e i n et a l , 

1972), the a c c u r a t e l o c a t i o n of the t e r m i n a l synapses i n 

the o p t i c tectum could be determined over a long period 

of development, using e l e c t r o n microscopic autoradiography. 
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SUMMARY 

L i g h t and e l e c t r o n m i c r o s c o p i c a l methods were used 

to study the morphology of the tadpole and a d u l t Xenopus 

o p t i c nerve and o p t i c tectum. R e t i n a l ganglion c e l l 

t e r m i n a l responses to v i s u a l s t i m u l i were c h a r a c t e r i z e d , 

the conduction v e l o c i t i e s of t h e i r axons measured and 

the l o c a t i o n of t h e i r , synapses and p o s t s y n a p t i c neurons 

i n the c o n t r a l a t e r a l tectum were determined. These 

p h y s i o l o g i c a l f e a t u r e s were s t u d i e d i n the a d u l t and 

where p o s s i b l e throughout development. 

1. The o p t i c nerve of the a d u l t comprises myelinated 

f i b r e s , unmyelinated f i b r e s and ependymoglial c e l l s . 

P h y s i o l o g i c a l r e c o r d i n g has demonstrated four 

conduction v e l o c i t y groups w i t h v e l o c i t i e s of 3, 

1.2, 0.7 and 0.2 m/sec' The two groups w i t h the 

f a s t e s t conduction v e l o c i t i e s were a t t r i b u t e d to 

the myelinated f i b r e s , whereas the two groups w i t h 

the slowest conduction v e l o c i t i e s were a t t r i b u t e d 

to the unmyelinated f i b r e s . These v e l o c i t y groups 

could not be r e a d i l y c o r r e l a t e d w i t h the two f i b r e 

diameter d i s t r i b u t i o n s i n the o p t i c nerve. 



2. Four ganglion c e l l response c l a s s e s were recorded 

from ganglion c e l l axon t e r m i n a l s i n the tectum. 

The t e r m i n a l s of these four c l a s s e s were l o c a t e d 

a t d i f f e r e n t depths i n the o p t i c tectum. These 

response c l a s s e s were found to be s i m i l a r to 

c l a s s e s I - I V recorded by Maturana e t a l (1960). 

3. Four p o s t s y n a p t i c waves were recorded i n the 

tectum i n response to c o n t r a l a t e r a l o p t i c nerve 

e l e c t r i c a l s t i m u l a t i o n . These waves were termed 

m̂ , m2, u^ and u 2 . The c u r r e n t s i n k s of t h e s e 

waves, determined by c u r r e n t source d e n s i t y (CSD) 

a n a l y s i s , were l o c a t e d i n l a y e r 9 of the tectum, 

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

70 iim t e c t a l depth, the u 2 s i n k a t 90 |im t e c t a l 

depth, and the m2 s i n k a t 150 (im t e c t a l depth. 

I t was not p o s s i b l e to c a r r y out CSD a n a l y s i s on 

the ra^ wave, but the l o c a t i o n of the m1 wave 

maximum n e g a t i v i t y was found to be deeper than 

the c e l l s of l a y e r 8. 

4. I t was determined,by CSD a n a l y s i s , t h a t the c e l l s 

of l a y e r 8 were the p o s t s y n a p t i c neurons which 

generate the m2, u^ and u 2 t e c t a l waves i n response 

to e x c i t a t o r y t r a n s m i s s i o n from the c o n t r a l a t e r a l 

o p t i c a f f e r e n t f i b r e s . 
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5. A good c o r r e l a t i o n e x i s t s between the four 

conduction v e l o c i t y groups of o p t i c nerve axons 

and the conduction v e l o c i t i e s of the a f f e r e n t s 

which evoke the four t e c t a l waves. 

6. I t was a l s o found t h a t the l o c a t i o n s of the term

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

w i t h the l o c a t i o n s of the t h r e e p o s t s y n a p t i c c u r r e n t 

s i n k s and the maximum n e g a t i v i t y of the f o u r t h p o s t 

s y n a p t i c m̂  wave. 

7. Before tadpole Stage 49 only unmyelinated f i b r e s 

were observed i n the o p t i c nerve. At Stage 49 

my e l i n a t i o n of axons was evi d e n t , and i n l a t e r 

s t a g e s of development i n c r e a s i n g numbers of mye

l i n a t e d f i b r e s were counted. M y e l i n a t i o n of 

axons continues i n a d u l t l i f e . 

8. Two types of g l i a l c e l l s ( a s t r o c y t e s and o l i g o 

dendrocytes) were observed i n the tadpole o p t i c 

nerve, these g l i a l c e l l s d e d i f f e r e n t i a t e a t 

metamorphosis t o the ependymoglial c e l l of the 

a d u l t . E x t e n s i v e n a t u r a l demyelination was 

observed a t the time of metamorphosis probably 

c o r r e l a t e d w i t h o p t i c nerve s h o r t e n i n g a t t h i s 

time. 
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9. P h y s i o l o g i c a l s t u d i e s on the o p t i c nerve show 

one conduction v e l o c i t y group (0.2 m/sec') p r i o r 

to Stage 54. I t was concluded t h a t the f i b r e s 

w i t h t h i s conduction v e l o c i t y were unmyelinated. 

T h i s conduction v e l o c i t y group was present through-

cut tadpole development and a d u l t l i f e . At Stage 

54 a f a s t conducting group (1.2 m/sec 1) appears 

which was thought t o be i n d i c a t i v e of myelinated 

f i b r e s . T h i s group i s a l s o present throughout 

tadpole l i f e ( post-stage 5 4 ) . Two more conduction 

v e l o c i t y groups were recorded i n metamorphic animals, 

and j u v e n i l e toads (0.6 and 2.6 m/sec'). 

10. E l e c t r i c a l a c t i v i t y i n r e t i n a l ganglion c e l l 

t e r m i n a l s was recorded from tadpole Stage 46 

onwards. These responses were "immature". 

C l a s s I I I and IV type responses could be 

recorded from Stage 50 onwards, C l a s s I I 

responses from Stage 61 onwards, and C l a s s I 

from one week a f t e r metamorphosis. The 

r e c e p t i v e f i e l d s of th e s e c l a s s e s became more 

complex with time and more r e s i s t a n t to h a b i t 

u a t i o n . The f i r s t d e t e c t a b l e u n i t s were 

recorded a t the s u r f a c e of the tectum a t 

Stage 46 and i n l a t e r s t a g e s a t deeper l e v e l s 

i n l a y e r 9. 



11. The appearance of evoked responses i n the tectum 

a t Stage 46 c o i n c i d e s w i t h the stage a t which 

the f i r s t synapses were observed m o r p h o l o g i c a l l y . 

12. During development the i n i t i a l input to the tectum 

was by unmyelinated f i b r e s , the a c t i v i t y of which 

was found to be r e s p o n s i b l e f o r the i n i t i a t i o n of 

p o s t s y n a p t i c events c h a r a c t e r i s t i c of f u f waves. 

An 'm* p o s t s y n a p t i c wave was f i r s t recorded i n the 

tectum a t Stage 59. p o s t s y n a p t i c a c t i v i t y was 

only recorded a f t e r metamorphosis was completed. 

13. The d i s c r e p a n c y between the appearance, during 

development, of myelinated f i b r e a c t i v i t y i n 

the o p t i c nerve and the myelinated f i b r e evoked 

p o s t s y n a p t i c wave i n the tectum was d i s c u s s e d . 

14. The sequence of the timing, the d i s t r i b u t i o n and 

the extent of i n n e r v a t i o n of the tectum by o p t i c 

nerve a f f e r e n t s was d i s c u s s e d i n r e l a t i o n s h i p to 

the development of the v i s u a l system i n Xenopus 

and i n r e l a t i o n s h i p t o the evidence concerning 

v i s u a l pathway development i n higher v e r t e b r a t e s . 
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