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ABSTRACT 

The s t r u c t u r e and i n n e r v a t i o n of the e x t r a f u s a l muscle 

f i b r e s and the muscle s p i n d l e s i n sheep s u p e r i o r r e c t u s , l e v a t o r 

palpebrae s u p e r i o r i s , and peroneus b r e v i s muscles a r e compared. 

Su p e r i o r r e c t u s i s organized i n t o three l a y e r s : 

A c e n t r a l core of mainly large-diameter f i b r e s c o n t a i n s three p l a t e -

i nnervated types of 't w i t c h ' f i b r e , with 7% large-diameter grape-

innervated f i b r e s ; an o r b i t a l rim of small-diameter f i b r e s c o n t a i n s 

mainly p l a t e - i n n e r v a t e d 'twitch' f i b r e s , together with a t h i r d of 

small-diameter grape-innervated f i b r e s ; and a t h i n p e r i p h e r a l patch 

at e i t h e r end of the muscle i s composed mainly of i n t e r m e d i a t e -

diameter grape-innervated f i b r e s . 

Levator palpebrae and peroneus b r e v i s a r e not l a y e r e d 

and they a r e composed of three p l a t e - i n n e r v a t e d types of 't w i t c h ' 

f i b r e , the 'slowest' of which are not represented i n s u p e r i o r r e c t u s . 

The f u n c t i o n a l s i g n i f i c a n c e of the h i s t o c h e m i c a l and 

u l t r a s t r u c t u r a l c h a r a c t e r i s t i c s of the f i b r e types i s d i s c u s s e d . 

In s u p e r i o r r e c t u s , about 180 s p i n d l e s a r e p e r i p h e r a l l y 

d i s t r i b u t e d i n the o r b i t a l rim and p e r i p h e r a l patch l a y e r s , throughout 

the length of the muscle. The u l t r a s t r u c t u r e , h i s t o c h e m i c a l p r o f i l e , 

and i n n e r v a t i o n of the nuclear-bag and n u c l e a r - c h a i n f i b r e s a r e the 

same as the e x t r a f u s a l p e r i p h e r a l grape-innervated (G) and p l a t e -



( x ) 

i n n e r v a t e d ( C ) f i b r e types, r e s p e c t i v e l y . Motor i n n e r v a t i o n i s 
c o l l a t e r a l and segregated with grape i n n e r v a t i o n d i s t r i b u t e d to the 
bag f i b r e s , and p l a t e i n n e r v a t i o n to the c h a i n s . 

Levator palpebrae has about 60 e v e n l y - d i s t r i b u t e d s p i n d l e s . 

The bag f i b r e s correspond h i s t o c h e m i c a l l y and u l t r a s t r u c t u r a l l y to 

the bag f i b r e s of s u p e r i o r r e c t u s , and r e c e i v e a purely fusimotor 

grape i n n e r v a t i o n . The c h a i n f i b r e s correspond to those of s u p e r i o r 

r e c t u s , and r e c e i v e a s i m i l a r p l a t e i n n e r v a t i o n . Sheep e x t r a o c u l a r 

s p i n d l e s r e c e i v e both a primary and secondary sensory i n n e r v a t i o n . 

In peroneus b r e v i s the s p i n d l e s a r e composed of t y p i c a l 

bag, intermediate bag and n u c l e a r - c h a i n f i b r e s , a n d these r e c e i v e 

an i n n e r v a t i o n t y p i c a l of mammalian hindlimb muscle s p i n d l e s . 



PART I - INTRODUCTION 

The e x t r a o c u l a r muscles, the four r e c t u s and two oblique 

muscles that b r i n g about movement of the e y e b a l l , a r e found i n a l l 

v e r t e b r a t e s from f i s h to man, although the degree of movement 

tha t they can b r i n g about v a r i e s g r e a t l y . I n mammalian s p e c i e s 

they can produce v a r i o u s types of eye movement ranging from extremely 

r a p i d saccades to very slow vergence movements, and i n animals with 

b i n o c u l a r v i s i o n these movements must be p r e c i s e l y co-ordinated. 

As h i g h l y - s p e c i a l i s e d muscles capable of such f i n e c o n t r o l the 

eye muscles a r e of obvious i n t e r e s t i n the f i e l d of muscle r e s e a r c h . 

The e a r l y h i s t o l o g i c a l s t u d i e s on mammalian eye muscles 

r e s u l t e d i n the i d e n t i f i c a t i o n of 'terminaisons en grappe' or 

grape endings ( R e t z i u s , 1892') and a l s o , i n some s p e c i e s such as 

man, muscle s p i n d l e s (Siemmerling, 1888). The f i r s t o b s e r v a t i o n 

was of great s i g n i f i c a n c e s i n c e i t implied that the i n n e r v a t i o n 

p a t t e r n of mammalian eye muscles was p h y l o g e n e t i c a l l y p r i m i t i v e and 

perhaps more t y p i c a l of amphibian and r e p t i l i a n musculature. The 

second o b s e r v a t i o n was e q u a l l y important i n that i t supported the 

view that eye muscles possessed some form of p r o p r i o c e p t i v e sense. 

Subsequent r e s e a r c h has u s u a l l y been concentrated on e i t h e r the 

a n a l y s i s of the e x t r a f u s a l components of eye muscles and t h e i r 

i n n e r v a t i o n , or more r a r e l y on the muscle s p i n d l e s present i n some 

eye muscles. There has been no comprehensive i n v e s t i g a t i o n made of 

muscle s p i n d l e s i n e x t r a o c u l a r muscles which a l s o included a study 



of the e x t r a f u s a l components surrounding them. 

The i n i t i a l aim of the p r e s e n t study was to o b t a i n d e t a i l e d 

information about one s p e c i f i c sheep e x t r a o c u l a r muscle regarding the 

nature and d i s t r i b u t i o n of the e x t r a f u s a l p l a t e - and grape-innervated 

muscle f i b r e components, and t h e i r r e l a t i o n to the muscle s p i n d l e s . 

The eye muscles of sheep are p a r t i c u l a r l y s u i t e d f o r study s i n c e 

they are w e l l - s u p p l i e d with muscle s p i n d l e s ( C i l i m b a r i s , 1910) 

and have been the s u b j e c t of a p r e l i m i n a r y l i g h t - m i c r o s c o p e study 

(see Barker, 1968). 

S u p e r i o r r e c t u s was s e l e c t e d as a r e p r e s e n t a t i v e from the 

r e c t u s and oblique muscle group and s t u d i e d u s i n g conventional 

h i s t o l o g i c a l techniques, block s i l v e r impregnation, 

h i s t o c h e m i c a l s t a i n s , and, as information accumulated, e l e c t r o n 

microscopy. To give the i n v e s t i g a t i o n added s i g n i f i c a n c e i t was 

decided to make a s i m i l a r study of l e v a t o r palpebrae s u p e r i o r i s and 

a l s o a hindlimb muscle. L e v a t o r palpebrae s u p e r i o r i s was chosen 

as a c o n t r o l e x t r a o c u l a r muscle from the l e v a t o r and r e t r a c t o r group 

t h a t l a c k an e x t r a f u s a l grape-innervated component (see chapter 3 ) . 

S i n c e i t o v e r l i e s the medial edge of s u p e r i o r r e c t u s i t i s a l s o 

conveniently removed i n the same d i s s e c t i o n procedure. Of the limb 

muscles, only foot muscles were e a s i l y a v a i l a b l e f o l l o w i n g s l a u g h t e r 

of the animal. Choice of a hindlimb muscle was t h e r e f o r e r e s t r i c t e d 

to the d i s t a l p o r t i o n of peroneus b r e v i s . T h i s p o r t i o n of muscle, 

l i k e s u p e r i o r r e c t u s and l e v a t o r palpebrae, was of a convenient 



s i z e f o r h i s t o l o g i c a l a n a l y s i s . 

I t was hoped that a comparative study of these three sheep 

muscles would a f f o r d an opportunity for s i g n i f i c a n t s i m i l a r i t i e s and 

d i f f e r e n c e s to emerge and thus broaden the concept of the mammalian 

muscle s p i n d l e and the s p e c u l a t i o n s regarding i t s motor c o n t r o l . 

At the outset of t h i s study there was no published information 

on the h i s t o c h e m i s t r y or u l t r a s t r u c t u r e of e i t h e r the e x t r a f u s a l 

muscle f i b r e s of sheep eye muscles or t h e i r muscle s p i n d l e s . During 

the course of the i n v e s t i g a t i o n a b r i e f report on the u l t r a s t r u c t u r e 

of the muscle s p i n d l e s i n sheep eye muscles ( S c a l z i & P r i c e , 1970) 

confirmed the presence of two types of i n t r a f u s a l muscle f i b r e , 

nuclear-bag and n u c l e a r - c h a i n , and o u t l i n e d t h e i r s t r u c t u r a l 

c h a r a c t e r i s t i c s . Some of the r e s u l t s of t h i s i n v e s t i g a t i o n have 

been published ( B a r k e r , Harker, Stacey &, Smith, 1972; Barker & 

Harker, 1972; Harker, 1972a, b ) . 

The f i n d i n g s a r e presented i n three main p a r t s . P a r t I 

c o n s i s t s of an i n t r o d u c t i o n to the present study and the m a t e r i a l s 

and methods used. P a r t I I deals with the f i n d i n g s p e r t a i n i n g to the 

e x t r a f u s a l muscle f i b r e s , while P a r t I I I d e a l s e x c l u s i v e l y with the 

r e c e p t o r s i n e x t r a o c u l a r muscles. In both P a r t I I and P a r t I I I 

there i s a p r e l i m i n a r y review of the r e l e v a n t background information, 

a d e s c r i p t i o n of the r e s u l t s obtained from sheep m a t e r i a l , and a 

d i s c u s s i o n of the f i n d i n g s . 



MATERIALS AND METHODS 

1. Removal of muscles. 

Sheep e x t r a o c u l a r and foot muscles were obtained from 

animals t h a t were approximately one year o l d and re a r e d w i t h i n 

normal farm environments. They were brought to s l a u g h t e r by the 

u s u a l a b a t t o i r methods. A f t e r they were stunned and bled the animals 

were q u i c k l y d e c a p i t a t e d , e n a b l i n g immediate a c c e s s to the eye 

muscles. S h o r t l y a f t e r d e c a p i t a t i o n of the animal the hindlimb hock 

j o i n t s were broken and the f e e t removed. 

The s u p e r i o r r e c t u s (SR) and l e v a t o r palpebrae s u p e r i o r i s 

(LP) muscles were exposed by keeping the upper ey e l i d i n t a c t and 

removing the s k i n , zygomatic a r c h and p a r t of the f r o n t a l bone to 

a l l o w s u p e r i o r and l a t e r a l a c c e s s to the o r b i t a l c a v i t y . Both SR 

and LP were clamped a c r o s s t h e i r tendinous i n s e r t i o n s onto the globe 

i n order to m a i n t a i n d o r s o - v e n t r a l o r i e n t a t i o n . A l l the e x t r a 

o c u l a r muscles were then cut away from the globe and the globe 

removed. The SR and LP muscles were then d i s s e c t e d towards t h e i r 

common proximal attachment and e x c i s e d . The arrangement of these 

muscles jLn s i t u i s shown i n f i g u r e 1. 

The only f r e e l y - a v a i l a b l e f r e s h hindlimb muscle was 

peroneus b r e v i s ( P B ) , a short d i g i t a l e xtensor. The proximal p a r t 

of t h i s muscle a r i s e s from the d o r s a l and d i s t a l s u r f a c e s of the 

t i b i a l t a r s a l bone and i s l o s t when the hock j o i n t i s cut through. 



Thus only the remaining d i s t a l p o r t i o n of PB was used. T h i s 

p o r t i o n of muscle i n s e r t s on to the tendon of the long extensor 

muscle i n a unipennate manner. The d i s t a l p o r t i o n of PB i s shown 

i n s i t u , p a r t i a l l y d i s s e c t e d out, i n f i g u r e 2. 

I t was p o s s i b l e on two occasions to obtain f r e s h the d i s t a l 

p o r t i o n of the 'hough' of sheep which contained s e v e r a l extensors 

of the foot. 



2. Number of muscles used. 

In t h i s i n v e s t i g a t i o n a t o t a l of 23 SR and 19 LP muscles 
from e i t h e r the r i g h t or l e f t o r b i t s of 17 sheep were used. One 
SR and one LP muscle were f i x e d , embedded i n p a r a f f i n wax and 
s e r i a l t r a n s v e r s e s e c t i o n s of both muscles were c u t . Seven SR and 
seven LP muscles were block-impregnated with s i l v e r i n order to study 
t h e i r i n n e r v a t i o n . Seven SR and three LP muscles were block s t a i n e d 
to demonstrate c h o l i n e s t e r a s e a c t i v i t y . Four SR and four LP muscles 
were used to study m u s c l e - f i b r e h i s t o c h e m i s t r y i n frozen t r a n s v e r s e 
s e c t i o n s , and four SR and four LP muscles were processed f o r 
e l e c t r o n microscopy (EM). 

A t o t a l of 10 PB muscles from the r i g h t and l e f t hincllimbs 

of 5 sheep were used. Four were impregnated with s i l v e r , four were 

processed f o r m u s c l e - f i b r e h i s t o c h e m i s t r y and two muscles were used 

for EM study. Two batches of muscles from the 'hough' were used 

to demonstrate the d i f f e r e n t histochemica1 types of muscle f i b r e 

found w i t h i n a ' f a s t - w h i t e ' hindlimb muscle. 



3. Techniques fo r wax-embedded m a t e r i a l . 

One SR and one LP muscle were d i s s e c t e d out, s t r e t c h e d to 

t h e i r approximate r e s t i n g lengths on p i e c e s of s t i f f c a r d and sewn 

i n t o p o s i t i o n with thread to prevent e x c e s s i v e shrinkage during 

f i x a t i o n . They were immersed i n Heidenhahn's Susa f i x a t i v e for 

3 hr, dehydrated i n i o d i z e d 95% c e l l u s o l v e f o r 3 hr, and then i n 

a b s o l u t e c e l l o s o l v e for a f u r t h e r 3 hr. The muscles were c l e a r e d 

i n a 50/50 mixture of c e l l o s o l v e and toluene f o r 6 hr, and then i n 

toluene f o r 30 min, and embedded i n p l a s t i c i z e d p a r a f f i n wax 

('Paramat'). The proximal ends of the muscles were l a b e l l e d . 

S e r i a l , t r a n s v e r s e s e c t i o n s of the whole muscle were cut at lOjum 

i n t e r v a l s on a Spencer '820' r o t a r y microtome and mounted on album-

i n i s e d microscope s l i d e s . 

The s e c t i o n s were s t a i n e d with Weigert's Iron Haematoxylin and 

C u r t i s ' s Ponceau S s u b s t i t u t e for van Gieson (W & VG) according to 

Humason (1962), r a p i d l y dehydrated through a graded s e r i e s of 

e t h a n o l s , c l e a r e d i n xylene and mounted i n D.P.X. The W & VG method 

s t a i n s c o n n e c t i v e t i s s u e pink, muscle f i b r e s yellow and n u c l e i 

b l u e - b l a c k . I t was thus i d e a l for the i d e n t i f i c a t i o n of muscle 

s p i n d l e c a p s u l e s and the c l a s s i f i c a t i o n of i n t r a f u s a l muscle 

f i b r e s with regard to t h e i r e q u a t o r i a l n u c l e a t i o n as e i t h e r 

nuclear-bag (Barker, 1948) or n u c l e a r - c h a i n (Boyd, 1960) f i b r e s . 

The s e r i a l s e c t i o n s were used to map the d i s t r i b u t i o n and length 

of s p i n d l e c a p s u l e s throughout the lengths of SR and LP. 



3.1 Measurements on s e r i a l l y - s e c t i o n e d m a t e r i a l . 

E s t i m a t i o n s of length were obtained by counting the number 

of c o n s e c u t i v e lOum t h i c k s e c t i o n s and c o r r e c t i n g f o r shri n k a g e . 

The amount of l o n g i t u d i n a l shrinkage was a s s e s s e d by comparing the 

lengths of the muscles before f i x a t i o n and a f t e r embedding. I t was 

found to be approximately 25%. The s p i n d l e - c a p s u l e lengths given 

i n the r e s u l t s and shown i n f i g u r e 189 have been c o r r e c t e d f o r t h i s 

amount of shri n k a g e . 



4. M u s c l e - f i b r e h i s t o c h e m i s t r y . 

4.1 P r e p a r a t i o n of f r e s h - f r o z e n t r a n s v e r s e s e c t i o n s . 

The muscles were e x c i s e d w i t h i n twenty minutes of s l a u g h t e r 

of the animal and s t r e t c h e d to t h e i r approximate r e s t i n g lengths 

on cardboard s p i l l s and e i t h e r frozen complete or c u t i n t o o r i g i n , 

b e l l y and i n s e r t i o n p o r t i o n s p r i o r to f r e e z i n g . In the l a t t e r 

i n s t a n c e e x c e s s i v e c o n t r a c t i o n during c u t t i n g was prevented by 

using a s c a l p e l that had been dipped i n mammalian Ringer s o l u t i o n . 

The muscles were q u i c k - f r o z e n by d i r e c t immersion i n iso-pentane 
o 

cooled to -160 C with l i q u i d nitrogen (Maxwell, Ward &. Nairn, 1966). 

A f t e r one minute the end of the s p i l l with the muscle a t t a c h e d was 

t r a n s f e r r e d to a deep-freeze and s t o r e d a t -70°C i n a screw-topped 

c o n t a i n e r f o r periods of up to four weeks before f u r t h e r p r o c e s s i n g 

( P e a r s e , 1968). Whole muscles or muscle p o r t i o n s were removed from 

the s p i l l s u s i n g pre-cooled s c a l p e l and forceps and were cemented 

to c r y o s t a t chucks with gum tragacanth s o l i d i f i e d by immersion i n 

the i s o - p e n t a n e / l l q u i d n i t r o g e n mixture. The chucks were t r a n s f e r r e i 
o 

to a SLEE c r y o s t a t and allowed to warm up to -20 C i n order to cut 

frozen t r a n s v e r s e s e c t i o n s at lOum. Consecutive p a i r s of s e c t i o n s 

were mounted on uncoated s l i d e s and s t o r e d w i t h i n the c r y o s t a t . A 

r e p e a t i n g sequence of histochemica1 and h i s t o l o g i c a l s t a i n s was 

used which u s u a l l y i n c l u d e d W & VG, phosphorylase ( P ' a s e ) , s u c c i n i c 

dehydrogenase (SDH), and m y o f i b r i l l a r adenosine t r i p h o s p h a t a s e a f t e r 

e i t h e r a l k a l i (Alk ATPase) or a c i d ( A c i d ATPase) p r e - i n c u b a t i o n . 



10. 

4.2 S t a i n i n g methods. 

W & VG s t a i n was used i n order r a p i d l y to diagnose the 

s t a t e of p r e s e r v a t i o n of the muscle f i b r e s , to i d e n t i f y the c e l l 

o u t l i n e s , and to t r a c e the muscle s p i n d l e s . Frozen s e c t i o n s were 

f i x e d i n 5% glutaraldehyde f o r 3 min, washed i n d i s t i l l e d water 

and s t a i n e d w i t h W b VG. The s e c t i o n s were washed, r a p i d l y dehyd

r a t e d , c l e a r e d and mounted i n D.P.X. 

P'ase a c t i v i t y was demonstrated by the method of Takeuchi 

and K u r i a k i (1955), as modified by Erankb* b Palkama (1961). S e c t i o n s 

were incubated f o r 30 min at room temperature. Improved c o n t r a s t 

between the d i f f e r e n t f i b r e types was obtained by a i r d r y i n g the 

s e c t i o n s and mounting them under D.P.X. i n s t e a d of the us u a l i o d i n e -

g l y c e r o l . The s t a i n e d s l i d e s were s t o r e d i n the dark a t 5°C f o r 

s e v e r a l months without a p p r e c i a b l e fading. 

SDH a c t i v i t y was demonstrated by the method of Nachlas, 

Tsou, de Souza, Cheng b Seligman (1957) as modified by Pearse 

(1961). N i t r o blue t e t r a z o l i u m was used as-the e l e c t r o n acceptor 
o 

a t a pH of 7.6. S e c t i o n s were incubated f o r 30 min a t 37 C. 

M y o f i b r i l l a r or actomyosin adenosine t r i p h o s p h a t a s e 

(ATPase) was demonstrated acco r d i n g to the Guth b Samaha (1969; 

1970) m o d i f i c a t i o n s of the method of Padykula b Herman (1955a). 

P r i o r to in c u b a t i o n the s e c t i o n s were p r e - f i x e d i n 2% formaldehyde 

buffered a t pH 7.6 then pre-incubated i n e i t h e r a l k a l i n e (Alk ATPase) 



or a c i d (Acid ATPase) b u f f e r . For Alk ATPase d i f f e r e n t p r e - i n c u b a t i o n 

media with pH values ranging from 9.8-10.4 were employed. For 

Ac i d ATPase a range of d i f f e r e n t pH values from 4.0-4.6 was used. 

Fo l l o w i n g the p r e - i n c u b a t i o n procedures both Alk ATPase and A c i d 
o 

ATPase-processed s e c t i o n s were incubated f o r 30-45 min at 37 C. 

A l l i n c ubation media and u n s t a b l e s o l u t i o n s were f r e s h l y 

prepared immediately before use. Histo c h e m i c a l r e a c t i o n s were 

absent when s u b s t r a t e s were omitted from the in c u b a t i o n media. 

Batches of s l i d e s f o r any one p a r t i c u l a r s t a i n were simultaneously 

removed from the c r y o s t a t and processed through the same media i n 

order to give u n i f o r m i t y of s t a i n i n g . 

A r e p e a t i n g sequence of enzyme s t a i n s (P'ase, SDH, Alk 

ATPase, Acid ATPase) was a p p l i e d to batches of s e r i a l s e c t i o n s 

sampled s p e c i f i c a l l y from o r i g i n , b e l l y and i n s e r t i o n p o r t i o n s 

of SR and LP. 

Because i n i t i a l work showed v a r i a t i o n s i n gross s t r u c t u r e 

between the o r i g i n , b e l l y and i n s e r t i o n p o r t i o n s of SR, a s e r i e s 

of frozen t r a n s v e r s e s e c t i o n s were cut at 1mm i n t e r v a l s throughout 

the lengths of one whole SR and one whole LP muscle and simultaneously 

processed to demonstrate P'ase a c t i v i t y . With P'ase s t a i n the gross 

l a y e r i n g p a t t e r n i n SR i s r e a d i l y apparent ( s e e chapter 6 ) , and by 

us i n g t h i s one s t a i n on s k i p - s e r i a l s e c t i o n s processed under 

st a n d a r d i z e d c o n d i t i o n s i t was hoped to monitor the v a r i a t i o n s of 

l a y e r i n g throughout the lengths of the muscles. 



4.3 Comparison of h i s t o c h e m i c a l p r e p a r a t i o n s . 

P a i r s of c o n s e c u t i v e , or nearly a d j a c e n t , s l i d e s that had 

been s t a i n e d to demonstrate d i f f e r e n t enzymes were examined under 

two Z e i s s GFL microscopes s e t s i d e by s i d e . Matching f i e l d s were 

o r i e n t a t e d and i n d i v i d u a l muscle f i b r e s were c l a s s i f i e d with regard 

to t h e i r enzymatic r e a c t i o n s according to the c r i t e r i a d i s c u s s e d i n 

chapter 4. By r e p l a c i n g one of the s l i d e s with the next s l i d e 

i n the s e r i e s h i s t o c h e m i c a l p r o f i l e s of i n d i v i d u a l muscle f i b r e s 

were b u i l t up. 

4.4 Measurements on h i s t o c h e m i c a l p r e p a r a t i o n s . 

Measurements on f r e s h frozen m a t e r i a l , as w e l l as on teased 

p r e p a r a t i o n s ( s e e M a t e r i a l s and Methods, 5.1 and 5.2) were made 

usi n g a x l 6 Z e i s s micrometer eyepiece and a x40 o b j e c t i v e c a l i b r a t e d 

a g a i n s t a stage micrometer s l i d e . 

The diameters of the d i f f e r e n t muscle f i b r e types were 

measured on s e c t i o n s stained to demonstrate P'ase a c t i v i t y , and were 

obtained by takin g the mean of two orthogonal diameters. P'ase 

s t a i n was s e l e c t e d s i n c e most of the h i s t o c h e m i c a l f i b r e types 

could be d i s t i n g u i s h e d q u i t e e a s i l y ( s e e chapter 5 . ) . In SR and LP 

muscle f i b r e s were measured i n f a s c i c l e s s e l e c t e d from p e r i p h e r a l 

or c e n t r a l l a y e r s of the muscle. Samples were not e n t i r e l y random 

s i n c e c e r t a i n i n f r e q u e n t l y - o c c u r i n g f i b r e types were s e l e c t e d to 

achieve a s u i t a b l e sample s i z e . The diameter v a l u e s have not been 

c o r r e c t e d f o r the average shrinkage of 2% of the t i s s u e block due 

to the quenching process ( P e a r s e , 1968) or for the shrinkage 



inherent i n the phosphorylase s t a i n i n g technique. A comparison 

of the diameters of i n d i v i d u a l muscle f i b r e s s t a i n e d f o r P'ase 

a g a i n s t the diameters obtained when the frozen s e c t i o n s a r e i n i t i a l l y 

f i x e d , as for W & VG or Alk ATPase, showed that t h i s l a t t e r shrinkage 

f a c t o r was i n the order of 8% ( s e e e.g. f i g s . 1 4 & 1 6). 



5. Techniques to demonstrate nerve endings w i t h i n whole muscles. 

B l o c k - s t a i n i n g techniques were used for both s i l v e r 

impregnation and c h o l i n e s t e r a s e s t a i n i n g and s e l e c t e d p o r t i o n s 

of m a t e r i a l were subsequently teased. Such teased p r e p a r a t i o n s 

allowed more e x t e n s i v e and a c c u r a t e t r a c i n g of muscle and nerve 

f i b r e s than i s p o s s i b l e by s e r i a l r e c o n s t r u c t i o n . 

5.1 S i l v e r impregnation. 

P r e p a r a t i o n s of e x t r a f u s a l nerve endings and whole s p i n d l e s 

were made us i n g the modified de C a s t r o s i l v e r impregnation method 

of Barker & Ip (1963) i n c o r p o r a t i n g the improvements suggested 

by Barker, Stacey & Adal (1970). S i l v e r impregnation was 

p r e f e r e d to a l t e r n a t i v e gold c h l o r i d e and methylene blue techniques 

because of i t s more p r e c i s e d e l i n e a t i o n of the nerves and t h e i r 

endings. T h i s i s important i n an i n v e s t i g a t i o n i n v o l v i n g study 

of 'slow' muscle f i b r e s which are s u p p l i e d by small-diameter 

nerve f i b r e s t e r m i n a t i n g i n extremely f i n e and complex endings. 

5.11 Barker & Ip s i l v e r method. 

The a p p l i c a t i o n of the Barker & Ip method to the whole 

SR muscle f r e q u e n t l y r e s u l t e d i n e x c e s s i v e s t a i n i n g of the connective 

t i s s u e , which i s p a r t i c u l a r l y e x t e n s i v e i n the periphery of the 

muscle, coupled with poor impregnation of the c e n t r a l f a s c i c l e s . 

To overcome these d i f f i c u l t i e s i n SR the perimysium externum was 



removed and the muscle teased i n t o d o r s a l and v e n t r a l f a s c i c l e 

bundles during the i n i t i a l f i x a t i o n s t a g e . The c o n c e n t r a t i o n of 

ammonia i n the next step was a l s o reduced s l i g h t l y to t h r e e drops 

of ammonia s o l u t i o n ( s p . g r . 0.88) per 100ml of 95% a l c o h o l . 

5.12 Combined Gladden and Barker &, Ip method. 

The modified p y r i d i n e - s i l v e r s t a i n of Gladden (1970) 

was a l s o used, e i t h e r i n accordance with her schedule, or i n combin

a t i o n with Barker 8c I p ' s method as f o l l o w s : 

1. F i x i n a mixture of c h l o r a l hydrate, l g ; 95% e t h a n o l , 45ml; 

d i s t i l l e d water, 50ml; cone, n i t r i c a c i d , 1.25ml, fo r 5-6 

days. 

2. Wash i n f i l t e r e d running tap water for 24 nr. 

3. B l o t and t r a n s f e r to 100ml of 95% ethanol c o n t a i n i n g three 

drops of ammonia s o l u t i o n ( s p . g r . 0.88) f o r 24 h r . 

4. Wash for 30 min i n d i s t i l l e d water. 

5. Leave i n f u l l s t r e n g t h p y r i d i n e f o r 24 h r , 

6. Wash for 24 hr i n d i s t i l l e d water, changed 5-8 times. 
o 

7. P l a c e i n 2% s i l v e r n i t r a t e f o r 3 days i n the dark at 25 C. 

8. Reduce i n f r e s h l y - p r e p a r e d s o l u t i o n of 2g hydroquinone i n 

100ml of 20% formic a c i d . 

9. Rinse i n d i s t i l l e d water and s t o r e i n pure g l y c e r o l . 

A l l methods, i f performed with meticulous c a r e , produced 

s a t i s f a c t o r y r e s u l t s . The muscle f i b r e s , c onnective t i s s u e and 

n u c l e i s t a i n e d l i g h t l y and the i n t r a m u s c u l a r nerve trunks and t h e i r 
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branches were w e l l impregnated. G e n e r a l l y the f i n e t e r m i n a l s of 

the motor endings were d i s t i n c t , but only i n r a r e c a s e s were the 

sensory endings w i t h i n the muscle s p i n d l e and the f i n e terminations 

of a Golgi tendon organ s u c c e s s f u l l y impregnated. 

Muscle f a s c i c l e s were teased i n g l y c e r o l u s i n g mounted 

opthalmic needles under a Z e i s s Stereomicroscope I I I equipped f o r 

both i n c i d e n t and t r a n s m i t t e d l i g h t and with a foot-operated 

focus. The teased specimens were mounted i n g l y c e r o l on micro

scope s l i d e s and the c o v e r s l i p s were 'ringed' with p i t c h . 

5.13 Measurements of nerve f i b r e diameters. 

In teased, s i l v e r p r e p a r a t i o n s of muscle s p i n d l e s the 

diameters of the primary and secondary nerve f i b r e s and the 

fusimotor p l a t e and grape axons were measured at a p o i n t approximately 

1mm from s p i n d l e e n t r y . Because of the v a r i a b i l i t y i n the t h i c k n e s s 

of the myelin sheath, 5 s e p a r a t e measurements were taken of the 

t o t a l i n t e r n o d a l diameter of the same internode and the mean 

c a l c u l a t e d . In the c a t Stacey (1969) has c a l c u l a t e d t h a t i n order 

to convert measurements of myelinated nerves s t a i n e d w i t h s i l v e r , 

which s u f f e r from severe shrinkage, i n t o t h e i r e q u i v a l e n t diameters 

i n f r e s h m a t e r i a l , a f a c t o r of 1.41 must be a p p l i e d . The values 

obtained i n the present study were c o r r e c t e d for shrinkage u s i n g 

Stacey's f a c t o r . 



5.2 C h o l i n e s t e r a s e s t a i n i n g . 

Teased c h o l i n e s t e r a s e p r e p a r a t i o n s used to demonstrate the 

sub-neural apparatus of e x t r a f u s a l nerve t e r m inations were obtained 

by using an adaptation (B a r k e r , Stacey & Adal, 1970) of the 

' d i r e c t - c o l o u r i n g ' t h i o c h o l i n e method of Karnovsky & Roots (1964) 

th a t g i v e s r e s u l t s with b l o c k - s t a i n e d m a t e r i a l . 

Some SR and LP muscles were used f r e s h , but i n most ca s e s 

the muscles were i n i t i a l l y quick frozen as f o r h i s t o c h e m i s t r y . 

The muscles were extended to t h e i r approximate r e s t i n g lengths 

on cardboard s p i l l s , immersed i n a mixture of iso-pentane and l i q u i d 

n o o nitrogen at -160 C and s t o r e d at -70 C i n a i r - t i g h t c o n t a i n e r s . 

They were removed from c o l d storage and immersed i n i c e - c o l d 10% 

c a l c i u m formol s t i l l a t t ached to the cardboard s p i l l s used i n the 

f r e e z i n g procedure. As the muscles thawed i n the f i x a t i v e they 

were sewn onto the c a r d i n order to maintain d o r s o - v e n t r a l o r i e n t 

a t i o n and a l s o to prevent undue shrinkage. 

The optimum f i x a t i o n time i n calcium formol a t 4°C was 

between 4-6hr. Longer f i x a t i o n r e s u l t e d i n reduced s t a i n i n g of the 

e x t r a f u s a l and i n t r a f u s a l multitermina1 grape endings. During the 

f i x a t i o n stage the muscles were p e r i o d i c a l l y removed from r e f r i g 

e r a t i o n and teased under a Z e i s s Stereomicroscope I I I . The p e r i 

mysium externum was removed and the muscles were e i t h e r l e f t i n toto 

with the muscle f i b r e bundles teased apart s l i g h t l y , or e l s e separated 

i n t o s m a l l f a s c i c l e bundles teased as completely as p o s s i b l e from 



o r i g i n to i n s e r t i o n . These procedures ensured adequate p e n e t r a t i o n 

of the f i x a t i v e and, subsequently, of the i n c u b a t i o n medium. 

S i n c e o r i e n t a t i o n of the muscles had been c a r e f u l l y maintained, 

f a s c i c l e bundles could be teased from s p e c i f i c l a y e r s of the 

muscle. The whole muscles or f a s c i c l e bundles were then washed i n 

d i s t i l l e d water f o r 5 min and incubated a t room temperature. 

The incubation medium of Karnovsky & Roots (1964) was modified 

by the use of an a c e t a t e b u f f e r at pH 5.0 i n s t e a d of pH 6.0, 

and the i n c o r p o r a t i o n of a 50mM i n s t e a d of a 5mM s o l u t i o n of 

potassium f e r r i c y a n i d e . Small p i e c e s of muscle were removed from 

the i n c u b a t i o n medium at 5 min i n t e r v a l s f o r one hour. The optimum 

incubation time for the s t a i n i n g of e x t r a f u s a l end-plates was found 

to be 10-15 min, and for e x t r a f u s a l multitermina1 endings and 

i n t r a f u s a l endings i t was 45 min. A f t e r i n c u b a t i o n the muscles 

were r i n s e d i n d i s t i l l e d water, b l o t t e d , and c l e a r e d i n g l y c e r o l 

f o r a minimum of 5 days. I t was then p o s s i b l e to tease the f a s c i c l e s 

i n t o s eparate muscle f i b r e s by u s i n g f i n e insect-mounting needles. 

I s o l a t e d p r e p a r a t i o n s were mounted i n g l y c e r o l . 

5.21 Pharmacology of the nerve endings. 

Muscle f a s c i c l e bundles were incubated f o r 1-2 hr with 

e i t h e r a c e t y l t h i o c h o l i n e i odide (ATChI) or b u t y r y l t h i o c h o l i n e 

i o d i d e (BTChI) as s u b s t r a t e s . To demonstrate a c e t y l c h o l i n e s t e r a s e , 

f a s c i c l e s were immersed f o r 30 min i n a ImM iso-OMPA s o l u t i o n to 

i n h i b i t n o n - s p e c i f i c c h o l i n e s t e r a s e s , washed i n d i s t i l l e d water for 



5 min and then exposed to ATChI s u b s t r a t e . N o n - s p e c i f i c c h o l i n -

e s t e r a s e s were demonstrated by u s i n g a lmM s o l u t i o n of 284C51 

to i n h i b i t a c e t y l c h o l i n e s t e r a s e , before exposure to BTChI 

s u b s t r a t e . 

5.22 Measurements on c h o l i n e s t e r a s e p r e p a r a t i o n s . 

I n the case of s i n g l y - i n n e r v a t e d muscle f i b r e s measurements 

were made of the f i b r e i t s e l f and a l s o of the diameter of the sub-

ne u r a l apparatus i f i t appeared 'en f a c e ' . The diameter of the 

sub-neural apparatus was a s s e s s e d as the mean of two orthogonal 

diameters, one of which was the long a x i s . M u s c l e - f i b r e diameter 

was expressed as the mean of s e v e r a l readings taken near the end-

p l a t e r e g i o n . In the case of m u l t i t e r m i n a l l y - i n n e r v a t e d muscle 

f i b r e s the length of muscle f i b r e innervated by almost continuous 

c h a i n s of c h o l i n e s t e r a s e - p o s i t i v e d r o p l e t s ( t h e ' i n n e r v a t i o n zones') 

and the d i s t a n c e between such i n n e r v a t i o n zones, was measured. 

M u s c l e - f i b r e diameter was expressed as the mean of s e v e r a l 

measurements taken near to each i n n e r v a t i o n zone. 



6. Techniques f o r e l e c t r o n microscopy. 

The muscles were q u i c k l y e x c i s e d , extended to t h e i r 

approximate r e s t i n g lengths on p i e c e s of l i b r a r y card and f i x e d 

for 15 min at 4°C i n 3% glutaraldehyde buffered a t pH 7.3 with 

0.1M sodium c a c o d y l a t e (Mercer &. Birbeck, 1966). The muscles were 

then cut i n t o s m a l l p i e c e s approximately 5mm long by 1mm square 

with the long a x i s p a r a l l e l to the d i r e c t i o n of the muscle f i b r e s , 

and f i x e d f o r a f u r t h e r i f h r . In the case of SR, s e l e c t i o n of 

m a t e r i a l was made mainly from the i n s e r t i o n end and the d o r s a l 

and v e n t r a l f a s c i c l e s i n the b e l l y of the muscle. A f t e r f i x a t i o n 

the muscle p i e c e s were washed fo r 2hr i n 0.1M sodium c a c o d y l a t e 

b u f f e r c o n t a i n i n g 0.2M s u c r o s e , and p o s t - f i x e d f o r 2hr i n 1% osmium 

t e t r o x i d e buffered a t pll 7.3 with 0.1M sodium c a c o d y l a t e . The p o s t -

f i x e d m a t e r i a l was washed fo r l h r i n 0.1M sodium c a c o d y l a t e b u f f e r 

c o n t a i n i n g 0.2M suc r o s e and dehydrated through a graded s e r i e s of 

ethanol (15 min each i n 50%, 70% and 95%; 60 min i n a b s o l u t e ethanol 

with three changes). A l l the s o l u t i o n s up to t h i s stage were 
o 

maintained at 0-4 C. The remaining steps were c a r r i e d out a t room 

temperature. The m a t e r i a l was processed through two changes of 

epoxy-propane (15 min); a 50/50 mixture of epoxy-propane and Epon 

(30 min); a 25/75 mixture of Epoxy-propane and Epon (30 min); and 

then i n f i l t r a t e d w ith a b s o l u t e Epon for e i g h t hours or o v e r n i g h t . 

F i n a l l y , the m a t e r i a l was embedded i n f r e s h Epon and hardened f o r 
o 

48 hr a t 60 C. The Epon mixture c o n s i s t e d of mixture A (Epon 812, 

62ml; dodecenyl s u c c i n i c anhydride, 100ml) and mixture B (Epon 812, 

100ml; methyl nadic anhydride, 89ml) mixed i n equal proportions with 



2% 2,4 ,6-tri(dimethylaminomethyDphenol. 

T r a n s v e r s e or l o n g i t u d i n a l s e c t i o n s were cut u s i n g g l a s s 

knives on e i t h e r an LKB Ultrotome or a R e i c h e r t Om U2 u l t r a m i c r o -

tome. Semi-thin (l-2um) t r a n s v e r s e s e c t i o n s of the muscle blocks 

were mounted on microscope s l i d e s , s t a i n e d with a 1% s o l u t i o n of 

t o l u i d i n e blue i n 1% borax and examined under the l i g h t microscope. 

S p e c i f i c a r e a s of the block were trimmed to enable u l t r a t h i n 

( ' s i l v e r - g o l d ' ) s e c t i o n s to be c u t . In many cas e s the block was 
o 

turned through 90 to o b t a i n l o n g i t u d i n a l s e c t i o n s of the same 

s t r u c t u r e seen i n t r a n s v e r s e s e c t i o n . The u l t r a t h i n s e c t i o n s were 

mounted on e i t h e r 50-mesh, Formvar-coated copper g r i d s or on 

uncoated 200-mesh copper g r i d s and were double-stained with u r a n y l 

a c e t a t e (5 min) and lead c i t r a t e (3 min) (Brody, 1959; Reynolds, 

1963). S e c t i o n s were examined i n an A . E . I . EM 801 a t an a c c e l e r a t i 

voltage of 60kV. 
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7. Photography. 

R e p r e s e n t a t i v e areas of light-microscope p r e p a r a t i o n s were 

chosen on the b a s i s of c l a r i t y and photographed w i t h a Z e i s s 

Ultraphot I I microscope u s i n g I l f o r d FP-4 f i l m with a green f i l t e r 

to improve the c o n t r a s t and general c l a r i t y of the f i n a l p r i n t . 

The Ultraphot was c a l i b r a t e d a g a i n s t a micrometer s l i d e to obtain 

the p r e c i s e m a g n i f i c a t i o n a t which photographs were taken, and the 

negatives were enlarged by a standard f a c t o r of 1.8. S i n c e h i s t o -

chemical m u s c l e - f i b r e types were d i s t i n g u i s h e d u s i n g the o r i g i n a l 

h i s t o c h e m i c a l preparations, no f u r t h e r photographic s t a n d a r d i z a t i o n 

was employed. In teased p r e p a r a t i o n s , s i n c e the d e t a i l o f t e n extended 

through s e v e r a l planes of focus, i t was oft e n necessary to compose 

a s i n g l e montage from s e v e r a l photomicrographs taken at d i f f e r i n g 

f o c a l l e v e l s . 
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PART I I - EXTRAFUSAL MUSCLE FIBRES 
SECTION A. REVIEW OF BACKGROUND INFORMATION 

Chapter 1. Morphology of the r e c t u s and oblique e x t r a o c u l a r muscles 

of mammals. 

S e v e r a l h i s t o r i c a l reviews of the morphology of e x t r a o c u l a r 

muscles have been made. The most comprehensive i n c l u d e those of 

I r v i n e (1936), Hosokawa (1961), Hess (1967; 1970) and Peachey 

(1968; 1971). The information i n t h i s p a r t i c u l a r chapter i s confined 

to the four r e c t u s and two oblique e x t r a o c u l a r muscles of mammals, 

and excludes the l e v a t o r palpebrae and r e t r a c t o r b u l b i muscles of 

the o r b i t . These are d i s c u s s e d i n chapter 3. 

Because of the complex s t r u c t u r a l o r g a n i z a t i o n of the r e c t u s 

and oblique muscles the information i s d e a l t w i t h under the three 

sub-headings of gross s t r u c t u r a l o r g a n i z a t i o n ; motor nerves and 

t h e i r t e r m i n a t i o n s ; and f i n a l l y the c l a s s i f i c a t i o n of muscle f i b r e 

types. 

1.1 Gross s t r u c t u r a l o r g a n i z a t i o n . 

Eye muscles a r e organized i n t o a t l e a s t two d i s t i n c t l a y e r s 

t h a t may e x h i b i t a p a r t i c u l a r l y complex three-dimensional a r c h i t e c t u r e 

due to branching and i n t e r c o n n e c t i o n of muscle f i b r e s , some of which 

do not run the f u l l l e n g t h of the muscle. 



The r e c t u s and oblique muscles of s e v e r a l mammalian 

s p e c i e s i n c l u d i n g hedgehog, r a b b i t , c a t , dog, sheep and man were 

f i r s t shown by Woolard (1931) and Voss (1936) to c o n s i s t of a c e n t r a l 

core of mainly t h i c k f i b r e s , and an o r b i t a l rim of t h i n f i b r e s . 

These two l a y e r s vary i n t h e i r degree of s e p a r a t i o n i n d i f f e r e n t 

mammalian s p e c i e s (Kato, 1938; Cooper & F i l l e n z , 1955). In man 

and monkey the two l a y e r s are q u i t e d i s t i n c t ; i n clog, c a t and goat 

a t r a n s i t i o n zone of mixed f i b r e types i s present between the two 

l a y e r s ; and i n r a b b i t eye muscles the l a y e r s a r e w e l l - s e p a r a t e d 

i n some p l a c e s and i l l - d e f i n e d i n o t h e r s . Other mammalian s p e c i e s 

with a s i m i l a r l a y e r e d o r g a n i z a t i o n i n c l u d e the brown r a t (Siebeck 

&. KrUger, 1955), manga bey monkey (Cooper & F i l l e n z , 1955), guinea 

p i g (Hess, 1961a), rhesus monkey (Zenker & Anzenbacher, 1964), and 

bank vole (Kaczmarski, 1970a). 

In histochemica1 p r e p a r a t i o n s that demonstrate o x i d a t i v e 

enzymes, such as s u c c i n i c dehydrogenase, the p e r i p h e r a l l a y e r s 

g e n e r a l l y e x h i b i t a higher l e v e l of a c t i v i t y than the c e n t r a l 

p o r t i o n of the muscle. Such 'redness' of the p e r i p h e r a l l a y e r s 

i s shown i n rhesus monkey ( M i l l e r , 1967), c a t s u p e r i o r r e c t u s 

(Nemet & M i l l e r , 1968), and i n r a t , k i t t e n and guinea-pig eye muscles 

(Asmussen, K i e s s l i n g & Wohlrab, 1970; 1971). In the s u p e r i o r r e c t u s 

muscle of the rhesus monkey ( M i l l e r , 1967) the p e r i p h e r a l s m a l l -

f i b r e l a y e r c o n s t i t u t e s a C-shaped rim around the muscle and 

i s g e n e r a l l y absent from the part a d j a c e n t to the globe. In 

the s u p e r i o r oblique muscle of c a t (Asmussen et al.,1971) t h i s outer 



rim completely surrounds the c e n t r a l core a t the d i s t a l end of the 

muscle, becomes 'C-shaped' i n the b e l l y , and has a f l a t , l a y e r e d 

appearance a t the proximal end. 

The l a y e r e d o r g a n i z a t i o n of eye muscles i s f u r t h e r comp

l i c a t e d by the branching and i n t e r c o n n e c t i o n of muscle f i b r e s . I n 

the e a r l y l i t e r a t u r e v a r i o u s forms of branched muscle f i b r e s i n 

eye muscle were f i r s t reported by B i e s i a d e c k i &, Herzig (1858), an 

ob s e r v a t i o n l a t e r confirmed by T e r g a s t (1873) i n the eye muscles of 

sheep. S h e r r i n g t o n (1894a) a l s o b r i e f l y noted t h a t some muscle 

f i b r e s i n the eye muscles of c a t and rhesus monkey are branched 

' l i k e the f i b r e s of tongue muscles', and Dogiel (1906) observed 

f i b r e s i n eye muscles that thickened s l i g h t l y before s p l i t t i n g 

i n t o two, three or more f i n e s h o r t branches. He a l s o observed 

'short' f i b r e s t h a t could a r i s e and terminate throughout the length 

of an e x t r a o c u l a r muscle simply by t a p e r i n g down to a p o i n t , or 

e l s e s p l i t t i n g as described p r e v i o u s l y . L a t e r r e p o r t s a l s o suggest 

th a t p a r t i c u l a r f i b r e types a r e r e s t r i c t e d to d i f f e r e n t p a r t s of 

eye muscles. I n the r a b b i t (Hines, 1931) the o r i g i n t h i r d of the 

muscle c o n t a i n s mainly large-diameter muscle f i b r e s , the middle 

t h i r d c o n t a i n s both l a r g e - and small-diameter f i b r e s (presumably 

w i t h the t h i n f i b r e s l o c a t e d p e r i p h e r a l l y ) and the i n s e r t i o n t h i r d 

composed of mainly small-diameter f i b r e s . Many of the l a r g e r 

f i b r e s end abruptly i n tendons somewhere i n the middle t h i r d of 

the muscle and many sm a l l f i b r e s taper and end i n the i n s e r t i o n 

t h i r d . I n the l i g h t of a l l these o b s e r v a t i o n s the statement of 

Lockhardt & Brandt (1938) t h a t i n a d u l t eye muscles the f i b r e s 

run end-to-end i s s u r p r i s i n g . I n the eye muscles of man (Cooper, 



D a n i e l & Whitteridge, 1955; Voss, 1957), the arrangement d i f f e r s 

s l i g h t l y from t h a t of r a b b i t , although there a re d i f f e r e n c e s i n 

the f i b r e composition throughout the muscle l e n g t h . I n man a 

c o n s i d e r a b l e p e r i p h e r a l rim of s m a l l muscle f i b r e s extends from 

the b e l l y to the tendon of o r i g i n , whereas c l o s e to both o r i g i n 

and i n s e r t i o n tendons almost a l l the f i b r e s a re s m a l l . The core of 

the muscle, e s p e c i a l l y i n the b e l l y , c o n t a i n s l a r g e muscle f i b r e s . 

The recent u t i l i z a t i o n of c h o l i n e s t e r a s e s t a i n i n g has shown 

that some, a t l e a s t , of the e x t r a o c u l a r muscle f i b r e s of c a t 

( F l o y d , 1970) and r a t (Mayr, 1971) do not run the f u l l length of 

the muscle, s i n c e they form end-to-end j u n c t i o n s w i t h other muscle 

f i b r e s with a p a l i s a d e of c h o l i n e s t e r a s e - p o s i t i v e m a t e r i a l i n t e r 

posed between them. These j u n c t i o n s i n c a t are p a r t i c u l a r l y 

common i n the middle t h i r d of the muscles. I n r a t they a r e most 

fr e q u e n t l y found i n the proximal and d i s t a l p a r t s of the p e r i p h e r a l 

s m a l l - f i b r e l a y e r . 

1.2 Motor nerves and t h e i r t e r m i n a t i o n s . 

There a r e r e f e r e n c e s e a r l y i n the l i t e r a t u r e to the remark

ably r i c h nerve supply to the r e l a t i v e l y s m a l l e x t r a o c u l a r muscles. 

In sheep ( T e r g a s t , 1873) the r a t i o of nerve to muscle f i b r e s l i e s 

w i t h i n a range of 1:3 to 1:15, whereas i n man ( B o r s , 1925-6) the 

comparable r a t i o ranges from 1:4 to 1:7. I t i s l i k e l y t h a t the 

r a t i o of muscle f i b r e s to nerve f i b r e s i s i n f a c t higher than these 

f i g u r e s suggest, s i n c e nerve counts may have been made on mixed 



nerves t h a t i n c l u d e a c o n s i d e r a b l e sensory component. A l s o no 

account i s taken of the f a c t that some muscle f i b r e s do not 

extend from end to end of the muscle ( s e e 9.1) and that others may 

be polyneuronally i n n e r v a t e d . N e v e r t h e l e s s , as f a r as the p l a t e -

i nnervated component i s concerned, o b s e r v a t i o n s of the t e r m i n a l 

i n n e r v a t i o n i n s i l v e r - s t a i n e d m a t e r i a l often gives the impression 

of a s m a l l motor u n i t s i z e . For example, i n the eye muscles of 

man (Hirano, 1941) between 7-10 motor end-plates may be derived 

from one large-diameter nerve f i b r e . 

Cooper and F i l l e n z (1955) have d i s c u s s e d the p o s s i b i l i t y 

that the r e l a t i v e nerve supply to e x t r a o c u l a r muscles i n c r e a s e s 

as one progresses along the e v o l u t i o n a r y l i n e to man. They 

estimated the nerve supply of the r a t and c a t to be roughly equal, 

that of the mangabey monkey to be higher, and the nerve supply 

to man and the higher monkeys to be r e l a t i v e l y g r e a t e s t of a l l . 

F o l l o w i n g the i n i t i a l o b s ervation i n r a b b i t eye muscles of 

' a t y p i c a l motor endings' ( R e t z i u s , 1892) that resembled the 

'terminaisons en grappe' found i n r e p t i l i a n muscle ( T s c h i r i e w , 1879), 

many subsequent i n v e s t i g a t o r s showed t h a t grape endings as w e l l as 

p l a t e endings a r e present i n eye muscles ( s e e Hosokawa, 1961). 

The grape endings were considered by some, l i k e R e t z i u s , to be 

motor i n f u n c t i o n , w h i l e o t h e r s presumed t h a t they were sensory. The 

l a t t e r view p e r s i s t e d u n t i l Kupfer (1960) demonstrated t h a t both 

s i n g l e ' p l a t e ' and m u l t i t e r m i n a l 'grape' motor endings a r e shown 

i n human e x t r a o c u l a r muscle a f t e r s t a i n i n g f o r c h o l i n e s t e r a s e . 



T h i s o b s e r v a t i o n i n man was subsequently confirmed (Cheng, 1963; 

Wolter & O'Keefe, 1963; Wolter, 1964; D i e t e r t , 1965; Zenker & 

Gruber, 1967; Namba, Nakamura &. Grob, 1968a) and p l a t e and grape 

endings were demonstrated by c h o l i n e s t e r a s e s t a i n i n g i n the eye 

muscles of guinea p i g (Hess, 1961a; S i l v e r , 1963), cynomolgCus monkey 

(Hess, 1962), rhesus monkey ( S i l v e r , 1963; Zenker & Anzenbacher, 1964; 

Mayr, St o c k i n g e r & Zenker, 1966; Mayr, Zenker 8c Gruber 1967) c a t 

(Hess & P i l a r , 1963; Floyd, 1970), r a b b i t ( S i l v e r , 1963; Minoda, 

1968; Cheng-Mlnoda, Davidowitz, L i e b o w i t z & B r e i n i n , 1968), goat 

( S i l v e r , 1963), r a t (TerHvHinen, 1968a; Namba, Nakamura, Takahashi 

& Grob, 1968b; Mayr, 1971) and a l b i n o mouse ( S a l t p e t e r , McHenry 

& Feng, 1974). 

The s t a i n i n g of nerves has shown th a t i n the e x t r a o c u l a r 

muscles of c a t and rhesus monkey (Sherrington, 1897), r a b b i t 

(Hines, 1931), and man (Cooper &. D a n i e l , 1949), the motor end-

p l a t e s form a te r m i n a l i n n e r v a t i o n band, e i t h e r i n the middle p o r t i o n 

of the muscle ( c a t and rhesus monkey) or i n the o r i g i n t h i r d ( r a b b i t ) . 

The use of c h o l i n e s t e r a s e s t a i n i n g has confirmed t h i s p a t t e r n i n 

man (Cheng, 1963; D i e t e r t , 1965; Namba e t a l . , 1968a), rhesus monkey 

(Zenker & Anzenbacher, 1964), r a t (Namba e t a l . , 1968b; Mayr, 1971), 

guinea p i g (Buckley &. Heaton, 1968) and a l b i n o mouse ( S a l t p e t e r 

e t a l . , 1974). The grape, endings i n these animals a r e s c a t t e r e d 

throughout the r e s t of the muscle. 

P l a t e and grape endings both occur i n the p e r i p h e r a l and 

c e n t r a l l a y e r s of e x t r a o c u l a r muscles. In the guinea p i g (Hess, 

1961a), grape endings a r e found on both the t h i n ' F e l d e r s t r u k t u r ' 



muscle f i b r e s around the periphery and the t h i c k e r ' F e l d e r s t r u k t u r ' 

f i b r e s of the c e n t r a l c o r e . In r a b b i t eye muscle (Cheng-Minoda 

et a_l. ,1968) the d i s t r i b u t i o n of grape endings i s d e s c r i b e d as 

being predominantly p e r i p h e r a l , but with some grape i n n e r v a t i o n i n 

the i n t e r i o r of the muscle. In rhesus monkey (Mayr et al.,1966) 

grape-innervated f i b r e s t o t a l about .1.7% of the f i b r e s i n the o r b i t a l 

rim and about 14% of the f i b r e s of the c e n t r a l c o r e . The correspond

ing f i g u r e s f o r r a t (Mayr, 1971) are 20% and 10%, r e s p e c t i v e l y . 

P l a t e endings a r e t h e r e f o r e a l s o found i n the o r b i t a l rim 

of t h i n muscle f i b r e s ( W h i t t e r i d g e , 1960), and i n some c a s e s the 

proportion of p l a t e to grape endings may be as high as 5:1 

(Mayr et a_l. , 1966). 

In guinea-pig eye muscles Hess (1961a) has shown, by 

i s o l a t i n g c h o l i n e s t e r a s e - s t a i n e d muscle f i b r e s , i d e n t i f y i n g the 

type of ending and p r o c e s s i n g f o r e l e c t r o n microscopy, t h a t grape 

endings a r e d i s t r i b u t e d to f i b r e s w i t h a ' F e l d e r s t r u k t u r ' ( f i e l d - l i k e ) 

appearance ( s e e 1.3) and p l a t e endings to muscle f i b r e s w ith a 

1 F i b r i l l e n s t r u k t u r ' ( f i b r i l l a r ) appearance. S i m i l a r o b s e r v a t i o n s 

have s i n c e been made f o r c a t (Hess and P i l a r , 1963), man ( D i e t e r t , 

1965) and rhesus monkey (Mayr et a l . ,1966). 

The f i n e s t r u c t u r e of the grape endings i n c a t e x t r a o c u l a r 

muscle (Cheng & B r e i n i n , 1965; P i l a r &, Hess, 1966; Hess, 1967) 

resembles that of the m u l t i t e r m i n a l endings on frog 'slow' f i b r e s 

(Page, 1965). The axon t e r m i n a l s a r e l o c a t e d e i t h e r i n shallow 

grooves or on the s u r f a c e of the muscle f i b r e w ith only rudimentary 
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or i r r e g u l a r p o s t - j u n c t i o n a 1 f o l d i n g . The p l a t e endings i n c a t 

correspond i n t h e i r u l t r a s t r u c t u r e to the t y p i c a l motor end-plates 

of mammalian limb musculature ( s e e for example, Andersson-Cedergren, 

1959): the axon t e r m i n a l s a r e l o c a t e d i n s y n a p t i c grooves with 

numerous p o s t - j u n c t i o n a l f o l d s . The p l a t e and grape endings 

of rhesus monkey (Mayr e_t a_l. , 1966) and r a b b i t (Cheng-Minoda e_t 

a 1. , 1968) correspond i n t h e i r u l t r a s t r u c t u r e to the comparable endings 

i n c a t eye muscles. In the a l b i n o mouse, however, the p l a t e endings 

on the 'small red' f i b r e s have very few j u n c t i o n a l f o l d s ( S a l t p e t e r 

et a l „ 1974). 

There a r e i n d i c a t i o n s i n the l i t e r a t u r e , however, t h a t 

two types of grape ending a r e present i n eye muscles, one of which 

may be r e s t r i c t e d to the p e r i p h e r a l s m a l l - f i b r e l a y e r , w h i l e the 

other occurs i n the c e n t r a l core of larg e r - d i a m e t e r f i b r e s . 

F i r s t l y , grape endings a r e loc a t e d i n both p e r i p h e r a l and c e n t r a l 

muscle l a y e r s i n the eye muscles of the guinea p i g (Hess, 1961a), 

rhesus monkey (Mayr e t a l . , 1966), r a b b i t (Cheng-Minoda et a l . , 

1968) and r a t (Mayr, 1971). Secondly, two or more forms of grape 

endings have been d e s c r i b e d i n a number of s p e c i e s , but without 

r e f e r e n c e to t h e i r l o c a t i o n i n the muscle. In r a b b i t (Cheng-Minoda 

et a_l. , 1968) there a r e ' t y p i c a l ' grape endings with numerous, 

c l o s e l y - s p a c e d neuromuscular j u n c t i o n s and a l s o other grape endings 

with s p a r s e r and more widely-spaced t e r m i n a t i o n s . In r a t (TerHvHinen, 

1968a) there a r e e x t e n s i v e 'type 2' and compact 'type 1' endings 

comparable to those of the r a b b i t . S i n c e both types of grape ending 

a r e sometimes present on the same muscle f i b r e , TeraVSinen suggests 
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th a t some f i b r e s may be polyneuronally innervated v i a two d i f f e r e n t 

'en grappe' systems. A l t e r n a t i v e l y the two types of grape ending 

could r e p r e s e n t extremes of a wide spectrum of form such as occurs 

i n rhesus monkey (Zenker & Anzenbacher, 1964). F i n a l l y , i n a recent 

study of r a t eye muscles Mayr (1971) s t a t e s t h a t the medium-diameter 

' F e l d e r s t r u k t u r ' f i b r e s i n the c e n t r a l core of the muscle have 

'small' m u l t i p l e motor j u n c t i o n s that are evenly d i s t r i b u t e d along 

the f i b r e , whereas the small-diameter f i b r e s of the periphery a r e 

s u p p l i e d with ' l a r g e r ' m u l t i p l e motor endings. 

There i s a l s o r e c e n t evidence that the grape endings 

i n eye muscles are not s t r u c t u r a l l y i d e n t i c a l to the c l a s s i c 

'en grappe' endings of f r o g . I n c h o l i n e s t e r a s e p r e p a r a t i o n s of 

r a t (TerMvSinen, 1968a; Mayr, 1971) and rhesus monkey (Zenker 

& Anzenbacher, 1964) eye muscles, weakly-developed p o s t - s y n a p t i c 

f o l d s can occur under some of the grape t e r m i n a l s . Mayr (1971) 

r e p o r t s t h a t i n r a t t h i s f o l d i n g occurs only under the more e x t e n s i v e 

grape endings i n the p e r i p h e r a l l a y e r ; the c e n t r a l grape endings are 

smooth. An u l t r a s t r u c t u r a 1 a n a l y s i s of r a t eye muscles (TeraVyinen, 

1967; 1968a, 1968b) had previously i n d i c a t e d t h a t , i n c o n t r a s t to 

the p l a t e endings t h a t had r e g u l a r p o s t - s y n a p t i c f o l d s , the two 

types of grape ending ( h i s type 1 and type 2) could both have 

completely smooth j u n c t i o n s or e l s e show s p a r s e and i r r e g u l a r 

p o s t - j u n c t i o n a l f o l d i n g . In a d d i t i o n , a s m a l l p r o p o r t i o n of grape 

endings i n r a t (TerHvHinen, 1969) possess an axonal p r o t r u s i o n 

i n t o the muscle c e l l . Such pseudopodial p r o t r u s i o n s of the axon 

t e r m i n a l a re a l s o i l l u s t r a t e d i n c a t s u p e r i o r r e c t u s muscle 



(Cheng & B r e i n i n , 1965) and i t seems that c l o s e a p p o s i t i o n of 

axoplasmic and s a r c o p l a s m i c membranes can occur i n these j u n c t i o n s . 

More r e c e n t l y , Mukuno (1968) has d e s c r i b e d s i x types of neuromus

c u l a r j u n c t i o n i n the eye muscles of man: two types possessed 

r e g u l a r j u n c t i o n a l f o l d s ; one type had r e g u l a r but wide j u n c t i o n a l 

f o l d s ; and two types showed no j u n c t i o n a l f o l d s . The f i n a l type 

e x h i b i t e d a folded j u n c t i o n under one axon t e r m i n a l whereas the 

j u n c t i o n s beneath two neighbouring t e r m i n a l s were smooth. Mukuno 

suggests that t h i s type of ending may i n d i c a t e a polyneuronal 

i n n e r v a t i o n . 

1.3 The c l a s s i f i c a t i o n of m u s c l e - f i b r e types. 

With the l i g h t microscope the muscle f i b r e s i n e x t r a o c u l a r 

muscles were f i r s t d i s t i n g u i s h e d according to t h e i r s a r c o p l a s m i c 

content. K n o l l (1891) i n c l u d e d the eye muscles of the dog i n a 

v a s t survey of mammalian muscles t h a t contained 'protoplasm-rich' 

and 'protoplasm-poor' f i b r e s , and C i l i m b a r i s (1910) noted that a l l 

p o s s i b l e intermediate forms e x i s t between these two f i b r e types i n 

sheep eye muscles. 

An unusual f i b r e type, f i r s t reported ( T h u l i n , 1914) as 

a s u b s t a n t i a l component of the normal e x t r a o c u l a r muscles of man 

and baboon, has subsequently proved to be r e l a t i v e l y r a r e . I t 

d i s p l a y e d the s o - c a l l e d 'Ringbinden' formations t h a t have been obser

ved i n p a t h o l o g i c a l muscle (Heidenhain, 1918) where the p e r i p h e r a l 

f i b r i l s run c i r c u l a r l y around the l o n g i t u d i n a l muscle f i b r e s . More 



recent work (Wohlfart, 1932; 1938; Cooper it D a n i e l , 1949; Voss, 1957) 

has confirmed the presence of 'Ringbinden' i n the normal eye muscles 

of man, baboon, dog and c a t , but has shown t h a t they comprise only 

one per cent of the t o t a l muscle f i b r e s p r e s e n t (Wohlfart, 1932). 

I t seems l i k e l y that they a r e the consequences of age or a path

o l o g i c c o n d i t i o n . 

I n 1938 Wohlfart d e s c r i b e d 'a'- and 'b'- f i b r e s i n the 

eye muscles of man, c a l f , dog, c a t , r a b b i t , guinea pig, p i g , sheep, 

macaque monkey and baboon. These 'a'-and ' b ' - f i b r e s a re probably 

e q u i v a l e n t , r e s p e c t i v e l y , to the ' F i b r i l l e n s t r u k t u r ' and 

' F e l d e r s t r u k t u r 1 f i b r e s l a t e r d e s c r i b e d by Siebeck 8c Krliger 

(1955) i n man, r a b b i t , c a t , dog, guinea pig, brown r a t and a l b i n o 

mouse. 

In the terminology of Krliger (1949) ' F i b r i l l e n s t r u k t u r ' 

r e f e r s to the f i b r i l l a r appearance of a muscle f i b r e i n t r a n s v e r s e 

s e c t i o n with well-demarcated m y o f i b r i l s separated by abundant 

sarcoplasm. ' F e l d e r s t r u k t u r 1 r e f e r s to the f i e l d - l i k e appearance 

of a muscle f i b r e i n t r a n s v e r s e s e c t i o n w i t h poor and i r r e g u l a r 

d e l i n e a t i o n of m y o f i b r i l s by s p a r s e sarcoplasm. 

Hess (1961a) f i r s t succeeded i n i d e n t i f y i n g ' F i b r i l l e n s t r u k t u r 

and ' F e l d e r s t r u k t u r ' f i b r e s under the e l e c t r o n microscope, i n the 

eye muscles of the guinea pig. ' F i b r i l l e n s t r u k t u r ' f i b r e s were 

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

that a r e w e l l - d e l i n e a t e d by s a r c o p l a s m i c r e t i c u l u m , w h i l e i n long

i t u d i n a l s e c t i o n the m y o f i b r i l s had an o r d e r l y arrangement w i t h a 
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s t r a i g h t Z l i n e . ' F e l d e r s t r u k t u r ' f i b r e s showed l a r g e , i r r e g u l a r 

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

a jagged Z l i n e . The comparable ' F e l d e r s t r u k t u r ' f i b r e s i n the 

eye muscles of the c a t were i n i t i a l l y reported ( P i l a r & Hess, 1966) 

to lack t r a n s v e r s e tubules and t r i a d s , i n c o n t r a s t to the r e g u l a r 

and frequent t r i a d s of the ' F i b r i l l e n s t r u k t u r ' f i b r e s , although 

f u r t h e r i n v e s t i g a t i o n (Hess, 1967) showed the presence of an 

i r r e g u l a r and s p a r s e t r i a d system. 

While only two types of muscle f i b r e , ' F i b r i l l e n s t r u k t u r ' 

and ' F e l d e r s t r u k t u r ' have been d i s t i n g u i s h e d i n the eye muscles 

of guinea p i g (Hess, 1961a), man ( D i e t e r t , 1965; Brandt & Leeson, 

1966; Mukuno, 1967), r a b b i t (Cheng-Minoda et a_l. ,1968) and the 

s u p e r i o r oblique muscle of the c a t (Hess & P i l a r , 1963; P i l a r & 

Hess, 1966; Hess,1967), t h r e e types of f i b r e have been d e s c r i b e d 

i n the bank vole (Kaczmarski, 1970a) e x t r a o c u l a r muscles and i n the 

i n f e r i o r oblique muscle of the c a t (Peachey, 1968), only one of which 

c l e a r l y has a ' F e l d e r s t r u k t u r ' morphology. I n s t u d i e s of rhesus 

monkey eye muscles both Mayr et al. (1966) and Cheng & B r e i n i n (1966) 

have d e s c r i b e d two types of ' F i b r i l l e n s t r u k t u r ' and one type of 

' F e l d e r s t r u k t u r ' f i b r e , w h i l e M i l l e r (1967) f o r the same s p e c i e s 

r e p o r t s f i v e f i b r e types of which only one p o s s e s s e s a ' F e l d e r 

s t r u k t u r ' appearance. Mayr (1971) has subsequently d e s c r i b e d s i x 

u l t r a s t r u c t u r a l f i b r e types i n r a t eye muscles, two of which show 

poo r l y - s e p a r a t e d m y o f i b r i l s ( ' F e l d e r s t r u k t u r t y p e ' ) . 



The recent i n c r e a s e from two to s e v e r a l u l t r a s t r u c t u r a l 

f i b r e types i s matched by a s i m i l a r p r o l i f e r a t i o n of h i s t o c h e m i c a l 

f i b r e t y p e s . Thus, whereas t h e r e a r e three d i s t i n c t l e v e l s of 

s u c c i n i c dehydrogenase a c t i v i t y i n r a t eye muscles (Nachmias & 

Padykula, 1958) and two d i s t i n c t l e v e l s i n r a b b i t (Cheng, 1964), 

the use of b a t t e r i e s of s e v e r a l d i f f e r e n t h i s t o c h e m i c a l s t a i n s has 

d i f f e r e n t i a t e d three major f i b r e types i n the eye muscles of man 

and baboon (Durston, 1974), f i v e major f i b r e types i n the eye 

muscles of rhesus monkey ( M i l l e r , 1967), and s i x f i b r e types i n the 

eye muscles of r a t , c a t and guinea p i g (Asmussen e_t a l . ,1970; 

1971). 

The complexity of eye muscle o r g a n i z a t i o n and the numerous 

d i f f e r e n t nomenclature systems, e s p e c i a l l y with regard to h i s t o 

c hemistry, hinders easy comparison of the l i t e r a t u r e . I t i s not 

s u r p r i s i n g , t h e r e f o r e , that there are points of controversy 

concerning the s t r u c t u r a l c h a r a c t e r i s t i c s of the f i b r e types present 

i n eye muscles. Some of these p o i n t s may w e l l be due to the problem 

of i n t e r p r e t a t i o n of information r a t h e r than s p e c i f i c s p e c i e s 

d i f f e r e n c e s . 

A point i n question i s the discrepancy over whether the 

grape-innervated muscle f i b r e s i n eye muscles are c h a r a c t e r i s e d by 

a l a c k of an M l i n e as are the 'slow' f i b r e s of f r o g (Peachey &, 

Huxley, 1962; Page, 1965). Thus w h i l e c a t ' F e l d e r s t r u k t u r ' f i b r e s 

a r e reported to posses an M l i n e ( P i l a r &. Hess, 1966; Hess, 1967; 

Peachey, 1968), as do the ' F i b r i l l e n s t r u k t u r ' f i b r e s , the eye 
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muscles of the rhesus monkey c o n t a i n both t h i n ' F e l d e r s t r u k t u r ' 

f i b r e s (presumably p e r i p h e r a l ) without an M l i n e (Mayr e_t a l . , 

1966) and t h i c k , c e n t r a l ' F e l d e r s t r u k t u r ' f i b r e s with a p o o r l y -

developed M l i n e ( M i l l e r , 1967). An attempt to c l a r i f y the i s s u e 

by a n a l y s i n g the u l t r a s t r u c t u r e of i s o l a t e d , c h o l i n e s t e r a s e - s t a i n e d 

muscle f i b r e s from r a b b i t eye muscles (Cheng-Minoda et a l . ,1968) 

showed that the muscle f i b r e s with profuse grape i n n e r v a t i o n l a c k 

an M l i n e , although the f i n e s t r u c t u r e of other f i b r e s with ' l e s s -

frequent' grape i n n e r v a t i o n was not a s s e s s e d . Recently i t has 

been found t h a t both the c e n t r a l and p e r i p h e r a l ' F e l d e r s t r u k t u r ' f i b r e s 

i n the eye muscles of the r a t (Mayr, 1971) and the bank v o l e (Kaczmarski, 

1970a) lack an M l i n e , as do the grape-innervated f i b r e s i n the 

e x t r a o c u l a r muscles of the a l b i n o mouse ( S a l t p e t e r et a l . , 1 9 7 4 ) . 

Although i t i s l i k e l y that t h e r e i s some s p e c i e s v a r i a t i o n 

with regard to presence or absence of an M l i n e i n 'slow' or ' f a s t ' 

eye muscle f i b r e s , i t i s a l s o p o s s i b l e t h a t confusion has a r i s e n 

because of the presence of two types of grape-innervated f i b r e s 

i n eye muscles, each with d i f f e r e n t l o c a t i o n and u l t r a s t r u c t u r a 1 

c h a r a c t e r i s t i c s (Peachey, 1968; 1971). In c a t eye muscles, Peachey 

(1966; 1970) proposes that one grape-innervated f i b r e type i s p e r i p h e r a l l y -

l o c a t e d , s m a l l i n diameter, r i c h i n mitochondria, and d i s p l a y s a 

morphology c h a r a c t e r i s t i c of ' f a s t ' f i b r e s ; w h i l e a second type 

i s c e n t r a l l y - l o c a t e d , l a r g e r i n diameter, poorer i n mitochondria 

and e x h i b i t s a ' F e l d e r s t r u k t u r ' morphology. Both types posses an 

M l i n e . 



Chapter 2. Physiology of the r e c t u s and oblique e x t r a o c u l a r 

muscles of mammals . 

The neurophysiology of eye movements has been comprehensively 

reviewed a t r e g u l a r i n t e r v a l s over the past two decades (Cooper, 

Daniel & Whitteridge, 1955; Bach-y-Rita, 1959; 1971; Whitteridge, 

1960; Peachey, 1968; Hess, 1970; B r e i n i n , 1971). The f o l l o w i n g 

c o n s t i t u t e s a b r i e f survey of c u r r e n t opinions with regard to the 

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

The numerous f i b r e types d i s t i n g u i s h e d i n h i s t o c h e m i c a l 

and u l t r a s t r u c t u r a l s t u d i e s a r e not matched by a comparable v a r i e t y 

of p h y s i o l o g i c a l and pharmacological responses, and g e n e r a l l y 

speaking only 'slow' and ' f a s t ' components have been i d e n t i f i e d i n 

mammalian eye muscles. 

Some responses of c a t eye muscles, such as the extremely 

r a p i d t w i t c h ofAo-28msec d u r a t i o n , the s h o r t r e f r a c t o r y p e riod, and 

high tetanus f u s i o n frequency of between 300 and 450 c y c l e s / s e c 

(Cooper & E c c l e s , 1930; Brown & Harvey, 1941; Bach-y-Rita & I t o , 

1966a) appear to be based on a p a r t i c u l a r l y f a s t - a c t i n g component. 

Other responses, such as the prolonged c o n t r a c t u r e on exposure to 

c h o l i n e r g i c compounds (Duke-Elder fe Duke-Elder, 1930; Brown & 

Harvey, 1941; Katz &, E a k i n s , 1967; E a k i n s & Katz, 1971) or to low-

frequency s t i m u l a t i o n of the motor nerve (Hess & P i l a r , 1963; 

Bach-y-Rita &, I t o , 1966a) appear based on a 'slow' component th a t 

may be comparable to the tonus f i b r e s i n the frog i l i o f i b u l a r i s 

muscle. 
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The use of i n t r a c e l l u l a r m i c r o e l e c t r o d e r e c o r d i n g techniques 

has d i s t i n g u i s h e d only two major types of muscle f i b r e i n the eye 

muscles of r a b b i t (Matyushkin, 1961; Ozawa, 1964; 1965) and c a t 

(Matyushkin, 1963; Hess & P i l a r , 1963; P i l a r , 1967). I n a d d i t i o n 

to ' f a s t ' f i b r e s t h a t respond to a s i n g l e s t i m u l u s with an a l l - o r -

none, propagated a c t i o n p o t e n t i a l and a b r i e f , t o t a l c o n t r a c t i o n 

and r e l a x a t i o n of the muscle f i b r e , these authors d i s t i n g u i s h 

'slow' f i b r e s t h a t respond only to r e p e t i t i v e s t i m u l a t i o n with 

m u l t i p l e , non-propagated sm a l l j u n c t i o n a l p o t e n t i a l s and give 

s u s t a i n e d , l o c a l , graded c o n t r a c t i o n s . Such slow f i b r e s i n e x t r a 

o c u l a r muscles may be compared with amphibian slow f i b r e s f i r s t 

p h y s i o l o g i c a l l y c h a r a c t e r i z e d i n frog ( T a s a k i & Mizutani, 1944; 

K u f f l e r & Vaughan-Williams, 1953a, b ) . 

The p h y s i o l o g i c a l evidence i n d i c a t e s t h a t the slow f i b r e s 

of c a t and r a b b i t eye muscles a r e s u p p l i e d by small"diameter 

nerves (Matyushkin, 1963a), and that t h e i r j u n c t i o n a l p o t e n t i a l s 

a r i s e from m u l t i p l e s i t e s w i t h i n the f i b r e s (Matyushkin, 1963a; 

Hess & P i l a r , 1963; P i l a r , 1967) and a r e polyneuronal i n o r i g i n 

( P i l a r , 1967). 

A c e n t r a l point of controversy has a r i s e n because Bach-

y - R i t a & I t o (1966a) have reported that although slow and f a s t 

f i b r e s i n the eye muscles of the c a t may be d i s t i n g u i s h e d by s e v e r a l 

p h y s i o l o g i c a l parameters, the slow f i b r e s a r e a l s o capable of producing 

propagated a c t i o n p o t e n t i a l s when s u i t a b l y s t i m u l a t e d . They a t t r i b u t e 

impalement damage as the cause of f a i l u r e of some of t h e i r slow 



f i b r e s to propagate. A subsequent combined p h y s i o l o g i c a l / m o r p h o l o g i c a l 

study (Alvarado, Adrian, Bach-y-Rita & Peachey quoted i n Bach-y-Rita, 

1971) has shown th a t some of the slow f i b r e s i n the p e r i p h e r a l l a y e r 

of c a t eye muscles t h a t a re capable of producing propagated a c t i o n 

p o t e n t i a l s possess m u l t i t e r m i n a l i n n e r v a t i o n . Bach-y-Rita (1971) 

has thus s t r e s s e d the e x i s t e n c e of "slow m u l t i - i n n e r v a t e d t w i t c h " 

f i b r e s i n the eye muscles of c a t . 

F u r t h e r work by Matyushkin & Drabkina (1970) on the s u p e r i o r 

oblique muscle of r a b b i t has confirmed the absence of s p i k e a c t i o n 

p o t e n t i a l s i n the slow f i b r e s of t h i s s p e c i e s . These authors 

a l s o give a more d e t a i l e d account of the two types of e x c i t a t o r y 

p o s t - s y n a p t i c p o t e n t i a l i n r a b b i t slow f i b r e s : a f a s t e r ( ' s p i k e -

l i k e ' ) and a slower type, f i r s t d e s c r i b e d by Matyushkin (1963b). 

S i n c e i n many ca s e s the two types of p o t e n t i a l a re generated i n the 

same slow f i b r e ( i n neighbouring synapses) the p o s s i b i l i t y e x i s t s 

t h a t there a r e s e v e r a l types of motoneuron supplying e x t r a o c u l a r 

slow f i b r e s . 

The simultaneous r e c o r d i n g of i n t r a c e l l u l a r and e l e c t r o -

myogram (EMG) p o t e n t i a l s i n r a b b i t eye muscles (Ozawa, Cheng-Minoda, 

Davidowitz & B r e i n i n , 1969) has shown monophasic EMG p o t e n t i a l s 

t h a t a re synchronous with the spontaneous j u n c t i o n a l p o t e n t i a l s 

thought to occur only i n slow f i b r e s (Matyushkin, 1961; Ozawa, 1964; 

1965) and t h a t a r e c l e a r l y d i f f e r e n t from EMG s p i k e p o t e n t i a l s . 

The monophasic EMG p o t e n t i a l s c l o s e l y resemble the e x t r a c e l l u l a r 

p o t e n t i a l s of long d u r a t i o n obtained by Matyushkin (1964) and Nemet 



& M i l l e r (1968) that were i n t e r p r e t e d by them as a r i s i n g i n slow 

f i b r e s . 

Of 53 f i b r e s showing spontaneous, slow, m u l t i - f o c u s 

p o t e n t i a I s , Ozawa et a l . (1968) s u c c e s s f u l l y i n j e c t e d 8 w i t h marker 

dye and showed them to be m u l t i t e r m i n a l l y innervated by s t a i n i n g 

to demonstrate c h o l i n e s t e r a s e . None of the 53 f i b r e s could be 

st i m u l a t e d to produce a c t i o n p o t e n t i a l s , but overshoot s p i k e s 

were obtained i n 25 a d d i t i o n a l ' s i l e n t ' f i b r e s , 2 of which were 

m u l t i p l y - and 23 of which were s i n g l y - i n n e r v a t e d . The p o s s i b i l i t y 

thus s t i l l remains that i n r a b b i t and c a t e x t r a o c u l a r muscles two 

m u l t i t e r m i n a l l y - i n n e r v a t e d slow systems e x i s t , one of which i s 

r e l a t i v e l y common and e x h i b i t s monophasic EMG p o t e n t i a l s , spontaneous 

m u l t i - f o c u s p o t e n t i a l s and i s unable to propagate a c t i o n p o t e n t i a l s , 

and another system that i s l e s s common and which i s abl e to produce 

a c t i o n p o t e n t i a l s . 

A c o r r e l a t i o n of the a c t i v i t y of slow and f a s t p opulations 

of axons i n the VI nerve with the slow and f a s t phases of v e s t i b u l a r 

nystagmus (Yamanaka & Bach-y-Rita , 1968) has f u r t h e r shown th a t 

w hile slow axons are a c t i v e mainly during t o n i c movements and f a s t 

axons a r e a c t i v e mainly during p h a s i c movements, each type of axon 

c o n t r i b u t e s towards part of each type of eye movement. The p h y s i o l 

o g i c a l b a s i s f o r the f a s t and slow movements of eye muscles, i n i t i a l l y 

proposed by Hess & P i l a r (1963) to be a simple, dual, f u n c t i o n a l 

mechanism of f a s t and slow muscle f i b r e s , appears to be more complex 

i n o r g a n i z a t i o n , and the " d u a l i t y concept" i s now i n need of r e 

a p p r a i s a l ( B r e i n i n , 1971). 



Chapter 3. The r e t r a c t o r b u l b i and l e v a t o r palpebrae muscles 

of mammals . 

In a d d i t i o n to the four r e c t u s and two oblique e x t r a o c u l a r 

muscles that suspend and r o t a t e the e y e b a l l there may a l s o be 

present w i t h i n the o r b i t two other a s s o c i a t e d muscles, the r e t r a c t o r 

b u l b i and l e v a t o r palpebrae, that f u n c t i o n to r e t r a c t the globe 

and r a i s e the upper e y e l i d , r e s p e c t i v e l y . Both of these muscles 

e x h i b i t a l e s s complex type of o r g a n i z a t i o n than t h a t shown by 

the r e c t u s and oblique group and they both appear to be composed 

e n t i r e l y of p l a t e - i n n e r v a t e d 'twitch' muscle f i b r e s . 

3.1 R e t r a c t o r b u l b i . 

The r e t r a c t o r b u l b i muscle of the c a t l a c k s the p e r i 

p h e r a l 'red' l a y e r of small-diameter f i b r e s that i s c h a r a c t e r i s t i c 

of the r e c t u s and oblique muscles, and i s composed of only t h r e e 

histochemica1 f i b r e types (Asmussen, K i e s s l i n g Sc Wohlrab, 1971). 

These correspond to the ' F i b r i l l e n s t r u k t u r ' f i b r e types present i n 

the c e n t r a l core of the r e c t u s and oblique muscles. The muscle 

f i b r e s consequently a l l possess a f a i r l y uniform ' f a s t - t w i t c h ' 

u l t r a s t r u c t u r e (Alvarado, S t e i n a c k e r & Bach-y-Rita, 1967) and 

the muscle does not e x h i b i t c o n t r a c t u r e on the a d m i n i s t r a t i o n of 

s u c c i n y l c h o l i n e e i t h e r i n the i n v i v o (Bach-y-Rita & I t o , 1965) 

or j j i v i t r o p r e p a r a t i o n s ( B a c h - y - R i t a , Levy & S t e i n a c k e r , 1967). 

The e l e c t r i c a l (Bach-y-Rita & I t o , 1965) and mechanical 



( S t e i n a c k e r & Bach-y-Rita, 1968a) p r o p e r t i e s a re intermediate 

between the ' f a s t ' ( t w i t c h ) and 'slow' ("multi-innervated t w i t c h " ) 

muscle f i b r e s of the c a t i n f e r i o r oblique ( s e e chapter 2 ) . The 

term motor end-plate was f i r s t used by Krause (1863) to d e s c r i b e 

the compact type of neuromuscular j u n c t i o n that he observed i n the 

r e t r a c t o r b u l b i muscle of the c a t and i t has been presumed that the 

e x t r a f u s a l muscle f i b r e s a r e i n f a c t a l l p l a t e - i n n e r v a t e d . Even 

so, there are r e p o r t s (Hosokawa, 1951) of ' g r a p e - l i k e ' endings i n 

the r e t r a c t o r b u l b i muscles of both the c a t and whale. The r a t i o 

of nerve f i b r e s to muscle f i b r e s i n c a t r e t r a c t o r b u l b i , estimated 

to be approximately 1:50 ( S t e i n a c k e r & Bach-y-Rita, 1968b), appears 

to be lower than i n the r e c t u s and oblique muscles. I t has, however, 

become apparent that the muscle f i b r e s do not run the f u l l length 

of the muscle ( B a c h - y - R i t a , 1971). 

3.2 Levator palpebrae. 

The l e v a t o r palpebrae muscle of s e v e r a l mammalian s p e c i e s 

shows no apparent layered o r g a n i s a t i o n (Kato, 1938). I n the rhesus 

monkey i t does not c o n t a i n muscle f i b r e s of ' F e l d e r s t r u k t u r ' appear

ance ( M i l l e r , 1967), and i n the l e v a t o r palpebrae muscles of man 

( D i e t e r t , 1965; Namba e t aJL. , 1968a) and r a t (Namba et a l . ,1968b) 

there are only p l a t e endings p r e s e n t . In the baboon and man 

(Durston, 1974) three histochemica1 types of muscle f i b r e a r e 

present that are a l s o represented i n the r e c t u s and oblique muscles. 

The m a j o r i t y of the f i b r e s (75-80%) are of the 'coarse' type and 

show high o x i d a t i v e and Alk ATPase a c t i v i t y and moderate g l y c o l y t i c 

a c t i v i t y (= C-type histochemica1 p r o f i l e . See chapter 4 ) . 
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Chapter 4. Histochemica1 f i b r e types i n mammalian muscle: 

nomenclature and sources of v a r i a t i o n . 

Although the c u r r e n t weight of histochemica1 evidence 

p o i n t s to the e x i s t e n c e of three kinds of f a s t muscle f i b r e s i n 

mammalian s k e l e t a l muscles, there i s at present no u n i v e r s a l l y 

accepted system of nomenclature. F i b r e types have been v a r i o u s l y 

termed as 'white', 'intermediate' and 'red' (Ogata & Mori, 1964; 

Edgerton &, Simpson, 1969); A, B and C ( S t e i n and Padykula, 1962; 

Henneman & Olson, 1965; Y e l l i n , 1969b) and a , g and aB 

(Guth & Samaha, 1969; Samaha, Guth & A l b e r s , 1970). I t has become 

i n c r e a s i n g l y apparent t h a t , i n order to o b t a i n a meaningful h i s t o -

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

h i s t o c h e m i c a l s t a i n s should i n c l u d e at l e a s t one o x i d a t i v e enzyme 

such as SDH; one g l y c o l y t i c enzyme such as phosphorylase; and a l s o 

actomyosin ATPase as an i n d i c a t o r of i n t r i n s i c speed of c o n t r a c t i o n . 

Davies & Gunn (1972) have r e c e n t l y shown t h a t three such h i s t o c h e m i c a l 

s t a i n s enables adequate c h a r a c t e r i z a t i o n of i n d i v i d u a l muscle f i b r e s 

from the diaphragm of s e v e r a l s p e c i e s . 

In the present study SDH, P'ase and actomyosin ATPase 

were s e l e c t e d as the major h i s t o c h e m i c a l s t a i n s and i t was decided 

to adopt the A, B & C nomenclature system a f t e r the manner of 

S t e i n & Padykula (1962) and Y e l l i n (1969b). Those f i b r e s with low 

o x i d a t i v e and high g l y c o l y t i c a c t i v i t y a r e designated as A f i b r e s ; 

those f i b r e s with high o x i d a t i v e and low g l y c o l y t i c a c t i v i t y as 

B f i b r e s ; and those f i b r e s w i t h high o x i d a t i v e and g l y c o l y t i c a c t i v i t y 
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as C f i b r e s . For s i m p l i f i c a t i o n a l l 'intermediate' a c t i v i t i e s a r e 

regarded as 'high'. In the m a j o r i t y of sheep f i b r e s s t u d i e d the 

a c t i v i t y of actomyosin ATPase corresponded roughly to t h a t of 

P'ase and can be deduced from the A, B or C nomenclature as high, 

low or high, r e s p e c t i v e l y . In peroneus b r e v i s , however, one of 

the three f i b r e types present has a low actomyosin ATPase a c t i v i t y 

and a high P'ase a c t i v i t y . S i n c e SDH a c t i v i t y i s high t h i s f i b r e 

i s termed a 'modified' C type. 

The adopted nomenclature system d e s c r i b e s histochemica1 

f i b r e types commonly found i n mammalian s k e l e t a l muscle t h a t i s 

composed e n t i r e l y of p l a t e - i n n e r v a t e d muscle f i b r e s . I n the 

r e c t u s and oblique eye muscles, a d d i t i o n a l f i b r e types a r e present 

i n which the a c t i v i t y of both o x i d a t i v e and g l y c o l y t i c enzymes i s 

low ( M i l l e r , 19G7; Asmussen, K i e s s l i n g & Wohlrab, 1970; 1971). 

S i n c e the evidence i n sheep suggests t h a t such f i b r e s r e c e i v e a 

m u l t i t e r m i n a l grape i n n e r v a t i o n , the histochemica1 p r o f i l e has been 

designated as type G ( B a r k e r , Harker, Stacey & Smith, 1972). 

I t has been seen f i t to c l a s s i f y the muscle f i b r e s i n t o d i s c r e t e 

f i b r e types r a t h e r than c o n s i d e r them as a continuum ( s e e e.g. 

Romanul, 1964) i n order to provide a working b a s i s f o r f u t u r e 

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

motor u n i t s . In s k e l e t a l muscles, although i n d i v i d u a l f i b r e s 

maintain uniform histochemica1 c h a r a c t e r i s t i c s along t h e i r length 

( F a r r e l l & Fedde, 1969), t h e r e a r e sources of v a r i a t i o n i n the 

proportion of histochemica1 f i b r e t y p e s . These i n c l u d e sex and stock 

d i f f e r e n c e s (Vaughan, A z i z - U l l a h , Goldspink &, Newell, 1974) and 



changes due to e x e r c i s e (Edgerton, Gerchman & Carrow, 1969; 

Kowalski, Gordon, Martinez & Adamek, 1969; Campbell, Onan, Thomas, 

Wei r i c h , W i l l , Cassens & B r l s k e y , 1971). I n the c a s e of e x t r a 

o c u l a r muscles the f u n c t i o n a l demands and the load do not vary to 

any great extent once growth and development i s complete. I t 

might be expected, t h e r e f o r e , that the proportions of f i b r e types 

i n e x t r a o c u l a r muscles would remain f a i r l y c o n s t a n t . The sheep 

used i n the present study were of mixed sex and from d i f f e r e n t 

stock and farm environments, and would be s u b j e c t to t h i s 

v a r i a b i l i t y . 



SECTION B. RESULTS 

Chapter 5. I n t e n s i t y and d i s t r i b u t i o n of h i s t o l o g i c a l and h i s t o -

chemical s t a i n s . 

5.1 Weigert and van Gieson. 

T h i s s t a i n s connective t i s s u e pink, muscle f i b r e s yellow 

and n u c l e i b l u e - b l a c k . In a d d i t i o n , p a r t i c u l a r l y i n w e l l - s t a i n e d 

frozen s e c t i o n s a p a t t e r n of s c a t t e r e d and i n t e n s e l y - s t a i n e d 

granules i s e x h i b i t e d that corresponds to the p a t t e r n of diformazan 

granules produced by SDH (see e.g. f i g s . 1 9 & 2 0 ) . Such h i s t o l o g i c a l 

s e c t i o n s thus e x h i b i t e d a checkerboard appearance more c h a r a c t e r i s t i c 

of histochemica1 s t a i n s , and they were u s e f u l f o r f i b r e t y p i n g . 

The p r e c i s e , punctate p a t t e r n of granules obtained with W & VG 

most c l o s e l y resembles the p a t t e r n observed i n EM semi-thin 

s e c t i o n s s t a i n e d with tolui.dine blue ( f i g s . 3 4 - 3 9 ) and i s probably 

a l s o due to the s t a i n i n g of mitochondria. 

5.2 Phosphorylase. 

With P'ase f i b r e s v a r i e d i n t h e i r s t a i n i n g r e a c t i o n from 

an o v e r a l l blue-grey network to a dark or l i g h t e r brown, to a 

golden yellow that matched the c o l o u r given to s e c t i o n s incubated 

without a s u b s t r a t e . For the purposes of c l a s s i f i c a t i o n ( see chapter 

4) blue-grey and dark-brown c o l o u r a t i o n s were regarded as high 

a c t i v i t y , light-brown and yellow c o l o u r a t i o n s were regarded as low 

a c t i v i t y . In l e s s d i f f u s e l y - s t a i n e d s e c t i o n s the s t a i n i s v i s i b l e a t 



high power as a network l o c a l i s e d i n the sarcoplasm around the 

m y o f i b r i l s . S i n c e glycogen i s the major source of energy f o r 

muscular c o n t r a c t i o n i n the absence of oxygen, and phosphorylation 

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

the c a p a c i t y of a given f i b r e to c o n t r a c t a n a e r o b i c a l l y . 

5.3 S u c c i n i c dehydrogenase. 

The s i t e s of a c t i v i t y of SDH were defined by d e p o s i t s of 

blue-purple diformazan granules s c a t t e r e d i n the sarcoplasm of 

i n t r a f u s a l and e x t r a f u s a l muscle f i b r e s . V a r i a t i o n i n the s i z e , 

number and d i s t r i b u t i o n of diformazan granules enables s e v e r a l 

muscle f i b r e types to be d i s t i n g u i s h e d . In order of i n c r e a s i n g 

g r o s s - s t a i n i n g i n t e n s i t y these types comprise c l e a r ; white; p a l e ; 

intermediate; and red SDH p a t t e r n s . C l e a r f i b r e s have a f i n e r e t i 

c u l a t e net with only few s m a l l granules; white f i b r e s show r e l a t i v e l y 

few s m a l l granules that tend to. form subsarcolemmal accumulations; 

pa l e f i b r e s have many s m a l l granules d i s t r i b u t e d i n a uniform 

network; i n t e r m e d i a t e f i b r e s have subsarcolemmal c o n c e n t r a t i o n s of 

l a r g e p a r t i c l e s ; red f i b r e s possess a u n i f o r m l y - d i s t r i b u t e d network 

of l a r g e p a r t i c l e s . For the purposes of f i b r e - t y p i n g , red and 

intermediate f i b r e s were regarded as high a c t i v i t y , and c l e a r , white 

and p a l e f i b r e s were regarded as low a c t i v i t y . S i n c e SDH i s a 

mitochondrion-bound enzyme (Roodyn, 1967) the diformazan granules are 

u s u a l l y a t t r i b u t e d to the mitochondria. I t i s assumed, s i n c e 

m itochondrial d e n s i t y and o x i d a t i v e c a p a c i t y of a given muscle are 

d i r e c t l y r e l a t e d ( P a u l &, S p e r l i n g , 1952), t h a t SDH a c t i v i t y r e f l e c t s 

the c a p a c i t y of a given f i b r e to c o n t r a c t a e r o b i c a l l y . 



5.4 Myosin ATPase. 

Incubation for ATPase at pH 9.4 a f t e r formaldehyde f i x a t i o n 
and a l k a l i p r e - i n c u b a t i o n (Alk ATPase) enabled three major types 
of muscle f i b r e to be d i s t i n g u i s h e d : h i g h - a c t i v i t y f i b r e s had a 
black r e a c t i o n product and were thus a l k a l i - s t a b i l e / f o r m a l d e h y d e 
r e s i s t a n t ; i n t e r m e d i a t e - a c t i v i t y f i b r e s had a grey r e a c t i o n product 
and were thus a l k a l i - s t a b i l e / f o r m a l d e h y d e - s e n s i t i v e ; l o w - a c t i v i t y 
f i b r e s were white and were thus a l k a l i - l a b i l e . B l a c k and grey 
f i b r e s were considered as high, and white f i b r e s as low f o r f i b r e 
c l a s s i f i c a t i o n . Within a t r a n s v e r s e s e c t i o n of a muscle f i b r e the 
r e a c t i o n product i s l o c a l i s e d on the m y o f i b r i l s , which thus appear 
as a punctate network surrounded by r e l a t i v e l y c l e a r sarcoplasm 
(see e.g. f i g . 1 6 ) . The c o r r e l a t i o n of histochemica1 and biochemical 
data by Guth &, Samaha (1969) suggests that the technique used i s 
r e l a t i v e l y s p e c i f i c for actomyosin ATPase which i s most a c t i v e i n 
the a l k a l i range (Padykula & Herman, 1955b; Padykula & G a u t h i e r , 
1963). However, s i n c e c a p i l l a r y e n d o t h e l i a a r e a l s o i n t e n s e l y 
s t a i n e d by r e a c t i o n product, ( s e e e.g. f i g s . 2 6 & 29) the technique 
i s not t o t a l l y s p e c i f i c f o r the m y o f i b r i l s , and other phosphatases 
may c o n t r i b u t e . The a c t i v i t y of myosin ATPase f o r a p a r t i c u l a r 
muscle has been shown to be d i r e c t l y p r o p o r t i o n a l to the i n t r i n s i c 
speed of c o n t r a c t i o n of that muscle (Barany, 1967). Burke e t a 1. 
(1971) i n a combined p h y s i o l o g i c a l and histochemica1 study have shown 
tha t muscle f i b r e s that e x h i b i t high myosin ATPase a c t i v i t y have 
f a s t t w i t c h c o n t r a c t i o n times, w h i l e f i b r e s with low myosin ATPase 
a c t i v i t y have r e l a t i v e l y slow t w i t c h c o n t r a c t i o n times. Myosin 



ATPase a c t i v i t y may t h e r e f o r e be taken as an i n d i c a t o r of the 

i n t r i n s i c speed of c o n t r a c t i o n of i n d i v i d u a l muscle f i b r e s . 

I ncubation for ATPase a t pH 9.4 a f t e r p r e - i n c u b a t i o n i n 

a c i d ( A c i d ATPase) r e v e r s e d the s t a i n i n g p a t t e r n obtained with Alk 

ATPase, s i m i l a r to the EDTA e f f e c t noted by Drews & Engel ( 1 9 6 6 ) . 

S i n c e the r e a c t i o n product w i t h i n the c e l l i s l o c a l i s e d i n the 

i n t e r m y o f i b r i l l a r y network (Guth & Y e l l i n , 1971), and c a p i l l a r y 

e n d o t h e l i a and n u c l e i are a l s o s t a i n e d , the technique probably 

demonstrates i n t e r m y o f i b r i l l a r ATPases<u\rL Some non-spscJ(-ic. 

p h o s p h a t a s e s . 



Chapter 6. Layer o r g a n i z a t i o n i n s u p e r i o r r e c t u s . 

A t r a n s v e r s e s e c t i o n through the b e l l y of SR s t a i n e d with 

W & VG shows the two d i s t i n c t l a y e r s seen by e a r l y h i s t o l o g i s t s 

such as Kato (1938) and Voss ( 1 9 3 5 ) . A c e n t r a l c o re l a y e r of mainly 

large-diameter muscle f i b r e s l i e s a d j a c e n t to the e y e b a l l , and i s 

covered d o r s a l l y aid l a t e r a l l y by an o r b i t a l rim l a y e r of s m a l l -

diameter muscle f i b r e s that c o n s t i t u t e a C-shaped rim to the muscle 

(s e e f i g . 3 ) . The o r b i t a l rim l a y e r c o n t a i n s a r i c h e r supply of 

blood c a p i l l a r i e s and more abundant connective t i s s u e than the c e n t r a l 

core l a y e r , and there i s a marked s e p a r a t i o n of the two l a y e r s i n 

the b e l l y of the muscle i n a region j u s t a n t e r i o r to the point of 

nerve e n t r y . Here, nerve trunks and blood v e s s e l s fan out ac r o s s 

the muscle from the l a t e r a l to medial s i d e , and they tend to l i e 

between the two l a y e r s . At the o r i g i n and i n s e r t i o n ends of the 

muscle, however, the s e p a r a t i o n of o r b i t a l rim and c e n t r a l core 

l a y e r s i s l e s s d i s t i n c t with a more gradual t r a n s i t i o n from the 

outer s m a l l - c e l l l a y e r to the inner l a r g e - c e l l l a y e r . A l s o present 

at e i t h e r end of the muscle i s an a d d i t i o n a l p e r i p h e r a l l a y e r 

composed of medium to large-diameter muscle f i b r e s that a r e 

c h a r a c t e r i s t i c a l l y separated from each other by e x t e n s i v e connective 

t i s s u e . These ' p e r i p h e r a l patch' l a y e r s a r e d i s t r i b u t e d around the 

do r s a l and l a t e r a l periphery of the o r b i t a l rim l a y e r i n the proximal 

and d i s t a l p o r t i o n s of the muscle. 

The use of h i s t o c h e m i c a l s t a i n s enable the l a y e r s to be 

d i s t i n g u i s h e d more c l e a r l y ( f i g s . 4 - 1 3 ) . At low m a g n i f i c a t i o n the 

c e n t r a l core l a y e r i s c h a r a c t e r i s e d by a mosaic of large-diameter 



muscle f i b r e s which show a G-type ( B a r k e r , Marker, Stacey & Smith, 

1972) h i s t o c h e m i c a l p r o f i l e . They are picked out with both P'ase 

and Alk ATPase as f i b r e s of extremely low a c t i v i t y that show c l e a r l y 

a g a i n s t a g e n e r a l l y high background i n the c e n t r a l c o re, and with 

A c i d ATPase ( f i g .8) as f i b r e s of very high a c t i v i t y a g a i n s t a very 

low background. The o r b i t a l rim l a y e r a l s o c o n t a i n s f i b r e s with a 

G-type h i s t o c h e m i c a l p r o f i l e , but s i n c e they are not q u i t e as low i n 

P'ase a c t i v i t y and a r e not as l a r g e i n diameter t h e i r mosaic i s by 

no means as s t r i k i n g . With P'ase, Alk ATPase and SDH the o r b i t a l 

rim l a y e r shows the g r e a t e s t o v e r a l l s t a i n i n g i n t e n s i t y . By comparison, 

the p e r i p h e r a l patch l a y e r shows the lowest o v e r a l l s t a i n i n g 

i n t e n s i t y with a l l these h i s t o c h e m i c a l s t a i n s , and the c e n t r a l core 

i s i n t e r m e d i a t e i n gross a c t i v i t y . S i n c e the s t a i n s do not show 

the abundant connective t i s s u e surrounding the p e r i p h e r a l patch 

f i b r e s these l a y e r s possess a d i s t i n c t i v e 'loosely-packed' 

appearance ( f i g s . 5 , 10 & 12 ) . 

The e x i s t e n c e of a p e r i p h e r a l patch l a y e r i n a d d i t i o n to 

the o r b i t a l rim and c e n t r a l core l a y e r s i s not recorded f o r the 

e x t r a o c u l a r muscles of other mammalian s p e c i e s . However, i n r a b b i t 

l a t e r a l r e c t u s muscle (Asmussen ejt a l . . 1971) a comparable p e r i p h e r a l 

l a y e r i s evident i n an i l l u s t r a t i o n ( t h e i r f i g . l ) t h a t shows SDH 

a c t i v i t y , although t h i s l a y e r i s not d i s t i n g u i s h e d i n the t e x t . I n 

other c l a s s e s of v e r t e b r a t e s a t r i p l e - l a y e r e d o r g a n i z a t i o n i s present 

in the s u p e r i o r r e c t u s and s u p e r i o r oblique muscles of the l i z a r d 

(Kaczmarski, 1969), and i n the r e c t u s and oblique muscles of the 

gudgeon (Kordylewski, 1974) and t r e e sparrow (Kaczmarski, 1970). 



52. 

6.1 V a r i a t i o n of lay e r e d o r g a n i z a t i o n throughout muscle l e n g t h . 

The composition, t h i c k n e s s and d i s t r i b u t i o n of the three 

m u s c l e - f i b r e l a y e r s found i n SR v a r i e s thoughout the length of the 

muscle ( s e e f i g s . 3 - 1 3 ) . I n the s i n g l e SR muscle, from which f r o z e n 

t r a n s v e r s e s e c t i o n s were taken at one mm i n t e r v a l s and s t a i n e d with 

P'ase, the c e n t r a l core l a y e r was the only one c o n s i s t e n t l y present 

throughout. I n f a c t , a t the extreme o r i g i n end of SR only the 

c e n t r a l core l a y e r i s present over the d i s t a n c e t h a t the branch of 

the oculomotor nerve e n t e r s the l a t e r a l border of SR near the o r i g i n 

and t r a v e l s a n t e r i o r l y without a p p r e c i a b l e branching. I n the c a s e of 

the SR muscle examined, which had a t o t a l , s l i g h t l y - c o n t r a c t e d length 

of 32mm, t h i s d i s t a n c e was approximately 3mm ( f i g . 4 ) . The c e n t r a l 

core l a y e r i n c r e a s e s r a p i d l y i n depth and width to a t t a i n a maximum 

volume a t about 6mm from the o r i g i n , and t h i s volume i s maintained 

up to about 20mm. T h e r e a f t e r the depth of the l a y e r g r a d u a l l y 

decreases towards the tendinous i n s e r t i o n ( f i g s . 1 0 & 1 1 ) . 

The o r b i t a l rim and proximal p e r i p h e r a l patch l a y e r s a r e 

f i r s t d e t e c t a b l e a t about 4mm from the o r i g i n of SR, a t the point 

where the oculomotor nerve branch f i r s t begins to d i v i d e ( f i g . 5 ) . 

The o r b i t a l rim i s i n i t i a l l y only a f a s c i c l e or two deep and i t only 

i n t e r m i t t e n t l y forms a C-shaped rim. The p e r i p h e r a l patch l a y e r 

o v e r l i e s the o r b i t a l rim d o r s a l l y and l a t e r a l l y and i s a l s o l o c a t e d 

around the v e n t r a l p o r t i o n of the o r b i t a l rim l a y e r where i t l i e s 

a d j a c e n t to the e y e b a l l . Here a " v e n t r a l c o n c e n t r a t i o n " of p e r i 

p h e r a l patch f i b r e s i s formed th a t i s r e l a t i v e l y c l o s e to the f i b r e s 

of the c e n t r a l core ( f i g s . 5 & 6 ) . The proximal p e r i p h e r a l patch 



l a y e r i n the SR examined extended from about 4mm from the o r i g i n 

to about 11.0mm, the v e n t r a l c o n c e n t r a t i o n s being the longest of 

the d e t e c t a b l e patch l a y e r s . 

The o r b i t a l rim l a y e r i n c r e a s e s i n depth to reach maximum 

volume between about 10mm and 20mm from the o r i g i n . I n the b e l l y 

of SR the deep o r b i t a l rim appears to be graded i n t o s u b - l a y e r s 

with each s u c c e s s i v e more p e r i p h e r a l s u b - l a y e r composed of f i b r e s 

of i n c r e a s i n g l y s m a l l e r diameter ( f i g . 1 3 ) . I t i s i n t h i s region of 

SR t h a t the muscle f i b r e s of extremely s m a l l diameter are found. 

Towards the i n s e r t i o n end of SR the o r b i t a l rim l a y e r becomes 

p r o g r e s s i v e l y t h i n n e r , so that a t 25mm from the o r i g i n i t i s l i t t l e 

over one f a s c i c l e deep ( f i g s . 1 0 & 12), and about 4mm from the 

i n s e r t i o n the o r b i t a l rim f i n a l l y disappears ( f i g . 1 1 ) . The d i s t a l 

p e r i p h e r a l patch l a y e r , which extends from about 18.5mm from the 

o r i g i n to the i n s e r t i o n end, thus d i r e c t l y o v e r l i e s the c e n t r a l c o re 

l a y e r a t the extreme i n s e r t i o n end of SR. T h i s p e r i p h e r a l patch 

l a y e r i s more e x t e n s i v e than that found a t the proximal end of SR 

and i t a l s o l a c k s the v e n t r a l c o n c e n t r a t i o n s of patch f i b r e s seen 

i n the former. Even so, although the l a y e r appears t h i c k e r due to 

the loose arrangement of the muscle f i b r e s , the d i s t a l p e r i p h e r a l 

patch l a y e r i s only s e v e r a l c e l l s t h i c k a t i t s deepest point ( f i g . 1 2 ) . 

The muscle s p i n d l e s are mainly p e r i p h e r a l l y d i s t r i b u t e d 

(see chapter 16): e i t h e r w i t h i n the o r b i t a l rim i n the b e l l y of the 

muscle or a t the j u n c t i o n between the o r b i t a l rim and p e r i p h e r a l patch 

l a y e r s a t the proximal and d i s t a l ends. 



The v a r i a t i o n of l a y e r e d o r g a n i z a t i o n throughout the length 

of sheep SR i s more complex than that d e s c r i b e d f o r r a b b i t (Hines, 

1931;1.1) or man (Cooper et a l . , 1955; Voss, 1957; 1.1). Whereas 

the c e n t r a l core remains a constant f e a t u r e , the o r b i t a l rim i s 

absent from the extreme ends of the muscle, and the p e r i p h e r a l 

patch l a y e r i s absent from the b e l l y . Contrary to the f i n d i n g s f o r 

r a b b i t and man, large-diameter muscle f i b r e s a r e present a t both 

ends of sheep SR. 

These f i n d i n g s emphasize the need to sample throughout the 

whole length of a p a r t i c u l a r e x t r a o c u l a r muscle to obta i n a complete 

p i c t u r e . D e t a i l e d comparisons are p o s s i b l e between s p e c i e s only 

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

Subsequent i n v e s t i g a t i o n of SR was concentrated on the 

extreme i n s e r t i o n end of the muscle and on the b e l l y . These regions 

a r e both s i m p l i f i e d i n t h e i r l a y e r i n g i n that only two major l a y e r s 

a r e present: a t the i n s e r t i o n end the p e r i p h e r a l patch l a y e r 

o v e r l i e s the c e n t r a l c o re, w h i l e i n the b e l l y the c e n t r a l core i s 

o v e r l a i n by the o r b i t a l rim. 



Chapter 7. Histochemica1 f i b r e types i n s u p e r i o r r e c t u s . 

Of the three m u s c l e - f i b r e l a y e r s i n SR only the c e n t r a l 

core d i s p l a y s a 'chequer-board' appearance c h a r a c t e r i s t i c of s k e l e t a l 

muscle histochemica1 p r e p a r a t i o n s . The o r b i t a l rim and p e r i p h e r a l 

patch l a y e r s a r e more 'homogeneous' i n appearance. N e v e r t h e l e s s , 

each of the l a y e r s i s i n f a c t heterogeneous i n terms of types of 

muscle f i b r e present ( s e e Table I for summary). 

7.1 C e n t r a l core l a y e r . 

The c e n t r a l core l a y e r c o n t a i n s four major types of muscle 

f i b r e , d i s t i n g u i s h a b l e on the b a s i s of d i f f e r e n c e s i n diameter and 

histochemica1 p r o f i l e ( f i g s . 1 4 - 1 7 ) . 

( i ) The l a r g e s t diameter f i b r e s (mean = 31.9um) found i n the 

c e n t r a l core l a y e r form a c h a r a c t e r i s t i c mosaic of f i b r e s that i s 

p a r t i c u l a r l y s t r i k i n g at low m a g n i f i c a t i o n and which possess a 

type G histochemica1 p r o f i l e ( c h a p t e r 4 ) . With P'ase these l a r g e G 

f i b r e s a r e the lowest r e a c t i n g f i b r e s i n the muscle and a r e b r i g h t 

yellow i n t h e i r background colour with only very f a i n t l i g h t brown 

s t r e a k s . With SDH the p a t t e r n of s t a i n i n g i s c l a s s i f i e d as ' c l e a r ' 

which i s a l s o the lowest l e v e l of SDH a c t i v i t y found i n the muscle. 

The s m a l l , sparse formazan p a r t i c l e s a re arranged i n an open network 

of f i n e dots and s t r e a k s without any a p p r e c i a b l e subsarcolemma1 

a c t i v i t y . T h i s suggests that the l a r g e G f i b r e s possess only few 

small-diameter mitochondria i n t e r s p e r s e d between a high c o n c e n t r a t i o n 

of m y o f i b r i l l a r m a t e r i a l . The l a r g e G f i b r e s show minimal a c t i v i t y 

for Alk ATPase ( p r e - i n c u b a t i o n at pH 10.2) with the m y o f i b r i l s 
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appearing white. With Acid ATPase ( p r e - i n c u b a t i o n at pH 4.35) the 

s t a i n i n g p a t t e r n i s r e v e r s e d to give an i n t e n s e black 'wash', which 

has no c l e a r l o c a l i s a t i o n . The l a r g e G f i b r e s c o n s t i t u t e about 7% 

of the t o t a l f i b r e s w i t h i n the c e n t r a l core l a y e r . 

( i i ) The second l a r g e s t f i b r e s i n the c e n t r a l core l a y e r 

(mean = 28.9um diameter) possess a type A h i s t o c h e m i c a l p r o f i l e . 

The a c t i v i t y of these l a r g e A f i b r e s with P'ase i s the highest 

i n the muscle t y p i c a l l y g i v i n g a blue-grey c o l o u r a t i o n t h a t i s 

probably i n d i c a t i v e of newly-formed glycogen (Takeuchi &, K u r i a k i , 

1955). With SDH they give a 'white' p a t t e r n of formazan p a r t i c l e s 

c o n s i s t i n g of f i n e granules arranged i n a f a i r l y loose network 

around the periphery of the muscle f i b r e , l e a v i n g the c e n t r e 

comparatively c l e a r . The f i n e s t r e a k s c h a r a c t e r i s t i c of the l a r g e 

G f i b r e a r e not shown, although the o v e r a l l s t a i n i n g i n t e n s i t y 

of the l a r g e A f i b r e with SDH i s only s l i g h t l y higher than that of the 

l a r g e G f i b r e . Both of these f i b r e s are considered low with SDH. 

The l a r g e A f i b r e s show high a c t i v i t y with Alk ATPase, the black 

r e a c t i o n product being l o c a l i s e d on the m y o f i b r i l s , w h i l e with A c i d 

ATPase the r e a c t i o n i s minimal. The high r e a c t i o n with Alk ATPase 

with l i t t l e of the f i b r e being unstained suggests a high c o n c e n t r a t i o n 

of m y o f i b r i l l a r m a t e r i a l . The l a r g e A f i b r e s a re e s p e c i a l l y frequent 

around the periphery of the f a s c i c l e s i n the c e n t r a l c o r e , and they 

c o n s t i t u t e about 45% of the f i b r e s of t h i s l a y e r . 

The two other f i b r e types of the c e n t r a l core both possess 

a type C h i s t o c h e m i c a l p r o f i l e and as such they both e x h i b i t moderate 

or high l e v e l s of a c t i v i t y f o r P'ase, SDH and Alk ATPase, whereas 



A c i d ATPase a c t i v i t y i s low. 

( i i i ) The l a r g e r of these two f i b r e types, the intermediate 

C f i b r e , i s of intermediate diameter (mean = 23.0um) and with P'ase 

and Alk ATPase shows s i m i l a r high l e v e l s of a c t i v i t y to those 

shown by the l a r g e A f i b r e s . However, with P'ase the r e a c t i o n 

product i s dark brown i n the intermediate C f i b r e s as compared 

with the blue-grey of the l a r g e A f i b r e s . T h i s brown col o u r 

probably i n d i c a t e s the s t a i n i n g of n a t i v e glycogen (Takeuchi & 

K u r i a k i , 1955), and i n terms of i n t e n s i t y i t o f t e n appears denser 

than the blue-grey c o l o u r of l a r g e A f i b r e s . The r e a c t i o n with 

SDH s e r v e s to d i f f e r e n t i a t e the intermediate C f i b r e from the l a r g e 

A f i b r e . The diformazan p a r t i c l e s a re l a r g e and tend to form deep 

subsarcolemmal accumulations l e a v i n g the c e n t r e of the f i b r e 

r e l a t i v e l y c l e a r . The f i b r e s thus have a d i s t i n c t border of high 

SDH a c t i v i t y with lower a c t i v i t y i n the i n t e r i o r of the f i b r e . 

They might be expected to c o n t a i n l a r g e r and more numerous mitochondria 

than e i t h e r the l a r g e G or l a r g e A f i b r e t y pes. With A c i d ATPase 

the intermediate C f i b r e i s not e n t i r e l y n e g a t i v e . In c o n t r a s t 

to the l a r g e A f i b r e types some s l i g h t r e s i d u a l i n t e r m y o f i b r i l l a r 

a c t i v i t y i s e x h i b i t e d . 

( i v ) The s m a l l e s t - d i a m e t e r f i b r e type i n the c e n t r a l core 

l a y e r i s the s m a l l C f i b r e (mean diameter = 17.3pm). With P'ase 

these f i b r e s e x h i b i t a s i m i l a r dark brown colour to the i n t e r m e d i a t e 

C f i b r e types and with SDH they a r e a l s o h i g h l y r e a c t i v e . The l a r g e 

formazan p a r t i c l e s i n the s m a l l C f i b r e s a r e , however, s c a t t e r e d 

evenly throughout a t r a n s v e r s e s e c t i o n of the f i b r e with no apparent 



'rim' of high a c t i v i t y . With Alk ATPase the s m a l l C f i b r e s e x h i b i t 

intermediate a c t i v i t y with a grey c o l o u r a t i o n of the m y o f i b r i l s . 

They are thus more formaldehyde-sensitive than e i t h e r the l a r g e A 

or intermediate C f i b r e t ypes. A high proportion of the s m a l l C 

f i b r e i n t r a n s v e r s e s e c t i o n remains unstained w i t h Alk ATPase. 

These s c a t t e r e d unstained areas presumably correspond to mitochondrial 

accumulations. The small C f i b r e s g i v e a low to intermediate p a t t e r n 

of s t a i n i n g with A c i d ATPase. L i k e the i n t e r m e d i a t e C f i b r e s , the 

s m a l l C f i b r e s might be expected to c o n t a i n numerous l a r g e mito

chondria and abundant s t o r e d p a r t i c l e s of glycogen. Together, the 

i n t e r m e d i a t e C and s m a l l C f i b r e types form about 48% of the t o t a l 

number of f i b r e s i n the c e n t r a l core l a y e r . 

7.2 O r b i t a l rim l a y e r . 

In the b e l l y of SR the o r b i t a l rim l a y e r c o n t a i n s three 

major f i b r e types i n roughly equal p r o p o r t i o n s . Two of these 

types correspond i n h i s t o c h e m i c a l p r o f i l e and r e l a t i v e diameter to 

the intermediate C and s m a l l C f i b r e types of the c e n t r a l c ore, 

while the t h i r d type i s of very s m a l l diameter and e x h i b i t s a 

G-type h i s t o c h e m i c a l p r o f i l e ( f i g s . 1 8 - 2 1 ) . 

( i ) The intermediate C f i b r e type of the o r b i t a l rim 

e x h i b i t s subsarcolemmal accumulations of l a r g e diformazan p a r t i c l e s 

with SDH, s t a i n s dark brown with P'ase, grey-black with Alk ATPase, 

and shows f a i n t r e s i d u a l a c t i v i t y with A c i d ATPase. 

( i i ) The s m a l l C f i b r e type shows i n t e n s e s t a i n i n g with 

SDH, with l a r g e diformazan p a r t i c l e s s c a t t e r e d throughout the 



t r a n s v e r s e s e c t i o n , s t a i n s dark brown with P'ase, grey-black with 

Alk ATPase, and shows a r e v e r s a l p a t t e r n of low a c t i v i t y with 

Acid ATPase. These two f i b r e types are l a r g e l y d i s t i n g u i s h a b l e 

by t h e i r SDH r e a c t i o n s , which tend to be of a higher o v e r a l l a c t i v i t y 

i n the o r b i t a l rim than i n the c e n t r a l c o re, and by t h e i r diameters. 

In the more p e r i p h e r a l f a s c i c l e s of the o r b i t a l rim the diameters 

of the C f i b r e types i s reduced and the d i s t i n c t i o n between them 

with SDH i s much l e s s marked. I n such p e r i p h e r a l f a s c i c l e s the 

C f i b r e types form more of a continuous spectrum. 

( i i i ) The t h i r d f i b r e type i n the o r b i t a l rim e x h i b i t s a 

G-type histochemica1 p r o f i l e and i s the s m a l l e s t - d i a m e t e r f i b r e 

type i n the muscle (mean = 13.4pm). I n the middle t h i r d of the 

muscle these f i b r e types can be remarkably s m a l l i n diameter ( f i g s . 

18-21) but towards the o r i g i n or i n s e r t i o n ends of the muscle they 

are l a r g e r ( f i g s . 2 2 - 2 4 ) . With P'ase these small G f i b r e s appear 

l i g h t brown or fawn i n c o l o u r a t i o n and are of r e l a t i v e l y low 

a c t i v i t y when compared to the surrounding i n t e n s e l y - r e a c t i v e C 

f i b r e types ( f i g s . 1 8 & 2 2 ) . With SDH the p a t t e r n of s t a i n i n g i s 

c l a s s i f i e d as ' p a l e ' with many s m a l l diformazan p a r t i c l e s and 

s t r e a k s s c a t t e r e d throughout the f i b r e i n a uniform network. 

Again these f i b r e s appear of r e l a t i v e l y low a c t i v i t y when compared 

to neighbouring C type f i b r e s ( f i g s . 1 9 &, 2 3 ) . The s m a l l G f i b r e s 

show minimal a c t i v i t y for Alk ATPase and with Acid ATPase t h i s 

r e a c t i o n i s r e v e r s e d to g i v e an i n t e n s e b l a c k ( f i g s . 2 1 & 2 4 ) . 

Compared to the l a r g e G f i b r e of the c e n t r a l core, the s m a l l G 

f i b r e of the o r b i t a l rim shows s l i g h t l y higher P'ase and SDH 

a c t i v i t y , a l b e i t s t i l l r e l a t i v e l y low. 



Within the i n s e r t i o n t h i r d of SR the o r b i t a l rim l a y e r 

p r o g r e s s i v e l y reduces i n t h i c k n e s s towards the i n s e r t i o n . Here, 

i n a d d i t i o n to the intermediate C, s m a l l C and s m a l l G f i b r e types 

found i n the o r b i t a l rim of the b e l l y , a r e found a proportion of 

l a r g e A f i b r e s s i m i l a r to those of the c e n t r a l c o r e . These l a r g e 

A f i b r e s a r e most apparent i n s e c t i o n s that have been s l i g h t l y 

over-incubated f o r SDH. The intermediate and s m a l l C f i b r e s a re 

i n t e n s e l y s t a i n e d while the l a r g e A and s m a l l G f i b r e s remain 

r e l a t i v e l y low ( f i g . 2 3 ) . With P'ase the l a r g e A f i b r e s r e a c t to 

give a blue-grey c o l o u r a t i o n , w h i l e the C f i b r e types give an i n t e n s e 

dark brown, and the s m a l l G f i b r e s e x h i b i t a l i g h t brown, r e l a t i v e l y 

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

In the s u p e r f i c i a l p a r t of the o r b i t a l rim l a y e r i n r a t 

e x t r a o c u l a r muscle a unique f i b r e type has been d e s c r i b e d ( Y e l l i n , 

1969a) t h a t e x h i b i t s high a c t i v i t y f o r both Alk ATPase and Acid 

ATPase. Y e l l i n p o s t u l a t e s that such f i b r e s may possess a dual 

i n n e r v a t i o n . Although an e x t e n s i v e range of pH values was employed 

i n the p r e - i n c u b a t i o n stages of the actomyosin ATPase method 

( P a r t I , 4.2) a comparable dual a c t i v i t y was not observed i n f i b r e s 

from e i t h e r the o r b i t a l rim or p e r i p h e r a l patch l a y e r s i n sheep SR. 

7.3 P e r i p h e r a l patch l a y e r . 

The proximal and d i s t a l p e r i p h e r a l patch l a y e r s are composed 

mainly of one type of intermediate-diameter f i b r e t h a t corresponds 

i n histochemica1 p r o f i l e to the s m a l l G f i b r e of the o r b i t a l rim, 

but i s of l a r g e r mean diameter. The l a r g e s t of these intermediate 



G f i b r e s a r e i n f a c t equal i n diameter to the l a r g e G f i b r e s of 

the c e n t r a l core but they a r e u s u a l l y a s s o c i a t e d with G f i b r e s 

of s m a l l e r diameter that a r e s i m i l a r to those of the o r b i t a l rim. 

The mean diameter of the intermediate G f i b r e s near to the i n s e r t i o n 

tendon i s 30.0um wh i l e at the proximal end of the d i s t a l p e r i p h e r a l 

patch l a y e r t h i s value f a l l s to 18.7um. T h i s r e d u c t i o n of i n t e r 

mediate G f i b r e diameter as one passes from i n s e r t i o n to b e l l y 

w i t h i n the d i s t a l p e r i p h e r a l patch l a y e r i s a t l e a s t i n part r e l a t e d 

to the s p l i t t i n g of p e r i p h e r a l G f i b r e s i n t o daughter f i b r e s which 

has been observed i n teased p r e p a r a t i o n s ( see chapter 1 1 ) . Near 

to the i n s e r t i o n tendon the composition of the p e r i p h e r a l patch 

l a y e r thus almost t o t a l l y c o n s i s t s of large-diameter G type f i b r e s 

( f i g s . 2 5 - 2 9 ) . With P'ase these f i b r e s a r e s t a i n e d l i g h t brown 

with c h a r a c t e r i s t i c dark brown s t r e a k s which give a ' f i n g e r - p r i n t ' 

appearance to the f i b r e . They a r e f a r l e s s r e a c t i v e than the C 

type f i b r e s of the o r b i t a l rim. With SDH the 'pale' p a t t e r n of many 

sm a l l diformazan p a r t i c l e s and s t r e a k s i n a uniform network g i v e s 

an o v e r a l l i n t e n s i t y which i s s l i g h t l y higher than the 'white' 

p a t t e r n of the l a r g e A f i b r e , but which i s s t i l l r e l a t i v e l y low. 

With Alk ATPase the intermediate G f i b r e s have minimal a c t i v i t y w h i l e 

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

The a c t i v i t y with Acid ATPase i s i n t e n s e l y b l a c k . As the intermediate 

G f i b r e s pass toward the b e l l y they are a s s o c i a t e d with s m a l l C 

f i b r e s s i m i l a r to those of the c e n t r a l core and o r b i t a l rim l a y e r s 

and the proportion of G f i b r e s i n the l a y e r f a l l s to about 65%. 

At the proximal p e r i p h e r a l patch v e n t r a l c o n c e n t r a t i o n s the 



proportion of intermediate G f i b r e s i s even l e s s , being about 50% 

w i t h i n t h i s area ( f i g s . 3 0 - 3 3 ) and the G f i b r e s a re almost uniformly 

s m a l l i n diameter. 

To summarize the h i s t o c h e m i c a l f i b r e types i n SR:-

The c e n t r a l core l a y e r i s composed of 7% l a r g e G (non-

o x i d a t i v e / n o n - g l y c o l y t i c ) , 45% l a r g e A ( n o n - o x i d a t i v e / g l y c o l y t i c ) , 

and 48% intermediate C and s m a l l C ( o x i d a t i v e / g l y c o l y t i c ) f i b r e 

types; the o r b i t a l rim l a y e r i n the b e l l y of SR i s composed of 66% 

intermediate C and s m a l l C f i b r e types s i m i l a r to those of the 

c e n t r a l core, together with 34% s m a l l G ( n o n - o x i d a t i v e / n o n - g l y c o l y t i c ) 

f i b r e s ; the d i s t a l p e r i p h e r a l patch l a y e r at the i n s e r t i o n end of SR 

i s composed almost e x c l u s i v e l y of intermediate G ( n o n - o x i d a t i v e / 

n o n - g l y c o l y t i c ) f i b r e s . As one passes toward the b e l l y there i s 

an i n c r e a s i n g percentage of s m a l l C f i b r e s up to a maximum of 35% 

i n t h i s l a y e r . The light-microscope c h a r a c t e r i s t i c s of the v a r i o u s 

muscle f i b r e types i n each l a y e r of SR are summarized i n Table I . 



64. 

Chapter 8. U l t r a s t r u c t u r e of f i b r e types i n s u p e r i o r r e c t u s . 

8.1 The i d e n t i f i c a t i o n of f i b r e types i n t h i c k Epon s e c t i o n s . 

I n order to study the f i n e s t r u c t u r e of the v a r i o u s h i s t o -

chemical f i b r e types found i n the d i f f e r e n t l a y e r s of SR i t was 

necessary to i d e n t i f y f i b r e s of the same type i n s e m i - t h i n (1.5um) 

t r a n s v e r s e Epon s e c t i o n s s t a i n e d with t o l u i d i n e b l u e . In s e c t i o n s 

taken from m a t e r i a l p o s t - f i x e d i n osmium, t o l u i d i n e blue s t a i n s 

the mitochondria i n t e n s e l y so that i t i s p o s s i b l e to c o r r e l a t e 

the f i b r e types with those f i b r e s v i s i b l e i n s e c t i o n s s t a i n e d w i t h 

mitochondrial markers such as SDH, Sudan black B and p a r t i c u l a r l y 

good W & VG. In the case of SDH i t i s presumed th a t the g e n e r a l 

p a t t e r n of diformazan d e p o s i t i o n i n a p a r t i c u l a r f i b r e depends 

p r i m a r i l y on mitochondrial s i z e and d e n s i t y , r a t h e r than on d i f f e r i n g 

l e v e l s of SDH a c t i v i t y . The c r i t e r i a used to d i s t i n g u i s h the f i b r e 

types i n Epon s e c t i o n s were those of: r e l a t i v e diameter of muscle 

f i b r e s ; s i z e , d e n s i t y and d i s t r i b u t i o n of mitochondria; f i b r i l l a r 

or a f i b r i l l a r appearance of the m y o f i b r i l s ; background s t a i n i n g 

i n t e n s i t y of the m y o f i b r i l s and sarcoplasm; and r e l a t i v e numbers 

of f i b r e types w i t h i n a known l a y e r of SR. B l o c k s of m a t e r i a l 

f o r EM i n v e s t i g a t i o n were s e l e c t e d mainly from the extreme i n s e r t i o n 

end or the b e l l y regions of SR. A complete s e m i - t h i n t r a n s v e r s e 

s e c t i o n of each block enabled d o r s o - v e n t r a l o r i e n t a t i o n to be 

e s t a b l i s h e d and the v a r i o u s muscle l a y e r s to be i d e n t i f i e d . 

I n the c e n t r a l core the muscle f i b r e s are polygonal i n 

o u t l i n e and are compactly arranged. They are d i v i d e d i n t o two 

broad c a t e g o r i e s that appear e i t h e r high or low i n o v e r a l l s t a i n i n g 



i n t e n s i t y , r e s p e c t i v e l y ( f i g s . 3 6 & 3 9 ) . The 'high' f i b r e s , which 

possess a darker background with l a r g e r and more numerous mitochondria 

than the 'low' f i b r e s , correspond to the intermediate and s m a l l C 

h i s t o c h e m i c a l f i b r e types of the c e n t r a l c o r e . The s m a l l C f i b r e s 

are t h i n n e r and have the d a r k e s t background and the l a r g e s t 

mitochondria. The intermediate C f i b r e s are t h i c k e r and c o n t a i n 

s m a l l e r mitochondria. The subsarcolemmal r i n g of mitochondria 

th a t c h a r a c t e r i z e the intermediate C f i b r e s i n SDH p r e p a r a t i o n s 

i s l e s s obvious i n s e m i - t h i n Epon s e c t i o n s . Both C-type f i b r e s 

i n the c e n t r a l core e x h i b i t a " f i b r i l l a r " appearance i n t r a n s v e r s e 

s e c t i o n with s m a l l , w e l l - d e l i n e a t e d m y o f i b r i l bundles ( f i g . 3 9 ) . 

The 'low' f i b r e s , which a r e of r e l a t i v e l y l a r g e diameter and c o n t a i n 

only few, s m a l l mitochondria, correspond i n the main to l a r g e A 

f i b r e s together with some l a r g e G f i b r e s . The l a r g e G f i b r e s may 

be d i s t i n g u i s h e d from the l a r g e A f i b r e s by the f a c t t h a t they a r e 

u s u a l l y s l i g h t l y l a r g e r i n diameter, occur i s o l a t e d from other l a r g e 

G f i b r e s , c o n t a i n even fewer mitochondria, and e x h i b i t an " a f i b r i l l a r " 

appearance with l a r g e , p o o r l y - d e l i n e a t e d m y o f i b r i l s ( f i g . 3 9 ) . 

The m y o f i b r i l s of the l a r g e A f i b r e are w e l l - d e l i n e a t e d and comparable 

i n s i z e to those of the i n t e r m e d i a t e and s m a l l C f i b r e s . 

The o r b i t a l rim l a y e r i n the b e l l y region i s more l o o s e l y 

packed and has a more homogeneous appearance than the c e n t r a l core 

l a y e r ( f i g s . 3 5 & 3 8 ) . The homogeneous appearance d e r i v e s l a r g e l y 

from the bulk of f i b r e s t h a t has a dark background and numerous, 

l a r g e , i n t e n s e l y - s t a i n i n g mitochondria. The l a r g e s t of these f i b r e 

types o f t e n shows subsarcolemmal accumulations of mitochondria 



and corresponds to the intermediate C histochemica1 type. The 

s m a l l e s t of these dark f i b r e s corresponds to the s m a l l C histochemica1 

f i b r e type. Between these two extremes e x i s t s a spectrum of intermed

i a t e forms. A few f i b r e s of the o r b i t a l rim l a y e r a r e extremely 

s m a l l i n diameter and appear to correspond to the s m a l l G f i b r e s . 

They e x h i b i t low background s t a i n i n g with s m a l l , but s t i l l numerous, 

mitochondria, and a r e r e l a t i v e l y p a l e when compared to the surrounding 

C f i b r e t y p e s . The s m a l l diameter of the muscle f i b r e s of the 

o r b i t a l rim makes i t d i f f i c u l t to a s c e r t a i n the f i b r i l l a r or 

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

The p e r i p h e r a l patch l a y e r near the i n s e r t i o n end of SR 

( f i g . 3 4 ) i s composed mainly of i n t e r m e d i a t e - to large-diameter 

f i b r e s t h a t e x h i b i t an i n t e r m e d i a t e background s t a i n i n g i n t e n s i t y 

and have numerous s m a l l mitochondria. At high m a g n i f i c a t i o n 

( f i g . 3 7 ) these f i b r e s , which correspond to the intermediate G 

f i b r e s , have an " a f i ' b r i l l a r " appearance w i t h m y o f i b r i l s i r r e g u l a r l y 

d e l i n e a t e d by f i n e s t r e a k s , and a r e comparable with the l a r g e G 

f i b r e s of the c e n t r a l c o r e . 

F o l l o w i n g i d e n t i f i c a t i o n of f i b r e types i n t r a n s v e r s e 

s e m i - t h i n s e c t i o n s s t a i n e d with t o l u i d i n e blue, u l t r a - t h i n s e c t i o n s 

were taken f o r viewing under the E.M., and the block f a c e then 

turned through ninety degrees i n order to obtain l o n g i t u d i n a l 

s e c t i o n s of given f i b r e t y pes. 

8.2 U l t r a s t r u c t u r a 1 c h a r a c t e r i s t i c s of f i b r e t y p e s . 

8.21 C e n t r a l core l a y e r . 

I n the c e n t r a l core l a y e r the s t r i k i n g h eterogeneity of 



f i b r e types shown i n t r a n s v e r s e s e m i - t h i n s e c t i o n s i s a l s o apparent 

i n low-power electronmicrographs ( f i g s . 40 & 41 ) . These confirm 

much of what can be seen w i t h the l i g h t microscope, and most of the 

a d d i t i o n a l u l t r a s t r u c t u r a 1 information about the f i b r e types i s 

deri v e d from a study of l o n g i t u d i n a l s e c t i o n s (see Table I I for 

summary). 

Of the three comparatively large-diameter f i b r e types i n 

the c e n t r a l core (the l a r g e G, l a r g e A and intermediate C ) , the 

la r g e G f i b r e s appear the most homogeneous i n c r o s s - s e c t i o n 

( f i g s . 4 1 , 44 & 4 5 ) . They are composed of l a r g e , i r r e g u l a r l y -

d e l i n e a t e d m y o f i b r i l s that a r e separated from each other mainly 

by sarcoplasm s i n c e t r a n s v e r s e t - t u b u l e s and sar c o p l a s m i c r e t i c u l u m 

are only poorly-developed. The ovoid mitochondria a r e extremely 

s m a l l i n t r a n s v e r s e s e c t i o n and c o n t a i n only 3-4 c r i s t a e . T h e i r 

s m a l l s i z e , and t h e i r s p a r s e but even d i s t r i b u t i o n throughout a 

c r o s s - s e c t i o n of a l a r g e G f i b r e make the mitochondria r e l a t i v e l y 

i nconspicuous. The Z l i n e s i n t r a n s v e r s e s e c t i o n a r e comparatively 

dense. I n l o n g i t u d i n a l s e c t i o n ( f i g s . 50**52) the l a r g e G f i b r e s 

a r e a g a i n s t r i k i n g l y homogeneous i n appearance with the l a r g e 

m y o f i b r i l s being p a r t i c u l a r l y p o o r l y - d e l i n e a t e d i n the A band. 

The few, round mitochondria a r e l o c a t e d mainly i n p a i r s on e i t h e r 

s i d e of the Z l i n e s , which a r e f a i r l y s t r a i g h t and r e l a t i v e l y t h i n 

and possess d i s t i n c t Z f i l a m e n t s . A prominent M l i n e i s p r e s e n t . 

The t r a n s v e r s e tubular system and the c i s t e r n a e of the sa r c o p l a s m i c 

r e t i c u l u m form t r i a d s a t the A/I band j u n c t i o n , but they a r e i r r e g u l a r 



u 

Cd 
r-l 

x : 
u 
cd 
01 

C 
•r-l 

CO 
0) 
a 
>. 
4-1 

01 

rQ 

m 

0) 
r- l 
u 
CO 
3 B 

CO 
3 
O 

••-I 
r i 

> 
0) 

X ! 
4-1 

o 

CO 
o 

• r l 
4J 
to 

•H 
r t 
0) 
4J 
a 
cd 
u 
cd 

X i 
U 

i-t 
cd 
u 
a 
4-1 
u 
3 r i 
4J 
CO 
cd 
u 
4J 
r-l • 
3 CO 

3 01 4J 
JC a 
4J a) 

M 
<4-l 
O U 

o 

& ri
 

cd a> 
H p . 
H 3 3 CO 
CO 

<! CW 
o 

JO 
cd 
H 

pi 
w 

3 
s 
H 

H 
W 
PQ 
pi 
O 

u 
01 

in 

u 
0) 

cd 
s 

r l 
a> 

a) 
oo 
n 
cd 

r J 

u 
0) 
00 
u 
cd 

r J 

CO 
01 
a 

x i 
••-I 

i 
i—I XI 
r-l CU 
cu 4J 
» cd 

rH ti 

0 01 
CO X I 

X) 
0) 

• 4-1 0 f S Cd 3 r- l r l 
•r-l l-l Cd 
• O O P . 
0> O 01 
S ft »i 

XI 
0) 
4J 
cd 
01 
C 

•r-l 
r- l 
cu 

T3 
I 

i-H 01 

X I 
01 

- 4J 
6 !>, cd 3 r- l M 

" r l r l Cd 
XI O P. 
01 O 01 

T3 
01 
4J 
cd 

. ai e 
•r-l 
r-4 
01 

X I 
I 

01 

H 
cd 
r- i - 3 

01 DO 
00 01 
H M 
Cd r l 

• J - r l 

•r-l 
1-1 

X I 
•H 
CM 
O 

ctj 
XI e 
3 

01 
to 
u 
cd 
a 
CO 

e 
CO 
XI 

J 
•8 

ai 
CO 
t-i 
<d 
a 
CO 

• a e 
cd 

X i 

C 
•r-l . 

o 
01 
p . 
CO 

. 0 1 _ 

8 
S 
5 

ai 
CO 
u 
cd 
a 
to 

r-i 3 
O 

•r-l 
4-J 
ai 
u 

to 
cd 
i - i 
P. 
o 
u 
t-i 
cd 

CO 

4-1 c 
ai 
CO 
ai 
r l 
a 

ai 
u 

•3 
a 
cu 
CO 
ai 
u 
p . 

c 
ai 
CO 
0) 
r l 
P. 

c 
ai 
CO 

X I 
cd 

G 
ai 
to 
01 
r-l 
a . 

ai 
CO 
ai 
t-i 
p. 

ai 
CO 
ai 
u 
p . 

C 
01 
CO 
cu 
u 
p . 

01 
C 

3 £ 
•H cd 

ai 
• a 
•H 
1% 

cd S 
S>» 
i-i 
ai 
> 

•s r 
•r-i cd 

CO 
CO 4J 
ai x : 

r-l 00 
««H 

cu ca 
• a M 
•r-l 4-1 
IS CO 

X I 
00 

* i—I " H 
01 r-l Cd 

T J ' r l H 
•r-l Cd 4J 
5 «H CO 

• r l Cd 

CO 
CO 4J 
ai x : 

r-l t>o 
- -r-l 

ai cd 
XI M 
• r l 4J 
> CO 

•a 
•i-l 
cd 
u 

« X! S 00 
O -H 
H cd 
u u 
Cd 4J 
0 CO 

cu 

4-1 4-1 01 

a c 4J 
cd a id CO 
X) o 01 X) M 
c 13 00 C 01 
3 C u 3 • a 

X ) cd cd X t cd r-l r-l cd ti 

ai 
4J 
cd 0 
u o 
01 X I 

• a a 
g cd 
B u «*-i 

cd 
XI 

§ 
X ) 
cd 

0 
O 

XI 
c 
cd 
n 

4J e 
cd 

01 X I 
&o a 
»-i 3 
cd x> 

r-l Cd 

01 
1 
o 

4J u 
cd I-I r-l 
u cd cd 
01 CO 

XI XI 
o 3 ai 
e CO r-l 

3 3 
•H -H 
XI XI 

3 i § 

cd 
u 
01 

XI 

0 
o 

X I c 
cd 
IJ 

0 01 
CO CM 

cd 
XI 
C 
3 

X I 
cd 

0 
o 

XI 
C5 
cd 
u 

01 
00 
I-I 
cd 

n 
cd x) 
§ 

r-l 
cd 
U 
01 

01 x : 
CO p . r-H 
M • r l r - l 
cd U cd 
p . 01 0 CO p - CO 

01 
CO 
u 
cd 
P. 
CO 

u 
01 > 

0 
o 

XI 

r l 

U 
01 > 

u 
01 > 

0) 
u a 
(d o 01 
cd • r-l cd 

X I 4J 4J 
a cd 01 CO 
3 CJ N • r-l 

cd X i o •H M 
H cd r - l CO CJ 
u 

XI c 
o 
X! 
u 
o 

01 
4-1 4J 
cd a 
u 01 
01 01 to 

XI u 01 
g cd M 
0 u P. 

cd 
u 
ai 
XI 

cd 
u 
ai 

XI 

cd 
u 
01 

XI 

I 
01 
4J 
cd 
M 
0) 

XI 

01 
4-1 
cd 
r l 
cu 

X I 

X) c 3 

01 
4-1 
cd 
u 
01 

XI 

CO 
01 

r-l 3 
C 
cd 
l>i 
00 

C 
01 
00 
o 
u 
> . 
r-l 
u 

cd 
u 
01 

XI 

i 

ai 
r l 
cd 
r l 

cd 
r l 
ai 

X) 

ai 
r l 
cd 
u 

cu 
M 
cd 

r l 

r i 

8f 

to 
4J 
01 

r-l 
P. 
O 
U 
XI 

XI 
•H 
P. 

68 

c 
01 
CO 
ai 
r l 
p . 

CO 
01 
4J 
cd 
oo 
01 
M 
00 
00 
cd 
u 
cd 

r- l 
3 

•§ 
t - l 

r l 
cd 

r-l 3 
00 
01 
u 

a u 
oi cd 3 r - l 
W 3 
01 00 
l-l 0) 

Crl r l 
C3 r l 

• r l -H 

<! O 

4J 
cd 

r« 3' 
cd -i—> 
i - l 
3 XI 
00 fi 
01 cd 
r l X I 

C r l 
oi <d 3 r- l 
c r 3 
oi oo 
r4 01 

>4-l r l 
C U 

u 
cd 

. I - i C . 
cd o 
r-l -r-l 3 4-1 
00 O 
V C 
U 3 

• r - l 

r- l XI 

01 XI 
u 
4J M 

w < 

ai co 

c r 3 
oi oo 
r l ai 

r l 
C r l 

• r l - r l 

CO 
XI 
CO 

0 
01 
4-1 
CO >. 
CO 



and i n f r e q u e n t . Near to the s u r f a c e of the f i b r e s the t r a n s v e r s e 

tubules may be o b l i q u e l y o r i e n t a t e d ( f i g . 5 2 ) . The s p a r s e s a r c o 

plasmic r e t i c u l u m , which se p a r a t e s the l a r g e m y o f i b r i l s i n the I 

band, i s fla n k e d by moderate amounts of glycogen g r a n u l e s . 

The l a r g e A f i b r e s i n t r a n s v e r s e s e c t i o n ( f i g s . 4 2 &. 43) 

have small, r e g u l a r m y o f i b r i l s that a r e p a r t i c u l a r l y w e l l - d e l i n e a t e d 

a t the l e v e l of the A/I band j u n c t i o n by e x t e n s i v e t r a n s v e r s e l y -

o r i e n t a t e d t u b u l e s , and i n the I band by s i n g l e l a y e r s of tubules 

of s a r c o p l a s m i c r e t i c u l u m . The ovoid mitochondria a r e s l i g h t l y 

larger than those of the l a r g e G f i b r e s , but a r e s t i l l r e l a t i v e l y 

s m a l l with few c r i s t a e . They are r e l a t i v e l y i n frequent and are 

s c a t t e r e d throughout a c r o s s - s e c t i o n of the f i b r e , although they 

tend to form subsarcolemmal accumulations. I n l o n g i t u d i n a l s e c t i o n 

( f i g s . 5 3 - 5 5 ) the mitochondria a re arranged mainly i n p a i r s on 

e i t h e r s i d e of the Z l i n e , or i n l o n g i t u d i n a l rows between the 

m y o f i b r i l s , or beneath the sarcolemma. The Z l i n e i s t h i n and 

s t r a i g h t w i t h d i s t i n c t Z f i l a m e n t s , and a prominent M l i n e i s 

pr e s e n t . The t r a n s v e r s e t u b u l a r system i s well-developed and 

t r i a d s occur r e g u l a r l y a t the A/I band j u n c t i o n . Large amounts 

of glycogen granules a r e a s s o c i a t e d with the abundant sar c o p l a s m i c 

r e t i c u l u m i n the I band. L i p i d d r o p l e t s a r e r a r e . 

The in t e r m e d i a t e C f i b r e s i n t r a n s v e r s e s e c t i o n ( f i g s . 4 8 

& 49) a l s o have s m a l l m y o f i b r i l s t h a t a r e w e l l - d e l i n e a t e d a t the A/I 

band j u n c t i o n by t r a n s v e r s e tubules and by abundant sar c o p l a s m i c 

r e t i c u l u m i n the I band. The mitochondria a re l a r g e r i n c r o s s -

s e c t i o n than those of the l a r g e A f i b r e and are more numerous. 



T h e i r d i s t r i b u t i o n p a t t e r n i s s i m i l a r to that of the l a r g e A f i b r e 

although the subsarcolemma1 accumulations a r e more s t r i k i n g . In 

l o n g i t u d i n a l s e c t i o n ( f i g s . 5 6 & 58) the mitochondria appear elongate 

and have c h a r a c t e r i s t i c t i g h t l y - p a c k e d c r i s t a e . Chains of mito

chondria, each of which may extend through up to t h r e e sarcomeres, 

l i e between the m y o f i b r i l s and may be a s s o c i a t e d with l i p i d d r o p l e t s . 

The Z l i n e s a re a p p r e c i a b l y t h i c k e r than those of e i t h e r the l a r g e 

G or the l a r g e A f i b r e s , although they a l s o show d i s t i n c t Z f i l a m e n t s . 

The Z l i n e s of the intermediate C f i b r e s appear s l i g h t l y wavy. An 

M l i n e i s p r e s e n t , although i t i s not as prominent as i n the l a r g e 

G or l a r g e A f i b r e t y p e s . The well-developed s a r c o p l a s m i c r e t i c u l u m 

forms remarkably r e g u l a r t r i a d i c j u n c t i o n s with the t r a n s v e r s e 

tubules a t the A/I band j u n c t i o n , and i s a s s o c i a t e d with moderately 

high amounts of glycogen g r a n u l e s . 

The u l t r a s t r u c t u r e of the s m a l l C f i b r e s of the c e n t r a l 

core i s comparable w i t h that of the i n t e r m e d i a t e C f i b r e s except 

that t h e i r diameter i s much s m a l l e r . I n t r a n s v e r s e s e c t i o n 

( f i g s . 4 6 & 47) the s m a l l C f i b r e s show s m a l l , w e l l - d e l i n e a t e d 

m y o f i b r i l s with abundant sar c o p l a s m i c r e t i c u l u m and e x t e n s i v e t r a n s 

v e r s e tubules a t the A/I band j u n c t i o n . The mitochondria are l a r g e 

with t i g h t l y - p a c k e d c r i s t a e and, i n c o n t r a s t to the intermediate C 

f i b r e , a r e d i s t r i b u t e d evenly throughout a t r a n s v e r s e s e c t i o n . In 

l o n g i t u d i n a l s e c t i o n ( f i g s . 5 6 & 57) the elongate mitochondria are 

arranged i n rows between the m y o f i b r i l s and are o f t e n a s s o c i a t e d 

with l i p i d d r o p l e t s . An M l i n e i s present; the Z l i n e s a re 

r e l a t i v e l y wide and wavy although Z f i l a m e n t s are shown; there i s 

abundant glycogen. 



71. 

8.22 O r b i t a l rim l a y e r . 

Low-power e l e c t r o n micrographs of the o r b i t a l rim l a y e r i n 

the b e l l y of SR ( f i g . 5 9 ) show an a r r a y of f i b r e types that are 

mostly r i c h i n mitochondria, and which, i n r e s p e c t of t h e i r mito

c h o n d r i a l p a t t e r n s and diameters, correspond to the i n t e r m e d i a t e 

C and s m a l l C f i b r e types of the c e n t r a l core. A few very s m a l l -

diameter G f i b r e s a re a l s o present that c o n t a i n very s m a l l mito

chondria and have a uniform appearance i n t r a n s v e r s e s e c t i o n . 

The intermediate C and s m a l l C f i b r e s of the o r b i t a l rim both 

e x h i b i t s m a l l m y o f i b r i l s t h a t are w e l l - d e l i n e a t e d i n the A/I 

band j u n c t i o n by e x t e n s i v e t r a n s v e r s e t u b u l e s , and i n the I 

band they are surrounded by a s i n g l e l a y e r of tubules of 

s a r c o p l a s m i c r e t i c u l u m ( f i g s . 6 2 - 6 5 ) . The m y o f i b r i l s appear to be 

l e s s d e l i n e a t e d by s a r c o p l a s m i c r e t i c u l u m i n the A band compared 

with the C f i b r e types of the c e n t r a l core l a y e r (compare f i g s . 4 6 -

49), I n l o n g i t u d i n a l s e c t i o n ( f i g s . 6 6 & 67) the u l t r a s t r u c t u r e of 

the C f i b r e types i n the o r b i t a l rim l a y e r i s s i m i l a r to the r e s p e c t i v e 

C f i b r e types i n the c e n t r a l core l a y e r . The elongated mitochondria 

have t i g h t l y - p a c k e d c r i s t a e and are arranged i n i n t e r m y o f i b r i l l a r y 

c h a i n s , o f t e n i n a s s o c i a t i o n with l i p i d d r o p l e t s ; the t h i c k Z 

l i n e s may be s l i g h t l y wavy although they have d i s t i n c t Z f i l a m e n t s ; 

f a i n t M l i n e s a r e p r e s e n t w i t h i n a pseudo-H zone i n the c e n t r e of 

the A band; t r i a d s occur r e g u l a r l y a t the A/I band j u n c t i o n ; and 

there a r e moderate amounts of s a r c o p l a s m i c r e t i c u l u m i n the I band 



with a s s o c i a t e d glycogen g r a n u l e s . The C f i b r e types of the 

o r b i t a l rim l a y e r i n the b e l l y of SR tend to form a spectrum r a t h e r 

than d i s t i n c t intermediate C and small C types as i n the c e n t r a l 

c o r e . 

The small-diameter G f i b r e s from the o r b i t a l rim l a y e r i n 

the b e l l y of SR ( f i g s . 5 9 & 60) have mitochondria t h a t a r e much 

s m a l l e r i n diameter than those of the neighbouring C f i b r e types 

and which are r e l a t i v e l y numerous. The mitochondria a r e d i s t r i b u t e d 

evenly throughout a t r a n s v e r s e s e c t i o n without any subsarcolemmal 

accumulations i n a s i m i l a r p a t t e r n to th a t of the l a r g e G f i b r e s 

of the c e n t r a l c o r e , although they a r e s l i g h t l y l a r g e r and more 

numerous. The uniform appearance of the sm a l l G f i b r e s i n t r a n s 

verse s e c t i o n d e r i v e s p a r t l y from the s m a l l , r e l a t i v e l y i n c o n s p i c 

uous mitochondria, and p a r t l y from the poor d e l i n e a t i o n of the 

m y o f i b r i l s , which a re only p a r t i a l l y d e l i m i t e d by sa r c o p l a s m i c 

r e t i c u l u m i n the I band and are not d e l i m i t e d a t a l l i n the A 

band ( f i g . 6 1 ) . Where the m y o f i b r i l s a r e v i s i b l e they a r e s m a l l e r 

than those of the l a r g e G f i b r e of the c e n t r a l c o r e . The t r a n s v e r s e 

t u b u l a r system i s not abundant and does not markedly d e l i n e a t e 

the m y o f i b r i l s as i n the other f i b r e types of the o r b i t a l rim, 

although t r i a d s a r e o c c a s i o n a l l y v i s i b l e i n t r a n s v e r s e s e c t i o n s . 

In l o n g i t u d i n a l s e c t i o n ( f i g s . 6 8 & 69) the ovoid mitochondria e i t h e r 

form p a i r s on e i t h e r s i d e of the Z band or may extend a c r o s s a 

sarcomere to form short c h a i n s with neighbouring mitochondria. 

There a r e o c c a s i o n a l l i p i d d r o p l e t s a s s o c i a t e d w i t h these s h o r t 

c h a i n s . The Z band i s r e l a t i v e l y wide, f a i r l y s t r a i g h t and c o n t a i n s 



d i s t i n c t Z f i l a m e n t s . An M l i n e i s absent from the pseudo-H zone. 

The poorly-developed s a r c o p l a s m i c r e t i c u l u m i s r e s t r i c t e d to the 

I band and i s a s s o c i a t e d w i t h moderate amounts of glycogen g r a n u l e s . 

T r i a d s , although r e l a t i v e l y few i n number and i r r e g u l a r i n occurence, 

a r e more numerous than i n the l a r g e G f i b r e of the c e n t r a l c o r e . 

They are l o c a t e d at the A/I band j u n c t i o n . 

At a l e v e l between the b e l l y and i n s e r t i o n of SR, the s m a l l 

G f i b r e s of the o r b i t a l rim are g e n e r a l l y l a r g e r i n diameter 

( f i g s . 7 0 - 7 2 ) although t h e i r u l t r a s t r u c t u r a l c h a r a c t e r i s t i c s remain 

i d e n t i c a l to those of the s m a l l G f i b r e s i n the b e l l y . With 

i n c r e a s e d diameter the s m a l l G f i b r e s appear even more homogeneous. 

Some of the s m a l l G f i b r e s of the o r b i t a l rim have been 

observed to c o n t a i n aggregations of t u b u l e - l i k e s t r u c t u r e s t h a t l i e 

immediately beneath the sarcolemma ( f i g s . 7 3 - 7 5 ) . Such s t r u c t u r e s 

appear i n t r a n s v e r s e s e c t i o n as single-membrane tubules t h a t c o n t a i n 

an inner tubule with two membranes and which i s comparatively 

e l e c t r o n dense. 

At the i n s e r t i o n end of SR the o r b i t a l rim l a y e r c o n t a i n s , 

i n a d d i t i o n to the spectrum of C f i b r e types and s m a l l G f i b r e s 

a l r e a d y d e s c r i b e d , l a r g e A f i b r e s t h a t correspond i n u l t r a s t r u c t u r e 

to the l a r g e A f i b r e s of the c e n t r a l core l a y e r . 

8.23 P e r i p h e r a l patch l a y e r . 

The p e r i p h e r a l patch l a y e r s are e a s i l y d i s t i n g u i s h e d i n 



low-power e l e c t r o n micrographs ( f i g . 7 6 ) s i n c e they a r e composed 

almost e n t i r e l y of medium- to large-diameter G type f i b r e s t h a t 

a r e c h a r a c t e r i s t i c a l l y w e l l - s e p a r a t e d from each other by e x t e n s i v e 

c o n n e c t i v e t i s s u e . The numerous mitochondria a r e s m a l l i n diameter 

w i t h only a few c r i s t a e , and a r e s c a t t e r e d evenly throughout a 

c r o s s - s e c t i o n . The m y o f i b r i l s a r e only poorly d e l i n e a t e d i n the 

I band and not d e l i n e a t e d a t a l l i n the A band ( f i g s . 7 7 - 7 8 ) . 

The i n t e r m e d i a t e G f i b r e s of the p e r i p h e r a l patch thus appear r e l a t i v e l y 

homogeneous i n t r a n s v e r s e s e c t i o n . 

In l o n g i t u d i n a l s e c t i o n ( f i g s . 7 9 - 8 0 ) the f i n e s t r u c t u r e 

of the p e r i p h e r a l patch G f i b r e s resembles t h a t of the s m a l l G 

f i b r e s of the o r b i t a l rim. The Z band i s thus wide and c o n t a i n s 

d i s t i n c t Z f i l a m e n t s ; mitochondria a r e sm a l l and a r e arranged 

e i t h e r i n p a i r s on e i t h e r s i d e of the Z l i n e or they may extend 

a c r o s s a sarcomere; an M l i n e i s absent from the middle of the A 

band; tubules of sarcoplasmic r e t i c u l u m with a s s o c i a t e d glycogen 

g r a n u l e s a r e poorly-developed and only present i n the I band; 

t r i a d s do occur a t the A/I band j u n c t i o n but are i n f r e q u e n t . 

I n these larger-diameter G f i b r e s of the periphery the 

Z band o f t e n appears more wavy than i n the s m a l l G f i b r e s i n the 

b e l l y region of the o r b i t a l rim. 

A summary of the u l t r a s t r u c t u r a 1 c h a r a c t e r i s t i c s of the 

v a r i o u s f i b r e types i n each l a y e r of SR i s given i n Table I I . 



Chapter 9. Types of motor nerve ending and t h e i r d i s t r i b u t i o n i n 

s u p e r i o r r e c t u s . 

9.1 C h o l i n e s t e r a s e p r e p a r a t i o n s . 

C h o l i n e s t e r a s e a c t i v i t y i n SR i s l o c a l i s e d not only on 

e x t r a f u s a l muscle f i b r e s as motor endings, but a l s o a t muscle-

tendon and muscle-muscle j u n c t i o n s , which a r e d e s c r i b e d l a t e r 

( 9 . 1 5 ) . 

9.11 P l a t e and grape endings. 

A low-power examination of a s u p e r i o r r e c t u s muscle t h a t 

has been s t a i n e d i n toto to demonstrate c h o l i n e s t e r a s e a c t i v i t y 

shows two major types of motor ending on the e x t r a f u s a l muscle 

f i b r e s ( f i g . 8 1 ) . The f i r s t type c o n s i s t s of i n t e n s e l y - s t a i n i n g 

ovoid s t r u c t u r e s 15-35um i n diameter t h a t resemble the t y p i c a l 

motor end-plates of other s t r i a t e d muscle. Such p l a t e ('en p l a q u e 1 ) 

endings i n SR are s c a t t e r e d i n c l u s t e r s throughout the length of 

the muscle. Each c l u s t e r of p l a t e endings occurs a t approximately 

the same l e v e l on adjacent muscle f i b r e s , but there i s no d i s c r e t e , 

c e n t r a l t e r m i n a l i n n e r v a t i o n band as i n the e x t r a o c u l a r muscles of 

the m a j o r i t y of other mammalian s p e c i e s ( 1 . 2 ) . The arrangement of 

p l a t e and grape endings i n sheep SR corresponds to t h a t shown i n the 

e x t r a o c u l a r muscles of the cynomolgous monkey (Hess, 1962), and the 

s c a t t e r e d p a t t e r n of i n n e r v a t i o n suggests t h a t some muscle f i b r e s 

do not extend the f u l l length of the muscle. The p l a t e endings 
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may be d i s t i n g u i s h e d under the d i s s e c t i n g microscope a f t e r only 

5-10 minutes i n c u b a t i o n . I n teased, or squashed, p r e p a r a t i o n s of 

m a t e r i a l given such short i n c u b a t i o n the complex s y n a p t i c g u t t e r i n g 

underneath the motor end-plates can be c l e a r l y seen ( f i g s . 8 7 & 8 9 ) . 

I n c r e a s e d i n c u b a t i o n time r e s u l t s i n the l o s s of such f i n e d e t a i l 

because of i n c r e a s e d d e p o s i t i o n and d i f f u s i o n of r e a c t i o n product, 

and the motor end-plates appear as ' d i s c s ' of c h o l i n e s t e r a s e -

p o s i t i v e m a t e r i a l . The p l a t e endings possess both high a c e t y l 

c h o l i n e s t e r a s e (AChE) and b u t y r y l c h o l i n e s t e r a s e or n o n - s p e c i f i c 

e s t e r a s e (BChE) a c t i v i t y . 

The second type of ending i s more d i f f u s e and i s more 

v a r i a b l e i n form, being composed of very s m a l l c h o l i n e s t e r a s e -

p o s i t i v e d r o p l e t s . Such grape ("en grappe') endings appear a t 

low m a g n i f i c a t i o n as specks of lower i n t e n s i t y s c a t t e r e d between 

the c l u s t e r s of h i g h l y - r e a c t i v e motor end-plates ( f i g . 8 1 ) . The 

grape endings possess weaker AChE and BChE a c t i v i t y than the p l a t e 

endings and need at l e a s t 20 minutes i n c u b a t i o n before they become 

v i s i b l e . Consequently, i n m a t e r i a l incubated p r i m a r i l y to demonstrate 

the d i f f u s e grape endings, the compact p l a t e endings are u s u a l l y 

o v e r s t a i n e d and the s y n a p t i c g u t t e r i n g obscured. 

9.12 D i s t r i b u t i o n of endings throughout the v a r i o u s l a y e r s . 

The s e p a r a t i o n of i n d i v i d u a l muscle f i b r e s from s m a l l 

m u s c l e - f i b r e bundles teased s p e c i f i c a l l y from the t h r e e l a y e r s of 

SR shows t h a t each l a y e r c o n t a i n s both p l a t e - i n n e r v a t e d and grape-



innervated f i b r e s . The p l a t e i n n e r v a t i o n i s s i n g l e , w i t h one motor 

end-plate being s u p p l i e d to any one muscle f i b r e , and the grape 

i n n e r v a t i o n i s m u l t i t e r m i n a l with s e v e r a l zones of grape endings 

being s c a t t e r e d along a p a r t i c u l a r muscle f i b r e . The bundles of 

muscle f i b r e s from the c e n t r a l core a r e composed mainly of p l a t e -

innervated f i b r e s that are mostly of intermediate to l a r g e diameter, 

but which a l s o i n c l u d e small-diameter f i b r e t y p e s . There a r e a l s o 

about 7% of grape-innervated f i b r e s t h a t a r e among the l a r g e s t -

diameter f i b r e s i n the c e n t r a l c o r e . The o r b i t a l rim l a y e r a l s o 

c o n t a i n s mainly p l a t e - i n n e r v a t e d f i b r e s of s m a l l to inter m e d i a t e 

diameter, with about a t h i r d of small-diameter grape-innervated 

f i b r e s that possess a more profuse i n n e r v a t i o n than the grape-

i n n e r v a t e d f i b r e s of the c e n t r a l c o r e . The p e r i p h e r a l patch 

l a y e r a t the i n s e r t i o n end of SR i s almost e n t i r e l y composed of 

grape-innervated f i b r e s of intermediate to high diameter. T h i s 

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

s t r i k i n g s i n c e the i n n e r v a t i o n , l i k e t h a t of the grape-innervated 

f i b r e s of the o r b i t a l rim, i s very profuse. 

9.13 Two p a t t e r n s of grape i n n e r v a t i o n . 

The proportions and r e l a t i v e diameters of the grape-

innervated f i b r e s i n each of the SR l a y e r s corresponds to those of 

the histochemica1 G-type f i b r e s found i n the c e n t r a l c o r e , o r b i t a l 

rim and p e r i p h e r a l patch l a y e r s . The p a t t e r n of grape i n n e r v a t i o n 

of the c e n t r a l core G f i b r e s i s d i f f e r e n t from t h a t of the o r b i t a l 
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rim and p e r i p h e r a l patch G f i b r e s , as has a l r e a d y been o u t l i n e d 

( B a r k e r & Harker, 1972). A sample of 38 p e r i p h e r a l patch G f i b r e s 

were teased from the d o r s a l l a y e r of SR a t the i n s e r t i o n end and 

i s o l a t e d f o r as great a d i s t a n c e as p o s s i b l e ( s e e f i g . 8 3 ) . The 

e x t e n s i v e c o n n e c t i v e t i s s u e of t h i s l a y e r makes t h i s a d i f f i c u l t 

task, although portions of muscle f i b r e s were obtained c o n t a i n i n g 

up to f i v e ' i n n e r v a t i o n zones'. These 'zones' a r e composed of 

i r r e g u l a r c h a i n s of c h o l i n e s t e r a s e - p o s i t i v e d r o p l e t s t h a t provide 

an almost continuous i n n e r v a t i o n over a given length of muscle f i b r e 

( f i g . 8 5 ) and which a r e i r r e g u l a r l y spaced a p a r t . The c h o l i n e s t e r a s e -

p o s i t i v e d r o p l e t s a r e of v a r i a b l e s i z e and form. They range from 

small-diameter ovoid s t r u c t u r e s to l a r g e r i r r e g u l a r l y - s h a p e d forms, 

which of t e n s p i r a l e x t e n s i v e l y around the muscle f i b r e . The 38 

muscle f i b r e s had a mean diameter of 33.0um; the 94 ' i n n e r v a t i o n 

zones' extended on average f o r about 200pm along the f i b r e and 

contained between 5 and 38 d r o p l e t s (mean = 16.5). The ' i n n e r v a t i o n 

zones' were spaced apart by an average d i s t a n c e of about 610um. 

The c e n t r a l core G f i b r e s ( f i g . 8 4 ) show s m a l l compact 

' i n n e r v a t i o n zones' composed of c l u s t e r s of s m a l l c h o l i n e s t e r a s e -

p o s i t i v e d r o p l e t s , round or ova l i n shape, which a r e u s u a l l y q u i t e 

d i s c r e t e . There i s no complex s y n a p t i c g u t t e r i n g comparable to 

that a s s o c i a t e d with the compact motor end-plate ( f i g s . 8 6 & 8 8 ) , 

The grape endings of the c e n t r a l core G f i b r e s do not s t a i n as 

i n t e n s e l y as the grape endings found i n the p e r i p h e r a l f a s i c l e s of 

SR. In a sample of 26 c e n t r a l core G f i b r e s the 105 ' i n n e r v a t i o n 
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zones' extended on average for about 60pm along the muscle f i b r e , 

contained about 7 d r o p l e t s , and were spaced apart by an average 

d i s t a n c e of 860pm. The mean-diameter of the muscle f i b r e s was 

39.0pm which was the l a r g e s t mean diameter of the c h o l i n e s t e r a s e -

s t a i n e d m a t e r i a l . 

I n a sample of 10 i s o l a t e d o r b i t a l rim G f i b r e s taken from 

the b e l l y of SR, the mean diameter of the muscle f i b r e s was 22.0pm, 

the average length of the 'i n n e r v a t i o n zone' was 100pm, and these 

zones were spaced apart by an average d i s t a n c e of 400pm. The form of 

the grape endings resembled t h a t of the p e r i p h e r a l patch G f i b r e s , 

but the average number of c h o l l n e s t e r a s e - p o s i t i v e d r o p l e t s i n the 

i n n e r v a t i o n zones was lower ( 8 - 9 ) . Some of these small-diameter 

o r b i t a l rim G f i b r e s a r e probably d e r i v e d from larger-diameter 

p e r i p h e r a l patch G f i b r e s t h a t subdivide as they pass from the 

i n s e r t i o n to the b e l l y of the muscle ( c h a p t e r 1 1 ) . The p e r i p h e r a l 

patch and o r b i t a l rim G f i b r e s may thus form a p e r i p h e r a l grape-

innervated component q u i t e d i s t i n c t from that l o c a t e d i n the c e n t r a l 

c o r e . T h i s p e r i p h e r a l component appears to have the most profuse 

grape i n n e r v a t i o n concentrated i n the p e r i p h e r a l patch l a y e r s a t the 

extreme ends of the muscle. C e n t r a l core G f i b r e s have not been 

observed to subdivide: t h e i r '-innervation zones' a r e s h o r t e r , 

c o n t a i n fewer and s m a l l e r c h o l i n e s t e r a s e - p o s i t i v e d r o p l e t s , and are 

spaced f a r t h e r a p a r t than i n the p e r i p h e r a l G f i b r e s . 
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9.14 Pharmacology of endings. 

The p l a t e endings, and both types of grape ending, a l l 

show AChE and BChE a c t i v i t y . There appeared to be no d i f f e r e n c e 

at a l l i n the case of p l a t e endings between the a c t i v i t y e x h i b i t e d 

towards a c e t y l t h i o c h o l i n e and that towards b u t y r y l t h i . o c h o l i n e . 

I n the case of grape endings gross a c t i v i t y i s lower and a c t i v i t y 

towards a c e t y l t h i o c h o l i n e tends to be s l i g h t l y higher than that 

towards b u t y r y l t h i o c h o l i n e . 

These f i n d i n g s a r e s i m i l a r to those reported f o r the 

e x t r a o c u l a r muscles of the cynomolg£us monkey (Hess, 1962), 

ca t (Hess & P i l a r , 1963), rhesus monkey ( S i l v e r , 1963; Zenker & 

Anzenbacher, 1964), guinea pig, goat and r a b b i t ( S i l v e r , 1963), man 

(Dieter/t,1965) , and r a t (TeraVainen, 1968a). 

9.15 A d d i t i o n a l c h o l i n e s t e r a s e - p o s i t i v e s t r u c t u r e s . 

At the o r i g i n and i n s e r t i o n ends of SR the muscle f i b r e s 

t h a t form the musculo—tendinous j u n c t i o n s d i s p l a y a ' p a l i s a d e ' of 

c h o l i n e s t e r a s e - p o s i t i v e m a t e r i a l around t h e i r ends ( f i g . 9 0 ) . T h i s 

p a l i s a d e resembles the ' c h o l i n e s t e r a s e c u f f s ' d e s c r i b e d by Couteaux 

(1953) i n s k e l e t a l muscle. S i m i l a r s t r u c t u r e s have been observed 

at the musculo-tendinous j u n c t i o n s of r a t eye muscles (Mayr, 1971) 

and human eye muscles (Kupfer, 1960; Cheng, 1963). 

Within the p e r i p h e r a l patch and o r b i t a l rim l a y e r s of SR 

th e r e a r e a l s o a v a r i e t y of c h o l i n e s t e r a s e - p o s i t i v e muscle f i b r e 
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i n t e r c o n n e c t i o n s , both with and without the i n t e r p o s i t i o n of 

tendinous m a t e r i a l ( f i g s . 9 1 - 9 2 ) . These i n t e r c o n n e c t i o n s take 

the form of end-to-end j u n c t i o n s between e i t h e r two undivided 

f i b r e s t h a t do not extend the f u l l length of SR, or, more commonly, 

between an undivided f i b r e and a short branch d e r i v e d from a 

p e r i p h e r a l G-type f i b r e . These f i b r e s , as they pass towards the 

b e l l y of the muscle, reduce i n diameter by e i t h e r forming a 

" B u t t r e s s - l i k e " attachment point ( f i g . 9 2 ) or by s u b d i v i d i n g 

i n t o two daughter f i b r e s , one of which may form a short branch 

( f i g . 9 1 ) . C h o l i n e s t e r a s e a c t i v i t y i s l o c a l i s e d both around the 

end of the attached f i b r e and around the point of attachment 

and resembles the ' p a l i s a d e ' of c h o l i n e s t e r a s e - p o s i t i v e m a t e r i a l a t 

the musculo-tendinous j u n c t i o n d e s c r i b e d above. The muscle f i b r e / 

muscle f i b r e j u n c t i o n s may have l i t t l e tendinous m a t e r i a l i n t e r p o s e d 

between the ends of the two muscle f i b r e s ( f i g s . 9 1 &. 9 5 ) , or they 

may be separated by lOOpm or more of tendon ( f i g s . 9 2 & 9 6 ) . The 

j u n c t i o n s shown i n c h o l i n e s t e r a s e p r e p a r a t i o n s a r e compared with 

s i m i l a r j u n c t i o n s seen i n teased, s i l v e r p r e p a r a t i o n s ( f i g s . 9 5 & 9 6 ) . 

A tendinous attachment of a small-diameter e x t r a f u s a l muscle f i b r e to 

a l a r g e r diameter one without any b u t t r e s s i n g or end-to-end j u n c t i o n s 

i s shown i n f i g . 9 4 . T h i s p r e p a r a t i o n i s of teased, s i l v e r -

impregnated m a t e r i a l . 

I t i s evident that i n sheep SR a complex, three-dimensional 

network i s b u i l t up i n the p e r i p h e r a l l a y e r s by the i n t e r c o n n e c t i o n 

of muscle f i b r e s . A comparable network of muscle f i b r e s t h a t a r e 

interconnected by short-tendon attachments and tendon-free j u n c t i o n s 
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has been d e s c r i b e d i n the i r i s muscle of the ch i c k e n (Zenker & 

Krammer, 1967), an inner eye muscle. The branched muscle f i b r e s 

of the a v i a n i r i s a r e a l s o grape-innervated, as are the p e r i p h e r a l 

G f i b r e s i n sheep SR, but have an i n t e r n a l s t r u c t u r e t y p i c a l of 

f a s t f i b r e s (Hess, 1966). 

End-to-end j u n c t i o n s of (unbranched?) muscle f i b r e s with 

p a l i s a d e s of c h o l i n e s t e r a s e - p o s i t i v e m a t e r i a l i n t e r p o s e d between 

have been reported i n the e x t r a o c u l a r muscles of the c a t ( F l o y d , 

1970), the r a t (Mayr, 1971) and the s e r i n f i n c h (Mayr, Zenker &, 

Gruber, 1967). 

9.2 S i l v e r p r e p a r a t i o n s . 

An examination of teased, s i l v e r p r e p a r a t i o n s taken from 

the v a r i o u s l a y e r s of SR shows th a t the main nerve trunk e n t e r s 

the f a s c i a p o s t e r i o r l y along the l a t e r a l border ( f i g . 3 ) and d i v i d e s 

as i t passes a t r i g h t angles to the length of the muscle to give 

s m a l l e r nerve bundles. These course p a r a l l e l to the muscle f i b r e s 

toward e i t h e r the o r i g i n end of the muscle or, mainly, toward the 

i n s e r t i o n on the e y e b a l l . 

9.21 P l a t e endings. 

The e x t r a f u s a l motor end-plates t h a t a r e s c a t t e r e d i n 

groups throughout the length of SR are d e r i v e d from medium- to l a r g e -

diameter myelinated axons that leave the s m a l l nerve bundles, pass 

at 90° over the muscle f i b r e s and d i v i d e to give a spray of up to 

twenty end-plates ( f i g . 9 8 ) . Immediately a d j a c e n t to the end-plate 
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the myelinated axons i n the s i l v e r p r e p a r a t i o n s have a t o t a l diameter 

of 3.0-5.9pm (mean = 4.28). Measurements were made immediately 

proximal to the l a s t d i v i s i o n of the nerve p r i o r to the end-plate. 

The end-plates range i n complexity from the s i m p l e s t , or T l type 

( T u f f e r y , 1971), which i s formed from an unbranched t e r m i n a l axon 

( f i g s . 9 8 - 1 0 0 ) , to more complex end-plates t h a t a r e formed from two, 

three or more myelinated branches of the t e r m i n a l axon ( g i v i n g 

T2, T3 e t c . forms) such as i s shown i n figs.101-104. Such complex 

end-plates occur only r a r e l y i n other normal s k e l e t a l muscle as a 

consequence of growth and e l a b o r a t i o n ( T u f f e r y , 1971). A l s o 

u n l i k e the end-plates of other s k e l e t a l muscles i t i s common, even 

i n the s i m p l e r forms, to observe myelinated nerves w i t h i n the re g i o n 

of the end-plate ( f i g . 1 0 0 ) . I n the t e r m i n a l course of such nerves 

the i n t e r n o d a l d i s t a n c e s a r e very s m a l l and unmyelinated t e r m i n a l 

brandies leave the main nerve a t the nodes of Ranvier to c o n t r i b u t e 

to the end-plate r e g i o n . Such naked axon t e r m i n a l s appear as 

a r b o r e a l branchings o f t e n with t e r m i n a l axoplasmic s w e l l i n g s or 

loops ( f i g . 9 9 ) . The complexity of an end-plate c o n f i g u r a t i o n i n 

terms of number of c o n t r i b u t i n g myelinated branches of the t e r m i n a l 

axon does not appear to be r e l a t e d to m u s c l e - f i b r e diameter. Thus 

the t h i n , p l a t e - i n n e r v a t e d muscle f i b r e s of the o r b i t a l rim l a y e r 

may of t e n possess endings with a T l , T 2 or T 3 form ( f i g . 104). 

9.22 Grape endings. 

In a d d i t i o n to the sm a l l bundles of large-diameter nerve 
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f i b r e s t h a t supply sprays of end-plates to r e s t r i c t e d zones of SR 

there a r e a l s o p resent throughout the muscle axons of s m a l l diameter 

th a t can occur e i t h e r as s i n g l e i s o l a t e d axons or as s m a l l nerve 

bundles which terminate i n m u l t i t e r m i n a l 'grape' endings of v a r i a b l e 

appearance. These axons run i n a d i r e c t i o n approximately p a r a l l e l 

to the muscle f i b r e s , though t h e i r course i s oft e n a meandering one, 

and they branch f r e q u e n t l y to produce a complex network of nerves 

i n some zones of the muscle. The d e n s i t y of these small-diameter 

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

p h e r a l patch l a y e r a t the i n s e r t i o n end of SR; i s lower i n the 

p e r i p h e r a l f a s c i c l e s of the o r b i t a l rim l a y e r ; and i s lowest i n 

the f a s c i c l e s of the c e n t r a l c o r e . 

9.221 P e r i p h e r a l grape endings. 

The t h i n l y — m y e l i n a t e d axons t h a t form the complex network 

i n the p e r i p h e r a l patch l a y e r a t the i n s e r t i o n end of SR a r e , on 

average, about 2.5um i n diameter. T h i s measurement i s p r i o r to 

t h e i r f i n a l branching to give non-myelinated t e r m i n a l f i b r i l s . These 

f i b r i l s terminate i n grape endings t h a t a r e g e n e r a l l y the most complex 

i n the muscle. In the most compact of these terminations the t e r m i n a l 

f i b r i l s d i v i d e r e p e a t e d l y to end i n s m a l l knobs or axoplasmic 

s w e l l i n g s t h a t produce the c h a r a c t e r i s t i c 'bunch of grapes' appear

ance ( f i g s . 1 0 5 & 108). Other grape endings i n the p e r i p h e r a l patch 

l a y e r appear more l i n e a r i n form with the non-myelinated t e r m i n a l 

f i b r i l p a s s i n g along i n d i v i d u a l muscle f i b r e s , sometimes for c o n s i d e r a b l e 
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d i s t a n c e s ( f i g . 1 0 6 ) . At r e g u l a r i n t e r v a l s extremely f i n e branches 
a r e given o f f and end i n s m a l l knobs, and the te r m i n a l p o r t i o n of 
the main f i b r i l may a l s o c o n t a i n axoplasmic s w e l l i n g s . S i n c e 
both of these types of grape ending have o c c a s i o n a l l y been seen to 
be d e r i v e d from a common axon ( f i g . 1 0 7 ) i t i s assumed t h a t they 
re p r e s e n t extremes of a spectrum with a l l p o s s i b l e intermediate 
forms. The s i m i l a r i t y of d i s t r i b u t i o n of the axoplasmic s w e l l i n g s 
and the c h o l i n e s t e r a s e - p o s i t i v e s t r u c t u r e s l o c a t e d on the p e r i p h e r a l 
patch G type f i b r e s ( see e.g. f i g . 8 3 ) suggests that the s w e l l i n g s 
c o n s t i t u t e the major p o i n t s of s y n a p t i c contact with the u n d e r l y i n g 
muscle f i b r e . 

Within the p e r i p h e r a l patch l a y e r the l i n e a r form of grape 

ending becomes the more common type as one passes toward the b e l l y 

of the muscle and the p e r i p h e r a l patch G f i b r e s a r e reduced i n 

diameter. The r e l a t i v e l y e x t e n s i v e i n n e r v a t i o n zones of t h i s p a r t of 

the muscle may o c c a s i o n a l l y be formed by s e v e r a l non-myelinated 

t e r m i n a l f i b r i l s t h a t are der i v e d from the same parent axon and each 

of which terminates i n a f a i r l y simple ending ( f i g . 1 0 9 ) . 

Within the o r b i t a l rim l a y e r i n the b e l l y of SR the m u l t i -

t e r m i n a l l y - i n n e r v a t e d muscle f i b r e s a r e g e n e r a l l y of small-diameter 

and t h e i r grape endings a r e l i n e a r i n form ( f i g s . 1 1 0 - 1 1 1 ) . 

9.222 C e n t r a l grape endings. 

I n the c e n t r a l core l a y e r axons of s m a l l diameter a r e 
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r e l a t i v e l y i n f r e q u e n t compared to the other l a y e r s of SR. P r i o r 

to t h e i r f i n a l branching these nerves a r e about 2.5um i n diameter 

and appear to be t h i n l y - m y e l i n a t e d . They course f o r c o n s i d e r a b l e 

d i s t a n c e s through the c e n t r a l core l a y e r and branch to supply 

i n f r e q u e n t l y - o c c u r i n g muscle f i b r e s of large-diameter t h a t a r e 

presumed to be c e n t r a l core l a r g e G f i b r e s . In s i l v e r p r e p a r a t i o n s 

these muscle f i b r e s o f t e n appear p a l e r than the surrounding p l a t e -

innervated ones. The t h i n l y - o r non-myelinated t e r m i n a l f i b r i l s 

form f a i r l y compact i n n e r v a t i o n zones t h a t a r e more widely spaced 

apart than those of the p e r i p h e r a l grape-innervated muscle f i b r e s . 

The main f i b r i l s o f t e n s p i r a l around the muscle f i b r e before term

i n a t i n g i n f a i r l y c o a r s e knobs or axoplasmic s w e l l i n g s (figs.112-114 

& 118-120). Extremely f i n e t e r m i n a l branches a r e a l s o sometimes 

d i s c e r n a b l e t h a t terminate i n very f i n e knobs or loops ( f i g s . 115-116). 

I t i s p o s s i b l e that these extremely f i n e t e r m i n a t i ons a r e only 

o c c a s i o n a l l y impregnated with s i l v e r . T h i s would e x p l a i n the 

apparent s p a r s i t y of p o i n t s of s y n a p t i c c o n t a c t i n the s i l v e r 

p r e p a r a t i o n s of c e n t r a l core G f i b r e s when compared with c h o l i n e s t e r a s e 

p r e p a r a t i o n s ( f i g s . 8 6 & 8 8 ) . The most compact of the c e n t r a l core grape 

terminations may c l o s e l y resemble the form of the c l a s s i c a l motor 

end-plate of s k e l e t a l muscle i n t h a t the t e r m i n a l f i b r i l s branch 

only once or twice and end i n t h i c k e n i n g s or s w e l l i n g s among s e v e r a l 

n u c l e i . In one of the ' p l a t e - l i k e ' endings i l l u s t r a t e d ( f i g . 1 1 7 ) 

a f i n e branch from the parent axon passes f u r t h e r along the muscle 

f i b r e and ends i n s e v e r a l knobs and loops. Such c o n f i g u r a t i o n s may 

be d i s t i n g u i s h e d from t r u e end-plates by the f a c t t h a t t h e i r parent 



87. 

axons a r e never as t h i c k , and a l s o because they occur on muscle 

f i b r e s that are m u l t i t e r m i n a l l y i n n e r v a t e d . The v a r i e t y of form 

of the c e n t r a l 'compact' grape endings i s i l l u s t r a t e d i n f i g s . 1 1 2 -

120. Terminations can range from extremely simple b i f u r c a t e d f i b r i l s 

w i th only three or four v i s i b l e p o i n t s of s y n a p t i c c o n t a c t ( f i g . 1 1 5 ) 

to more e x t e n s i v e endings i n which the t e r m i n a l f i b r i l s take a 

longer course and are c l o s e l y a p p l i e d to the u n d e r l y i n g muscle 

f i b r e . 
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Chapter 10. U l t r a s t r u c t u r e of the extrafusa.1 myoneural j u n c t i o n s 

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

A t o t a l of 58 e x t r a f u s a l myoneural j u n c t i o n s were examined 

i n e i t h e r l o n g i t u d i n a l or t r a n s v e r s e s e c t i o n under the e l e c t r o n 

microscope. The number of endings that were examined for the 

d i f f e r e n t m u s c l e - f i b r e types i n each of the three l a y e r s of SR 

i s given i n Table I I I . Two major types of u l t r a s t r u c t u r e a r e 

shown corresponding to the p l a t e and grape types of i n n e r v a t i o n . 

The s l n g l y - i n n e r v a t e d muscle f i b r e s show neuromuscular j u n c t i o n s 

comparable i n u l t r a s t r u c t u r e to the t y p i c a l motor end-plates of 

mammalian s k e l e t a l muscle. The axon t e r m i n a l s are l o c a t e d i n 

s y n a p t i c grooves with numerous j u n c t i o n a l f o l d s , and i n SR they are 

a p p l i e d only to those muscle f i b r e types that e x h i b i t a ' t w i t c h -

type' morphology (Hess, 1970; 1967), that i s , to l a r g e A, l a r g e C 

and s m a l l C f i b r e t ypes. The second type of motor j u n c t i o n i s 

a p p l i e d to the m u l t i t e r m i n a l l y - i n n e r v a t e d l a r g e G f i b r e of the 

c e n t r a l c ore, and the intermediate G and s m a l l G f i b r e s of the 

p e r i p h e r y . The axon t e r m i n a l s of these endings are l o c a t e d e i t h e r 

i n shallow grooves or on the s u r f a c e of the muscle f i b r e with only 

rudimentary or i r r e g u l a r j u n c t i o n a l f o l d s . The u l t r a s t r u c t u r a l 

c h a r a c t e r i s t i c s of the myoneural j u n c t i o n s a p p l i e d to the v a r i o u s 

f i b r e types i s summarized i n Table I I I . 
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10.1. P l a t e endings. 

The axon t e r m i n a l s of the motor end-plates i n SR are 

derived from myelinated large-diameter motor axons, that have 

prominent mitochondria, neurofilaments and neurotubules, and which 

are often v i s i b l e i n a t r a n s v e r s e s e c t i o n through the end-plate 

region ( s e e , for example f i g . 1 2 4 ) . The t e r m i n a l s a r e c h a r a c t e r i s t 

i c a l l y compact i n t h e i r arrangement. I n t r a n s v e r s e s e c t i o n up to 

h a l f the perimeter of a p a r t i c u l a r muscle f i b r e may. be covered 

with axon t e r m i n a l s (see f i g s . 1 2 4 & 128) which l i e i n s y n a p t i c 

g u t t e r s above a s o l e p l a t e with r e g u l a r and frequent p o s t 

s y n a p t i c f o l d s . 

The neuromuscular j u n c t i o n s of the l a r g e A f i b r e s of the 

c e n t r a l core ( f i g s . 1 2 1 - 1 2 3 ) are u s u a l l y l o c a t e d on a pronounced 

Doyere's emminence with a r e l a t i v e l y t h i c k s o l e p l a t e and 

a s s o c i a t e d s o l e p l a t e n u c l e i ( f i g . 1 2 3 ) . The axon t e r m i n a l s are 

large and f r e q u e n t l y elongate and they extend over r e l a t i v e l y 

l a r g e areas of p o s t - s y n a p t i c membrane. The j u n c t i o n a l f o l d s a r e 

remarkable for t h e i r great r e g u l a r i t y and abundance. They are 

c l o s e l y spaced and g e n e r a l l y uniformly narrow with only o c c a s i o n a l 

expansions near t h e i r base ( f i g . 1 2 2 ) . They a l s o tend to be s i n g l e 

f o l d s , although branching does occur. 

The end-plates of the intermediate C m u s c l e - f i b r e types of 

the c e n t r a l core ( f i g s . 1 2 4 - 1 2 5 ) and o r b i t a l rim (figs.126-127) 

l a y e r s a r e a l s o a p p l i e d to pronounced s o l e p l a t e s , although these 

are not as t h i c k as i n the l a r g e A f i b r e s . I n other r e s p e c t s the 

f i n e s t r u c t u r e of the axon t e r m i n a l s and j u n c t i o n a l f o l d s resembles 
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that of the l a r g e A f i b r e end-plate. The j u n c t i o n a l f o l d s a r e 
thus mainly narrow and only o c c a s i o n a l l y expanded near t h e i r base 
( f i g . 1 2 7 ) . The frequency of f o l d i n g appears to be s l i g h t l y l e s s 
than i n the la r g e A f i b r e type. 

The p l a t e endings of the sma l l C f i b r e s of the c e n t r a l 

core, o r b i t a l rim and p e r i p h e r a l patch l a y e r s o v e r l i e the t h i n n e s t 

s o l e p l a t e s and possess the most i r r e g u l a r j u n c t i o n a l f o l d i n g of a l l 

the p l a t e endings ( f i g s . 1 2 8 - 1 3 0 ) . The f o l d s a r e fr e q u e n t l y 

expanded a t t h e i r base and thus appear more 'vacuolar' than those 

of the l a r g e A and large C p l a t e endings. 

I n s k e l e t a l muscle f i b r e s s i m i l a r d i f f e r e n c e s i n the f i n e 

s t r u c t u r e of motor end-plates have been demonstrated i n r a t 

(Ogata, Hondo & S e i t o , 1967; Padykula & Gauthi e r , 1970), human 

(Murata &. Ogata, 1969) and mouse (Duchen, 1971) m a t e r i a l . 

10.2 Grape endings. 

The neuromuscular j u n c t i o n s of the intermediate G and 

sm a l l G f i b r e types of the p e r i p h e r a l patch and o r b i t a l rim are 

formed by axon t e r m i n a l s that a r e much s m a l l e r than those of the 

end-plate j u n c t i o n s (compare f i g s . 1 3 3 & 122). Even when s e v e r a l of 

these axons a r e present i n a given t r a n s v e r s e s e c t i o n ( f i g s . 1 3 1 &, 

143) they do not occupy a great proportion of the per i p h e r y , and 

i t i s e q u a l l y as common to f i n d s i n g l e , i s o l a t e d t e r m i n a l s ( f i g . 1 3 2 ) . 

Small-diameter, t h i n l y myelinated axons a r e seen i n c l o s e proximity 

to the endings ( f i g . 1 4 2 ) with non-myelinated axons more common 

nearer to the s u r f a c e of the muscle f i b r e . The axon te r m i n a l s a r e 

u s u a l l y a p p l i e d to the s u r f a c e of the muscle f i b r e , but may o c c a s i o n a l l y 
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l o c a t e d i n shallow s y n a p t i c g u t t e r s ( f i g . 1 4 1 ) . There i s u s u a l l y 

l i t t l e or no s o l e - p l a t e m a t e r i a l beneath the t e r m i n a l s and the 

s y n a p t i c gutter i s mainly smooth with only i n f r e q u e n t and i r r e g u l a r 

j u n c t i o n a l f o l d i n g . Any deep i n v a g i n a t i o n of the sarc o p l a s m i c 

membrane i s 'flask-shaped' with the f o l d s expanded a t t h e i r base 

and these f o l d s do not extend s t r a i g h t i n t o the sarcoplasm, but 

are u s u a l l y curved. Such f o l d s can appear as 'vacuoles' l i n e d 

by basement membrane th a t l i e beneath the p o s t - s y n a p t i c membrane 

( f i g . 1 3 3 ) . S e r i a l t r a n s v e r s e s e c t i o n i n g confirms t h a t these endings 

on p e r i p h e r a l G type muscle f i b r e s a r e m u l t i t e r m i n a l i n nature. 

The nerve endings t h a t supply the l a r g e G f i b r e s of the 

c e n t r a l core a r e s i m i l a r i n most r e s p e c t s to those of the p e r i p h e r a l 

G muscle f i b r e s except t h a t i n l o n g i t u d i n a l s e c t i o n the t e r m i n a l 

axons a re more compactly arranged ( f i g . 1 3 4 ) . The endings a r e 

ap p l i e d to the s u r f a c e of the muscle f i b r e and o v e r l i e a t h i n s o l e 

p l a t e . J u n c t i o n a l f o l d s a r e r a r e and when present a r e i r r e g u l a r 

i n form. Such f o l d s a r e o b l i q u e l y o r i e n t a t e d , bulbous and o c c a s 

i o n a l l y branched ( f i g . 1 3 7 ) . The axonal p r o t r u s i o n s seen i n the 

grape t e r m i n a l s of r a t (TerSvHinen, 1969) and c a t (Cheng & B r e i n i n , 

1965) are not observed i n sheep. 

Apart from the d i f f e r e n c e s i n the amount and form of 

j u n c t i o n a l f o l d s and the t h i c k n e s s of the s o l e p l a t e i n the v a r i o u s 

endings, the arrangement of o r g a n e l l e s and b a s i c f i n e s t r u c t u r e of 

the j u n c t i o n s i s s i m i l a r f o r a l l the ending t y p e s . The axon t e r m i n a l s 

thus c o n t a i n : numerous c l e a r ' s y n a p t i c ' v e s i c l e s of about 400-

500A* i n diameter t h a t a r e present throughout the axoplasm, but are 



e s p e c i a l l y numerous near the j u n c t i o n a l region i t s e l f ; s m a l l 

ovoid mitochondria that tend to occur i n c l u s t e r s ; and neurotubules 

that are found away from the j u n c t i o n a l r e g i o n . In a d d i t i o n , 

dense-core v e s i c l e s of 700-800$ i n diameter, with c o r e s of about 

500-550$ diameter, have o c c a s i o n a l l y been observed i n the axon 

te r m i n a l s supplying l a r g e A ( f i g . 1 2 2 ) l a r g e C ( f i g . 1 2 7 ) and sm a l l 

C ( f i g . 1 2 9 ) " t w i t c h " f i b r e types, as w e l l as i n the t e r m i n a l s 

of the p e r i p h e r a l G ( f i g . 1 3 3 ) and c e n t r a l l a r g e G ( f i g s . 1 3 5 - 1 3 6 ) 

"slow" muscle f i b r e t ypes. The axoplasmic membrane of a l l the axon 

te r m i n a l s i s separated from the sarcoplasmic membrane by a gap of 

625-1,000$ with basement membrane m a t e r i a l 150-200$ t h i c k i n t e r 

spersed between. T h i s basement membrane extends i n t o the j u n c t i o n a l 

f o l d s , when pres e n t , and s e p a r a t e s the two sa r c o p l a s m i c membranes 

that f a c e each other. I n the te r m i n a l s of the l a r g e A muscle f i b r e 

the basement membrane remains s i n g l e i n most of j u n c t i o n a l f o l d s 

s i n c e they are narrow. I n the expanded f o l d s i n the t e r m i n a l s of 

the C and G m u s c l e - f i b r e types the basement membrane s e p a r a t e s 

to g i v e a 'vacuole' . Where a s o l e p l a t e i s present beneath a 

nerve ending, ribosomes, s o l e - p l a t e n u c l e i , and s m a l l mitochondria 

accumula t e . 
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Chapter 11. L o n g i t u d i n a l d i v i s i o n of p e r i p h e r a l patch G f i b r e s i n 

s u p e r i o r r e c t u s . 

11.1 Teased p r e p a r a t i o n s . 

The i s o l a t i o n of i n d i v i d u a l p e r i p h e r a l patch G f i b r e s 

teased from the i n s e r t i o n end of SR, i n e i t h e r s i l v e r or c h o l i n -

e s t e r a s e p r e p a r a t i o n s , shows t h a t as these f i b r e s pass towards the 

b e l l y of the muscle they undergo a r e d u c t i o n i n diameter, u s u a l l y 

with an a s s o c i a t e d i n c r e a s e i n m u s c l e - f i b r e number, by d i v i d i n g 

i n t o two daughter f i b r e s ( f i g s . 8 3 , 93 & 9 7 ) . These are each 

roughly h a l f the diameter of the parent f i b r e , and they may each 

continue f o r an a p p r e c i a b l e d i s t a n c e ( i . e . the l i m i t s of t e a s i n g 

without b r e a k i n g ) ; or e l s e one of the branches i s very s h o r t and 

s e r v e s for the tendinous attachment of another f i b r e ( f i g s . 9 1 & 9 5 ) . 

I n the l a t t e r case the attached f i b r e i s most commonly a s m a l l C 

f i b r e . The l o n g i t u d i n a l d i v i s i o n of the p e r i p h e r a l patch G f i b r e s 

and the a s s o c i a t e d tendinous attachment of s m a l l C f i b r e s produces 

a complex three-dimensional network i n the p e r i p h e r a l patch l a y e r 

at the i n s e r t i o n end of SR. 

I n t e a s e d , s i l v e r p r e p a r a t i o n s ( f i g . 9 7 ) the c o n t i n u i t y of 

the parent f i b r e and daughter f i b r e s may be a s c e r t a i n e d by the 

c o n t i n u i t y of both the c r o s s s t r i a t i o n s and s t a i n i n g i n t e n s i t y 

of the muscle f i b r e . The c r o s s s t r i a t i o n s can u s u a l l y be t r a c e d 

back to some common source and the G f i b r e s of the p e r i p h e r a l patch 

l a y e r are g e n e r a l l y p a l e r s t a i n i n g than the s m a l l C f i b r e s with which 

they a r e a s s o c i a t e d . In t e a s e d , c h o l i n e s t e r a s e p r e p a r a t i o n s ( f i g . 9 3 ) 
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the d i s t i n c t i o n between a 'true' l o n g i t u d i n a l d i v i s i o n of a muscle 
f i b r e and a tendinous attachment i s made e a s i e r s i n c e the musculo
tendinous attachment p o i n t s a r e c h o l i n e s t e r a s e - p o s i t i v e and give 
c h a r a c t e r i s t i c ' p a l i s a d e s ' ( f i g s . 9 1 - 9 2 ) . By the use of phase 
microscopy the c o n t i n u i t y of the c r o s s s t r i a t i o n s i n a d i v i d i n g 
muscle f i b r e may be seen ( f i g . 9 3 ) . 

11.2 E l e c t r o n microscopy. 

An electron-microscope study of the in t e r m e d i a t e G f i b r e s 

of the p e r i p h e r a l patch l a y e r was made as they passed toward the 

b e l l y of SR. Semi-thin (1.5pm t h i c k ) t r a n s v e r s e s e c t i o n s s t a i n e d 

with t o l u i d i n e blue were a l t e r n a t e d with u l t r a - t h i n s e c t i o n s f o r 

viewing a t high power. S e v e r a l of the inter m e d i a t e G f i b r e s were 

observed to d i v i d e i n t o daughter f i b r e s ( f i g s . 1 3 8 - 1 4 3 ) . These 

f i b r e s f i r s t c o n s t r i c t e d i n t o a'dumb-bell' shape before 'pinching' 

i n t o two separate f i b r e s each of which formed a continuous basement 

membrane around t h e i r p e r i p h e r y . The inter m e d i a t e G f i b r e i l l u s t r a t e d 

i s i n nervated by a simple grape motor t e r m i n a l , which l i e s i n a 

shallow g u t t e r on the s a r c o p l a s m i c membrane and has only i r r e g u l a r 

and s p a r s e j u n c t i o n a l f o l d s ( f i g . 1 4 1 ) . 

The present study thus confirms T e r g a s t ' s (1873) obser

v a t i o n s of branched muscle f i b r e s i n sheep e x t r a o c u l a r muscle. 

S i m i l a r o b s e r v a t i o n s have been made i n the eye muscles of c a t and 

rhesus monkey ( S h e r r i n g t o n , 1894:), horse ( D o g i e l , 1906) and 

r a b b i t (Hines, 1931). I n r a b b i t the d i r e c t i o n of branching i s 
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toward the o r i g i n or i n s e r t i o n end of the muscle, which i s the 
opposite d i r e c t i o n to t h a t seen i n sheep. 

Whereas i n sheep SR branching has been observed only i n 

the p e r i p h e r a l G f i b r e s , branched f i b r e s w i t h a f a s t - t y p e morphology 

and c e n t r a l l o c a t i o n have been d e s c r i b e d i n the e x t r a o c u l a r muscles 

of the c h i c k e n (Hess, unpublished o b s e r v a t i o n s ) and gudgeon 

(Ko r d y l e w s k i , 1974). 

I n hindlimb s k e l e t a l muscles l o n g i t u d i n a l d i v i s i o n of 

muscle f i b r e s i s u s u a l l y a t t r i b u t e d to a p a t h o l o g i c a l c o n d i t i o n 

( s e e e.g. B e l l & Conen, 1968) or the response of a muscle to 

prolonged heavy t r a i n i n g ( s e e e.g. Ha l l - C r a g g s , 1970; Reitsma, 

1970). However, branching of muscle f i b r e s does occur i n normal 

human s p i n a l muscle ( S u s h e e l a , 1964), i n the i n t r a f u s a l muscle 

f i b r e s of c a t s p i n d l e s (Barker & Gidumal, 1960; 1961; Boyd, 1962), 

and a l s o i n normal r a t s o l e u s muscle (Edgerton, 1970). 



Chapter 12. Levator palpebrae. 

12,1 Gross o r g a n i z a t i o n . 

At any point along the length of LP a t r a n s v e r s e s e c t i o n , 

s t a i n e d with W & VG, shows e s s e n t i a l l y the same gross o r g a n i z a t i o n . 

The muscle appears uniform and i s not d i v i d e d i n t o the two major 

l a y e r s p resent i n the r e c t u s and oblique e x t r a o c u l a r muscles 

( i . e . the c e n t r a l core of large-diameter muscle f i b r e s and the 

o r b i t a l rim of small-diameter muscle f i b r e s . ) . T h i s impression i s 

l a r g e l y confirmed by the use of h i s t o c h e m i c a l s t a i n s . I n a comparable 

study to t h a t c a r r i e d out on SR, f r o z e n t r a n s v e r s e s e c t i o n s were 

sampled a t 1mm i n t e r v a l s from a whole LP and s t a i n e d to demonstrate 

P'ase a c t i v i t y . A l l t r a n s v e r s e s e c t i o n s a t low m a g n i f i c a t i o n 

( f i g . 1 4 4 ) show LP to be composed of mixed h i s t o c h e m i c a l f i b r e t y p e s . 

There a r e no d i s t i n c t l a y e r s comparable to those o c c u r i n g i n SR, 

and no proximal and d i s t a l p e r i p h e r a l patch l a y e r s as occur a t the 

o r i g i n and i n s e r t i o n ends of SR. There a r e , however, minor d i f 

f e r e n c e s i n the proportions of m u s c l e - f i b r e types between the c e n t r a l 

and p e r i p h e r a l f a s c i c l e s ( s e e Table I V ) . The c e n t r a l f a s c i c l e s 

of LP a r e composed of about 55% of large-diameter f i b r e s t h a t a re 

the most i n t e n s e l y s t a i n i n g f o r P'ase; about 25% of medium-diameter 

f i b r e s t h a t a re intermediate to high f o r P'ase; and about 20% 

of small-diameter f i b r e s that a r e low i n i n t e n s i t y f o r P'ase. 

These s m a l l f i b r e s appear to be more common w i t h i n the p e r i p h e r a l 

f a s c i c l e s , and t h i s i s more c l e a r l y demonstrated i n t r a n s v e r s e 

s e c t i o n s t h a t have been processed to demonstrate actomyosin ATPase 

a f t e r a c i d p r e - i n c u b a t i o n ( A c i d ATPase). I n such p r e p a r a t i o n s 
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Table IV. Light-microscope and u l t r a s t r u c t u r a l c h a r a c t e r i s t i c s of the 
f i b r e types present i n l e v a t o r palpebrae. 

F i b r e Types Large A I n t e r . C Small B 

Rel a t i v e diameter Large Medium Small 

P'ase a c t i v i t y High High Low 

SDH a c t i v i t y Low High High 

Alk ATPase a c t i v i t y High High Low 

Acid ATPase a c t i v i t y Low Low High 

F i b r i l l a r p a t t e r n i b r i l l e n s t r u k t u t 
i 

i F i b r i l l a r p a t t e r n | i b r i l l e n s t r u k t u t 
i 

I n n e r v a t i o n 1 
Single p l a t 

1 
e (' en plaque 1) i n n e r v a t i o n 

% p e r i p h e r a l f i b r e s 40 15 45 

% c e n t r a l f i b r e s 55 25 20 

% combined t o t a l 51 26 23 

M y o f i b r i l s Small, well-de l i n e a t e d , especi a l l y i n I band 

Sarcoplasmic r e t i c u l u m Sarcoplasmic r e t i c u l u m • auunaant . 
T system ( t r i a d s ) regula r a t A/I band j u netion 

M l i n e present present present 

Z l i n e t h i n , s t r a i g h t i n t e r m e d i a t e , 
less s t r a i g h t 

t h i c k , wavy 

Mitochondria: 
abundance 
l o c a t i o n 
size 

i n f r e q u e n t 
throughout TS 
small 

moderate 
subsarcolemma1 
medium 

abundant 
throughout TS 
medium 

Glycogen Glycogen 

Myoneural j u n c t i o n s 
Number observed 
Size of axon t e r m i n a l 
Depression of muscle 
Sole p l a t e 
j u n c t i o n a l f o l d s 

5 
large,elongate 
g u t t e r 
s u b s t a n t i a l 
r e g u l a r , t h i n 
s t r a i g h t f o l d s 

7 
large 
g u t t e r 
moderate 
less r e g u l a r 
f o l d s , some 
bulbous 

5 
small 
g u t t e r 
t h i n 
i r r e g u l a r f o l d s 
bulbous 
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( f i g . 1 4 5 ) the s m a l l f i b r e s that are low with P'ase a r e now s t a i n e d 

an i n t e n s e b l a c k and can c l e a r l y be d i s t i n g u i s h e d from the remaining 

p a l e - s t a i n i n g muscle f i b r e s . The small-diameter f i b r e s form s m a l l 

groups and columns that extend between the other l a r g e r - d i a m e t e r 

f i b r e s of the p e r i p h e r y . The s p i n d l e s are randomly l o c a t e d w i t h i n 

a given t r a n s v e r s e s e c t i o n and are not d i s t r i b u t e d around the 

periphery as i n SR. D i s t i n c t l a y e r s a r e a l s o absent from the LP 

muscles of man, ape, dog, c a t and r a b b i t (Kato, 1938), baboon 

(Durston, 1974) and v a r i o u s b i r d s (Maier e t a l . , 1972). 

12.2 H i s t o c h e m i c a l f i b r e t ypes. 

The e x t r a f u s a l muscle f i b r e s composing LP can be d i v i d e d 

i n t o t h r e e major types on the b a s i s of diameter and h i s t o c h e m i c a l 

p r o f i l e ( f i g s . 1 4 6 - 1 4 9 ) . 

The l a r g e s t diameter f i b r e type i n LP possesses a type A 

h i s t o c h e m i c a l p r o f i l e . These l a r g e A f i b r e s predominate i n the 

c e n t r e of the muscle where they are commonly l o c a t e d around the 

periphery of f a s c i c l e s . T h e i r a c t i v i t y with P'ase ( f i g . 1 4 6 ) i s 

high with a grey-blue c o l o u r a t i o n of the s a r c o p l a s m i c network around 

the m y o f i b r i l s . With SDH ( f i g . 1 4 7 ) they d i s p l a y a 'white' p a t t e r n 

of f i n e formazan p a r t i c l e s t h a t a r e mainly l o c a l i s e d around the 

periphery of the muscle f i b r e l e a v i n g the c e n t r e r e l a t i v e l y c l e a r . 

The a c t i v i t y a f t e r s t a i n i n g with Alk ATPase ( f i g . 1 4 8 ) i s high w i t h 

a black r e a c t i o n product, whereas with A c i d ATPase ( f i g . 1 4 9 ) t h i s 

s t a i n i n g p a t t e r n i s r e v e r s e d and the f i b r e s show minimal a c t i v i t y . 

The l a r g e A f i b r e s thus possess a g l y c o l y t i c / n o n - o x i d a t i v e type of 
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h i s t o c h e m i c a l p r o f i l e . In the c e n t r a l f a s c i c l e s they c o n s t i t u t e 
about 56% of the t o t a l number of f i b r e s present (a t o t a l of 386 
muscle f i b r e s were counted), whereas i n the p e r i p h e r a l f a s c i c l e s 
the f i g u r e f a l l s to about 39% (a t o t a l of 369 muscle f i b r e s were 
counted). 

The second l a r g e s t f i b r e type i n LP shows a type C h i s t o 

chemical p r o f i l e and an intermediate diameter, and i n these r e s p e c t s 

may be compared with the intermediate C f i b r e s of SR. These i n t e r 

mediate C f i b r e s i n LP show high a c t i v i t y with P'ase which i n 

c o l o u r a t i o n i s dark-brown and may g e n e r a l l y be d i s t i n g u i s h e d from 

the high a c t i v i t y shown by the l a r g e A f i b r e s . With SDH the p a t t e r n 

of s t a i n i n g i s 'intermediate' with subsarcolemma1 c o n c e n t r a t i o n s 

of formazan p a r t i c l e s i n a d d i t i o n to some c e n t r a l p a r t i c l e s . 

In LP the SDH r e a c t i o n i s not as i n t e n s e as i n SR, and a comparison 

of the intermediate C f i b r e s of LP and SR a l s o shows that the 

formazan p a r t i c l e s are not as l a r g e i n LP. The a c t i v i t y of the 

i n t e r m e d i a t e C f i b r e s i n LP with Alk ATPase i s almost as high as 

that of the l a r g e A f i b r e s . With Acid ATPase the a c t i v i t y i s low, 

but not minimal. The intermediate C f i b r e s c o n s t i t u t e about 26% 

of the f i b r e s i n the c e n t r a l f a s c i c l e s , and about 16% of the f i b r e s 

around the periphery of the muscle. 

The t h i r d e x t r a f u s a l f i b r e type i n LP i s the s m a l l e s t i n 

diameter and possesses a type B h i s t o c h e m i c a l p r o f i l e not present 

i n SR. With P'ase these s m a l l B f i b r e s show a low a c t i v i t y and the 

r e a c t i o n product i s light-brown or yellow i n c o l o u r a t i o n . With 

SDH they show a high a c t i v i t y with formazan p a r t i c l e s s c a t t e r e d 
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evenly throughout the t r a n s v e r s e s e c t i o n of the f i b r e with no 
a p p r e c i a b l e rim of high a c t i v i t y as i n the i n t e r m e d i a t e C f i b r e . 
The SDH p a t t e r n resembles t h a t of the s m a l l C f i b r e of SR except 
t h a t the p a r t i c l e s a r e s m a l l e r and the r e a c t i o n i s l e s s i n t e n s e 
o v e r a l l . The small B f i b r e s show minimal a c t i v i t y with Alk ATPase, 
whereas with Acid ATPase t h i s l e v e l of a c t i v i t y i s r e v e r s e d to 
high with an i n t e n s e b l a c k r e a c t i o n product. The s m a l l B f i b r e s 
c o n s t i t u t e about 20% of the f i b r e s i n the c e n t r a l f a s c i c l e s and 
about 45% of the f i b r e s from the p e r i p h e r y . 

From the combined count of 705 muscle f i b r e s from c e n t r a l 

and p e r i p h e r a l f a s c i c l e s i n LP about 51% a r e l a r g e A f i b r e s ; 23% 

a r e intermediate C f i b r e s ; and about 26% are s m a l l B f i b r e s . Thus, 

i n terms of c r o s s - s e c t i o n a l area the bulk of LP i s composed of 

g l y c o l y t i c / n o n - o x i d a t i v e l a r g e A f i b r e s together w i t h g l y c o l y t i c / 

o x i d a t i v e i n t e r m e d i a t e C f i b r e s . The n o n - g l y c o l y t i c / o x i d a t i v e 

s m a l l B f i b r e s form a s i g n i f i c a n t proportion of the bulk only around 

the p e r i p h e r y , where they are e a s i l y d i s t i n g u i s h a b l e i n terms of 

t h e i r A c i d ATPase r e a c t i o n ( s e e Table IV f o r summary). The l a r g e 

A, intermediate C and s m a l l B f i b r e types i n sheep LP correspond 

i n diameter and h i s t o c h e m i c a l p r o f i l e to the ' g r a n u l a r 1 , ' c o a r s e ' 

and ' f i n e ' f i b r e t ypes, r e s p e c t i v e l y , i n the LP muscles of man and 

baboon (Durston, 1974). 

I n a d d i t i o n to these e x t r a f u s a l muscle f i b r e types t h e r e 

are a l s o present i n t r a n s v e r s e s e c t i o n s of LP muscle f i b r e s of 

extremely s m a l l diameter t h a t show low a c t i v i t y with P'ase, minimal 

a c t i v i t y with A l k ATPase, i n t e n s e a c t i v i t y with A c i d ATPase, and, 
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i n c o n t r a s t to the small B f i b r e s , r e l a t i v e l y low a c t i v i t y with SDH 
( f i g s . 1 4 6 - 1 4 9 ) . Such f i b r e s thus possess a type G h i s t o c h e m i c a l 
p r o f i l e s i m i l a r to that of the p e r i p h e r a l G f i b r e s of SR and a r e 
i n f a c t the t a p e r i n g ends of the nuclear-bag f i b r e s from the 
numerous muscle s p i n d l e s s c a t t e r e d throughout the muscle ( s e e 
chapter 17) . 

12.3 U l t r a s t r u c t u r a l f i b r e t y pes. 

The f i b r e types i n LP corresponding to the h i s t o c h e m i c a l 

f i b r e types given w i t h SDH were i d e n t i f i e d i n semi-thin (1.5um t h i c k ) 

t r a n s v e r s e Epon s e c t i o n s s t a i n e d w i t h t o l u i d i n e blue ( f i g . 1 5 1 ) . 

F i b r e s were d i s t i n g u i s h e d l a r g e l y on the b a s i s of diameter and 

m i t o c h o n d r i a l content. Thus the l a r g e s t (Large A type) f i b r e s 

c o n t a i n s m a l l g r a n u l a t i o n s (mitochondria) t h a t a re d i s t r i b u t e d 

mainly around the periphery of the f i b r e ; the medium-diameter 

( i n t e r m e d i a t e C type) f i b r e s have mitochondria of g r e a t e r s i z e and 

d e n s i t y with again a tendency towards a p e r i p h e r a l d i s t r i b u t i o n ; 

and the s m a l l e s t ( s m a l l B type) f i b r e s have mitochondria of s i m i l a r 

s i z e to the i n t e r m e d i a t e C type d i s t r i b u t e d evenly throughout a 

t r a n s v e r s e s e c t i o n . A l l three f i b r e types have s m a l l , w e l l - d e l i n e a t e d 

m y o f i b r i l s ( s e e T a b l e I V ) . 

The appearance of the l a r g e A, i n t e r m e d i a t e C and s m a l l B 

f i b r e s i n low-power t r a n s v e r s e e l e c t r o n micrographs ( f i g . 1 5 3 ) 

corresponds l a r g e l y to the l i g h t - m i c r o s c o p e appearance of the semi-

t h i n Epon s e c t i o n s s t a i n e d with t o l u i d i n e b l u e . F i b r e types a r e 

d i s t i n g u i s h a b l e only by t h e i r d i f f e r e n t diameter and by the 
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d i f f e r e n c e s i n s i z e , abundance and d i s t r i b u t i o n of mitochondria. 
The other u l t r a s t r u c t u r a l f e a t u r e s of the f i b r e s i n t r a n s v e r s e 
s e c t i o n a r e common t o a l l three f i b r e types and may be o u t l i n e d 
u s i n g the l a r g e A f i b r e ( f i g . 1 5 4 ) as a r e p r e s e n t a t i v e example. 

The s m a l l m y o f i b r i l s a r e surrounded i n the I band by s i n g l e 

l a y e r s of tubules of s a r c o p l a s m i c r e t i c u l u m , and a t the A/I band 

j u n c t i o n a r e w e l l - d e l i n e a t e d by t r a n s v e r s e l y - o r i e n t a t e d t u b u l e s . 

They a r e s m a l l e r than the m y o f i b r i l s of the corresponding l a r g e A 

f i b r e from the c e n t r a l core of SR. The A band shows only i s o l a t e d 

tubules of s a r c o p l a s m i c r e t i c u l u m and consequently the m y o f i b r i l s 

a r e hardly d e l i n e a t e d at a l l . Glycogen i s e s p e c i a l l y abundant 

w i t h granules a s s o c i a t e d w i t h the sar c o p l a s m i c r e t i c u l u m and a l s o 

l o c a t e d w i t h i n the m y o f i b r i l s of the I band. A l l these f e a t u r e s 

a r e shown by the other f i b r e types i n LP. Large A f i b r e s ( f i g . 1 5 4 ) 

are the l a r g e s t diameter f i b r e s and possess only s p a r s e , s m a l l 

mitochondria t h a t c o n t a i n few c r i s t a s . The smaller-diameter f i b r e 

types have more abundant and l a r g e r mitochondria. Intermediate C 

f i b r e s ( f i g . 1 5 5 ) have mitochondria that a r e in t e r m e d i a t e i n s i z e 

and number between those of the l a r g e A and s m a l l B f i b r e s , and 

which tend to form subsarcolemmal accumulations. Small B f i b r e s 

( f i g . 1 5 6 ) possess the most numerous and l a r g e s t mitochondria t h a t 

are d i s t r i b u t e d evenly a c r o s s a t r a n s v e r s e s e c t i o n . 

I n l o n g i t u d i n a l s e c t i o n the f i b r e types a r e d i s t i n g u i s h a b l e 

only on one a d d i t i o n a l u l t r a s t r u c t u r a l c h a r a c t e r i s t i c b e s i d e s those 

a l r e a d y mentioned: the t h i c k n e s s of the Z l i n e . Many f e a t u r e s 

shown i n l o n g i t u d i n a l s e c t i o n a r e shared by a l l three f i b r e t y p e s . 
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They may be l i s t e d as f o l l o w s : 

( i ) the Z l i n e s have a v i s i b l e s u b s t r u c t u r e of Z 

f i l a m e n t s ; 

( i i ) a prominent M l i n e l i e s w i t h i n a pseudo-H zone 

i n the middle of the A band; 

( i i i ) the t r a n s v e r s e t u b u l a r system i s well-developed and 

t r i a d s occur r e g u l a r l y a t the A / I band border; 

( i v ) s a r c o p l a s m i c r e t i c u l u m s e p a r a t e s the m y o f i b r i l s 

i n the I band; and 

( v ) abundant glycogen i s present i n the I band, both i n 

a s s o c i a t i o n with the sarc o p l a s m i c r e t i c u l u m and between the myo

f i l a m e n t s . The l a r g e A f i b r e s ( f i g . 1 5 7 ) a r e c h a r a c t e r i z e d i n 

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

and by s t r a i g h t Z l i n e s t h a t a r e the t h i n n e s t of the thr e e e x t r a -

f u s a l f i b r e types i n LP. The intermediate C f i b r e s ( f i g . 1 5 8 ) have 

s l i g h t l y l a r g e r and more numerous mitochondria, and s l i g h t l y wavy 

Z l i n e s of intermediate t h i c k n e s s between those of the l a r g e A and 

sm a l l B f i b r e s . The s m a l l B f i b r e s ( f i g . 1 5 9 ) show the most numerous 

and l a r g e s t mitochondria. The Z l i n e s a r e t h i c k e s t of a l l three 

f i b r e types and are a l s o wavy. These f e a t u r e s a r e summarized i n 

Table IV. 

12.4 Types of motor nerve ending and t h e i r d i s t r i b u t i o n . 

An examination of t e a s e d , s i l v e r p r e p a r a t i o n s taken throughout 

the length of the muscle shows th a t the i n n e r v a t i o n of the e x t r a f u s a l 

muscle f i b r e s i s t o t a l l y by means of compact motor end - p l a t e s , as 

i n the LP muscles of man ( D i e t e r t , 1965; Namba e t a_l. ,1968a) and 
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r a t (Namba e_t a_l. ,1968b). M u l t i t e r m i n a l grape i n n e r v a t i o n does 
occur i n LP, but i t i s confined to the nuclear-bag f i b r e s of the 
muscle s p i n d l e s ( c h a p t e r 2 0 ) . The end-plates occur throughout 
the muscle and are d e r i v e d from medium- to large-diameter mye
l i n a t e d nerve f i b r e s . 

Gross examination of a LP muscle s t a i n e d i n toto f o r 

c h o l i n e s t e r a s e a c t i v i t y shows c l u s t e r s of compact p l a t e endings 

th a t occur a t approximately the same l e v e l on a d j a c e n t muscle f i b r e s 

( f i g . 8 2 ) . These c l u s t e r s of end-plates a r e s c a t t e r e d a t i n t e r v a l s 

along the whole length of the muscle, and t h e r e i s consequently no 

d i s c r e t e , c e n t r a l i n n e r v a t i o n band, i n c o n t r a s t to the LP muscles 

of man and r a t ( D i e t e r t , 1965; Namba e_t a _ l . , 1968a, b ) . S i n c e teased 

p r e p a r a t i o n s have shown only one end-plate per muscle f i b r e the 

s c a t t e r e d i n n e r v a t i o n suggests t h a t the muscle f i b r e s may not extend 

the f u l l length of the muscle. The end-plates d i s p l a y both high 

a c e t y l - c h o l i n e s t e r a s e (AChE) and b u t y r y l c h o l i n e s t e r a s e (BChE) 

a c t i v i t y . I n a d d i t i o n to the end-plates, c h o l i n e s t e r a s e a l s o 

s t a i n s the musculo-tendinous j u n c t i o n s as c h o l i n e s t e r a s e ' c u f f s ' , 

and a l s o the endings w i t h i n the muscle s p i n d l e s . 

12.5 U l t r a s t r u c t u r e of the e x t r a f u s a l myoneural j u n c t i o n s . 

A t o t a l of 17 e x t r a f u s a l myoneural j u n c t i o n s were examined 

i n t r a n s v e r s e s e c t i o n under the e l e c t r o n microscope: 5 j u n c t i o n s 

were l o c a t e d on l a r g e A f i b r e s ; 7 on i n t e r m e d i a t e C f i b r e s ; and 5 

on s m a l l B f i b r e s . The b a s i c u l t r a s t r u c t u r e of a l l of these endings 

resembles t h a t of the t y p i c a l motor end-plate of mammalian s k e l e t a l 
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muscle. The axon t e r m i n a l s o v e r l i e a s o l e p l a t e and a r e l o c a t e d 

i n s y n a p t i c grooves or g u t t e r s w i t h e x t e n s i v e f o l d i n g of the p o s t 

s y n a p t i c membrane. There a r e , however, some u l t r a s t r u c t u r a l 

d i f f e r e n c e s between the end-plates a p p l i e d to the three f i b r e 

types i n LP. 

The neuromuscular j u n c t i o n of the l a r g e A f i b r e ( f i g s . 1 6 0 -

161) i s composed of l a r g e and oft e n elongated axon t e r m i n a l s t h a t 

o v e r l i e a s u b s t a n t i a l s o l e - p l a t e . The j u n c t i o n a l f o l d s beneath 

such axon t e r m i n a l s a r e numerous, long, narrow, and c l o s e l y - s p a c e d 

g i v i n g an e x t e n s i v e folded s u r f a c e a r e a . The axon t e r m i n a l s of 

the i n t e r m e d i a t e C f i b r e ( f i g s . 1 6 2 - 1 6 3 ) a r e s i m i l a r to those of the 

l a r g e A f i b r e , but o v e r l i e a r e l a t i v e l y t h i n s o l e p l a t e . The p o s t 

s y n a p t i c f o l d s a r e l e s s c l o s e l y - p a c k e d and more i r r e g u l a r i n form. 

Many f o l d s a r e expanded a t t h e i r bases and appear bulbous, w h i l e 

other f o l d s may be branched. The end-plate of the s m a l l B f i b r e 

( f i g s . 1 6 4 - 1 6 5 ) i s composed of s m a l l e r and l e s s e x t e n s i v e axon t e r m i n a l s 

than those of the other f i b r e types, t h a t o v e r l i e a very t h i n 

s o l e p l a t e . The j u n c t i o n a l f o l d s a r e r e l a t i v e l y widely-spaced, 

f r e q u e n t l y bulbous i n form, and o c c a s i o n a l l y branched. These endings 

on s m a l l B f i b r e s appear to provide the l e a s t folded s u r f a c e a r e a 

beneath the t e r m i n a l s . 

The axon t e r m i n a l s a p p l i e d to the three f i b r e types a l l 

c o n t a i n the u s u a l o r g a n e l l e s such as mitochondria, neurotubules and 

s y n a p t i c v e s i c l e s . O c c a s i o n a l dense-core v e s i c l e s a r e a l s o p r e s e n t 

( f i g s . 1 6 1 & 164). The c h a r a c t e r i s t i c s of the f i b r e types i n LP a r e 

summarized i n Table IV. 
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Chapter 13. Hindlimb muscles. 

13.1 U n i d e n t i f i e d muscle from the hough group. 

13.11 Histochemica1 f i b r e t y pes. 

T h i s muscle was g r o s s l y p a l e i n appearance and was s e l e c t e d 

as an example of a " f a s t , white, mixed muscle". The t h r e e e x t r a -

f u s a l f i b r e types t h a t compose t h i s p a r t i c u l a r muscle ( f i g s . 1 6 6 - 1 6 9 ) 

a r e s i m i l a r to the l a r g e A, intermediate C, and s m a l l B f i b r e types 

of LP (see Table V f o r summary). The l a r g e A f i b r e s a r e the l a r g e s t 

i n diameter and are high ( g r e y - b l u e ) i n a c t i v i t y w i t h P'ase ( f i g . 1 6 8 ) ; 

low ('white' p a t t e r n ) with SDH ( f i g . 1 6 9 ) ; and high ( b l a c k ) with 

Alk ATPase ( f i g . 1 6 7 ) . The intermediate C f i b r e s a r e of medium to 

s m a l l diameter and a r e high (dark brown) i n a c t i v i t y w ith P'ase; 

high ('intermediate' p a t t e r n with subsarcolemmal rim) w i t h SDH; 

and high ( g r e y ) w i t h Alk ATPase. The s m a l l B f i b r e s a r e of s m a l l 

diameter and are low ( y e l l o w to l i g h t brown) w i t h P'ase; high ( r e d , 

o v e r a l l p a t t e r n ) w i t h SDH; and low (minimal w h i t e ) w i t h A l k ATPase. 

13.2 The d i s t a l p o r t i o n of peroneus b r e v i s ( P B ) . 

13.21 Histochemica1 f i b r e t y p e s . 

The muscle f i b r e s composing t h i s d i s t a l , h i g h l y - m o d i f i e d 

hindlimb muscle a r e g e n e r a l l y l a r g e r i n diameter than the f i b r e s 

of e i t h e r the e x t r a o c u l a r or the hough f l e x o r muscles d e s c r i b e d 

e a r l i e r , and the d i f f e r e n c e i n diameter between the l a r g e s t and 

s m a l l e s t f i b r e s i s not marked. The h i s t o c h e m i c a l p r o f i l e of one of 

the muscle f i b r e types i n PB i s a l s o d i f f e r e n t from those of the 
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Table V. A summary of the light-microscope and u l t r a s t r u c t u r a l 
c h a r a c t e r i s t i c s of the f i b r e types present i n sheep 
hindlimb and f o o t muscles. 

U n i d e n t i f i e d f l e x o r from 'hough* 

Fibre types Large A I n t e r . C Small B 

Rel a t i v e diameter Large medium small 

P'ase a c t i v i t y High High Low 

SDH a c t i v i t y Low High High 

Alk ATPase a c t i v i t y High High Low 

Peroneus b r e v i s 

F i b r e types 'conventional C1 'modified C B type 

Rel a t i v e diameter large medium medium 

P'ase a c t i v i t y High High Low 

SDH a c t i v i t y High High High 

Alk ATPase a c t i v i t y High Low Low 

F i b r i l l a r p a t t e r n 'p i b r i l i e n s t r u k t u r 1 F i b r i l l a r p a t t e r n i b r i l i e n s t r u k t u 

I n n e r v a t i o n S i n g l 2 p l a t e ('en p i | 
aque') 

% t o t a l count 39 60 1 

M y o f i b r i l s sma 11, w e l l - d e l i n e ated 

T system ( t r i a d s ) reg j 
i i l a r a t A/I j u n 

j 
c t i o n 

M l i n e present present present 

Myoneural j u n c t i o n f o l d e d f o l d e d folded 
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hough f l e x o r muscle ( s e e Table V ) . I n terms of o x i d a t i v e and g l y c o 
l y t i c metabolism as t y p i f i e d by SDH and P'ase s t a i n i n g there appear 
to be only C ( o x i d a t i v e / g l y c o l y t i c ) and B ( o x i d a t i v e / n o n - g l y c o l y t i c ) 
f i b r e types present i n PB. Thus with SDH ( f i g . 1 7 1 ) the general 
l e v e l of a c t i v i t y of n e a r l y a l l the f i b r e s i s i n t e r m e d i a t e , w i t h a 
'red' p a t t e r n of f i n e formazan granules s c a t t e r e d throughout the 
f i b r e . There i s no marked d i f f e r e n c e between the f i b r e s , although 
the l a r g e s t f i b r e s tend to appear s l i g h t l y p a l e r , and a l l f i b r e s 
may be regarded as r e l a t i v e l y high i n o x i d a t i v e a c t i v i t y . With 
P'ase ( f i g . 1 7 0 ) most f i b r e s a r e high i n a c t i v i t y (dark brown to 
grey-blue i n c o l o u r a t i o n ) w i t h only o c c a s i o n a l low f i b r e s ( y e l l o w to 
l i g h t brown i n c o l o u r a t i o n ) , these being the few B type f i b r e s 
l o c a t e d among a spectrum of C type f i b r e s . However, the 'C type' 
f i b r e s of PB a r e unusual among the sheep muscles s t u d i e d i n th a t the 
high P'ase a c t i v i t y i s not c o n s i s t e n t l y matched by a r e l a t i v e l y 
high l e v e l of Alk ATPase a c t i v i t y . Thus, w h i l e the l a r g e s t of the 
C type f i b r e s are high ( b l a c k ) f o r Alk ATPase ( f i g . 1 7 2 ) and hence 
conform to the normal C type h i s t o c h e m l c a l p r o f i l e i n sheep, many 
s l i g h t l y s m a l l e r C type f i b r e s a r e low (minimal a c t i v i t y ) . These 
f i b r e s thus form a group w i t h the unusual p r o f i l e of r e l a t i v e l y high 
o x i d a t i v e (SDH) a c t i v i t y ; high g l y c o l y t i c ( P ' a s e ) a c t i v i t y ; and low 
Alk ATPase a c t i v i t y , which may i n d i c a t e t h a t they a r e slower i n 
c o n t r a c t i o n than the 'normal C type' f i b r e s . I n a count of 400 
f i b r e s , normal C type f i b r e s c o n s t i t u t e d about 39%; modified C type 
f i b r e s about 60%; and B type f i b r e s about 1% of the t o t a l number. 
PB i s not t h e r e f o r e , as was hoped, a t y p i c a l , mixed hindlimb muscle 
composed of l a r g e A, inter m e d i a t e C and s m a l l B f i b r e s comparable 
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to those of the hough f l e x o r muscle, and thus does not provide a 

completely normal c o n t r o l or ' b a s e l i n e ' muscle fo r comparison 

purposes. However, s i n c e no t r i p l e - n e g a t i v e type G histochemica1 

p r o f i l e i s i n evidence i t i s assumed that a l l the f i b r e types i n 

PB are of the p l a t e - i n n e r v a t e d ' t w i t c h ' type. 

13.22 U l t r a s t r u c t u r e of muscle f i b r e s . 

S i n c e the f i b r e types i n PB are not c l e a r l y d i s t i n g u i s h e d 

by t h e i r diameter and mitochondrial p a t t e r n s they can not be 

c a t e g o r i z e d for u l t r a s t r u c t u r a l a n a l y s i s . In a t r a n s v e r s e Epon 

s e c t i o n s t a i n e d with t o l u i d i n e blue ( f i g . 1 5 2 ) a l l the muscle f i b r e s 

show very s m a l l , w e l l - d e l i n e a t e d m y o f i b r i l s with s m a l l mitochondria 

that are s c a t t e r e d evenly throughout a t r a n s v e r s e s e c t i o n . In 

l o n g i t u d i n a l s e c t i o n ( f i g . 1 7 3 ) a l l f i b r e s d i s p l a y the u l t r a s t r u c t u r a l 

c h a r a c t e r i s t i c s a s s o c i a t e d with 'twitch' muscle f i b r e s (Hess, 1970): 

s m a l l m y o f i b r i l s t h a t are w e l l - s e p a r a t e d by abundant s a r c o p l a s m i c 

r e t i c u l u m p a r t i c u l a r l y i n the I band; t r i a d s that occur r e g u l a r l y 

at the j u n c t i o n of the A and I bands; and a prominent M l i n e t h a t 

l i e s w i t h i n a pseudo-H zone i n the c e n t r e of the A band. The s m a l l 

mitochondria tend to l i e on e i t h e r s i d e of a Z l i n e t h a t has Z 

f i l a m e n t s . 

13.23 E x t r a f u s a l motor nerve endings . 

Teased, s i l v e r p r e p a r a t i o n s show th a t only the end-plate 

type of ending occurs on e x t r a f u s a l muscle f i b r e s ( f i g s . 2 8 7 - 2 8 8 ) . 

Medium to large-diameter stem nerve f i b r e s branch to end i n t w i g - l i k e , 



compact endings. From each t e r m i n a l twig t h e r e a r e u s u a l l y a number 

of f i n e non-myelinated branches t h a t terminate i n s m a l l axoplasmic 

knobs or s w e l l i n g s . Such terminations make the endings l e s s 

c h a r a c t e r i s t i c a l l y p l a t e - l i k e than those of SR or LP. I n a d d i t i o n , 

the main nerve twig may end i n a l a r g e b a l l ending ( f i g . 2 8 7 ) . 

An examination of the p l a t e endings i n PB under the 

e l e c t r o n microscope shows th a t t h e i r f i n e s t r u c t u r e i s s i m i l a r 

to t h a t of the t y p i c a l motor end-plate ( f i g , 1 7 4 - 1 7 5 ) . Axon t e r m i n a l s , 

that c o n t a i n the u s u a l o r g a n e l l e s , l i e i n g u t t e r s over a s u b s t a n t i a l 

s o l e p l a t e w i t h e x t e n s i v e f o l d i n g of the p o s t - s y n a p t i c membrane 

(s e e Table V f o r a summary of the c h a r a c t e r i s t i c s of the f i b r e 

types i n sheep hindlimb muscles.) 

13.24 L o n g i t u d i n a l d i v i s i o n of muscle f i b r e s . 

W i t h i n the d i s t a l p o r t i o n of PB s e v e r a l muscle f i b r e s have 

been observed under the e l e c t r o n microscope to d i v i d e i n t o two 

p o r t i o n s , although i n a s l i g h t l y d i f f e r e n t f a s h i o n to the long

i t u d i n a l d i v i s i o n of p e r i p h e r a l G f i b r e s i n SR ( f i g s . 1 4 2 - 1 4 3 ) . 

Two such d i v i s i o n s of muscle f i b r e s i n PB are i l l u s t r a t e d i n t r a n s 

v e r s e s e c t i o n s ( f i g s . 1 7 6 - 1 8 1 ) . I n the f i r s t example the only 

i n d i c a t i o n of an eventual d i v i s i o n of the parent muscle f i b r e i s a 

s l i g h t e x t e r n a l c o n s t r i c t i o n of the outer membrane ( f i g . 1 7 6 ) w h i l e 

the i n t e r n a l m y o f i b r i l l a r p a t t e r n remains normal. A l i n e of 

s e p a r a t i o n then forms between the m y o f i b r i l s of the parent f i b r e 

and the m y o f i b r i l s t h a t a r e to e v e n t u a l l y s p l i t o f f ( f i g . 1 7 7 ) and 

the outer membrane i n v a g i n a t e s as a t h i n f o l d along t h i s s e p a r a t i o n 

l i n e ( f i g . 1 7 8 ) . J u s t beyond the i n v a g i n a t i n g f o l d and around the 



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

opposed muscle membrane. E v e n t u a l l y the f o l d spreads completely 

a c r o s s the muscle f i b r e and the daughter f i b r e s p l i t s o f f ( f i g . 1 7 9 ) 

being bounded by a sarcolemma and basement membrane. I n t h i s 

d i v i s i o n the daughter f i b r e i s approximately one t h i r d of the 

c r o s s - s e c t i o n a l area of the o r i g i n a l parent f i b r e . I n the second 

example (f i g s . 1 8 0 - 1 8 1 ) a parent muscle f i b r e i s shown i n the process 

of d i v i d i n g i n t o two equal p o r t i o n s . In both of these examples 

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

a p p r e c i a b l e d i s t a n c e along the l o n g i t u d i n a l a x i s i n t o two daughter 

f i b r e s . A d i f f e r e n c e between the d i v i s i o n s i n PB and those of the 

p e r i p h e r a l G f i b r e s i n SR i s t h a t the d i v i s i o n i n the foot muscle 

i s towards the d i s t a l end of the muscle and not toward the b e l l y as 

i n SR. 

I t i s p o s s i b l e t h a t these simple l o n g i t u d i n a l d i v i s i o n s of 

muscle f i b r e s a r e the consequence of some p a t h o l o g i c a l s t a t e or 

abnormal work load s i n c e they a r e a s s o c i a t e d with muscle f i b r e s of 

even more unusual appearance i n which the m y o f i b r i l s a r e e x t e n s i v e l y 

fragmented ( f i g s . 1 8 2 - 1 8 3 ) . I n these o c c a s i o n a l f i b r e s the m a j o r i t y 

of the m y o f i b r i l s appear normal with only a p o r t i o n of the muscle 

f i b r e a f f e c t e d . The whole fragmented p o r t i o n i s w e l l - s e p a r a t e d from 

the parent muscle f i b r e , w h i l e w i t h i n the p o r t i o n the m y o f i b r i l s a r e 

di v i d e d i n t o i r r e g u l a r p i e c e s t h a t may be even s m a l l e r than a s i n g l e 

m y o f i b r i l . P i n o c y t o t i c v e s i c l e s a r e found l i n i n g some of the outer 

muscle membranes. S i n c e t h i s fragmentation occurs a t the d i s t a l 

end of PB i t i s p o s s i b l e t h a t only the extreme ends of the muscle 



a r e a f f e c t e d . 

In s k e l e t a l muscles of r a t s u b j e c t e d to e x c e s s i v e work 

loads (Reitsma, 1970) both simple branching i n t o daughter f i b r e s 

( l o c . c i t . , fig.5A) and a l s o e x c e s s i v e fragmentation of the ends of 

muscle f i b r e s ( l o c . c i t . , f i g . 5 B ) o c c u r s . Edgerton (1970) has a l s o 

observed s p l i t t i n g i n the sole u s of normal sedentary r a t s , but not i n 

the p l a n t a r i s or gastrocnemius. The i n c i d e n c e of s p l i t t i n g i n 

so l e u s i n c r e a s e s with amount of e x e r c i s e . Thus, although a path

o l o g i c a l cause f o r f i b r e d i v i s i o n i n PB cannot be r u l e d out ( s e e 

e.g. B e l l & Conen, 1968), there i s evidence to suggest t h a t d i v i s i o n 

of muscle f i b r e s i s a normal occurence i n muscles t h a t have a 

p o s t u r a l f u n c t i o n and which may be s u b j e c t to heavy work l o a d s . 
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Appendix 1. P a r a s i t i c i n f e c t i o n . 

One minor f e a t u r e common to both SR and LP muscles of 

sheep i s the high i n c i d e n c e of i n f e c t i o n by the protozoan S a r c o c y s t i s , 

a muscle p a r a s i t e widespread i n the animal kingdom. Under the l i g h t 

microscope the organisms appear as sausage-shaped c y s t s about 250pm 

i n length and 100pm wide, l o n g i t u d i n a l l y o r i e n t a t e d w i t h i n a s i n g l e 

muscle f i b r e ( f i g . 1 8 4 ) . At higher m a g n i f i c a t i o n ( f i g s . 1 8 5 - 1 8 6 ) 

the c y s t w a l l that s e p a r a t e s the p a r a s i t e from the t h i n p e r i p h e r a l 

rim of m y o f i b r i l s i s apparent. The complex la y e r e d s t r u c t u r e of 

the w a l l may be due to c a l c i f i c a t i o n . Whereas under the l i g h t 

microscope the c e n t r a l spores appear to be uniform with no apparent 

t r a b e c u l a e , higher m a g n i f i c a t i o n shows th a t i n f a c t the spores 

occur i n groups separated by f i n e t r a b e c u l a e . 



SECTION C. DISCUSSION 

The two l a y e r s p r e s e n t i n the b e l l y of sheep SR, a c e n t r a l 

core of mainly large-diameter muscle f i b r e s and an o r b i t a l rim of 

sm a l l muscle f i b r e s , correspond to those f i r s t observed i n sheep 

e x t r a o c u l a r muscle by Voss (1 9 3 5 ) . In f a c t the p e r i p h e r a l l o c a t i o n 

of s m a l l 'red' f i b r e s , high i n o x i d a t i v e enzyme a c t i v i t y , i s a 

constant f e a t u r e i n the s t r u c t u r a l o r g a n i z a t i o n of e x t r a o c u l a r 

muscles, not only i n mammals ( 1 . 1 ) , but a l s o i n f i s h ( K i l a r s k i , 

1965; 1966; 1967a, b; K i l a r s k i & B i g a j , 1969; Kordylewski, 1974) 

Amphibia ( K i l a r s k i & B i g a j , 1969; Nowogrodska-Zagorska, 1974), 

r e p t i l e s (Kaczmarski, 1969) and b i r d s (Kaczmarski, 1970b; 

A l v a r a d o - M a l l a r t , 1972; Maier, E l d r e d & Edgerton, 1972). There 

appears to be a trend f o r the l a y e r s to become l e s s d i s t i n c t as one 

passes from f i s h to mammals. For example, i n the eye muscles of 

the g o l d f i s h ( K i l a r s k i & B i g a j , 1969) the l a y e r s appear ' l i k e 

s e p a r a t e muscles glued together', whereas i n dog, c a t and goat 

(Kato, 1938) t r a n s i t i o n l a y e r s of mixed f i b r e types a r e p r e s e n t . 

I t i s i n t e r e s t i n g that a s i m i l a r l a y e r e d p a t t e r n i s a l s o e v i d e n t 

i n the c a t tensor tympani (Asmussen &, Wohlrab, 1971), one of the 

few other mammalian muscles i n which p h y s i o l o g i c a l l y slow, grape-

innervated muscle f i b r e s have been reported ( E r u l k a r , S h e l a n s k i , 

W h i t s e l 8c Ogle, 1964; Fernand &. Hess, 1969). 

I t i s tempting to s p e c u l a t e t h a t the l a y e r e d o r g a n i z a t i o n 

i n e x t r a o c u l a r and c e r t a i n other mammalian muscles i s an i n d i c a t i o n 

of t h e i r p h y l o g e n e t i c a l l y a n c i e n t s t a t u s . I n elasmobranch f i s h (Bone 

1966) each myotome i s composed of a t h i c k inner l a y e r of l a r g e 
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'white' f i b r e s covered by a t h i n outer l a y e r of s m a l l !red' ones, 

an arrangement comparable to that i n eye muscles. I n the d o g f i s h 

the p e r i p h e r a l 'red' f i b r e s a re slow and are used during s u s t a i n e d 

a c t i v i t y such as b a s a l c r u i s i n g , w h i l e the c e n t r a l 'white' f i b r e s 

a r e f a s t and come i n t o play only when vigorous movement i s r e q u i r e d . 

Such a dual f u n c t i o n a l system i s p o s s i b l e i n an a q u a t i c environment 

where the problem of supporting the body weight a g a i n s t g r a v i t y i s 

not a c u t e . One consequence of the e v o l u t i o n a r y emergence of f i s h 

onto land has been the r e d u c t i o n of the l a r g e muscle mass, and t h i s 

has been achieved l a r g e l y a t the expense of the p e r i p h e r a l , 'red', 

grape-innervated component. In f r o g gastrocnemius (Engel & I r w i n , 

1967), for example, the grape-innervated f i b r e s a r e r e s t r i c t e d to 

a s m a l l s u p e r f i c i a l patch and c o n s t i t u t e l e s s than 1% of the t o t a l 

f i b r e content. In mammalian s k e l e t a l muscles the grape component 

has almost completely disappeared except i n the i s o l a t e d c a s e s of the 

r e c t u s and oblique e x t r a o c u l a r muscles ( 1 . 2 ) , the tensor tympani and 

s t a p e d i u s muscles of the e a r ( E r u l k a r e t a_l. ,1964; Fernand & Hess, 

1969), and the oesophageal muscles (Comline & Message, 1965; F l o y d , 

1971). The grape i n n e r v a t i o n i n these p a r t i c u l a r muscles i s 

presumably an i n h e r i t a n c e from the o r i g i n a l p r i m i t i v e p a t t e r n . That 

the proportions of grape-innervated f i b r e s i n these muscles i s very 

low i s p o s s i b l y i n d i c a t i v e of t h e i r v e s t i g i a l s t a t u s . 

I f the l a y e r i n g i n e x t r a o c u l a r muscles does i n f a c t r e f l e c t 

a p r i m i t i v e c o n d i t i o n , one might a l s o expect some of the p r i m i t i v e 

f u n c t i o n a l d i f f e r e n c e s between c e n t r a l core and o r b i t a l rim l a y e r s 

to be r e t a i n e d . For example, the o r b i t a l rim could be r e s p o n s i b l e 

for slow f i x a t i o n eye movements, wh i l e the c e n t r a l core c a r r i e s out 



f a s t e r p u r s u i t movements. 

At the o r i g i n and i n s e r t i o n ends of sheep SR t h e r e i s a l s o 

a p e r i p h e r a l patch l a y e r , which, although composed mainly of grape-

innervated muscle f i b r e s , i s not predominantly 'red' i n c h a r a c t e r . 

T h i s l a y e r corresponds to the t h i n sheet of 'white', grape-innervated 

muscle f i b r e s t h a t l i e on the outer s u r f a c e of the d o g f i s h myotome 

immediately underneath the s k i n . There a r e s e v e r a l p o s s i b l e reasons 

why s i m i l a r proximal and d i s t a l p e r i p h e r a l patches have not been 

i d e n t i f i e d i n the e x t r a o c u l a r muscles of other mammalian s p e c i e s . 

F i r s t , the patches may be present only i n some of the r e c t u s and 

oblique muscles. Second, because of the t h i n n e s s of the patch 

l a y e r s and t h e i r p e r i p h e r a l l o c a t i o n , i t i s easy to overlook them 

when p r e s e n t , or to l o s e them completely when c u t t i n g f r o z e n s e c t i o n s . 

F i n a l l y , i f the patch l a y e r s are present only a t each end of a 

p a r t i c u l a r e x t r a o c u l a r muscle, they would probably be missed i n 

randomly-sampled t r a n s v e r s e s e c t i o n s . 

However, i n terms of i n n e r v a t i o n t h e r e i s not an exact p a r a l l e l 

between the l a y e r e d e x t r a o c u l a r muscles and the l a y e r e d d o g f i s h myo

tome. In the d o g f i s h the c e n t r a l 'white' l a y e r i s e n t i r e l y ' p l a t e -

i n n e r v a t e d ' , each f i b r e r e c e i v i n g a basket ending a t one myoseptal 

end (Bone, 1966), whereas the f i b r e s composing the p e r i p h e r a l 'red' 

l a y e r and the s u p e r f i c i a l 'white' l a y e r r e c e i v e d i s t r i b u t e d grape 

endings. I n sheep SR grape i n n e r v a t i o n i s s u p p l i e d to about 7% of 

the l a r g e s t - d i a m e t e r f i b r e s of the c e n t r a l core, about a t h i r d of the 

t h i n n e s t f i b r e s of the o r b i t a l rim, and to the g r e a t e r p r o p o r t i o n of 

intermediate-diameter f i b r e s i n the p e r i p h e r a l p a t c h e s . Although grape 

endings a r e thus most frequent i n the p e r i p h e r a l l a y e r s , they a r e 
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present throughout the muscle, as occurs i n the e x t r a o c u l a r muscles 
of other mammalian s p e c i e s ( 1 . 2 ) , and they are not l o c a t e d on muscle 
f i b r e s t h a t a r e 'red' i n c h a r a c t e r . 

I t has been f u r t h e r shown (Barker & Harker, 1972) t h a t the 

grape i n n e r v a t i o n i n sheep SR i s of two types: a'compact' type l o c a t e d 

on the ' F e l d e r s t r u k t u r ' f i b r e s of the c e n t r a l core; and an 'extensive' 

type l o c a t e d p e r i p h e r a l l y . These two types of grape ending may c o r r e s 

pond to the ' e x t e n s i v e ' and 'compact' grape endings i n the e x t r a 

o c u l a r muscles of r a b b i t (Cheng-Minoda e t a_l. ,1968) and r a t ( T e r S v ^ i n e n , 

1968a), even though these endings o c c a s i o n a l l y occur on the same 

muscle f i b r e (Tera"va*inen, 1968a). 

S i n c e t h e r e i s no e q u i v a l e n t grape-innervated f i b r e type i n 

the c e n t r a l 'white' l a y e r of a d o g f i s h myotome, the d e r i v a t i o n and 

f u n c t i o n a l s i g n i f i c a n c e of a d i s t i n c t c e n t r a l core G - f i b r e type i n 

sheep SR i s p r o b l e m a t i c a l . 

There a r e other suggestions i n the l i t e r a t u r e , a p a rt from 

those a l r e a d y mentioned ( 1 . 2 ) , t h a t t h e r e a r e two d i s t i n c t p a t t e r n s 

of grape i n n e r v a t i o n i n e x t r a o c u l a r muscles. The i l l u s t r a t i o n s of 

grape endings i n goat eye muscle ( S i l v e r , 1963; p l a t e 3, f i g s . e & f ) 

show them to be comparable to the compact grape endings on the c e n t r a l 

core G f i b r e s of sheep. On the other hand the e x t e n s i v e grape term

i n a t i o n s i n the eye muscles of the guinea p i g (Hess, 1961a; f i g . 1 4 ) 

obviously occur on neighbouring f i b r e s , as occurs i n the p e r i p h e r a l 

patch l a y e r s of sheep SR, and they show a s i m i l a r profuse p a t t e r n 

of i n n e r v a t i o n . 

The e x t e n s i v e grape i n n e r v a t i o n on the p e r i p h e r a l G f i b r e s 
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i n sheep SR appears unique to e x t r a o c u l a r muscles. Zenker & Gruber 

(1967) have compared the r a t i o of o v e r a l l s y n a p t i c area to muscle-

f i b r e volume i n a v a r i e t y of grape-innervated muscle f i b r e s . The 

r a t i o was lowest i n pigeon gastrocnemius, f r o g d o r s a l i s s c a p u l a e , and 

chic k e n a n t e r i o r l a t i s s i m u s d o r s i muscles; much g r e a t e r i n the 

e x t r a o c u l a r muscles of tench, rhesus monkey and man; and g r e a t e r s t i l l 

i n the eye muscles of the f i n c h , hen and owl. I t might be expected 

that such a profuse grape supply would obvia t e the need for the 

r e s p e c t i v e muscle f i b r e s to propagate any impulses, s i n c e no p a r t of 

the f i b r e i s f a r removed from a s y n a p t i c r e g i o n . That two types of 

e x c i t a t o r y p o s t - s y n a p t i c p o t e n t i a l a r e seen i n r a b b i t slow f i b r e s 

(Matyushkin & Drabkina, 1970) might conceivably be the consequence 

e i t h e r of d i f f e r e n t s i z e s of s y n a p t i c a r e a s d e r i v e d from the same 

grape axon, or polyneuronal grape i n n e r v a t i o n of a muscle f i b r e by 

more than one axon. I n the s i t u a t i o n where neighbouring i n n e r v a t i o n 

zones a r e s u p p l i e d by separate axons Peachey (1971) has d i s c u s s e d 

the p o s s i b i l i t y t h a t impulses from the two zones, i f s u f f i c i e n t l y 

c l o s e , could summate to exceed t h r e s h o l d f o r an a c t i o n p o t e n t i a l . A 

s i m i l a r s i t u a t i o n presumably operates i n t e l e o s t t w i t c h muscles t h a t 

a r e grape-innervated ( s e e Barker, 1968). In tench these respond to 

s i n g l e shocks of low i n t e n s i t y with l o c a l p o t e n t i a l s and weak c o n t r a c 

t i o n s , but with a s t i m u l u s of i n c r e a s e d i n t e n s i t y give d i p h a s i c 

propagated p o t e n t i a l s (but no overshoot) and stronge r t w i t c h e s . 

The p a t t e r n of grape i n n e r v a t i o n on the c e n t r a l c o re G f i b r e s 

of sheep SR i s s i m i l a r to th a t on the muscle f i b r e s i n the a n t e r i o r 

l a t i s s i m u s d o r s i of the c h i c k e n (Hess, 1961b) and the domestic hen 

( S i l v e r , 1963), i n which the compact i n n e r v a t i o n zones a r e r e g u l a r l y 

spaced apart (Hess, 1961b; Zenker & Gruber, 1967). In the ca s e of 
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the a d u l t chicken (Hess, 1961b) the endings a r e separated by d i s t a n c e s 
of about 1,000pm. The i n d i v i d u a l i n n e r v a t i o n zones on the c e n t r a l 
core G f i b r e s are a l s o s i m i l a r i n form to those on the slow f i b r e s 
i n frog i l i o f i b u l a r i s tonus bundle (Hess, 1960). The p a t t e r n of 
i n n e r v a t i o n i n f r o g , however, i s extremely i r r e g u l a r . The endings 
may be as c l o s e as 60-120um or separated by d i s t a n c e s of 1mm or more. 
Whereas frog slow f i b r e s do not propagate, the grape-innervated 
f i b r e s i n c h i c k e n (Ginsborg, 1960) respond in v i t r o to a s i n g l e 
s t i m u l u s with a propagated a c t i o n p o t e n t i a l followed by a slow t w i t c h . 
I t i s not known whether t h i s f e a t u r e i s r e l a t e d to the r e g u l a r p a t t e r n 
of grape i n n e r v a t i o n i n a v i a n muscles. 

Because of the presence of j u n c t i o n a l f o l d s , a l b e i t s p a r s e 

and i r r e g u l a r i n form, beneath the axon t e r m i n a l s of both types of 

grape ending i n sheep SR, they cannot be d i r e c t l y compared to the 

c l a s s i c grape endings of f r o g (Page, 1965). The o b s e r v a t i o n t h a t i n 

r a t e x t r a o c u l a r muscles weakly-developed f o l d i n g i s present only 

beneath the e x t e n s i v e grape endings of the periphery (Mayr, 1971) i s 

not t r u e of sheep eye muscles. 

The j u n c t i o n a l f o l d i n g beneath the p l a t e t e r m i n a l s i n sheep 

SR i s more e x t e n s i v e than t h a t shown under the p l a t e endings i n c a t 

( P i l a r & Hess, 1966; Hess, 1967) and a l b i n o mouse ( S a l t p e t e r e t a l . , 

1974) e x t r a o c u l a r muscles, and i s more v a r i a b l e i n form. Whereas the 

end-plates on the l a r g e A f i b r e s have the most r e g u l a r and c l o s e l y -

spaced j u n c t i o n a l f o l d s , the f o l d i n g i n the i n t e r m e d i a t e C f i b r e i s 

s p a r s e r , and i n the s m a l l C f i b r e s i s the l e a s t f requent. The end-

p l a t e s i n the s o l e u s of the mouse (Duchen, 1971) have l e s s numerous 

and s h o r t e r j u n c t i o n a l f o l d s than those i n the gastrocnemius, and 

the degree of development of f o l d i n g i s thus r e l a t e d to the speed of 



c o n t r a c t i o n of whole muscles. I f a s i m i l a r r e l a t i o n s h i p holds f o r 

i n d i v i d u a l muscle f i b r e types w i t h i n the same muscle i t would suggest 

that the l a r g e A and intermediate C f i b r e types i n sheep SR a r e 

f a s t e r - c o n t r a c t i n g than the s m a l l C f i b r e s . 

With regard to the morphological f i b r e types present i n 

sheep SR, the l a r g e G f i b r e s of the c e n t r a l core and the s m a l l / 

intermediate G f i b r e s of the p e r i p h e r a l l a y e r s both show many of 

the f e a t u r e s c h a r a c t e r i s t i c of slow muscle f i b r e s (Hess, 1967; 1970). 

Both e x h i b i t s p a r s e and i r r e g u l a r T-systems, reduced amounts of 

s a r c o p l a s m i c r e t i c u l u m , i r r e g u l a r s i z e and d i s p o s i t i o n of m y o f i b r i l s 

( ' F e l d e r s t r u k t u r ' ) , and mainly smooth myoneural j u n c t i o n s . However, 

the c e n t r a l core G f i b r e s resemble the grape-innervated f i b r e s i n the 

a n t e r i o r l a t i s s i m u s d o r s i of the c h i c k e n (Hess, 1961b; 1967; Mayr, 1967) 

i n t h a t they possess prominent M l i n e s , whereas the p e r i p h e r a l G 

f i b r e s resemble the slow f i b r e s of the f r o g (Peachey & Huxley, 1962; 

Page, 1965) and the g a r t e r snake (Hess, 1965) i n t h a t an M l i n e i s 

l a c k i n g . I f the c e n t r a l and p e r i p h e r a l grape-innervated f i b r e s i n 

the e x t r a o c u l a r muscles of other mammalian s p e c i e s e x h i b i t a s i m i l a r 

v a r i a b i l i t y i n M-line morphology, t h i s could e x p l a i n some of the 

d i s c r e p a n t r e p o r t s i n the l i t e r a t u r e ( 1 . 3 ) . 

The l a r g e A, intermediate C and s m a l l C f i b r e s i n sheep SR 

a l l have a 'twitch-type' morphology (Hess, 1967). They have r e g u l a r 

T-systems, r e l a t i v e l y abundant s a r c o p l a s m i c r e t i c u l u m , w e l l - d e l i n e a t e d 

m y o f i b r i l s ( ' F i b r i l l e n s t r u k t u r ' ) , M l i n e s , and folded myoneural 

j u n c t i o n s , although each f i b r e type v a r i e s with regard to m i t o c h o n d r i a l 

content. I n the p o s s e s s i o n of an M l i n e the ' F i b r i l l e n s t r u k t u r ' f i b r e s 

of sheep SR resemble those i n the i n f e r i o r oblique of the c a t (Peachey, 



122. 

1968), whereas i n the rhesus monkey (Cheng & B r e i n i n , 1966; M i l l e r , 

1967) and r a t (Mayr, 1971) an M l i n e i s present only i n the mitochondria 1-

poor (white A type) ' F i b r i l l e n s t r u k t u r ' f i b r e s . The mitochondria 1-

r i c h ( r e d C type) f i b r e s i n rhesus monkey and r a t have a comparable 

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

mouse (Duchen, 1971) t h a t a l s o l a c k M l i n e s , and i t i s p o s s i b l e t h a t 

they a r e s i m i l a r l y s l o w - c o n t r a c t i n g . 

The s e v e r a l morphological f i b r e types i n sheep SR can each 

be equated w i t h s i m i l a r f i b r e types i n the e x t r a o c u l a r muscles of 

other s p e c i e s , i f M l i n e c h a r a c t e r i s t i c s a r e ignored. I n a review of 

the most comprehensive morphological s t u d i e s , Peachey (1971) c o n s i d e r s 

t h a t f i v e d i s t i n c t f i b r e types a r e present i n e x t r a o c u l a r muscles, 

of which two occur i n the o r b i t a l rim and t h r e e i n the c e n t r a l c o r e . 

The present study has extended t h i s scheme to i n c l u d e s i x f i b r e t ypes, 

some of which a re present i n more than one l a y e r of the muscle. 

The s i x f i b r e types i n sheep SR were i n f a c t i n i t i a l l y d i s t 

i n guished i n terms of t h e i r h i s t o c h e m i c a l p r o f i l e s and diameters as 

l a r g e G, l a r g e A, intermediate C, s m a l l C, s m a l l G and in t e r m e d i a t e 

G t y p e s . Of these the inter m e d i a t e G type i s e x c l u s i v e to the p e r i p h e r a l 

patch l a y e r , which i s not d e s c r i b e d f o r any other s p e c i e s . I t i s 

t h e r e f o r e p o s s i b l e to compare only the f i n d i n g s f o r the o r b i t a l rim 

and c e n t r a l core l a y e r s with the r e s u l t s from other s t u d i e s , such as 

those of M i l l e r (1967) on rhesus monkey; Asmussen et a_l, (1970; 

1971) on r a t , c a t , r a b b i t and guinea p i g ; and Mayr(1971) on r a t . 

There appears to be general agreement among these authors about the 

p a t t e r n of o r g a n i z a t i o n i n the c e n t r a l core l a y e r . M i l l e r (1967) 
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d i s t i n g u i s h e s t h r e e f i b r e types t h a t e x h i b i t A, C and G-type h i s t o -

chemical p r o f i l e s , r e s p e c t i v e l y . Asmussen e_t a_l. (1970; 1971) 

c h a r a c t e r i z e d a f u r t h e r C-type f i b r e i n t h e i r t o t a l of four types 

i n the c e n t r a l c o r e . The h i s t o c h e m i c a l p r o f i l e s of these f i b r e types 

c l o s e l y monitor those of the l a r g e G, l a r g e A, intermediate C and 

sm a l l C f i b r e s of sheep SR. For the o r b i t a l rim l a y e r M i l l e r (1967) 

and Asmussen et a_l. (1970; 1971) both d e s c r i b e two f i b r e t y p e s . These 

e x h i b i t C-type p r o f i l e s and appear e q u i v a l e n t to the in t e r m e d i a t e 

C and s m a l l C f i b r e types i n the o r b i t a l rim of sheep SR. In a d d i t i o n , 

Mayr (1971) d e s c r i b e s a minority of t h i n f i b r e s i n t h i s l a y e r t h a t 

e x h i b i t very low SDH a c t i v i t y . These correspond to the s m a l l G f i b r e 

types i n sheep SR. Mayr (19 7 1 ) , M i l l e r (1967) and Asmussen e_t a l . 

(1970; 1971) c o n s i d e r the o r b i t a l rim and c e n t r a l core C-type f i b r e s 

as s e p a r a t e t y p e s . I n the ca s e of sheep SR, the d i f f e r e n c e s between 

c e n t r a l and p e r i p h e r a l C-type f i b r e s were not considered s u f f i c i e n t l y 

s i g n i f i c a n t to warrant such a c l a s s i f i c a t i o n . 

The p a r t t h a t each f i b r e type p l a y s i n the movement of the 

eye remains c o n j e c t u r a l , s i n c e i t has not y e t proved p o s s i b l e to 

c o r r e l a t e the morphological p r o p e r t i e s of i n d i v i d u a l f i b r e types i n 

e x t r a o c u l a r muscles w i t h t h e i r f u n c t i o n a l c h a r a c t e r i s t i c s . Such a 

c o r r e l a t i o n has been made, however, i n amphibian hindlimb muscles 

such as i l i o f i b u l a r i s ( s e e Smith, B l i n s t o n & O v a l l e , 1973 f o r re v i e w ) 

t h a t have a complex l a y e r e d o r g a n i z a t i o n and which could w e l l be 

analogues of mammalian e x t r a o c u l a r muscles. The 'zoned' muscles i n 

frogs and toads c o n t a i n f i v e f i b r e t y p e s , three of which a r e considered 

to be f a s t and two of which a r e thought to be slow. I n terms of u l t r a -

s t r u c t u r e , r e l a t i v e diameter and h i s t o c h e m i c a l p r o f i l e the t h r e e p l a t e -
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innervated f i b r e types i n sheep SR: the l a r g e A, i n t e r m e d i a t e C and 

s m a l l C types, may be broadly compared with the t h r e e f a s t f i b r e 

types i n amphibia (Engel & I r w i n , 1967; Smith & Ova l i e , 1973) t h a t 

are r e s p e c t i v e l y l i s t e d as types 1, 2 and 3 by Smith e_t a_l. ( 1 9 7 3 ) . 

The h i s t o c h e m i c a l p r o f i l e s of the p e r i p h e r a l G and the 

c e n t r a l G f i b r e types i n sheep SR r e s p e c t i v e l y resemble those of 

the type 4 and type 5 f i b r e s i n f r o g and toad (Smith e t a l . ,1973). 

Both types of slow f i b r e i n toad a r e l o c a t e d i n the i l i o f i b u l a r i s 

tonus bundle (LSnnergren & Smith, 1966), but whereas i n Xenopus l a e v i s 

the slow f i b r e s a re t h i n f i n Bufo v i r i d i s slow f i b r e s (type 5?) a r e 

among the l a r g e s t i n the muscle and thus p a r a l l e l the s i z e and c e n t r a l 

l o c a t i o n of the l a r g e G f i b r e s i n sheep. I n the proximal p o r t i o n s 

of the zoned muscles of f r o g the slow f i b r e s (type 4?) have a 

s u p e r f i c i a l l o c a t i o n ( E n g e l & I r w i n , 1967) and are a s s o c i a t e d with 

t h i n m i t o c h o n d r i a 1 - r i c h muscle f i b r e s (Asmussen & K i e s s l i n g , 1970). 

Such an arrangement i s r e m i n i s c e n t of the p e r i p h e r a l patch l a y e r i n 

sheep. 

A study of the i s o m e t r i c c o n t r a c t i o n s of s i n g l e motor u n i t s 

i n toad muscles (Smith & LHnnergren, 1968; Smith e_t a_l. ,1973) has 

i n d i c a t e d t h a t f i v e d i s t i n c t kinds of motor u n i t a r e p r e s e n t t h a t 

correspond to the f i v e types of muscle f i b r e s . Type 1 motor u n i t s 

( = l a r g e A f i b r e s i n sheep SR?) have the s h o r t e s t t w i t c h c o n t r a c t i o n 

times, a high t w i t c h - t e t a n u s r a t i o , but l i t t l e r e s i s t a n c e to f a t i g u e . 

Type 2 motor u n i t s ( s i n t e r m e d i a t e C f i b r e s ? ) have i n t e r m e d i a t e 

t w i t c h c o n t r a c t i o n times, lower t w i t c h - t e t a n u s r a t i o s , and are l e s s 

s u s c e p t i b l e to f a t i g u e . The type 3 u n i t s produce 'small t w i t c h 

responses' to s i n g l e s t i m u l i and have very low t w i t c h - t e t a n u s r a t i o s . 
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Smith e_t a_l. (1973) c o n s i d e r these u n i t s to be composed of muscle 
f i b r e s that Ork^and (1963) d e s c r i b e d as not responding to a s i n g l e 
stimulus with a propagated a c t i o n p o t e n t i a l . The type 4 ( = p e r i p h e r a l 
G f i b r e s ? ) and type 5 ( = c e n t r a l G f i b r e s ? ) u n i t s a r e both slow 
and respond to r e p e t i t i v e s t i m u l a t i o n i n a graded f a s h i o n to produce 
s m a l l t e n s i o n s . The type 4 u n i t s develop t e n s i o n much more r a p i d l y 
than do the type 5 u n i t s . 

I f 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 the f i b r e types i n 

mammalian e x t r a o c u l a r muscles a r e s i m i l a r to those of the comparable 

f i b r e types i n Amphibia, the f u n c t i o n a l p r o p e r t i e s of the v a r i o u s 

f i b r e s i n sheep SR would be as f o l l o w s . The p e r i p h e r a l patches 

c o n t a i n mainly inte r m e d i a t e G f i b r e s that would be slow i n f u n c t i o n . 

The o r b i t a l rim i s composed of a minority of s m a l l G f i b r e s t h a t 

would a l s o be slow, together with s m a l l C and inter m e d i a t e C f i b r e s 

t h a t a r e probably r e s i s t a n t to f a t i g u e and a r e slow- and moderately 

f a s t - c o n t r a c t i n g , r e s p e c t i v e l y . The c e n t r a l core c o n t a i n s s l i g h t l y 

l e s s than h a l f of l a r g e A f i b r e s t h a t a r e l i k e l y to be f a s t - c o n t r a c t i n g , 

but e a s i l y f a t i g u e d , about h a l f of f a t i g u e - r e s i s t a n t s m a l l C and 

interm e d i a t e C f i b r e s l i k e those of the o r b i t a l rim, and a sm a l l 

proportion of l a r g e G f i b r e s t h a t are probably the slowest i n the 

muscle. From such c o n s i d e r a t i o n s i t would appear t h a t the main 

f u n c t i o n a l r o l e of the p e r i p h e r a l patch and o r b i t a l rim l a y e r s i s 

r e l a t e d to slow, s m a l l and maintained eye movements, whereas the 

c e n t r a l c ore i s concerned more with f a s t e r , l a r g e r and more sp o r a d i c 

types of movement. Such a dual f u n c t i o n a l system has a l r e a d y been 

p r e d i c t e d from a comparison of the l a y e r i n g p a t t e r n i n e x t r a o c u l a r 

muscles with t h a t of a f i s h myotome. The systems i n eye muscles a r e 
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not t o t a l l y segregated, as i n f i s h , s i n c e t h e r e a r e a l s o present i n 

the c e n t r a l core of SR s m a l l C and l a r g e G f i b r e s , both of which a r e 

probably s l o w - c o n t r a c t i n g . The f u n c t i o n a l s i g n i f i c a n c e of the c e n t r a l 

G f i b r e s i n e x t r a o c u l a r muscles i s p a r t i c u l a r l y p u z z l i n g . In the 

r a t , guinea p i g , a l b i n o mouse and man they may be present only i n 

s p e c i f i c r e c t u s and oblique muscles (Siebeck & Krllger, 1955). When 

the c e n t r a l G f i b r e s a r e present they have a s c a t t e r e d d i s t r i b u t i o n , 

but a r e not g e n e r a l l y the l a r g e s t f i b r e s i n the muscle, as i n sheep 

SR. They c o n s t i t u t e only a sm a l l proportion of the f i b r e s i n the 

c e n t r a l core and t h e i r c o n t r i b u t i o n to t o t a l muscle t e n s i o n i s l i k e l y 

to be s m a l l . I n sheep SR i t i s not known whether the c e n t r a l core 

G f i b r e s , u n l i k e the surrounding p l a t e - i n n e r v a t e d f i b r e s , s t r e t c h 

the f u l l length of the muscle. T h e i r l a r g e diameter and uniform 

d i s t r i b u t i o n suggests t h a t they might have a r e l a t i v e l y i n e r t 

s t r u c t u r a l f u n c t i o n , a c t i n g to give a measure of cohesiveness to 

the movement of the c e n t r a l l a y e r . 

The q u e s t i o n a r i s e s as to how the r e c t u s and oblique muscles 

come to be organized i n t o d i s t i n c t l a y e r s each with d i f f e r e n t 

populations of muscle f i b r e s . S e v e r a l p o s s i b i l i t i e s a r e c o n c e i v a b l e 

that i n v o l v e the i n d u c t i v e p o t e n t i a l of e i t h e r the developing muscle 

f i b r e s or the e n t e r i n g motoneurons, or even other f a c t o r s such as 

the d i f f e r i n g d e n s i t y of blood supply w i t h i n a muscle ( s e e Maier, 

E l d r e d & Edgerton, 1972). That some i n f l u e n c e i s ex e r t e d by moto

neurons on the d i s t r i b u t i o n of h i s t o c h e m i c a l f i b r e types i n e x t r a 

o c u l a r muscle has r e c e n t l y been shown i n the baboon (Durston, 1974). 

The most notable e f f e c t s of r e - i n n e r v a t i o n f o l l o w i n g oculomotor nerve 

s e c t i o n a r e an i n c r e a s e i n the number of f i b r e s t h a t a r e low i n Alk 

ATPase a c t i v i t y ( = G type f i b r e s ? ) and t h e i r clumping together to 
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g i v e m u s c l e - f i b r e groups of one h i s t o c h e m i c a l type. Durston suggests 
t h a t the motor axons which normally supply these f i b r e s (grape axons?) 
regenerate more q u i c k l y or sprout more r e a d i l y and so r e - i n n e r v a t e 
a d d i t i o n a l f i b r e s , imposing on them new h i s t o c h e m i c a l c h a r a c t e r 
i s t i c s . 

I s t h e r e any evidence from the known physiology of e x t r a 

o c u l a r muscles to support the h y p o t h e t i c a l f u n c t i o n a l scheme d e s c r i b e d 

f o r the numerous f i b r e types i n sheep SR? Un f o r t u n a t e l y , only i n 

few p h y s i o l o g i c a l i n v e s t i g a t i o n s has the l a y e r e d o r g a n i z a t i o n of 

eye muscles been taken i n t o account and some c o r r e l a t i o n of 

p h y s i o l o g i c a l and morphological p r o p e r t i e s made. For example, 

accor d i n g to Kern (1965) the o r b i t a l rim l a y e r i n r a b b i t e x t r a o c u l a r 

muscle i s composed almost e x c l u s i v e l y of t h i n ' F e l d e r s t r u k t u r 1 f i b r e s 

that give a well - m a i n t a i n e d c o n t r a c t u r e on exposure to a c e t y l c h o l i n e . 

Although i t i s u n l i k e l y t h a t a l l the o r b i t a l rim f i b r e s of r a b b i t a r e 

grape-innervated slow f i b r e s , a t l e a s t some of them resemble frog 

slow f i b r e s i n t h e i r pharmacological p r o p e r t i e s , these presumably being 

e q u i v a l e n t to the p e r i p h e r a l G f i b r e s of sheep. I t i s s u r p r i s i n g t h a t 

no c o n t r a c t u r e was given by the c e n t r a l core l a y e r i n r a b b i t s i n c e a 

sm a l l proportion of grape-innervated f i b r e s a r e probably p r e s e n t . 

In c a t e x t r a o c u l a r muscles e x t r a c e l l u l a r r e c o r d i n g during 

s t i m u l a t i o n of the I I I nerve produces a c t i o n p o t e n t i a l s t h a t a r e e i t h e r 

prolonged monophasic u n i t s or short b i p h a s i c s p i k e s (Nemet & M i l l e r , 

1968). Whereas both types of response may be recorded from the 

c e n t r a l core and o r b i t a l rim l a y e r s , b i p h a s i c s p i k e s predominate i n 

the c e n t r a l core and monophasic u n i t s i n the o r b i t a l r i m . These mono-

ph a s i c u n i t s a r e considered by Nemet & M i l l e r to r e p r e s e n t s l o w - t w i t c h 

muscle f i b r e s , s u p p l i e d by t h i c k l y - m y e l i n a t e d axons, t h a t probably 
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correspond to the s m a l l m i t o c h o n d r i a l - r i c h f i b r e s d i s t r i b u t e d mainly 
w i t h i n the o r b i t a l rim l a y e r , but a l s o i n the c e n t r a l c o r e . The 
s i m i l a r s m a l l C f i b r e s i n sheep have been i n f e r r e d i n the previous 
d i s c u s s i o n to be s l o w - c o n t r a c t i n g and f a t i g u e - r e s i s t a n t . T h e i r 
e l e c t r i c a l p r o p e r t i e s may be unusual i n that they do not propagate 
a c t i o n > p o t e n t i a l s i n response to a s i n g l e s t imulus ( c f . Orkland, 
1963). 

There s t i l l remains the c o n t r o v e r s i a l point over the 

propagatory or non-propagatory nature of the grape-innervated comp

onents of c a t e x t r a o c u l a r muscle. Peachey (1968) r e s o l v e s t h i s by 

assuming t h a t Hess & P i l a r (1963) and Bach-y-Rita & I t o (1966a) 

s t u d i e d d i f f e r e n t types of grape-innervated f i b r e . He i d e n t i f i e s 

the r e l a t i v e l y t h i c k ' F e l d e r s t r u k t u r ' f i b r e s that possess an M l i n e 

and a r e comparatively numerous i n the s u p e r i o r oblique as the ones 

shown by Hess & P i l a r (1963) and P i l a r (1967) to possess t y p i c a l 

slow p r o p e r t i e s . These f i b r e s correspond to the c e n t r a l core G 

f i b r e s i n sheep, which have been p r e d i c t e d to be the slo w e s t f i b r e s 

i n the muscle. The f i b r e s s t u d i e d by Bach-y-Rita & I t o ( 1 9 6 6 a ) i n 

the s u p e r i o r r e c t u s and i n f e r i o r oblique muscles of the c a t a r e 

l o c a t e d i n the o r b i t a l rim l a y e r and may p o s s i b l y be e q u i v a l e n t to 

the s m a l l G f i b r e s i n sheep SR. However, Bach-y-Rita & I t o suggest 

t h a t a l l the o r b i t a l rim f i b r e s a r e "slow m u l t i - i n n e r v a t e d t w i t c h " 

f i b r e s and t h a t they t o t a l approximately one t h i r d of a l l the f i b r e s 

i n the muscles s t u d i e d . Such f i g u r e s do not accord w i t h the a v a i l a b l e 

morphological and h i s t o c h e m i c a l d a t a . I n r a t (Mayr, 1971) and sheep 

(Harker, 1972a) e x t r a o c u l a r muscles the o r b i t a l rim c o n t a i n s only 

20-30% of grape-innervated f i b r e s . I t t h e r e f o r e remains a p o s s i b i l i t y 
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th a t Bach-y-Rita & I t o recorded, a t l e a s t i n some c a s e s , from s m a l l 
C-type f i b r e s t h a t a r e p l a t e - i n n e r v a t e d , but may have unusual slow-
t w i t c h p r o p e r t i e s . T h i s may e x p l a i n the apparently c o n f l i c t i n g 
r e s u l t s concerning the a b i l i t y to propagate of the p e r i p h e r a l "slow" 
component. Two s l o w - c o n t r a c t i n g systems may operate i n the o r b i t a l 
rim, one of which may propagate and another that does not. 

One would expect, i f morphological and h i s t o c h e m l c a l f i b r e -

t y p i n g i n e x t r a o c u l a r muscles i s meaningful, that s e v e r a l d i s t i n c t 

types of motor u n i t a r e present i n eye muscles, each composed of 

muscle f i b r e s with d i s t i n c t e l e c t r i c a l p r o p e r t i e s . 

The formerly held view t h a t the v a r i o u s types of eye move

ment a r e each the f u n c t i o n of one type of motor u n i t and thus of a 

d i s t i n c t f i b r e type ( s e e e.g. Jampel, 1967) has r e c e n t l y been 

c h a l l e n g e d . S t u d i e s i n which the a c t i v i t y of s i n g l e nerve c e l l s 

and f i b r e s i n the b r a i n s of a l e r t monkeys has been recorded (Fuchs 

St L u s c h e i , 1970; Robinson, 1970; S c h i l l e r , 1970; K e l l e r & Robinson, 

1972) have suggested t h a t a l l c e l l s i n the oculomotor neuronal pools 

p a r t i c i p a t e i n the same way i n each type of eye movement, whether i t 

be s a c c a d i c , p u r s u i t , f i x a t i o n , vergence, or v e s t i b u l a r . The d i s 

charge r a t e s of the c e l l s a r e dependent on eye v e l o c i t y as w e l l as 

p o s i t i o n . T h i s supports the view that d i f f e r e n t muscle f i b r e types 

cannot be simply c o r r e l a t e d with types of eye movement, even with 

regard to the f a s t and slow motor systems. However, a c c o r d i n g to 

t h r e s h o l d f o r s t i m u l a t i o n t h e r e a r e two populations of neurones i n 

the oculomotor u n i t s of monkeys. 'Low-threshold* f i b r e s a r e l i k e l y 

to be the f i r s t to be r e c r u i t e d during a c o n t r a c t i o n and they probably 

correspond to C-type f i b r e s t h a t a r e r e l a t i v e l y r e s i s t a n t to f a t i g u e . 
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Such f i b r e s may be a c t i v e i n f i x a t i o n movements t h a t a r e c o n s t a n t l y 
present during waking hours. 'High-threshold' f i b r e s may be brought 
i n t o p l a y only as the c o n t r a c t i o n i n c r e a s e s , and they probably 
correspond to the A-type f i b r e s t h a t a r e f a s t - c o n t r a c t i n g , but 
s u s c e p t i b l e to f a t i g u e . These f i b r e s a r e l i k e l y t o a c t mainly 
during saccades i n the 'on' d i r e c t i o n . The point of recrui t m e n t 
of the slow f i b r e s i n such a system i s d i f f i c u l t to i n f e r . I t i s 
even p o s s i b l e that i n terms of eye movement i n mammals the slow 
components a r e v e s t i g i a l . 

In t h a t the l e v a t o r palpebrae (LP) of sheep does not show 

the pronounced l a y e r i n g c h a r a c t e r i s t i c o f the r e c t u s and oblique 

muscles, and co n t a i n s only p l a t e - i n n e r v a t e d e x t r a f u s a l muscle f i b r e s , 

i t conforms to the p a t t e r n shown by the LP muscles of other mammalian 

s p e c i e s ( 3 . 2 ) . The u l t r a s t r u c t u r a 1 c h a r a c t e r i s t i c s of a l l the 

e x t r a f u s a l muscle f i b r e s i n sheep LP correspond to those observed 

i n ' t w i t c h ' type f i b r e s (Hess, 1967) that e x h i b i t s m a l l w e l l -

d e l i n e a t e d m y o f i b r i l s , abundant sar c o p l a s m i c r e t i c u l u m , d i s t i n c t M 

l i n e s , r e g u l a r t r i a d s , and p o s t j u n c t i o n a l f o l d s beneath the nerve 

t e r m i n a l s . The f i n e s t r u c t u r e of the l a r g e A, in t e r m e d i a t e C and 

sm a l l B f i b r e s and t h e i r r e s p e c t i v e end-plates shows resemblances 

to the 'white', 'red' and 'intermediate' f i b r e s i n , f o r example, 

r a t s k e l e t a l muscle ( s e e e.g. Ga u t h i e r , 1971; Ogata et a 1., 1967). 

The v a r i a t i o n i n the extent of the j u n c t i o n a l f o l d i n g between the 

p l a t e endings of each f i b r e type i n sheep LP may d i r e c t l y r e f l e c t the 

d i f f e r e n t speeds of c o n t r a c t i o n of the muscle f i b r e t y p e s . 

By analogy w i t h the l a r g e A and intermediate C f i b r e types 

i n sheep SR, the s i m i l a r f i b r e types i n LP might both be expected to 



be f a s t - c o n t r a c t i n g , but s u s c e p t i b l e and r e s i s t a n t to f a t i g u e , 

r e s p e c t i v e l y . The s m a l l B f i b r e type i n sheep LP has a s i m i l a r 

histochemica1 p r o f i l e to the 'intermediate' f i b r e of r a t and 

guinea-pig s k e l e t a l muscle (Edgerton & Simpson, 1969). T h i s f i b r e 

type i n c a t gastrocnemius has r e c e n t l y been shown to be s l o w - c o n t r a c t i n g 

and extremely r e s i s t a n t to f a t i g u e (Burke, Levine, Z a j a c , T s a i r i s & 

E n g e l , 1971; 1973). I f the s m a l l B f i b r e i n sheep LP has s i m i l a r 

p r o p e r t i e s , then f u n c t i o n a l l y i t would appear to have r e p l a c e d the 

s m a l l C and G f i b r e types t h a t a r e p r e s e n t i n SR. From t h i s r e a soning 

the main c a p a c i t y of sheep LP would be f o r f a s t c o n t r a c t i o n , u s i n g 

e i t h e r the l a r g e A or intermediate C f i b r e s t h a t t o t a l about 75% of 

the f i b r e s i n the muscle. To a l e s s e r extent LP would be capable of 

maintained a c t i v i t y because of the intermediate C and s m a l l B f i b r e s 

t h a t c o n s t i t u t e about h a l f of the f i b r e s . I t must be borne i n mind, 

however, t h a t the r e t r a c t o r b u l b i muscle of the c a t , although c o n t a i n i n g 

three h i s t o c h e m i c a l f i b r e types (Asmussen et a _ l . , 1971), shows only a 

uniform p o p u l a t i o n of ' f a s t - t w i t c h ' muscle f i b r e s i n terms of e l e c t r i c a l 

p r o p e r t i e s (Bach-y-Rita & I t o , 1965). S i n c e the LP muscle works w i t h 

SR so t h a t upward movement of the e y e b a l l i s p a r a l l e l e d by a r a i s i n g 

of the l i d w i t h subsequent maintainance of p o s i t i o n , i t i s l i k e l y 

t h a t LP may be more heterogeneous i n i t s p h y s i o l o g i c a l p r o p e r t i e s than 

RB, which has the p r o t e c t i v e f u n c t i o n of i n t e r m i t t e n t l y but r a p i d l y 

r e t r a c t i n g the globe. 

Of the c o n t r o l s k e l e t a l muscles examined i n sheep, only the 

hough f l e x o r ' m u s c l e conformed i n i t s h i s t o c h e m i c a l s t a i n i n g p a t t e r n 

to that commonly reported f o r ' f a s t , white, mixed' mammalian s k e l e t a l 

muscles ( s e e chapter 4 ) . Large A, i n t e r m e d i a t e C and s m a l l B f i b r e 
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types a r e present w i t h p r o f i l e s t h a t resemble those of the s i m i l a r l y -

named f i b r e s i n sheep LP. Consequently the l e v e l of a c t i v i t y w i t h 

Alk ATPase approximates to that shown w i t h P'ase. 

The d i s t a l p o r t i o n of peroneus b r e v i s (PB) d i f f e r s i n 

s e v e r a l r e s p e c t s from e i t h e r the LP or hough muscles. F i r s t , t h e r e 

i s l i t t l e v a r i a t i o n i n e i t h e r the diameter or the o x i d a t i v e enzyme 

a c t i v i t y of the t h r e e f i b r e s p r e s e n t . Second, the percentage of B 

f i b r e types i s n e g l i g i b l e , being of the order of 1%. T h i r d , 

although the two other f i b r e types both possess C-type h i s t o c h e m i c a l 

p r o f i l e s i n terms of o x i d a t i v e and g l y c o l y t i c metabolism, one type 

('conventional' C type) shows high A l k ATPase a c t i v i t y whereas the 

other type ('modified' C type) does not. I f A l k ATPase i s assumed to 

monitor i n t r i n s i c speed of c o n t r a c t i o n then the 'modified' C type i s 

presumably s l o w - c o n t r a c t i n g and may take on the f u n c t i o n s normally 

c a r r i e d out by the B-type f i b r e s . A s i m i l a r s e r i e s of h i s t o c h e m i e a l 

p r o f i l e s to those shown i n PB are e x h i b i t e d i n the sheep diaphragm 

(Davies & Gunn, 1972), which i s composed of 43% 'conventional' C-type 

f i b r e s , 43% 'modified' C-type f i b r e s , and 14% B-type f i b r e s . As i n 

sheep PB, the m a j o r i t y of diaphragm f i b r e s have a high c a p a c i t y f o r 

combined g l y c o l y t i c and o x i d a t i v e metabolism, and a minority have a 

c a p a c i t y f o r o x i d a t i v e metabolism o n l y . I t would appear t h a t sheep PB 

muscle i s p r i m a r i l y p o s t u r a l i n f u n c t i o n and adapted f o r slow but 

maintained c o n t r a c t i o n . As such i t i s perhaps not t y p i c a l of sheep 

hindlimb musculature, although i t s e r v e s as an a d d i t i o n a l c o n t r o l muscle 

s i n c e a l l the muscle f i b r e s a r e p l a t e - i n n e r v a t e d and have an u l t r a -

s t r u c t u r e t y p i c a l of ' t w i t c h ' f i b r e s (Hess, 1967). 
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PART I I I ~ RECEPTORS IN EXTRAOCULAR MUSCLES 

SECTION A. REVIEW OF BACKGROUND INFORMATION 

Chapter 14. S t r u c t u r a l review. 

The s t r u c t u r e of r e c e p t o r s found i n e x t r a o c u l a r muscles 

has been reviewed by Cooper, D a n i e l & Whitteridge ( 1 9 5 5 ) , 

Hosokawa (19 6 1 ) , and, r e c e n t l y , by Barker ( 1 9 7 4 ) . In a d d i t i o n to 

muscle s p i n d l e s and tendon organs, e x t r a o c u l a r muscles may c o n t a i n 

a v a r i e t y of r e c e p t o r s . These i n c l u d e p a l i s a d e endings i n the 

musculo-tendinous r e g i o n s , sensory endings on e x t r a f u s a l muscle 

f i b r e s , and va r i o u s endings i n i n t r a m u s c u l a r connective t i s s u e and 

tendon. 

14.1 Muscle s p i n d l e s . 

" S p i n d l e - l i k e ' s t r u c t u r e s i n eye muscles were f i r s t d e s c r i b e d 

by S i e m e r l i n g (1888) i n an a t r o p h i c human i n f e r i o r r e c t u s muscle. 

Recognizable muscle s p i n d l e s were subsequently observed i n the eye 

muscles of man ( C r e v a t i n , 1901; S c h i e f f e r d e c k e r , 1904; Buzzard, 

1907) and i n an e x t e n s i v e range of a r t i o d a c t y l s i n c l u d i n g the ox 

( C r e v a t i n , 1900; D o g i e l , 1906) the sheep, goat, deer and w i l d p i g 

( C i l i m b a r i s , 1910), the embryonic domestic p i g (Sutton, 1915), the 

c a l f (Wohlfart, 1935), and the g i r a f f e , cow, p i g and gnu (Cooper 

& D a n i e l , 1949). S p i n d l e s have a l s o been found i n the eye muscles 

of the chimpanzee (Cooper & D a n i e l , 1949), the horse (Bonavolonta, 

; i l 9 5 6 a ) , the a l b i n o mouse (Mahran & S a k l a , 1965) and the macaque 

monkey (Greene & Jampel, 1966). 
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Muscle s p i n d l e s have been reported absent from the eye 

muscles of s e v e r a l mammals i n c l u d i n g c a t and r a b b i t ( S h e r r i n g t o n , 

1897), the dog, fox, hare and r a t ( C i l i m b a r i s , 1910), the cheetah 

and bear (Cooper & D a n i e l , 1949), and the s q u i r r e l monkey ( I t o & 

Bach-y-Rita, 1969). S p i n d l e s are a l s o absent from the eye muscles 

of s e v e r a l a v i a n s p e c i e s (Maier, de S a n t i s & E l d r e d , 1971). T h i s 

l i s t should not be taken as f i n a l s i n c e s e v e r a l negative r e p o r t s 

have subsequently proved i n c o r r e c t . For example, the eye muscles 

of the domestic p i g and horse were i n i t i a l l y reported to l a c k 

s p i n d l e s ( C i l i m b a r i s , 1910), but l a t e r r e p o r t s on the p i g (Sutton, 

1915; Cooper & D a n i e l , 1949; Bonavolonta, 1958) and horse 

(Bonovolonta, 1956a) showed them to be p r e s e n t . S i m i l a r l y , s p i n d l e s 

were f i n a l l y detected i n the eye muscles of the macaque monkey 

(Greene & Jampel, 1966) a f t e r u n s u c c e s s f u l searches by Sherrington 

(1897) and Cooper & D a n i e l ( 1 9 4 9 ) . They proved to be absent from 

the oblique muscles and present up to a maximum number of s i x i n 

the r e c t u s muscles, mainly near the o r i g i n . The most s u r p r i s i n g 

example, however, concerns the presence of s p i n d l e s i n the eye 

muscles of man. Whereas many workers (e.g. B a t t e n , 1897; Baum, 

1900) searched i n v a i n f o r s p i n d l e s , and other authors ( C r e v a t i n , 

1901; Buzzard, 1907) s t r e s s e d that s p i n d l e s a r e present but extremely 

s c a r c e , the recent r e p o r t s of Sunderland ( 1 9 4 9 ) , Cooper & Da n i e l 

(1 9 4 9 ) , M e r r i l l e e s , Sunderland & Hayhow ( 1 9 5 0 ) , Voss (1957) and 

Inoue (1958) i n d i c a t e s that from 20-70 s p i n d l e s may be present i n 

each of the r e c t u s and oblique muscles. 

The s p i n d l e s of e x t r a o c u l a r muscles, p a r t i c u l a r l y those of 

man, d i f f e r i n s e v e r a l r e s p e c t s from the t y p i c a l mammalian limb 
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muscle s p i n d l e (see reviews by Matthews, 1972; Barker, 1974). 

In the r e c t u s and oblique muscles of man the s p i n d l e s a r e 

much s h o r t e r than those of other somatic muscles ( M e r r i l l e e s e_t a 1., 

1950; Cooper & D a n i e l , 1949; Inoue, 1958). There a r e u s u a l l y four 

i n t r a f u s a l muscle f i b r e s , w i t h i n a range of 1-15 ( M e r r i l l e e s e t a 1., 

1950), and these are enclosed at the equator by a remarkably t h i n 

c a p s u l e composed of only 2-3 l a m e l l a e . E q u a t o r i a l n u c l e a t i o n 

i s inconspicuous and the sensory endings a r e apparently a l l of a 

s i m i l a r 'simple' type (Cooper &, D a n i e l , 1949). The 20-70 s p i n d l e s 

t h a t a re p r e s e n t i n each human eye muscle are r e s t r i c t e d i n t h e i r 

d i s t r i b u t i o n to the proximal and d i s t a l p o r t i o n s , w i t h i n a 

p e r i p h e r a l rim of t h i n muscle f i b r e s (Cooper & D a n i e l , 1949; 

M e r r i l l e e s e t a l . , 1950; Voss, 1957; Inoue, 1958). The diameter 

of the i n t r a f u s a l and surrounding e x t r a f u s a l muscle f i b r e s i s s i m i l a r 

(Cooper & D a n i e l , 1949; Mukuno & Nomura, 1969), and t h i s f e a t u r e , 

together with the t h i n n e s s of the c a p s u l e , makes the s p i n d l e s 

r e l a t i v e l y inconspicuous. The s p i n d l e s i n the eye muscles of man 

have, i n f a c t , been l i k e n e d to ' p r i m i t i v e f o e t a l s p i n d l e s ' (Cooper 

& D a n i e l , 1949). 

The s p i n d l e s i n the eye muscles of the macaque monkey 

(Greene & Jampel, 1966) e x h i b i t s i m i l a r f e a t u r e s to those of man. 

They a r e s m a l l i n s i z e , c o n t a i n from 2-8 i n t r a f u s a l f i b r e s , and have 

extremely t h i n c a p s u l e s . The few s p i n d l e s present a r e l o c a t e d 

mainly i n the o r i g i n p o r t i o n s of the muscles among the s m a l l muscle 

f i b r e s of the outer rim. 
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The e x t r a o c u l a r muscle s p i n d l e s of the a l b i n o mouse 

(Mahran &, S a k l a , 1965) c o n t a i n from 2-7 i n t r a f u s a l f i b r e s and a l s o 

have t h i n c a p s u l e s . They are more numerous than i n the macaque 

monkey, with up to f i v e s p i n d l e s v i s i b l e i n any high-power f i e l d . 

By c o n t r a s t the e x t r a o c u l a r muscle s p i n d l e s of the 

a r t i o d a c t y l s a r e l e s s simple i n form and are extremely numerous. 

Bonavolonta (1956a) has shown th a t the eye muscle s p i n d l e s of horse, 

ox and sheep a r e more complex than those of man. Cooper, D a n i e l 

& Whitteridge (1951) counted 120 s p i n d l e s i n an i n f e r i o r oblique 

muscle of the goat, and C i l i m b a r i s (1910) found 281 s p i n d l e s i n a 

sheep l a t e r a l r e c t u s . In these animals the s p i n d l e s a r e s c a t t e r e d 

throughout the length of the muscles and are l o c a t e d p e r i p h e r a l l y , 

often on the inner border of the p e r i p h e r a l rim of t h i n muscle f i b r e s 

( C i l i m b a r i s , 1910; Cooper et a_l . , 1951). I n the r e c t u s muscles of 

the sheep ( C i l i m b a r i s , 1910) the s p i n d l e s a r e l a r g e l y absent from 

the p o r t i o n that l i e s a d j a c e n t to the e y e b a l l , whereas i n the oblique 

muscles, where the t r a n s v e r s e s e c t i o n i s c i r c u l a r , the s p i n d l e s a r e 

d i s t r i b u t e d around the whole p e r i p h e r y . I n sheep and goat eye 

muscle s p i n d l e s i n t r a f u s a l f i b r e s a r e present that c o n t a i n aggreg

a t i o n s of n u c l e i beneath the a n n u l o - s p i r a l sensory nerve endings 

( C i l i m b a r i s , 1910; Cooper e t a l . , 1955). Such nuclear-bags with 

t r a n s i t i o n a l myotube regions were f i r s t d e s c r i b e d by C i l i m b a r i s 

(1910) who c a l l e d them bla*schenfBrmige G e b i l d e . He proposed that t h e i 

f u n c t i o n was for the 'refinement of r e c e p t i v i t y of the e l a b o r a t e 

nerve apparatus' ( t r a n s l a t e d from the German, page 741) . 

Sheep eye muscle s p i n d l e s may c o n t a i n from 3-15 i n t r a f u s a l 



muscle f i b r e s ( C i l i m b a r i s , 1910), those of goat from 2-12 (Cooper 

et a l . , 1951). The i n t r a f u s a l f i b r e s a r e u s u a l l y much s m a l l e r than 

the surrounding e x t r a f u s a l ones, and the c a p s u l e i s more s u b s t a n t i a l 

than i n man. I n sheep C i l i m b a r i s (1910) reported a ca p s u l e composed 

of up to 12 l a m e l l a e , although S c a l z i &, P r i c e (1970) showed a 

maximum of only 5 i n an u l t r a s t r u c t u r a l i n v e s t i g a t i o n . 

The i l l u s t r a t i o n s of the sensory endings i n sheep eye 

muscle s p i n d l e s ( C i l i m b a r i s , 1910) show t h a t ' a n n u l o - s p i r a l ' and 

'flower-spray' endings are present (although they a r e not de s c r i b e d 

i n those terms) together with intermediate forms. Comparable endings 

have been d e s c r i b e d by Denny-Brown (1928) i n sheep and by Cooper 

et a l . (1955) i n sheep and goat. The motor i n n e r v a t i o n of sheep 

eye muscle s p i n d l e s was found to c o n s i s t of 'p l a t e ' endings, 

u s u a l l y l o c a t e d i n the j u x t a - e q u a t o r i a l r e g i o n ( C i l i m b a r i s , 1910), 

According to C i l i m b a r i s , sheep eye muscle s p i n d l e s show a number of 

unusual f e a t u r e s . F i r s t they vary enormously i n leng t h , ranging 

from s i n g l y - e n c a p s u l a t e d s p i n d l e s 0.05mm long, to ' m u l t i b e l l i e d ' 

types up to 12.4mm i n length that have a tandem s e r i e s of encap

s u l a t e d a r e a s . Second, the parent i n t r a f u s a l f i b r e s t h a t enter a 

s p i n d l e a t one pole d i v i d e dichotomously to form a network. T h i s 

network becomes re-organized towards the other pole i n t o parent 

f i b r e s t h a t may d i f f e r i n number from those e n t e r i n g the f i r s t 

p ole. T h i r d , muscle f i b r e s may a l s o enter s p i n d l e s v i a the c a p s u l e 

i n s t e a d of a t the p o l e . C i l i m b a r i s c a l l s these f i b r e s Z wischenpolfasern. 

F i n a l l y , C i l i m b a r i s a l s o records having seen a s i n g l e muscle f i b r e 

with a t h i n connective t i s s u e c a p s u l e , but l a c k i n g any i n n e r v a t i o n 

(see pages 716-717). 
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The muscle s p i n d l e s i n the r e c t u s and oblique eye muscles 

of sheep a r e surrounded by both p l a t e - i n n e r v a t e d 'twitch' e x t r a f u s a l 

muscle f i b r e s and grape-innervated 'slow' f i b r e s , a c o n d i t i o n 

commonly found i n the muscles of lower v e r t e b r a t e s , but comparatively 

r a r e i n mammals. The question of how such sheep s p i n d l e s r e c e i v e 

t h e i r motor i n n e r v a t i o n has been r e c e n t l y i n v e s t i g a t e d by Barker 

& Purdy (quoted i n Barker, 1968). They have compared the nature 

of the fusimotor i n n e r v a t i o n of r e c t u s and oblique muscles with t h a t 

of r e t r a c t o r b u l b i , l e v a t o r palpebrae, and s m a l l foot muscles. 

I t was shown th a t i n the r e c t u s and oblique muscles the s p i n d l e s 

r e c e i v e c o l l a t e r a l p l a t e and c o l l a t e r a l grape i n n e r v a t i o n v i a 

branches from the e x t r a f u s a l ' t w i t c h ' and 'slow' motor systems, 

r e s p e c t i v e l y . The c o l l a t e r a l i n n e r v a t i o n from the grape axons i s 

p a r t i c u l a r l y s t r i k i n g and easy to demonstrate, and was i n f a c t 

i l l u s t r a t e d by C i l i m b a r i s (1910, see h i s f i g . 1 0 ) although he did 

not d e s c r i b e i t i n these terms. The s p i n d l e s i n the r e t r a c t o r 

b u l b i and l e v a t o r palpebrae muscles r e c e i v e a c o l l a t e r a l p l a t e 

i n n e r v a t i o n and a grape i n n e r v a t i o n that i s s p e c i f i c a l l y fusimotor. 

The s p i n d l e s i n the foot muscles s t u d i e d are innervated i n a s i m i l a r 

f a s h i o n to c a t hindlimb muscle s p i n d l e s ( B a r k e r , 1968; 1974) and 

r e c e i v e fusimotor p l a t e and t r a i l endings. 

14.2 Sensory endings on e x t r a f u s a l muscle f i b r e s . 

Other sensory endings i n e x t r a o c u l a r muscles resemble 

the ' a n n u l o - s p i r a l ' and 'flower-spray' endings of the s p i n d l e , but 

a r e found on otherwise normal e x t r a f u s a l muscle f i b r e s , Dogiel(1906) 
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f i r s t i l l u s t r a t e d such endings i n the eye muscles of the hors e . 
I n h i s account of grape i n n e r v a t i o n he i n c l u d e s a d e s c r i p t i o n of 
s i n g l e e x t r a f u s a l muscle f i b r e s with complex s p i r a l nerve endings. 
S i m i l a r endings were subsequently reported i n the eye muscles of 
rhesus monkey (Tozer & S h e r r i n g t o n , 1910), r a b b i t ( H i n e s , 1931), 
c a t ( P a l l o t , 1934; Cooper & D a n i e l , 1949), man (Hirano, 1941; 
D a n i e l , 1946; Wolter, 1955; Okamoto, 1957; Sas &, Appeltauer, 1963), 
cow (Sampaolo, 1952), mangabey monkey (Cooper & F i l l e n z , 1955) 
and a l b i n o mouse (Mahran & S a k l a , 1965). Of these r e p o r t s t h a t of 
D a n i e l (1946) on human e x t r a o c u l a r m a t e r i a l i s the most d e t a i l e d . 
He d i v i d e s the s p i r a l endings i n t o simple forms that comprise 
3-8 s p i r a l s around muscle f i b r e s of sm a l l diameter, and complex 
forms t h a t a r e more common and which supply muscle f i b r e s of medium 
to l a r g e diameter. The endings a r e f a i r l y abundant, e s p e c i a l l y i n 
the b e l l y of the muscle where up to one t h i r d of the muscle f i b r e s 
a r e s u p p l i e d . D a n i e l p o s t u l a t e s t h a t the s p i r a l endings c o n s t i t u t e 
extremely s i m p l i f i e d muscle s p i n d l e s . 

The s l i g h t l y more complex encapsulated endings d e s c r i b e d 

by Sas & Appeltauer (1963) i n the eye muscles of man a r e inter m e d i a t e 

i n form between the s p i r a l endings of Daniel and c l a s s i c a l muscle 

s p i n d l e s . I n these ' a t y p i c a l s p i n d l e s ' the s p i r a l endings on a 

s i n g l e muscle f i b r e a r e enclosed w i t h i n one or s e v e r a l f u s i f o r m 

c a p s u l e s i n s e r i e s , and as such bear some resemblances to the 

monofibral s p i n d l e s of snakes and l i z a r d s . 
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14.3 Receptors i n the musculo-tendinous r e g i o n . 

Tendon organs and p a l i s a d e endings both occur i n the musculo

tendinous region of eye muscles, and t h i s has led to some confusion 

i n the l i t e r a t u r e . 

14.31 Tendon organs. 

Tendon organs were f i r s t d e s c r i b e d by Go l g i (1878; 1880) 

who c a l l e d them 'musculo-tendinous end-organs', G o l g i found tendon 

organs i n a wide range of muscles from higher v e r t e b r a t e s , but 

s t a t e d t h a t they were absent from eye muscles. S e v e r a l i l l u s t r a t i o n s 

of tendon organs i n the e x t r a o c u l a r muscles of man, ox and p i g 

were, however, published i n 1890 by C i a c c i o . Marchi (1892) confirmed 

these f i n d i n g s and showed th a t each eye muscle of the ox c o n t a i n s 

from 4-6 tendon organs. " S i m i l a r endings" were present i n the eye 

muscles of p i g , r a b b i t , dog and man, where they were found only w i t h 

d i f f i c u l t y . However, Dogiel ( 1 9 0 6 ) , i n h i s study of the eye 

muscles of man, monkey, horse, ox, dog and c a t , found t y p i c a l tendon 

organs only i n the ox. More r e c e n t l y the presence of tendon organs 

i n eye muscles has been reported for the horse, sheep and hog 

(Bonavolonta, 1956b), and confirmed f o r c a t t l e (Sampaolo, 1952; 

Bonavolonta, 1956b). I t i s l i k e l y t h a t the tendon endings i n the 

other s p e c i e s mentioned, except f o r man, a r e of the p a l i s a d e type. 

14.32 P a l i s a d e endings. 

P a l i s a d e endings were f i r s t d e s c r i b e d by Sh e r r i n g t o n 



(189:7) i n the eye muscles of c a t and macaque monkey. He saw numerous 

nerve bundles pass i n t o the tendon i t s e l f , s u b d i v i d e , and e i t h e r 

terminate t h e r e or e l s e r e c u r v e back towards the muscle f i b r e s 

to end at the musculo-tendinous j u n c t i o n . The t e r m i n a l a r b o r i z 

a t i o n s resemble those of a s i m p l i f i e d tendon organ. I n c a t r e c t u s 

and oblique muscles (Huber, 1900) a band of 25-30 p a l i s a d e endings 

extends a c r o s s the e n t i r e width of the tendons. According to 

Huber the p a l i s a d e endings a r e d e r i v e d from t h i n l y - m y e l i n a t e d 

nerve f i b r e s , enclosed i n t h i n c y l i n d r i c a l c a p s u l e s , and l o c a t e d 

mainly w i t h i n the tendon. By comparison, the p a l i s a d e endings 

i l l u s t r a t e d by Dogiel (1906) i n the eye muscles of the horse show 

a c h a r a c t e r i s t i c ' p a l i s a d i n g ' of nerve t e r m i n a l s around the ends 

of s i n g l e muscle f i b r e s . Complex p a l i s a d e endings may i n f a c t 

supply both ends of presumably s h o r t muscle f i b r e s ( s e e e.g. h i s 

f i g . 8 ) a f t e r the f a s h i o n of the basket motor endings found a t both 

ends of muscle f i b r e s i n c e r t a i n f i s h and amphibian muscles ( s e e 

e.g. Bone, 1964; Barker, 1968). Dogiel (1906) a l s o d e s c r i b e s 

some comparatively r a r e and e l a b o r a t e p a l i s a d e endings s u p p l i e d by 

t h i c k nerve f i b r e s t h a t terminate on the ends of the t h i c k e s t 

muscle f i b r e s a t the musculo-tendinous j u n c t i o n . 

D ogiel's f i n d i n g s were l a r g e l y confirmed by Tozer & S h e r r i n g t o n 

(1910) i n c a t , r a b b i t and monkey. T h e i r i l l u s t r a t i o n of the 

musculo-tendinous zone of monkey s u p e r i o r r e c t u s muscle shows t h a t 

most of the p a l i s a d e endings a r e a p p l i e d to the ends of the muscle 

f i b r e s w h i l e a few are wholly w i t h i n the tendon. P a l i s a d e endings 

have a l s o been reported i n the eye muscles of the camel ( C r e v a t i n , 

1902) and are included i n a schematic diagram of the i n n e r v a t i o n of 
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a human r e c t u s eye muscle (Cooper et a_l.,1955) although not d e s c r i b e d 

i n the t e x t . A comparison of eye muscles from d i f f e r e n t c l a s s e s 

of v e r t e b r a t e s (Sabussow, Maslow &, Burnaschewa, 1964) has shown 

t h a t p a l i s a d e endings a r e f i r s t d e t e c t a b l e i n amphibia ( f r o g 

s p e c i e s ) , a r e more complex i n r e p t i l e s ( l i z a r d , snake and t o r t o i s e 

s p e c i e s ) , and most highly-developed i n the eye muscles of mammals 

( c a t and dog). They are absent from the eye muscles of b i r d s such 

as pigeon, hen and owl. 

The l o c a t i o n of some p a l i s a d e endings e x c l u s i v e l y i n tendon 

strengthens the view t h a t they a r e ' s e n s o r i a l ' i n nature as was 

f i r s t proposed by S h e r r i n g t o n (189 7) and Tozer &, Sh e r r i n g t o n ( 1 9 1 0 ) . 

The p o s s i b i l i t y that p a l i s a d e endings are motor i n f u n c t i o n has 

r e c e i v e d no support from the work of Sas &, Schab ( 1 9 5 2 ) . In the 

i n f e r i o r oblique muscle of the c a t , s t i m u l a t i o n of a nerve branch 

th a t ends " s o l e l y " i n p a l i s a d e endings produced no v i s i b l e c o n t r a c 

t i o n of the muscle f i b r e s . However, s i n c e t h i s nerve branch 

c o n t a i n s only t h i n muscle f i b r e s i t i s p o s s i b l e t h a t Sas & Schab 

were s t i m u l a t i n g a grape-innervated 'slow' component i n a d d i t i o n to 

p a l i s a d e endings. P a l i s a d e endings may c o n s t i t u t e e i t h e r s i m p l i f i e d 

tendon organs a s s o c i a t e d s p e c i f i c a l l y with e i t h e r s i n g l e non-twitch 

muscle f i b r e s or the muscle f i b r e s of the p e r i p h e r a l l a y e r s ( B a r k e r , 

1974), or a l t e r n a t i v e l y they may r e p r e s e n t p a r t i c u l a r l y complex 

grape endings concentrated at the ends of the muscle f i b r e s . 

14.4 Endings i n i n t r a m u s c u l a r connective t i s s u e and tendon. 

The i n t r a m u s c u l a r connective t i s s u e of eye muscles may 



c o n t a i n R u f f i n i endings ( D o g i e l , 1906; Sas feAppeltauer, 1963), 

Dogiel endings ( D o g i e l , 1906), and a v a r i e t y of encapsulated 

sensory nerve terminations (Wolter, 1955). 

G o l g i endings and R u f f i n i endings o c c a s i o n a l l y occur i n 

the tendons of the eye muscles of man and other animals ( D o g i e l , 

1906). 

Very l i t t l e information i s a v a i l a b l e on the r e c e p t o r s 

present i n the l e v a t o r palpebrae and r e t r a c t o r b u l b i group of eye 

muscles. Whereas the r e t r a c t o r b u l b i and l e v a t o r palpebrae of 

sheep are both r e l a t i v e l y r i c h l y - s u p p l i e d with muscle s p i n d l e s 

( C i l i m b a r i s , 1910), as a r e the r e c t u s and oblique group, the 

r e t r a c t o r b u l b i of c a t c o n t a i n s no p a l i s a d e endings (Huber, 1900). 



SECTION B. RESULTS 

Chapter 15. General morphology of muscle s p i n d l e s i n s u p e r i o r r e c t u s 
and l e v a t o r palpebrae. 

The general morphology of sheep e x t r a o c u l a r muscle s p i n d l e s 

under the l i g h t microscope i s s i m i l a r to that of mammalian hindlimb 

muscle s p i n d l e s (see Barker, 1974 f o r r e v i e w ) . An i n t r a f u s a l , or 

a x i a l , bundle of 2-14 muscle f i b r e s i n SR (mean = 6.8) and 3-9 

muscle f i b r e s i n LP (mean = 5.5) i s enclosed over i t s middle p o r t i o n 

by a f u s i f o r m c a p s u l e . T h i s c a p s u l e expands i n the e q u a t o r i a l 

region to form a f l u i d - f i l l e d p e r i a x i a l space w i t h i n which the 

a x i a l bundle, enclosed by an a x i a l sheath, i s suspended from the 

capsule w a l l by s t r a n d s of t r a b e c u l a r connective t i s s u e . The 

capsule a t t h i s point i s at i t s t h i c k e s t and as i t tapers towards 

the p o l a r regions of the s p i n d l e i t t h i n s down and d i s a p p e a r s . 

15.1 The i n t r a f u s a l muscle f i b r e s . 

Two types of i n t r a f u s a l muscle f i b r e a re present i n the 

s p i n d l e s of both SR and LP. There are u s u a l l y one or two longer 

and t h i c k e r muscle f i b r e s (mean = 18.8um) that possess an accumulation 

of n u c l e i at the equator. These correspond to nuclear-bag f i b r e s 

( B a r k e r , 1948). The n u c l e a t i o n of such f i b r e s i s not, however, 

as prominent under the l i g h t microscope as t h a t , say, of c a t h i n d -

limb nuclear-bag f i b r e s . The remaining f i b r e s a re s h o r t e r , t a p e r i n g 

o f f soon a f t e r l e a v i n g the c a p s u l e , and are t h i n n e r (mean = 11.2um). 
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At the equator they c o n t a i n a s i n g l e c e n t r a l row of n u c l e i and 
ar e hence termed n u c l e a r - c h a i n f i b r e s (Boyd, 1960). They f r e q u e n t l y 
group together and pass through the s p i n d l e equator as a se p a r a t e 
u n i t from the nuclear-bag f i b r e s . Within such groups p a i r s of 
ch a i n f i b r e s a r e often c l o s e l y a s s o c i a t e d and appear to fuse over 
p a r t s of t h e i r l e n g t h . That complete f u s i o n does not occur can 
be a s c e r t a i n e d only under higher r e s o l u t i o n ( s e e 18.123). 

15.2 Compound and tandem s p i n d l e s . 

For such a s m a l l muscle, sheep SR i s abundantly s u p p l i e d 

with s p i n d l e s t h a t are f u r t h e r concentrated by being r e s t r i c t e d to 

the r e l a t i v e l y t h i n p e r i p h e r a l patch and o r b i t a l rim l a y e r s . 

Perhaps as a consequence of t h i s they a r e often compound i n form. 

P a i r s of s p i n d l e s may be arranged i n t o p a r a l l e l systems s i m i l a r 

to those i n r a t t a i l muscles (Thompson, 1970). In sheep e x t r a o c u l a r 

muscles the c a p s u l e s of such p a r a l l e l s p i n d l e s o f t e n fuse to provide 

a common sheath t h a t e n c l o s e s both s e t s of i n t r a f u s a l f i b r e s 

( f i g s . 1 8 7 - 1 8 8 ) . Each s e t of i n t r a f u s a l f i b r e s may have a d i f f e r e n t 

e q u a t o r i a l r e g i o n with an a s s o c i a t e d enlargement of the c a p s u l e . I n 

a d d i t i o n to compound s p i n d l e s , t r u e tandem s p i n d l e s occur, with 

a c o n t i n u i t y of nuclear-bag f i b r e s from one c a p s u l a r r e g i o n to the 

next, s i m i l a r to those seen i n the s k e l e t a l muscles of man (Cooper 

& D a n i e l , 1956), c a t (Barker & I p , 1961) and frog (Barker &, Cope, 

1962). These o b s e r v a t i o n s confirm those of C i l i m b a r i s ( 1 9 1 0 ) , who 

d e s c r i b e d such s p i n d l e s as ' m u l t i b e l l i e d 1 with up to f i v e expanded 

ca p s u l e regions along the s p i n d l e l e n g t h . 
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15.3 I n c o r p o r a t i o n of e x t r a f u s a l muscle f i b r e s . 

In common wi t h the p a r a l l e l s p i n d l e systems i n r a t t a i l 

muscles (Thompson, 1970) and the s p i n d l e s i n the l u m b r i c a l muscles 

of man (Cooper & D a n i e l , 1963) i t i s not unusual f o r the s p i n d l e s 

i n sheep SR to be a s s o c i a t e d with e x t r a f u s a l f i b r e s . These may 

e i t h e r be incorporated i n a se p a r a t e compartment by the outer l a y e r s 

of the ca p s u l e ( s e e f i g . 2 1 8 ) , or may completely p e n e t r a t e the 

p e r i a x i a l space. C i l i m b a r i s (1910) d e s c r i b e d the f i b r e s t h a t e n t e r 

or leave the s p i n d l e v i a the c a p s u l e as Zwisch e n p o l f a s e r n . I n 

the present study such f i b r e s were u s u a l l y b r i e f l y e ncapsulated 

and d i d not r e c e i v e any sensory i n n e r v a t i o n . More r a r e l y , ' e x t r a 

f u s a l 1 f i b r e s become f u l l y incorporated with the a x i a l bundle and 

r e c e i v e a s i m i l a r sensory supply. I t has a l r e a d y been mentioned 

th a t some of the nuclear-bag f i b r e s a t the i n s e r t i o n end of SR 

c o n s i s t of daughter f i b r e s d e r i v e d from the d i v i s i o n of p e r i p h e r a l 

grape-innervated muscle f i b r e s ( s e e chapter 1 1 ) . 
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Chapter 16. Number, d i s t r i b u t i o n , and length of s p i n d l e c a p s u l e s 

i n s u p e r i o r r e c t u s and l e v a t o r palpebrae. 

The s i n g l e SR and LP muscles examined i n s e r i a l t r a n s v e r s e 

s e c t i o n contained 181 and 61 s p i n d l e c a p s u l e s , r e s p e c t i v e l y . 

Camera l u c i d a drawings of the muscles were made every twenty s e c t i o n s 

(200um) to provide a b a s i s f o r a c c u r a t e mapping and t r a c i n g of the 

s p i n d l e c a p s u l e s , and s e c t i o n s were examined i n between these 

drawings. Measurements and counts were r e s t r i c t e d to s p i n d l e 

c a p s u l e s s i n c e i n d i v i d u a l t r a c i n g of long i n t r a f u s a l f i b r e s would 

have been extremely d i f f i c u l t . The f i g u r e s compare with the counts 

of 148 f o r SR and 23 f o r LP made by C i l i m b a r i s (1910). He examined 

s e r i a l 50um s e c t i o n s of the whole o r b i t a l content, and may thus 

have missed some of the very sh o r t c a p s u l e s . 

The s p i n d l e s a r e f a i r l y evenly d i s t r i b u t e d throughout the 

lengths of both muscles, as may be seen from the p r o j e c t i o n plan 

of the muscles ( f i g . 1 8 9 ) i n which the p o s i t i o n s and lengths of 

the c a p s u l e s a r e p l o t t e d w i t h i n the l i m i t s of a s i n g l e r e p r e s e n t a t i v e 

l o n g i t u d i n a l s e c t i o n . Up to 26 s p i n d l e c a p s u l e s were present i n 

a s i n g l e t r a n s v e r s e s e c t i o n through SR. These s p i n d l e s were 

lo c a t e d mainly around the d o r s a l and l a t e r a l p e r i p h e r y , i n e i t h e r 

the o r b i t a l rim or p e r i p h e r a l patch l a y e r s and a r e absent from the 

muscle p o r t i o n s adjacent to the e y e b a l l ( f i g . 1 9 0 ) . I n the proximal 

t h i r d of SR, 64 of the 70 s p i n d l e s present were l o c a t e d e i t h e r w i t h i n 

the p e r i p h e r a l patch l a y e r at the extreme end of the muscle, where 

there i s no o r b i t a l rim l a y e r ; or towards the b e l l y , i n the j u n c t i o n a l 

r e g i o n between the p e r i p h e r a l patch and o r b i t a l rim l a y e r s . S i x 
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s p i n d l e s were lo c a t e d i n the p e r i p h e r a l f a s c i c l e s of the c e n t r a l c o r e . 

The b e l l y t h i r d of the muscle l a c k s a p e r i p h e r a l patch 

l a y e r , and the 70 s p i n d l e s were l o c a t e d almost e x c l u s i v e l y w i t h i n 

the o r b i t a l rim l a y e r ; only two s p i n d l e s were found i n the c e n t r a l 

c o r e . The i n s e r t i o n t h i r d of the muscle contained 41 s p i n d l e c a p s u l e s , 

of which 8 were l o c a t e d i n the p e r i p h e r a l f a s c i c l e s of the c e n t r a l 

c o r e . The remainder were l o c a t e d e i t h e r i n the j u n c t i o n a l region 

between the p e r i p h e r a l patch and o r b i t a l rim l a y e r s , where the 

o r b i t a l rim i s present; or w i t h i n the p e r i p h e r a l patch l a y e r a t 

the d i s t a l end of the muscle, where the o r b i t a l rim l a y e r i s absent. 

In LP the maximum number of s p i n d l e c a p s u l e s i n any 

t r a n s v e r s e s e c t i o n was 14 and t h e i r d i s t r i b u t i o n w i t h i n a t r a n s v e r s e 

s e c t i o n i s random ( f i g . 1 4 4 ) . I n both SR and LP the e x t r a - and 

i n t r a f u s a l muscle f i b r e s a r e o r i e n t a t e d p a r a l l e l to the long a x i s 

of the muscle. 

The mean cap s u l e length of the 181 s p i n d l e s i n SR was 3.8mm 

w i t h i n a range of 0.04-14.5mm. The 61 s p i n d l e s i n LP had a mean 

capsule length of 3.7mm w i t h i n a range of 0.04-13.3mm. S i n c e , 

i n c a t hindlimb s p i n d l e s , the length of the cap s u l e v a r i e s a c c o r d i n g 

to the number of sensory endings p r e s e n t , the r e l a t i v e l y long 

c a p s u l e s i n sheep e x t r a o c u l a r muscle s p i n d l e s a r e i n d i c a t i v e of a 

profuse supply of sensory endings. 
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Chapter 17. Histochemistry of i n t r a f u s a l f i b r e s . 

17.1 E x t r a o c u l a r muscle s p i n d l e s . 

The muscle-spindle h i s t o c h e m i s t r y of both SR and LP i s 

s i m i l a r . I n d i v i d u a l nuclear-bag and n u c l e a r - c h a i n f i b r e s were 

i d e n t i f i e d at the equator with W & VG s t a i n , and then t r a c e d to the 

j u x t a - e q u a t o r i a 1 region to demonstrate histochemica1 a c t i v i t y . 

The m a j o r i t y of nuclear-bag f i b r e s e x h i b i t a type G 

histochemica1 p r o f i l e comparable to that shown by the p e r i p h e r a l G 

f i b r e s i n SR ( f i g s . 1 9 1 - 2 1 1 ) . The l e v e l of a c t i v i t y f o r P'ase, SDH 

and Alk ATPase i s thus r e l a t i v e l y low, whereas with Acid ATPase 

a high a c t i v i t y i s given. The c o l o u r a t i o n with P'ase appears 

fawn, or l i g h t brown, and a 'pale' p a t t e r n of numerous s m a l l formazan 

p a r t i c l e s i s seen with SDH. Alk ATPase a c t i v i t y i s minimal with a 

white r e a c t i o n product, whereas an i n t e n s e black c o l o u r a t i o n i s 

given with Acid ATPase. 

In SR 84 (85.7%) of 98 bag f i b r e s from 58 s p i n d l e s conformed 

to the above p a t t e r n . In the remainder (14.3%) the a c t i v i t y with 

e i t h e r P'ase or Alk ATPase was s l i g h t l y higher, but not s i g n i f i c a n t l y 

so C f i g . 1 9 5 ) . SDH a c t i v i t y i n these f i b r e s was always low and f o r 

Acid ATPase was always i n t e n s e l y high. Although i t i s p o s s i b l e that 

these few bag f i b r e s r e p r e s e n t an intermediate type of bag f i b r e , 

as has r e c e n t l y been d i s t i n g u i s h e d i n mammalian s k e l e t a l muscle 

s p i n d l e s ( s e e e.g. Barker, 1974 f o r a r e v i e w ) , i t seems more l i k e l y 

t h a t they are simply a product of normal minor v a r i a t i o n s i n the 

s t a i n i n g of e x t r a o c u l a r bag f i b r e s . 
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The n u c l e a r - c h a i n f i b r e s of both SR and LP ( f i g s . 1 9 1 - 2 1 1 ) 
e x h i b i t a type C histochemica1 p r o f i l e comparable to t h a t of the 
s m a l l C f i b r e s of SR. High a c t i v i t y i s given with P'ase ( b l u e -
black c o l o u r a t i o n ) , SDH (a 'red' p a t t e r n of u n i f o r m l y - d i s t r i b u t e d 
l a r g e formazan p a r t i c l e s ) and Alk ATPase ( b l a c k r e a c t i o n p r o d u c t ) . 
Acid ATPase a c t i v i t y i s low with some f a i n t r e s i d u a l s t a i n i n g . 

With any given s t a i n the l e v e l of a c t i v i t y remains constant 

throughout the j u x t a - e q u a t o r i a l and p o l a r p o r t i o n s of the s p i n d l e . 

I n the c a s e of Acid ATPase t h i s f e a t u r e i s p a r t i c u l a r l y important, 

s i n c e a r e c e n t r e p o r t by Y e l l i n (1974) on r a t s p i n d l e s , and a 

demonstration by Harriman, E l l i o t & Parker (1974) on human s p i n d l e s , 

have both i n d i c a t e d t h a t one type of bag f i b r e may r e v e r s e i t s 

A c i d ATPase s t a i n i n g c h a r a c t e r i s t i c s as i t passes from the e q u a t o r i a l 

to the p o l a r regions of the s p i n d l e . T h i s p a r t i c u l a r type of bag 

f i b r e i s the one that normally e x h i b i t s low Alk ATPase a c t i v i t y 

throughout i t s l e n g t h . That the bag f i b r e s i n sheep SR and LP 

muscles do not show such r e g i o n a l v a r i a t i o n i n t h e i r A c i d ATPase 

a c t i v i t y i s another i n d i c a t i o n that the intermediate type of bag 

f i b r e i s not present i n e x t r a o c u l a r muscle s p i n d l e s . 

The nucleated e q u a t o r i a l regions of the i n t r a f u s a l muscle 

f i b r e s showed reduced s t a i n i n g c h a r a c t e r i s t i c s for a l l h i s t o c h e m i c a l 

s t a i n s , and the r e a c t i o n products tend to be r e s t r i c t e d to a rim 

around the periphery of i n d i v i d u a l f i b r e s ( f i g . 1 8 8 ) . 

Within the p e r i p h e r a l patch l a y e r a t the i n s e r t i o n end of 
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SR i s o l a t e d o b s e r v a t i o n s have been made of s p i n d l e s t h a t c o n t a i n 

only one or two i n t r a f u s a l f i b r e s . The s i n g l e encapsulated f i b r e s 

have i d e n t i c a l s t a i n i n g p r o p e r t i e s to the surrounding i n t e r m e d i a t e 

G f i b r e s and are a l s o comparable i n diameter. They appear, to a l l 

i n t e n t s and purposes, as encapsulated ' e x t r a f u s a l ' G f i b r e s . 

S i n c e i t was not a s c e r t a i n e d i n s e r i a l t r a n s v e r s e s e c t i o n t h a t such 

f i b r e s possess an e q u a t o r i a l n u c l e a t i o n with presumed sensory 

i n n e r v a t i o n , i t cannot be s t a t e d t h a t they c o n s t i t u t e true monofibral 

s p i n d l e s that would c o n s i s t of one nuclear-bag f i b r e only. 

The s p i n d l e s t h a t contained two f i b r e s were composed of 

a s i n g l e bag and a s i n g l e c h a i n f i b r e ( f i g . 1 9 7 s e r i e s ) . I n other 

r e s p e c t s they were not e x c e p t i o n a l . 

17.2 Peroneus b r e v i s s p i n d l e s . 

In the sheep hindfoot PB muscle ( f i g s . 2 1 2 - 2 1 7 ) the s t a i n i n g 

c h a r a c t e r i s t i c s of the c h a i n f i b r e s correspond to those of the c h a i n 

f i b r e s i n SR and LP s p i n d l e s . They show high a c t i v i t y f o r P'ase, 

SDH and Alk ATPase. There a r e , however, c l e a r l y two types of bag 

f i b r e both of which e x h i b i t d i f f e r e n t histochemica1 p r o f i l e s to 

the bag f i b r e s i n SR and LP. 

The s l i g h t l y s h o r t e r bag f i b r e i n PB, although much t h i c k e r 

than the n u c l e a r - c h a i n f i b r e s , possesses a s i m i l a r h i s t o c h e m i c a l 

p r o f i l e i n terms of P'ase, SDH and Alk ATPase a c t i v i t y ( f i g s . 2 1 2 - 2 1 4 ) . 

I n some r e s p e c t s t h e r e f o r e i t might be regarded as an enlarged 

c h a i n f i b r e with a g r e a t e r accumulation of n u c l e i a t the equator. 



152. 

The longest bag f i b r e a l s o shows a high a c t i v i t y f o r SDH ( f i g . 2 1 3 ) , 
I n f a c t , the i n t r a f u s a l f i b r e s cannot be c l e a r l y d i s t i n g u i s h e d 
with SDH-,- they a l l show s i m i l a r i n t e n s e l y - a c t i v e p r o f i l e s that a r e 
much darker than the surrounding e x t r a f u s a l f i b r e s . The longest 
bag f i b r e e x h i b i t s r e l a t i v e l y low to minimal ( f i g s . 2 1 2 & 215) Alk 
ATPase a c t i v i t y , and moderate to high ( f i g s . 2 1 4 & 217) P'ase a c t i v i t y 
In some s p i n d l e s i n PB the type of bag f i b r e with low Alk ATPase 
a c t i v i t y i s absent, and the bag and c h a i n f i b r e s are d i s t i n g u i s h a b l e 
only by diameter and e q u a t o r i a l n u c l e a t i o n . 

The type of histochemica1 p r o f i l e e x h i b i t e d by both the 

chain f i b r e s and the s h o r t e r bag f i b r e corresponds to that e x h i b i t e d 

by the e x t r a f u s a l conventional C type that c o n s t i t u t e s 39% of the 

t o t a l number of e x t r a f u s a l f i b r e s . The longest bag f i b r e has a 

modified type C histochemica1 p r o f i l e comparable to t h a t present i n 

60% of the surrounding e x t r a f u s a l f i b r e s . Whereas a l l i n t r a f u s a l 

f i b r e s have a c a p a c i t y for combined o x i d a t i v e and g l y c o l y t i c 

metabolism, the c h a i n f i b r e s and s h o r t e r bag a r e presumably f a s t -

c o n t r a c t i n g and the longer bag i s probably s l o w - c o n t r a c t i n g . 
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Chapter 18. U l t r a s t r u c t u r e of muscle s p i n d l e s . 

18.1 E x t r a o c u l a r muscles. 

18.11 Capsule and a x i a l s heath. 

At i t s t h i c k e s t p a r t the ca p s u l e c o n s i s t s of 5-8 c o n c e n t r i c 

l a y e r s of t h i n , f l a t t e n e d 'capsular sheet c e l l s ' ( M e r r i l l e e s , 

1960), each of which c l o s e l y i n t e r d i g i t a t e s with i t s neighbour 

so that an almost continuous c e l l l a y e r i s formed ( s e e f i g . 2 1 8 ) . 

The c e l l l a y e r s a l t e r n a t e with l a y e r s of c o l l a g e n f i b r i l s and 

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

a t e d. 

The cytoplasm of the c a p s u l a r sheet c e l l s c o n t a i n s s m a l l 

mitochondria, polyribosomes and glycogen gran u l e s , and both s i d e s 

of the c e l l membrane a r e l i n e d by numerous p i n o c y t o t i c v e s i c l e s . 

Basement membrane i s u s u a l l y present on both s i d e s of 

c a p s u l a r sheet c e l l s , but i n c e l l s that p a i r to form channels, or 

zones of c l o s e a p p o s i t i o n , basement membrane i s absent. 

The innermost l a y e r of the ca p s u l e i s composed of f i b r o c y t e 

c e l l s ( f i g . 2 1 8 ) some of which t r a v e r s e the p e r i a x i a l space to j o i n 

s i m i l a r c e l l s that form the a x i a l sheath. These c e l l s resemble 

c a p s u l a r sheet c e l l s but are more e l e c t r o n dense, c o n t a i n fewer 

p i n o c y t o t i c v e s i c l e s , and l a c k basement membrane. F i b r o c y t e c e l l s 

have o c c a s i o n a l l y been observed i n the outer l a y e r s of the s p i n d l e 
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c a p s u l e . 

In the e q u a t o r i a l r e g i o n of the a x i a l bundle the f i b r o c y t e 

c e l l s a r e numerous and almost completely surround i n d i v i d u a l 

i n t r a f u s a l f i b r e s ( e.g. f i g . 2 2 7 ) . In the p o l a r regions of the 

s p i n d l e s e v e r a l i n t r a f u s a l f i b r e s may be grouped w i t h i n a s i n g l e 

f i b r o c y t e c e l l . A s s o c i a t e d with the f i b r o c y t e c e l l s a r e c o l l a g e n 

f i b r i l s , e l a s t i c f i b r i l s and non-myelinated p r e - t e r m i n a l axons. 

Blood c a p i l l a r i e s have been observed between the c a p s u l e l a m e l l a e 

( f i g . 2 1 8 ) , but not w i t h i n the p e r i a x i a l space. 

'18.12 I n t r a f u s a l muscle f i b r e s . 

I n SR and LP muscles the u l t r a s t r u c t u r e of the bag and 

c h a i n f i b r e s i s comparable to t h a t of the p e r i p h e r a l G f i b r e s and 

the s m a l l C f i b r e s , r e s p e c t i v e l y i n SR. 

18.121 N u c l e a r - c h a i n f i b r e s . 

A t r a n s v e r s e s e c t i o n through the p o l a r region of a c h a i n 

f i b r e ( f i g . 2 2 0 ) shows the m y o f i b r i l s to be s m a l l and d i s c r e t e a t 

the I band l e v e l where they a r e e n c i r c l e d by a s i n g l e l a y e r of beaded 

tubules of sarcoplasmic r e t i c u l u m . The l a r g e mitochondria have 

t i g h t l y - p a c k e d c r i s t a e and a r e s c a t t e r e d evenly throughout the 

muscle f i b r e . Glycogen granules a r e abundant and a r e commonly 

a s s o c i a t e d with the profuse s a r c o p l a s m i c r e t i c u l u m at the I band 

l e v e l , but may a l s o be d i s t r i b u t e d w i t h i n the m y o f i b r i l s . Micro-

p i n o c y t o t i c v e s i c l e s a r e o f t e n - p r e s e n t beneath the sarcolemma. 
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In l o n g i t u d i n a l s e c t i o n the c h a i n f i b r e s of SR ( f i g s . 
221-222) and LP ( f i g . 2 2 6 ) show d i s t i n c t M l i n e s i n the middle of 
pseudo-H zones, and r e l a t i v e l y t h i c k , wavy Z l i n e s t h a t e x h i b i t 
Z f i l a m e n t s . The mitochondria are elongate and form i n t e r m y o f i b r i l l a r y 
chains t h a t o f t e n i n c l u d e l i p i d d r o p l e t s . T r i a d s a r e r e g u l a r and 
frequent at the j u n c t i o n of the A and I bands with u s u a l l y one and 
often two t r i a d s per sarcomere. They may o c c a s i o n a l l y be l o n g i t u d 
i n a l l y o r i e n t a t e d ( f i g . 2 2 0 ) . The s a r c o p l a s m i c r e t i c u l u m and a s s o c i a t e d 
glycogen granules are most e x t e n s i v e l y developed i n the I band. 

In the polar regions n u c l e i a r e u s u a l l y p e r i p h e r a l , but 

i n the myotube and e q u a t o r i a l regions they become c e n t r a l l y p l a c e d 

to form a c h a i n . A t r a n s v e r s e s e c t i o n through the e q u a t o r i a l region 

of a c h a i n f i b r e ( f i g . 2 2 7 ) shows one nucleus, or o c c a s i o n a l l y a p a i r 

of o v e r l a p p i n g elongate n u c l e i , surrounded by a t h i n p e r i p h e r a l band 

of m y o f i b r i l s . The n u c l e i a t the ends of the c h a i n are l e s s t i g h t l y -

packed than those a t the equator and a r e separated by sarcoplasm 

r i c h i n glycogen, ribosomes and aggregations of mitochondria. 

18.122 Nuclear-bag f i b r e s . 

In t h e i r p o l a r regions the bag f i b r e s are notable f o r t h e i r 

p o o r l y - d e l i n e a t e d and i r r e g u l a r m y o f i b r i l s . A t r a n s v e r s e s e c t i o n 

through the I band ( f i g . 2 1 9 ) shows only i r r e g u l a r beaded tubules 

of s a r c o p l a s m i c r e t i c u l u m e n c i r c l i n g the l a r g e m y o f i b r i l s , whereas 

i n the A band there i s no d e l i n e a t i o n a t a l l . The mitochondria, 

which are s c a t t e r e d evenly throughout the muscle f i b r e , a r e s m a l l e r , 
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fewer and the c r i s t a e l e s s t i g h t l y - p a c k e d than those of the c h a i n 
f i b r e s . T r i a d s are comparatively r a r e and the tubules a r e o c c a s i o n 
a l l y l o n g i t u d i n a l l y o r i e n t a t e d . The sar c o p l a s m i c r e t i c u l u m , which 
i s only poorly-developed a t the I band l e v e l , i s a s s o c i a t e d with 
glycogen granules that are g e n e r a l l y fewer i n number than i n c h a i n 
f i b r e s . O c c a s i o n a l patches of densely concentrated glycogen granules 
have been observed i n l o n g i t u d i n a l s e c t i o n ( f i g . 2 2 3 ) . As i n c h a i n 
f i b r e s , m i c r o p i n o c y t o t i c v e s i c l e s a r e commonly seen beneath the 
sarcolemma. 

In l o n g i t u d i n a l s e c t i o n through the bag f i b r e s of Sit 

( f i g s . 2 2 3 - 2 2 4 ) and LP ( f i g . 2 2 5 ) an M l i n e i s absent from the middle 

of an i l l - d e f i n e d and wavy pseudo-H zone, and the Z l i n e s a r e 

r e l a t i v e l y t h i c k , with Z f i l a m e n t s , and a l s o e x h i b i t a wavy appear

ance. The mitochondria a r e elongate and may extend a c r o s s a 

sarcomere, but do not u s u a l l y form c h a i n s . T r i a d s occur a t the 

j u n c t i o n of the A and I bands, but are infrequent and i r r e g u l a r i n 

occurence. 

I n the myotube region the n u c l e i l i e c e n t r a l l y and a r e 

surrounded by a t h i n p e r i p h e r a l rim of m y o f i b r i l s i n a s i m i l a r 

f a s h i o n to the cha i n f i b r e s . At the l e v e l of the n u c l e a r bag, 

however, t h e r e i s an i n c r e a s e i n the number of n u c l e i so that a 

maximum of f i v e n u c l e i may l i e a b r e a s t w i t h i n the muscle f i b r e 

( f i g . 2 2 8 ) . 
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18.123 C l o s e a p p o s i t i o n of i n t r a f u s a l f i b r e s . 

As i n t r a f u s a l f i b r e s were t r a c e d i n t r a n s v e r s e s e c t i o n 

through the i n t r a c a p s u l a r region s e v e r a l i n s t a n c e s of c l o s e appos

i t i o n of p a i r s were observed. T h i s was a comparatively common 

occurence between chain f i b r e s ( f i g s . 2 2 9 - 2 3 0 ) , which a r e u s u a l l y 

c l o s e l y grouped i n t h i s r e g i o n , but a s i n g l e i n s t a n c e of a p p o s i t i o n 

of two bag f i b r e s ( f i g s . 2 3 1 - 2 3 4 ) was a l s o seen. 

Over such regions of a p p o s i t i o n i n c h a i n f i b r e s , two 

a s s o c i a t i n g f i b r e s come together and a r e enclosed by a common 

basement membrane. The two p a i r e d f i b r e s a r e seen as a s i n g l e o v a l 

contour i n t r a n s v e r s e s e c t i o n s a t low m a g n i f i c a t i o n and they 

approximate to the appearance of the app a r e n t l y - f u s e d c h a i n f i b r e s 

seen under the l i g h t microscope. At high m a g n i f i c a t i o n , however, 

no i n s t a n c e s of r e a l f u s i o n were seen. Where the plasma membranes 

of the p a i r e d f i b r e s a r e so c l o s e l y apposed t h a t the basement 

membrane i s absent from t h e i r common border, the f i b r e s remain 

separated by a gap of about 20nm. 

The c l o s e a p p o s i t i o n of c h a i n f i b r e s and t h e i r i n t e r t w i n i n g 

w i t h i n the a x i a l bundle may p a r t i a l l y e x p l a i n the lig h t - m i c r o s c o p e 

o b s e r v a t i o n ( C i l i m b a r i s , 1910) of s p l i t t i n g and anastomosing i n t r a 

f u s a l f i b r e s i n sheep e x t r a o c u l a r muscle s p i n d l e s . Comparable 

regions of c l o s e a p p o s i t i o n between c h a i n f i b r e s have been observed 

i n c a t muscle s p i n d l e s ( C o r v a j a , Marinozzi &, Pompeiano, 1967; 

Adal , 1969). 
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In the s i n g l e case of c l o s e a p p o s i t i o n between bag f i b r e s 

the i n i t i a l c o n tact was i n the form of a pseudopodia1 p r o j e c t i o n 

from one bag to the other ( f i g s , 2 3 2 - 2 3 3 ) . At the base of the 

p r o j e c t i o n the plasma membranes of the two f i b r e s were separated by 

about 20nm and the basement membrane was r e f l e c t e d between the f i b r e s . 

The region of c l o s e a p p o s i t i o n was g r a d u a l l y extended ( f i g . 2 3 4 ) 

u n t i l the two bag f i b r e s were l i n k e d over about one tenth of t h e i r 

p e r i m e t e r s . 

18.2 Peroneus b r e v i s . 

18.21 I n t r a f u s a l muscle f i b r e s . 

Tn the j u x t a - e q u a t o r i a l ( f i g . 2 3 6 ) , p o l a r and extreme p o l a r 

regions of s p i n d l e s from PB i t i s p o s s i b l e to d i s t i n g u i s h two broad 

c a t e g o r i e s of i n t r a f u s a l f i b r e of l a r g e and sm a l l diameter. At 

the equator ( f i g . 2 3 5 ) there i s a marked r e d u c t i o n i n diameter of a l l 

i n t r a f u s a l f i b r e s and the d i f f e r e n c e i n diameter between l a r g e and 

sma l l f i b r e s i s not so apparent. 

The f i b r e s of s m a l l diameter a r e always of the n u c l e a r -

c h a i n type. They f r e q u e n t l y group together as they pass through the 

e q u a t o r i a l r e g i o n . They e x h i b i t s i m i l a r u l t r a s t r u c t u r a l c h a r a c t e r 

i s t i c s to the c h a i n f i b r e s i n SR and LP s p i n d l e s . Thus they possess 

an M l i n e and have w e l l - d e l i n e a t e d m y o f i b r i l s , l a r g e mitochondria, 

and abundant s a r c o p l a s m i c r e t i c u l u m and glycogen granules ( f i g s . 

239 & 242). D i l a t e d c i s t e r n a e of the sa r c o p l a s m i c r e t i c u l u m have a l s o 
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been observed apposed to mitochondria. 

The f i b r e s of l a r g e diameter possess a n u c l e a r bag, but 

do not form a homogeneous group. They are of two types, which 

f o r convenience a r e termed t y p i c a l bag and intermediate bag 

( B a r k e r , 1974), r e s p e c t i v e l y . The t y p i c a l bag f i b r e i s the 

longest, and although i t c o n t a i n s a higher number of mitochondria 

than the bag f i b r e s of SR and LP i t n e v e r t h e l e s s a l s o shows some 

comparable u l t r a s t r u c t u r a l f e a t u r e s . I n t r a n s v e r s e s e c t i o n the 

m y o f i b r i l s are i r r e g u l a r l y - d e l i n e a t e d i n the I band by p o o r l y -

developed s a r c o p l a s m i c r e t i c u l u m , and hardly d e l i n e a t e d a t a l l i n 

the A band ( f i g . 2 3 7 ) . In l o n g i t u d i n a l s e c t i o n ( f i g . 2 4 0 ) t r i a d s 

or dyads are i r r e g u l a r and infrequent i n occurence at the j u n c t i o n 

of the A and I bands; the s a r c o p l a s m i c r e t i c u l u m and a s s o c i a t e d 

glycogen i s only poorly-developed i n the I band; and the mito

chondria are s h o r t and do not form c h a i n s . However, i n c o n t r a s t to 

the bag f i b r e s i n SR and LP, the Z l i n e i s comparatively s t r a i g h t 

and r e l a t i v e l y t h i n ; and although a prominent M l i n e i s absent, 

two f a i n t p a r a l l e l l i n e s separated by a l i g h t e r i n t e r s p a c e a r e 

present w i t h i n the pseudo-H zone. S i m i l a r l y - s t r u c t u r e d 'double' 

M l i n e s have been observed i n the t y p i c a l bag f i b r e s of c a t ( B a r k e r , 

1974) and r a t ( O v a l l e , 1971; 1972) l u m b r i c a l muscles. 

The i n t e r m e d i a t e bag f i b r e i n PB i s s l i g h t l y s h o r t e r than 

the t y p i c a l bag f i b r e and u s u a l l y has a s m a l l e r nuclear bag. 

Compared to the t y p i c a l bag f i b r e , the intermediate type ( f i g s . 2 3 8 

& 241) has l a r g e r mitochondria t h a t a r e l o n g i t u d i n a l l y - e l o n g a t e d and 
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form i n t e r m y o f i b r i l l a r y c h a i n s ; more abundant s a r c o p l a s m i c r e t i c u l u m 

and glycogen; a t h i c k e r Z line-; more frequent t r i a d s or dyads a t 

the j u n c t i o n of the A and I bands; and a prominent M l i n e i n the 

middle of the pseudo-H zone. In i t s u l t r a s t r u c t u r e the intermediate 

type thus e x h i b i t s some c h a r a c t e r i s t i c s (e.g. M l i n e , l a r g e mito

chondria) common to c h a i n f i b r e s and a l s o some c h a r a c t e r i s t i c s 

( l a r g e diameter, nuclear bag) a s s o c i a t e d with t y p i c a l bag f i b r e s . 

Although a d i r e c t u l t r a s t r u c t u r a l / h i s t o c h e m i c a l c o r r e l a t i o n of 

i n t r a f u s a l f i b r e types has not been attempted, i t i s presumed th a t 

the t y p i c a l bag f i b r e , because of i t s g r e a t e r length, corresponds 

to the bag f i b r e with a 'modified' C-type histochemica1 p r o f i l e . 

The intermediate bag thus corresponds to the bag f i b r e e x h i b i t i n g 

a c onventional C-type h i s t o c h e m i c a l p r o f i l e . 
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Chapter 19. The sensory i n n e r v a t i o n . 

19.1 L i g h t microscopy of e x t r a o c u l a r muscle s p i n d l e s . 

With the s i l v e r - i m p r e g n a t i o n methods used, the t h i c k , 

myelinated sensory a f f e r e n t s t h a t supply sheep e x t r a o c u l a r muscle 

s p i n d l e s were w e l l - s t a i n e d up to t h e i r f i n a l s u b d i v i s i o n near to 

the i n t r a f u s a l muscle f i b r e s . The terminations themselves, however, 

were not g e n e r a l l y as i n t e n s e l y s t a i n e d as those of the motor 

nerves w i t h i n the same s p i n d l e . Where the terminations a r e d i s t i n c t 

( f i g s . 2 4 3 - 2 4 8 ) they may be d i s t i n g u i s h e d i n t o forms t h a t correspond, 

i n general appearance, to e i t h e r the primary or the secondary sensory 

endings found i n c a t hindlimb s p i n d l e s ( s e e Barker, 1974). T h i s 

confirms the previous o b s e r v a t i o n s of primary and secondary endings 

i n sheep e x t r a o c u l a r muscle s p i n d l e s by C i l l m b a r i s (1910) and 

Denny-Brown ( 1 9 2 8 ) . 

19.11 The primary ending. 

Each s p i n d l e r e c e i v e s a s i n g l e , t h i c k l y - m y e l i n a t e d primary 

axon. In SR the diameter of 41 primary a f f e r e n t s , i n c l u d i n g the 

myelin sheath, ranged from 7.94um to 14.69um with a mean of l l . l u m . 

I n LP 20 primary axons had diameters of 6.5-14.1um with a mean of 

9.9um. Measurements were made about 1mm from s p i n d l e e n t r y . In 

SR the s l i g h t l y g r e a t e r mean diameter of primary a f f e r e n t s i s due 

in p a r t to a g r e a t e r number of s p i n d l e s i n which secondary sensory 

endings are a l s o present and i n which the primary a f f e r e n t s tend to 
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be t h i c k e r ( s e e a l s o Adal & Barker, 1962). 

The primary a f f e r e n t i n e x t r a o c u l a r muscle s p i n d l e s u s u a l l y 

e n t e r s the ca p s u l e o b l i q u e l y and d i v i d e s dichotomously ( f i g . 2 4 3 ) . Nearer 

the i n t r a f u s a l f i b r e s the two main branches sub-divide to give s e v e r a l 

t e r m i n a l branches that supply the nucleated regions of both bag and 

ch a i n f i b r e s . The axon t e r m i n a l s take the form of h a l f r i n g s and 

a n n u l o s p i r a I s t h a t a r e comparatively compactly arranged. The t i g h t 

c o i l s around r e s p e c t i v e i n t r a f u s a l muscle f i b r e s give a good i n d i c 

a t i o n of t h e i r diameter, and where both bag and c h a i n f i b r e s a r e 

innervated t h i c k and t h i n c o i l s a r e evident ( f i g s . 2 4 4 - 2 4 5 ) . 

19.12 The secondary ending. 

I n d i v i d u a l s p i n d l e c a p s u l e s may have up to 4 secondary 

endings, d e r i v e d from s l i g h t l y t h i n n e r myelinated axons than the 

primary endings and u s u a l l y l o c a t e d on one s i d e of them. In SR 

the diameter of 40 secondary a f f e r e n t s ranged from 5.9pm to 9.4pm, 

with a mean of 7.52pm. I n LP 14 secondary axons had diameters of 

4.9-8.8pm with a mean of 7.0pm. I n both SR and LP there i s some 

overlap i n diameter between the t h i n n e r primary and t h i c k e r 

secondary a f f e r e n t s ( f i g . 2 4 9 ) . . I n SR, of 10 s p i n d l e s s u p p l i e d with 

a primary a f f e r e n t only, 8 were s u p p l i e d by p r i m a r i e s of l e s s than 

10pm i n diameter. These c o n s t i t u t e only h a l f of the t o t a l primary 

a f f e r e n t s i n the overlap range, so the over l a p cannot be t o t a l l y 

a t t r i b u t e d to the s m a l l diameter of the p r i m a r i e s that supply 

simple s p i n d l e s (primary endings o n l y ) . In LP, however, 6 of the 8 



163. 

primary a f f e r e n t s i n the o v e r l a p range s u p p l i e d simple s p i n d l e s . 

The secondary a f f e r e n t s i n SR and LP u s u a l l y enter the 

s p i n d l e c a p s u l e p a r a l l e l to the i n t r a f u s a l muscle f i b r e s and a r e 

u s u a l l y s e p a r a t e from the primary a f f e r e n t ( f i g . 2 4 6 ) . The axon 

t e r m i n a l s of the secondary ending a r e d i s t r i b u t e d mainly to the 

c h a i n f i b r e s ( f i g s . 2 4 7 - 2 4 8 ) and are g e n e r a l l y more d i s p e r s e d than 

those of the primary ending and extend over a g r e a t e r l e n g t h . They 

are composed of f i n e t e n d r i l s that e n c i r c l e the i n t r a f u s a l f i b r e s 

to form an i r r e g u l a r a n n u l o s p i r a l network with o c c a s i o n a l knob

l i k e s y n a p t i c c o n t a c t s , 

19.13 The p a t t e r n of i n n e r v a t i o n . 

In SR, of 41 c a p s u l a r regions sampled from s i n g l e , tandem 

and p a r a l l e l s p i n d l e s , 10 (24.4%) r e c e i v e d a primary ending only 

(P-only combination) and 25 (61.0%) r e c e i v e d a primary and a s i n g l e 

secondary supply (PS combination). The remaining 6 s p i n d l e s (14.6%) 

were complex and r e c e i v e d a primary and more than one secondary 

ending: 4 had two secondary endings (3 PSS combinations & 1 SPS 

combination); 1 had t h r e e (PSSS combination); and 1 had four 

(PSSSS combination). The most u s u a l c o n d i t i o n i n s p i n d l e s from SR 

i s t h e r e f o r e f o r there to be a s i n g l e secondary ending l y i n g a d j a c e n t 

to a primary ending, and i n f a c t the t o t a l number of primary and 

secondary endings i n the s p i n d l e s sampled was approximately e q u a l . 

There i s a s i m i l a r o v e r a l l r a t i o of secondary to primary endings 

i n c a t hlndlimb s p i n d l e s ( s e e e.g. Barker, 1962; Boyd, 1962). 
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As f a r as could be determined from teased p r e p a r a t i o n s , 
no branching of the primary and secondary endings occurs to supply 
adjacent s p i n d l e s . I f , as i n c a t , an approximately 1:1 r a t i o i s 
maintained between primary or secondary a f f e r e n t s and muscle s p i n d l e s , 
then the 150-180 s p i n d l e c a p s u l e s i n SR would r e c e i v e a t o t a l of 
approximately 300-360 large-diameter a f f e r e n t s . 

I n LP, of 20 c a p s u l a r regions analysed f o r mode of sensory 

i n n e r v a t i o n , 9 (45%) r e c e i v e d a primary ending only, 8 (40%) had 

a PS combination, 2 (10%) had a PSS combination, and 1 ( 5 % ) had a 

SPS combination. Compared to SR, a g r e a t e r proportion of s p i n d l e s 

i n LP appear innervated by p r i m a r i e s o n l y , r e l a t i v e to the PS comb

i n a t i o n . The secondary sensory i n n e r v a t i o n i s a l s o reduced, the 

r a t i o of primary to secondaxy endings being 1:0.7. The 60 or so 

c a p s u l a r regions i n LP might be expected to r e c e i v e a t o t a l of 

about 100 primary and secondary a f f e r e n t s . 

19.2 L i g h t microscopy of peroneus b r e v i s s p i n d l e s . 

In 33 s p i n d l e s from PB the diameters of the primary a f f e r e n t s 

ranged from 6.8-13.2um with a mean of 9.48um. In c o n t r a s t to the 

e x t r a o c u l a r muscle s p i n d l e s the primary a f f e r e n t s normally e n t e r the 

cap s u l e a t r i g h t angles to the a x i s of the s p i n d l e , and are f r e q u e n t l y 

a s s o c i a t e d with any e n t e r i n g secondary a f f e r e n t s . The 17 secondary 

axons had diameters of 5.3-8.2um (mean = 7.26) and thus overlapped 

the lower end of the primary diameter range ( f i g . 2 4 9 ) . Of 18 

primary a f f e r e n t s s u p p l y i n g P-only s p i n d l e s , 12 have diameters l e s s than 
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10pm. However, these c o n s t i t u t e only h a l f of the primary a f f e r e n t s 

i n the o v e r l a p range, as i n SR. 

The mode of sensory i n n e r v a t i o n of the 33 s p i n d l e s i n PB 

s e l e c t e d f o r a n a l y s i s was as f o l l o w s : 18 (54.5%) r e c e i v e d a primary 

ending only; 13 (39.4%) had a PS combination; 1 (3.0%) had a PSS 

combination; and 1 (3.0%) had an SPS combination. Compared to LP 

there i s an even g r e a t e r proportion of s p i n d l e s with p r i m a r i e s only, 

and an even f u r t h e r r e d u c t i o n i n the amount of secondary i n n e r v a t i o n ; 

the r a t i o of primary to secondary endings being 1:0.52. 

F i g u r e 249 shows the d i s t r i b u t i o n of primary and secondary 

sensory n e r v e - f i b r e diameters ( i n c l u d i n g the myelin sheath) f o r SR, 

LP and PB muscle s p i n d l e s . 

19.3 E l e c t r o n microscopy. 

The sensory t e r m i n a l s i n the muscle s p i n d l e s of PB, SR 

(f i g s . 2 5 0 - 2 5 4 ) and other sheep e x t r a o c u l a r muscles ( S c a l z i & P r i c e , 

1972) have a s i m i l a r u l t r a s t r u c t u r e to those d e s c r i b e d i n other 

s p e c i e s ( s e e Barker, 1974). I t was not p o s s i b l e to d i s t i n g u i s h the 

axon t e r m i n a l s of primary and secondary endings on the b a s i s of 

d i f f e r e n c e i n shape as has been proposed f o r c a t ( C o r v a j a , Marinozzi 

& Pompeiano, 1969), and r a t (Mayr, 1970) t e r m i n a l s . The sensory 

t e r m i n a l s on both bag and chain f i b r e s u s u a l l y have a low and 

f l a t t e n e d e l l i p s o i d p r o f i l e and do not bulge outward from the muscle 

f i b r e i n t r a n s v e r s e s e c t i o n . However, near to and a t the equator, 
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sensory t e r m i n a l s a r e commonly more e x t e n s i v e and may i n some c a s e s 

almost e n c i r c l e the i n t r a f u s a l f i b r e s i n a c r e s c e n t i c f a s h i o n 

( f i g . 2 5 1 ) . These forms presumably r e p r e s e n t the a n n u l o s p i r a l s 

of the primary endings t h a t supply both bag and chain f i b r e s . 

I n the j u x t a - e q u a t o r i a 1 region the l e s s e x t e n s i v e axon t e r m i n a l s 

t h a t a r e loc a t e d on c h a i n f i b r e s a r e probably secondary sensory endings. 

The sensory axon t e r m i n a l s c o n t a i n numerous mitochondria; 

frequent c l e a r v e s i c l e s and o c c a s i o n a l granular v e s i c l e s ; m u l t i 

v e s i c u l a r bodies c o n t a i n i n g from 3-6 v e s i c l e s ; o c c a s i o n a l neuro

f i l a m e n t s ; and glycogen g r a n u l e s . They l i e i n shallow troughs on 

the circumference of the i n t r a f u s a l muscle f i b r e s and a r e enclosed by 

a common basement membrane. At the margins of the trough the 

sarcolemma forms t h i n l i p s t h a t extend over the outer s u r f a c e of 

the ending f o r a v a r i a b l e d i s t a n c e ( f i g . 2 5 1 ) , At times the sensory 

ending may be completely enclosed by sarcoplasm ( f i g . 2 5 0 ) . The 

sensory myoneural j u n c t i o n i s u s u a l l y smooth with no j u n c t i o n a l 

f o l d s , but o c c a s i o n a l pseudopodial p r o j e c t i o n s may i n t e r d i g i t a t e 

with the u n d e r l y i n g m y o f i b r i l l a r m a t e r i a l ( f i g . 2 5 4 ) . 

On one occa s i o n an unusual s t r u c t u r e with some resemblances 

to a sensory t e r m i n a l was observed ( f i g . 2 5 3 ) . T h i s was l o c a t e d on 

a c h a i n f i b r e i n the myotube region of a s p i n d l e i n SR. I t was about 

twice the s i z e of a sensory t e r m i n a l and embedded i n a s i m i l a r 

trough i n the muscle f i b r e , but was densely packed with mitochondria. 

A s i m i l a r expanded ' s e n s o r y - l i k e ' axon t e r m i n a l has been observed 

i n t o r t o i s e muscle s p i n d l e s (Crowe & Ragab, 1970). 
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In many cases sensory t e r m i n a l s make simultaneous s y n a p t i c 

contact with two or, more r a r e l y , three neighbouring muscle f i b r e s . 

Such "sensory c r o s s - t e r m i n a l s " (Adal, 1969) u s u a l l y occur between 

chai n f i b r e s that may be e i t h e r p a i r e d ( f i g . 2 5 0 ) or i n c l o s e 

a p p o s i t i o n ( f i g . 2 3 0 ) . T h i s p a t t e r n of c r o s s sensory i n n e r v a t i o n 

between cha i n f i b r e s i n sheep e x t r a o c u l a r muscle has a l s o been 

noted by S c a l z i & P r i c e (1972). In a d d i t i o n , one i n s t a n c e i n SR 

of a sensory c r o s s - t e r m i n a l between a bag and a chain f i b r e ( f i g . 

252) was observed. 
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Chapter 20. The fusimotor i n n e r v a t i o n . 

20.1 E x t r a o c u l a r muscle s p i n d l e s . 

20.11 L i g h t microscopy. 

The motor i n n e r v a t i o n of 94 muscle s p i n d l e s was s t u d i e d 

i n teased, s i l v e r p r e p a r a t i o n s of whole s p i n d l e s , of which 64 were 

from SR and 30 from LP. In both SR and LP s p i n d l e s two types of 

motor ending, p l a t e and grape, are found t h a t have a s i m i l a r 

appearance to t h e i r e x t r a f u s a l c o u n t e r p a r t s , except t h a t they tend 

to be s m a l l e r . 

The d i s c r e t e end-plates a r e l o c a t e d mainly i n the j u x t a -

e q u a t o r i a l regions of the s p i n d l e s i n SR ( f i g s . 2 5 5 - 2 5 6 ) and LP 

( f i g s . 2 6 0 - 2 6 2 ) on e i t h e r s i d e of the sensory endings. They a r e 

d e r i v e d from one or two myelinated axons of diameter 2.8-5.9pm 

(mean = 4.09pm) t h a t o f t e n enter the capsule w i t h the primary or 

secondary sensory supply, pass out along the i n t r a f u s a l muscle 

f i b r e s toward the p o l e s , and branch to give 4-6 end-plates t h a t 

terminate on c h a i n f i b r e s . The end-plates f r e q u e n t l y l i e at the 

same l e v e l on a d j a c e n t c h a i n f i b r e s to form a s m a l l 'terminal 

i n n e r v a t i o n band'. 

Other p l a t e endings occur s i n g l y i n the mid-polar regions 

of the s p i n d l e ( f i g s . 2 5 7 - 2 5 9 ) and are u s u a l l y s u p p l i e d by s e p a r a t e 

axons t h a t enter the s p i n d l e a t the poles near to t h e i r t e r m i n a t i o n s . 

These axons often pass to the s p i n d l e from s m a l l nerve bundles t h a t 

terminate i n e x t r a f u s a l e n d — p l a t e s . O c c a s i o n a l l y a c l e a r c o l l a t e r a l 
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d e r i v a t i o n of i n t r a f u s a l end-plates from a n e r v e - f i b r e supplying 
e x t r a f u s a l p l a t e endings can be seen. For c l a r i t y , the i n t r a f u s a l 
p l a t e ending shown i n fig.257 has been t r a c e d a t lower m a g n i f i c a t i o n 
with i t s e x t r a f u s a l c o l l a t e r a l counterpart ( f i g . 2 7 1 a ) . 

The m u l t i t e r m i n a l grape i n n e r v a t i o n i n SR ( f i g s . 2 6 3 - 2 6 7 ) and 

LP ( f i g s . 2 6 8 - 2 7 0 ) i s more d i f f u s e than the p l a t e i n n e r v a t i o n and i s 

l o c a t e d mainly i n the polar and mid-polar regions of the s p i n d l e 

on the bag f i b r e s . The grape endings are d e r i v e d from myelinated 

axons t h a t range i n diameter from 1.2-4.8jjm (mean = 2.96um). These 

parent grape axons of t e n e n t e r the s p i n d l e a t the poles and pass 

along the bag f i b r e s , g i v i n g o f f a t i n t e r v a l s s h o r t , non-myelinated 

terminal branches from the nodes that terminate i n a s e r i e s of 

k nob-like s y n a p t i c c o n t a c t s . These are u s u a l l y l i n e a r l y arranged, 

( s e e e.g. f i g s . 2 6 5 - 2 6 9 ) , but may a l s o provide a c l a s s i c 'bunch of 

grapes' appearance ( f i g . 2 7 0 ) . The i n n e r v a t i o n zones so formed are 

s h o r t e r than those of the e x t r a f u s a l p e r i p h e r a l G f i b r e s i n SR. 

In SR the common o r i g i n of i n t r a f u s a l and e x t r a f u s a l grape 

endings i s f r e q u e n t l y apparent i n the p o l a r regions of the s p i n d l e . 

A t r a c i n g of a t y p i c a l c o l l a t e r a l grape c o n f i g u r a t i o n ( f i g . 2 7 1 b ) may 

be compared to a s i m i l a r i l l u s t r a t i o n given by C i l i m b a r i s (1910; 

f i g u r e 1 0 ) . Grape axons have a l s o been observed to l e a v e a s p i n d l e 

a f t e r s u p p l y i n g some grape i n n e r v a t i o n to bag f i b r e s and f i n a l l y 

terminate e i t h e r on e x t r a f u s a l muscle f i b r e s or w i t h i n a second 

s p i n d l e . 
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Tn LP the grape i n n e r v a t i o n of bag f i b r e s i s a l s o easy to 
demonstrate i n the po l a r regions of the s p i n d l e , but the i n n e r v a t i o n 
i s s p a r s e r than i n SR with the i n n e r v a t i o n zones more widely spaced. 
The grape endings a r e not c o l l a t e r a l l y d e r i v e d , s i n c e there i s no 
e x t r a f u s a l grape i n n e r v a t i o n . In every case where an apparently 
grape-innervated e x t r a f u s a l muscle f i b r e was teased i t proved to 
be the p o l a r p o r t i o n of a bag f i b r e . Thus i n LP the grape supply 
i s s p e c i f i c a l l y fusimotor. 

20.12 E l e c t r o n microscopy. 

The u l t r a s t r u c t u r e of the i n t r a f u s a l p l a t e s on the c h a i n 

f i b r e s i n SR (fig.272-274) and LP ( f i g . 2 7 5 ) shows compactly-

arranged axon t e r m i n a l s t h a t l i e i n shallow depressions of a t h i n l y -

spread s o l e p l a t e , with r e g u l a r and frequent p o s t - j u n c t i o n a 1 f o l d s . 

The j u n c t i o n a l f o l d s are unbranched, s h o r t , wide and expanded a t 

t h e i r bases and the basement membrane l i n e s the s i d e s of the f o l d s 

to give a 'vacuolar' appearance. The axon t e r m i n a l s c o n t a i n the 

us u a l o r g a n e l l e s i n c l u d i n g mitochondria, c l e a r s y n a p t i c v e s i c l e s , 

and o c c a s i o n a l dense-core v e s i c l e s ( f i g . 2 7 4 ) . In f i g u r e 272 a 

l o n g i t u d i n a l s e c t i o n through the j u x t a - e q u a t o r i a 1 region of a s p i n d l e 

i n SR passes through the r a i s e d s o l e - p l a t e region of a p l a t e ending 

before the und e r l y i n g c h a i n f i b r e has been reached. The compact 

nature of the p l a t e endings i s c l e a r l y seen with s i x axon t e r m i n a l s 

c l u s t e r e d around a c e n t r a l s o l e p l a t e . The te r m i n a l s a r e d e r i v e d 

from a myelinated axon of about 3.0pm i n diameter. 
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In SR the u l t r a s t r u c t u r e of the i n t r a f u s a l p l a t e s c l o s e l y 
resembles that of the p l a t e endings on the e x t r a f u s a l s m a l l C 
muscle f i b r e s that surround the s p i n d l e s i n the p e r i p h e r a l patch and 
o r b i t a l rim l a y e r s . 

The grape axon t e r m i n a l s on the bag f i b r e s i n SR ( f i g s . 

277-279) and LP ( f i g . 2 7 6 ) correspond i n t h e i r u l t r a s t r u c t u r e to the 

axon t e r m i n a l s on the e x t r a f u s a l G f i b r e s i n SR. They are u s u a l l y 

a p p l i e d to the s u r f a c e contour of the muscle f i b r e with no depressions 

or g u t t e r i n g . The s o l e p l a t e , i f pres e n t , i s very t h i n l y spread, 

and the myoneural j u n c t i o n i s mainly smooth. O c c a s i o n a l , s h o r t 

j u n c t i o n a l f o l d s may be present that have expanded bases. These 

appear e i t h e r 'flask-shaped' or 'vacuolar' i n form, and are l i n e d 

by basement membrane. The grape terminals i n l o n g i t u d i n a l s e c t i o n 

( f i g . 2 7 7 ) extend f o r g r e a t e r d i s t a n c e s along the muscle f i b r e than 

the t e r m i n a l s of the p l a t e endings and appear more l i n e a r i n t h e i r 

arrangement. They c o n t a i n the usual o r g a n e l l e s i n c l u d i n g dense-core 

v e s i c l e s . Short microladders or ' l e p t o f i b r i I s ' have been o c c a s i o n a l l y 

observed i n the sarcoplasm underlying the grape axon t e r m i n a l s . 

A schematic r e p r e s e n t a t i o n of the p a t t e r n of motor i n n e r v a t i o n 

i n the s p i n d l e s of SR and LP i s given i n f i g . 2 8 0 . The c o l l a t e r a l 

p l a t e i n n e r v a t i o n i n SR i s presumed to be der i v e d from axons 

i n n e r v a t i n g small C f i b r e s that surround the s p i n d l e s i n the p e r i p h e r a l 

patch and o r b i t a l rim l a y e r s , and which possess i d e n t i c a l u l t r a s t r u c t u r a 1 

and h i s t o c h e m i c a l p r o p e r t i e s to the cha i n f i b r e s . In LP the d e r i v a t i o n 

of the fusimotor p l a t e c o l l a t e r a l from the C-type f i b r e s r a t h e r than 

from the B-type f i b r e s i s c o n j e c t u r a l . 
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20.2 Peroneus b r e v i s s p i n d l e s . 

20.21 L i g h t microscopy. 

The fusimotor i n n e r v a t i o n i n sheep PB muscle was s t u d i e d 

i n 45 t e a s e d , s i l v e r p r e p a r a t i o n s of whole s p i n d l e s . These were 

found to c o n t a i n s i m i l a r types of motor ending to those present 

i n the c a t hindlimb muscle s p i n d l e , i . e . p i and p2 p l a t e s and 

t r a i l endings ( s e e Barker, 1968; 1974). 

T r a i l endings. The most profuse type of ending i n PB resembles the 

t r a i l ending i n c a t hindlimb s p i n d l e s i n t h a t i t i s mainly j u x t a -

e q u a t o r i a l i n l o c a t i o n and i s derived from e x t e n s i v e l y branched 

axons of s m a l l diameter ( f i g s . 2 8 2 - 2 8 3 ) . The t r a i l axons c h a r a c t e r 

i s t i c a l l y e nter the capsule with the sensory i n n e r v a t i o n and often 

branch so as to i n n e r v a t e both p o l e s . I n each pole the axons branch 

r e p e a t e d l y and terminate i n simple t w i g - l i k e endings t h a t may be 

d i s t r i b u t e d to bag f i b r e s only ( f i g . 2 8 2 ) , c h a i n f i b r e s o n l y , or, 

most commonly, to both bag and c h a i n f i b r e s ( f i g . 2 8 2 ) . One i n s t a n c e 

was observed where the t o t a l motor supply to a s p i n d l e c o n s i s t e d 

of a s i n g l e t r a i l axon t h a t r a m i f i e d throughout the two poles to 

g i v e a t o t a l of 19 simple endings on bag and c h a i n f i b r e s . Although 

the term ' t r a i l ' does not a p p r o p r i a t e l y d e s c r i b e the form of these 

endings i n PB they a r e presumed to be homologous with the t r a i l 

endings i n c a t that are s u p p l i e d by s p e c i f i c a l l y fusimotor axons. 
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p2 p l a t e s . In the p o l a r and mid-polar regions of the s p i n d l e there 
are l a r g e , compact p l a t e endings ( f i g s . 2 8 1 & 284) which, i n c o n t r a s t 
to the p i p l a t e s , have no obvious s o l e p l a t e , a r e g e n e r a l l y l a r g e r 
and more elongate, and have more numerous axon t e r m i n a l s i n the form 
of knobs and r i n g s . They a r e sup p l i e d by axons of r e l a t i v e l y l a r g e 
diameter t h a t u s u a l l y enter the s p i n d l e capsule with the sensory 
supply and pass out toward the poles where they branch and terminate 
on both bag and c h a i n f i b r e s . I t i s presumed t h a t , as i n c a t , the 
p2 p l a t e s a r e derived from s p e c i f i c a l l y f u s i m o t o r y axons. 

p i p l a t e s . In the po l a r regions of the s p i n d l e there a r e o c c a s i o n a l 

s i n g l e p l a t e endings ( f i g s . 2 8 5 - 2 8 6 ) t h a t i n general appearance 

c l o s e l y resemble the motor end—plates on e x t r a f u s a l muscle f i b r e s 

( f i g s . 2 8 7 - 2 8 8 ) . These endings a r e mainly confined to the bag 

f i b r e s and are u s u a l l y s u p p l i e d by axons that leave neighbouring 

i n t r a m u s c u l a r nerve trunks and enter a t the s p i n d l e p o l e . Although 

the c o l l a t e r a l d e r i v a t i o n of the p i p l a t e s from axons suppl y i n g 

e x t r a f u s a l end-plates has not. been e s t a b l i s h e d i n the present study, 

i t i s presumed that i n PB the p i p l a t e s a r e s u p p l i e d by s k e l e t o -

fusimotor 3 axons, as i n c a t hindlimb s p i n d l e s . 

20.22 E l e c t r o n microscopy. 

In PB s e v e r a l s p i n d l e s were s e c t i o n e d t r a n s v e r s e l y through 

to the mid-polar or j u x t a - e q u a t o r i a l regions and then turned through 
o 

90 and s e c t i o n e d l o n g i t u d i n a l l y . I n the c a t the u l t r a s t r u c t u r e of 

the p i p l a t e ( B a r k e r , Stacey & A d a l , 1970; G o g l i a , 1970) c l o s e l y 
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resembles t h a t of e x t r a f u s a l e n d - p l a t e s , with the axon t e r m i n a l s 
l y i n g i n s y n a p t i c g u t t e r s on a s u b s t a n t i a l s o l e p l a t e , and with long, 
narrow and frequent j u n c t i o n a l f o l d s . I t was not p o s s i b l e i n the 
s e v e r a l s p i n d l e s a n a l y s e d from PB to i d e n t i f y a s i m i l a r l y s t r u c t u r e d 
p i p l a t e ending under the EM. T h i s f a i l u r e i s presumably r e l a t e d 
to the s m a l l s i z e of the p i p l a t e s and t h e i r r e l a t i v e l y low frequency. 

I n the mid-polar and j u x t a - e q u a t o r i a l regions of the 

s p i n d l e , however, the t y p i c a l bag ( f i g . 2 8 9 ) , i n t e r m e d i a t e bag 

and c h a i n f i b r e s ( f i g . 2 9 1 ) r e c e i v e a profuse i n n e r v a t i o n . In 

a d d i t i o n to numerous axon t e r m i n a l s t h a t a r e s c a t t e r e d along the 

length of the i n t r a f u s a l f i b r e s , there a r e a l s o many non-myelinated 

p r e - t e r m i n a l axons t h a t l i e above the s u r f a c e of the muscle f i b r e s . 

Some of the p r e - t e r m i n a l axon bulbs a r e connected by s t r a n d s of 

axoplasm to the t e r m i n a l axon bulbs ( f i g . 2 9 1 ) which may themselves 

be i n t e r c o n n e c t e d . The shape of the axon t e r m i n a l s i s thus 

i r r e g u l a r and they a r e g e n e r a l l y l a r g e r than those of the i n t r a f u s a l 

grape t e r m i n a l s i n SR and LP. In a d d i t i o n to the o r g a n e l l e s seen 

i n the t e r m i n a l s of SR and LP there a r e a l s o numerous de n s e l y -

s t a i n i n g s t r u c t u r e s that appear to be m u l t i v e s i c u l a r bodies packed 

with v e s i c l e s . The dense-core v e s i c l e s a l s o appear more abundant 

than i n SR or LP. 

In the j u x t a - e q u a t o r i a l regions of the s p i n d l e the t e r m i n a l s 

are a p p l i e d to the s u r f a c e of the i n t r a f u s a l muscle f i b r e s with e i t h e r 

l i t t l e or no u n d e r l y i n g s o l e p l a t e and no r e g u l a r f o l d i n g of the p o s t 

j u n c t i o n a l membrane ( f i g s . 2 8 9 - 2 9 1 ) . The o c c a s i o n a l f o l d s a r e s h o r t 
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and bulbous. These t e r m i n a l s probably correspond to the t r a i l endings 

seen i n tease d , s i l v e r p r e p a r a t i o n s , and although the t e r m i n a l s a r e 

i n the form of knob-like s y n a p t i c c o n t a c t s r a t h e r than extended along 

the muscle f i b r e as i n c a t t r a i l t e r m i n a l s , the form of the myo

ne u r a l j u n c t i o n i s s i m i l a r . They occur on both bag and c h a i n f i b r e s . 

In the mid-polar regions of the s p i n d l e , endings have been 

observed on inter m e d i a t e bag ( f i g s , 2 9 2 - 2 9 3 ) and chain f i b r e s t h a t 

are composed of more compactly arranged axon t e r m i n a l s that l i e 

over a t h i n l y - s p r e a d s o l e p l a t e . Whereas the p o s t - s y n a p t i c membrane 

remains smooth i n some r e g i o n s , i n others i t i s thrown i n t o r e g u l a r , 

short bulbous f o l d s . Such endings may p o s s i b l y correspond to the 

p2 p l a t e endings seen i n teased, s i l v e r p reparations, although the 

f o l d i n g i s not as e x t e n s i v e as th a t seen beneath p2 p l a t e s i n c a t 

(B a r k e r , Stacey &. Adal, 1970), and the f o l d s a r e not con f l u e n t a t 

t h e i r bases. 
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Chapter 21. Other r e c e p t o r s i n sheep e x t r a o c u l a r muscle. 

The present study has confirmed the observations of 

Bonavolonta (1956b) that tendon organs a r e present i n the r e c t u s and 

oblique e x t r a o c u l a r muscles of sheep. Although e x t e n s i v e t e a s i n g was 

c a r r i e d out at the i n s e r t i o n end of SR, tendon organs were encountered 

only o c c a s i o n a l l y and i t i s probable that the t o t a l number i n each 

muscle i s of the order of only 4-6, as i n the ox (Marchi, 1882). 

The s e v e r a l tendon organs t h a t were i s o l a t e d were a l l c o n v e n t i o n a l 

i n t h e i r morphology ( f i g s . 2 9 4 - 2 9 5 ) . Each c o n s i s t e d of a t h i n 

f u s i f o r m c a p s u l e e n c l o s i n g a bundle of tendon f a s c i c l e s t h a t 

r e c e i v e d numerous t e r m i n a l a r b o r i z a t i o n s from a large-diameter 

a f f e r e n t . The tendon organs were a l l l o c a t e d at the musculo

tendinous j u n c t i o n and were at t a c h e d to 3*13 muscle f i b r e s , u s u a l l y 

a t the proximal end, but o c c a s i o n a l l y h a l f way along the c a p s u l e 

( f i g . 2 9 5 ) . 

The muscle f i b r e s a t t a c h e d to the tendon organs were e i t h e r 

a l l p l a t e - i n n e r v a t e d and of g e n e r a l l y l a r g e diameter, probably 

from the c e n t r a l core l a y e r , or, i n the p e r i p h e r a l patch l a y e r 

c o n s i s t e d of both p l a t e - and grape-innervated f i b r e types that were 

a s s o c i a t e d w i t h the muscle s p i n d l e s . The tendon organs do not 

t h e r e f o r e appear to be r e s t r i c t e d to a s p e c i f i c l a y e r of the muscle 

or to a p a r t i c u l a r type of muscle f i b r e . 

I t should be noted that a l l of the s p e c i e s i n which t y p i c a l 

tendon organs have been observed, (man, ox, hog, sheep and horse; 
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see 14.31) a l s o possess muscle s p i n d l e s ( s e e 14.1). 

In sheep SR, p a l i s a d e endings (14.32) are absent, and 

simple s p i r a l endings on e x t r a f u s a l muscle f i b r e s have not been 

observed. 
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SECTION C. DISCUSSION 

The presence or absence of muscle s p i n d l e s i n the e x t r 

a o c u l a r muscles of v a r i o u s s p e c i e s does not appear to be c l o s e l y 

r e l a t e d to phylogeny. Whereas s p i n d l e s are present i n the e x t r a 

o c u l a r muscles of a wide range of a r t i d a c t y I s , the horse, and man, they 

are absent from the e x t r a o c u l a r muscles of a l l the c a r n i v o r e s so f a r 

examined, most of the rodents (except mouse), and a l s o from c e r t a i n 

of the monkeys ( 1 4 . 1 ) . No information i s a v a i l a b l e as to the 

occurrence of muscle s p i n d l e s i n the e x t r a o c u l a r muscles of niono-

tremes, m a r s u p i a l s , or other p l a c e n t a l mammals, i n c l u d i n g the 

a q u a t i c s p e c i e s . 

The absence of s p i n d l e s from e x t r a o c u l a r muscles may, 

however, be l e s s s i g n i f i c a n t than at f i r s t appears. S e v e r a l 

s p e c i e s , i n c l u d i n g r a b b i t , c a t , rhesus monkey and mangabey monkey, 

that have no conventional muscle s p i n d l e s i n t h e i r eye muscles ( 1 4 . 1 ) , 

n e v e r t h e l e s s do have simple s p i r a l endings i n contact with otherwise 

u n s p e c i a l i z e d e x t r a f u s a l muscle f i b r e s ( 1 4 . 2 ) . Some s p i r a l s , a t 

l e a s t , supply muscle f i b r e s of s m a l l diameter i n the p e r i p h e r a l 

l a y e r s of the muscle ( s e e e.g. Cooper & F i l l e n z , 1955; Sas & Appeltauer, 

1963) where s p i n d l e s would normally be l o c a t e d . These endings prob

ably correspond to the muscle s t r e t c h r e c e p t o r s i d e n t i f i e d i n the 

mangabey monkey and the c a t (Cooper & F i l l e n z , 1955; Bach-y-Rita 

& I t o , 1966b) that are d i s t i n c t from muscle s p i n d l e s and tendon 

organs. I t thus appears t h a t i n those s p e c i e s that l a c k s p i n d l e s i n 
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t h e i r eye muscles the r o l e of the muscle s t r e t c h r e c e p t o r i s performed 
by the s p i r a l endings. In man, horse, cow and a l b i n o mouse, the 
e x t r a o c u l a r muscles c o n t a i n both s p i r a l endings (14.2) and muscle 
s p i n d l e s ( 1 4 . 1 ) , both of which presumably operate as s t r e t c h 
r e c e p t o r s i n these animals. In the s u p e r i o r r e c t u s muscle of the 
sheep, where s p i n d l e s are extremely numerous, s p i r a l endings are 
apparently l a c k i n g . The i n f e r i o r o b l i q u e and l a t e r a l r e c t u s muscles 
of the s q u i r r e l monkey ( I t o & Bach-y-Rita, 1969) are e x c e p t i o n a l 
i n that they not only l a c k s p i n d l e s , but there i s no evidence for 
any other type of muscle s t r e t c h r e c e p t o r . 

The question remains as to why c e r t a i n s p e c i e s should 

possess c o n v e n t i o n a l s p i n d l e s i n t h e i r eye muscles w h i l e other 

s p e c i e s do not. Cooper & Da n i e l (1949) have made the point that i n 

many animals "neck movements l a r g e l y take the p l a c e of e x t e n s i v e 

eye movements" whereas others "have no foveae and do not depend, to 

any major e x t e n t , on e y e s i g h t " . The e x t r a o c u l a r muscles of such 

animals not only l a c k s p i n d l e s , but they a l s o r e c e i v e a l e s s profuse 

nerve supply. 

Where s p i n d l e s are present i n e x t r a o c u l a r muscles a notable 

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

l a y e r s of the r e c t u s and oblique muscles. T h i s i s presumably 

r e l a t e d to t h e i r p a t t e r n of motor i n n e r v a t i o n . In sheep SR the 

s p i n d l e s r e c e i v e a c o l l a t e r a l i n n e r v a t i o n from axons t h a t supply 

e i t h e r the p l a t e - i n n e r v a t e d s m a l l C f i b r e s or the grape-innervated 

s m a l l - i n t e r m e d i a t e G f i b r e s t h a t are concentrated i n the o r b i t a l 
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rim and p e r i p h e r a l patch l a y e r s . A s i m i l a r s i t u a t i o n occurs i n 
amphibian l a y e r e d muscles, such as i l i o f i b u l a r i s , i n which the 
s p i n d l e s a r e found among or c l o s e to the aggregation of p l a t e - and 
grape-innervated f i b r e types from which a c o l l a t e r a l i n n e r v a t i o n 
i s d erived ( s e e e.g. Smith e t a_l.,1973; Barker, 1974). 

With r e f e r e n c e to i n d i v i d u a l s p e c i e s , the general morphology 

of e x t r a o c u l a r muscle s p i n d l e s conforms to e i t h e r a s i m p l i f i e d or 

complex p a t t e r n . Human s p i n d l e s , f o r example, a r e s h o r t , have t h i n 

c a p s u l e s , e x h i b i t inconspicuous e q u a t o r i a l n u c l e a t i o n and have 

sensory endings t h a t are a l l of the same simple type, whereas the 

s p i n d l e s of a r t i o d a c t y l s such as goat and sheep are more complex 

( s e e 14.1). 

Recent light-microscope s t u d i e s of human e x t r a o c u l a r muscle 

s p i n d l e s (Durston, 1974) have shown no apparent morphological or 

histochemica1 d i f f e r e n c e s between the i n t r a f u s a l muscle f i b r e s , 

which a r e not d i v i d e d i n t o bag and c h a i n f i b r e t ypes. A l l i n t r a 

f u s a l f i b r e s show high a c t i v i t i e s f o r m y o f i b r i l l a r ATPase, o x i d a t i v e 

enzymes and n o n - s p e c i f i c e s t e r a s e s ; and low a c t i v i t i e s f o r A c i d 

ATPase and phosphorylase. Apart from the low P'ase a c t i v i t y , t h i s 

p r o f i l e most c l o s e l y resembles the C-type p r o f i l e of the c h a i n f i b r e s 

i n sheep e x t r a o c u l a r muscle. 

An e l e c t r o n microscope i n v e s t i g a t i o n by Mukuno & Nomura 

(1969) has f u r t h e r shown th a t the s i n g l e i n t r a f u s a l f i b r e p resent 

i n a m o n o f i b r i l l a r s p i n d l e i n human e x t r a o c u l a r muscle had a ' c h a i n -

type' u l t r a s t r u c t u r e comparable with t h a t of the surrounding e x t r a -
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f u s a l muscle f i b r e s . Although these authors d i s t i n g u i s h a second 

i n t r a f u s a l f i b r e type i n another s p i n d l e with 'poorly-developed 

i n t r a c e l l u l a r o r g a n e l l e s ' , t h e i r i l l u s t r a t i o n s , which a r e of t r a n s 

v e r s e s e c t i o n s only, are not c o n v i n c i n g . The p o s s i b i l i t y thus 

remains t h a t the e x t r a o c u l a r muscle s p i n d l e s i n man a r e composed 

e n t i r e l y of c h a i n f i b r e s , but perhaps f u r t h e r u l t r a s t r u c t u r a 1 

a n a l y s i s , p a r t i c u l a r l y of l o n g i t u d i n a l s e c t i o n s , w i l l r e s o l v e 

whether t h i s i s so, or whether two d i s t i n c t types of i n t r a f u s a l 

f i b r e a r e pr e s e n t , as i n sheep SR. 

In sheep SR the only d i f f e r e n c e between a nuclear-bag 

f i b r e and the surrounding p e r i p h e r a l G f i b r e s i s the presence i n 

the former of a t y p i c a l n u c l e a r bag su p p l i e d by a primary a f f e r e n t 

that i s enclosed i n a s p i n d l e c a p s u l e . A l l the other f e a t u r e s 

are i d e n t i c a l . They possess the same u l t r a s t r u c t u r e and h i s t o -

chemical p r o f i l e , r e c e i v e a common grape motor i n n e r v a t i o n t h a t i s 

often seen to be derived from the same parent axon, and have grape 

axon t e r m i n a l s of s i m i l a r u l t r a s t r u c t u r e . S i m i l a r l y , the ch a i n 

f i b r e type i n SR poss e s s e s the same u l t r a s t r u c t u r e and h i s t o c h e m i c a l 

p r o f i l e as i t s e x t r a f u s a l c o u n t e r p a r t , the s m a l l C f i b r e , w i t h which 

i t s h a r e s a common type of motor i n n e r v a t i o n . The chain f i b r e s may 

r e c e i v e both a primary and a secondary sensory supply. 

The motor i n n e r v a t i o n of sheep SR s p i n d l e s i s thus segregated 

and c o l l a t e r a l , grape endings being l o c a t e d on bag f i b r e s and p l a t e s 

on c h a i n f i b r e s . Such s p i n d l e s might be regarded as s m a l l bundles 

of encapsulated G and C f i b r e s modified by r e c e i v i n g a sensory 
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i n n e r v a t i o n c o n s i s t i n g of primary and secondary endings. 

T h i s p a t t e r n of fusimotor supply may be compared to t h a t 

r e c e i v e d by s p i n d l e s i n the f o u r t h toe extensor of frog ( s e e 

B a r k e r , 1968; 1974; Smith et a_l . , 1973). These amphibian s p i n d l e s a r 

found almost e x c l u s i v e l y i n the core of the muscle i n c l o s e a s s o c 

i a t i o n with one type of p l a t e - i n n e r v a t e d ' t w i t c h ' f i b r e and two 

types of grape-innervated 'slow' f i b r e s . C o l l a t e r a l grape endings 

are s u p p l i e d to the t h i n n e r of two i n t r a f u s a l f i b r e types that has 

a s i m i l a r morphology to one of the e x t r a f u s a l slow f i b r e t ypes. 

The t w i t c h motor system provides a c o l l a t e r a l p l a t e i n n e r v a t i o n f o r 

the t h i c k e r i n t r a f u s a l f i b r e and t h i s e x h i b i t s a morphology t y p i c a l 

of t w i t c h muscle f i b r e s . In c o n t r a s t to sheep SR, amphibian i n t r a 

f u s a l f i b r e types do not, however, e x a c t l y monitor t h e i r e x t r a f u s a l 

c o u n t e r p a r t s , e i t h e r i n t h e i r u l t r a s t r u c t u r e (Page, 1966) or t h e i r 

h i s t o c h e m i c a l p r o f i l e (Smith & O v a l l e , 1972; Smith et a _ l . , 1973). 

The s p i n d l e s i n sheep LP muscle a r e randomly l o c a t e d i n 

any t r a n s v e r s e s e c t i o n and the bag and c h a i n f i b r e s have a s i m i l a r 

s t r u c t u r e , h i s t o c h e m i s t r y and i n n e r v a t i o n to those i n SR. S i n c e 

an e x t r a f u s a l grape-innervated component i s absent from the muscle 

the grape i n n e r v a t i o n s u p p l i e d to the bag f i b r e s i s e x c l u s i v e l y 

fusimotor, whereas the c h a i n f i b r e s , as i n SR, share a c o l l a t e r a l 

p l a t e i n n e r v a t i o n with e x t r a f u s a l t w i t c h - t y p e f i b r e s . I t appears 

that i n LP the grape-innervated component i s r e s t r i c t e d to the 

nuclear-bag f i b r e s of the muscle s p i n d l e s . 
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T h i s p a t t e r n of fusimotor i n n e r v a t i o n i s somewhat comparable 
to the fusimotor i n n e r v a t i o n i n those a v i a n and amphibian muscles 
th a t a r e composed almost t o t a l l y of p l a t e - i n n e r v a t e d muscle f i b r e s . 
The s p i n d l e s i n the p o s t e r i o r l a t i s s i m u s d o r s i of chicken ( C h i n , 
1970) and a few s p i n d l e s i n frog s a r t o r i u s ( S t e r l i n g , 1974) thus 
r e c e i v e c o l l a t e r a l p l a t e endings and a grape supply t h a t i s purely 
fusimotor. In frog s a r t o r i u s these endings a r e segregated i n t h e i r 
d i s t r i b u t i o n to the i n t r a f u s a l f i b r e types, as i n sheep LP. 

T h i s s e g r e g a t i o n of the motor supply i n sheep e x t r a o c u l a r 

muscle s p i n d l e s , grape endings being l o c a t e d on bag f i b r e s and p l a t e 

endings on c h a i n f i b r e s , i s not maintained i n the s p i n d l e s of the 

foot muscle s t u d i e d . In peroneus b r e v i s the multitermina1 t r a i l 

i n n e r v a t i o n , t h a t might be regarded as the homologue of the grape 

i n n e r v a t i o n i n the e x t r a o c u l a r muscle s p i n d l e s , has a d i f f e r e n t 

j u x t a - e q u a t o r i a 1 l o c a t i o n w i t h i n the s p i n d l e and i s d i s t r i b u t e d 

to the t y p i c a l bag, intermediate bag and c h a i n f i b r e s . Of the p l a t e 

endings, the p2 type may be d i s t r i b u t e d to both bag and c h a i n f i b r e s 

whereas the p i type has a po l a r l o c a t i o n mainly on bag f i b r e s . T h i s 

p a t t e r n of i n n e r v a t i o n i s comparable to th a t of c a t hindlimb s p i n d l e s 

( s e e Barker, 1968; 1974). 

In a d d i t i o n to muscle s p i n d l e s a l l three sheep muscles 

s t u d i e d c o n t a i n tendon organs, as i s g e n e r a l l y the case i n mammalian 

s k e l e t a l muscles. In the sheep e x t r a o c u l a r muscles the tendon organs 

a r e few i n number and do not appear to be r e l a t e d to a p a r t i c u l a r 

l a y e r of the muscle or to a s p e c i f i c muscle f i b r e type. Responses 

from tendon endings, probably tendon organs, have been recorded i n 

goat e x t r a o c u l a r muscles ( W h i t t e r i d g e , 1955; Cooper & D a n i e l , 1957). 
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They dis c h a r g e during the phase of i n c r e a s i n g muscle t e n s i o n and 
although t h e i r t h r e s h o l d to s t r e t c h i s of the same order as that 
of the s p i n d l e a f f e r e n t s , t h e i r response to r a t e of change of s t r e t c h 
i s s l i g h t . 

In e x t r a o c u l a r muscles from which t y p i c a l tendon organs 

are l a c k i n g , i t i s p o s s i b l e that a s i m i l a r f u n c t i o n i s served by 

the p a l i s a d e endings (14.32) that terminate a t , or near to, the 

ends of i n d i v i d u a l muscle f i b r e s . In c a t a band of about 30 of 

these endings extends a c r o s s the tendon (Huber, 1900). The t o t a l 

number of muscle f i b r e s s u p p l i e d by p a l i s a d e endings t h e r e f o r e 

appears to be of the same order as the number of f i b r e s attached to 

tendon organs i n sheep SR. Barker (1974) supposes that the p a l i s a d e 

endings have a s i m i l a r development to tendon organs except that the 

i n i t i a l c o n tact of the a f f e r e n t nerve f i b r e with the end of the 

muscle f i b r e i s maintained. He a l s o d i s c u s s e s evidence t h a t g i v e s 

support to the concept t h a t p a l i s a d e endings a re a s s o c i a t e d s p e c 

i f i c a l l y with the p e r i p h e r a l grape-innervated muscle f i b r e s i n the 

r e c t u s and oblique e x t r a o c u l a r muscles. P e r s o n a l o b s e r v a t i o n s on 

ca t e x t r a o c u l a r muscles suggest that t h i s may be the c a s e . Even 

so, i t must be borne i n mind th a t c o n c l u s i v e proof i s s t i l l l a c k i n g 

as to the sensory or motor nature of these endings. 

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

e x t r a o c u l a r muscles t h a t c o n t a i n s p i n d l e s , i t has been w e l l e s t a b l i s h e d 

t h a t when a sheep or goat i n f e r i o r oblique (Cooper, D a n i e l & Whi t t e r i d g e , 

1951; 1955) or s u p e r i o r oblique muscle ( W h i t t e r i d g e , 1955; Cooper 
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&, D a n i e l , 1957) i s p a s s i v e l y s t r e t c h e d , a t y p i c a l s p i n d l e a f f e r e n t 

d i s c h a r g e p a t t e r n i s obtained. 

According to G r a n i t (1970, page 251) F i g . l i n Cooper & 

D a n i e l ' s (1957) paper shows the s e n s i t i v i t y of goat e x t r a o c u l a r 

muscle s p i n d l e s to v e l o c i t y of s t r e t c h , whereas other records 

( t h e i r Fig.3b) i n d i c a t e so b r i e f a pause a f t e r r e l e a s e of s t r e t c h 

t h a t he assumes the presence of s t a t i c fusimotor a c t i v i t y . 

However, as y e t , the responses of the primary and secondary endings 

i n sheep and goat e x t r a o c u l a r muscle s p i n d l e s have not been d i s t i n g 

uished, and the s t a t i c or dynamic e f f e c t s of the two types of 

s k e l e t o - f u s i m o t o r axons on these s p i n d l e a f f e r e n t s have not been 

f u l l y e s t a b l i s h e d . 

I t has been suggested ( s e e e.g. Matthews, 1972) t h a t the 

dynamic response of the primary ending i n mammalian s p i n d l e s a r i s e s 

i n t e r m i n a l s t h a t l i e on regions of the i n t r a f u s a l f i b r e s , such as 

the n u c l e a r bag, that are p r a c t i c a l l y devoid of m y o f i b r i l s . The 

presence i n sheep e x t r a o c u l a r muscle s p i n d l e s of bag f i b r e s with 

a comparable u l t r a s t r u c t u r e to those of s p i n d l e s from mammalian 

hind-limb muscles suggests that the c o l l a t e r a l grape a c t i v a t i o n of 

the bag f i b r e s would be dynamic i n f u n c t i o n . S i m i l a r l y , s t i m u l a t i o n 

of the c o l l a t e r a l p l a t e endings supplying the c h a i n f i b r e s would 

presumably have a s t a t i c e f f e c t on the responses of the primary and 

secondary endings. Matthews & Westbury (1965) found t h a t the 

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

i d e n t i f i c a t i o n (grape/dynamic, p l a t e / s t a t i c ) , though i n these s p i n d l e s 
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i t i s the p l a t e - i n n e r v a t e d f i b r e s t h a t a r e t h i c k e r and more modified 

i n the sensory r e g i o n , with a r e t i c u l a r zone. 

The only study of the e f f e c t of 'fusimotor' s t i m u l a t i o n on 

the dynamic and s t a t i c responses of e x t r a o c u l a r muscle s p i n d l e s 

i s that of Whitteridge ( 1 9 5 9 ) . He i s o l a t e d h i g h - t h r e s h o l d axons 

to the s u p e r i o r oblique of sheep and goats whose s t i m u l a t i o n 

i n c r e a s e s the s e n s i t i v i t y of the s p i n d l e a f f e r e n t endings, without 

a p p r e c i a b l y i n c r e a s i n g muscle t e n s i o n . The present study suggests 

t h a t these axons were s k e l e t o - f u s i m o t o r grape axons, the diameter 

of which i s i n the 'gamma' range. E v i d e n t l y the c o n t r a c t i o n produced 

i n the e x t r a f u s a l G f i b r e s by s t i m u l a t i o n of s i n g l e s k e l e t o -

fusimotor grape axons i s weak and produces n e g l i g i b l e i n c r e a s e 

i n muscle t e n s i o n . S i n c e the grape c o l l a t e r a l s supply the bag f i b r e s 

i n sheep SR such fusimotor axons might be expected to be dynamic i n 

f u n c t i o n . I s there any evidence f o r t h i s ? 

For r a p i d s t r e t c h e s Whitteridge found t h a t the r a t e of 

r i s e and peak frequency of the s p i n d l e discharge ' i s o f t e n 

i d e n t i c a l with and without y s t i m u l a t i o n ' . I t i s l i k e l y , because 

of the extremely r a p i d s t r e t c h e s used, that the s p i n d l e d i s c h a r g e 

frequency would be maximal, even i n the absence of fusimotor s t i m 

u l a t i o n , and would obscure any dynamic e f f e c t . I n f a c t W h i t t e r i d g e 

mentions that 'with y s t i m u l a t i o n the peak frequency i s sometimes 

a l i t t l e higher and i s u s u a l l y longer maintained'. 
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With slower s t r e t c h e s the discharge i s a c c e l e r a t e d and 

i t s maximum value r a i s e d by fusimotor s t i m u l a t i o n , although 

Whitteridge s t r e s s e s t h a t 'these e f f e c t s a r e u s u a l l y s m a l l e r than 

the e f f e c t of y s t i m u l a t i o n on maintained d i s c h a r g e ' . Approximate 

readings taken from h i s F i g . 8 i n d i c a t e t h a t , with slow s t r e t c h e s , 

fusimotor s t i m u l a t i o n i n c r e a s e s the dynamic index by a f a c t o r of 

about 2.5, w h i l e the maintained d i s c h a r g e during steady s t r e t c h 

i s i n c r e a s e d by a comparable f a c t o r of about 2.6. S i n c e the dynamic 

index i s i n f a c t i n c r e a s e d by fusimotor s t i m u l a t i o n the axons s t u d i e d 

by Whitteridge must be considered to be dynamic i n f u n c t i o n , and 

t h i s would accord w i t h the p r e d i c t e d f u n c t i o n of the c o l l a t e r a l 

grape endings on the bag f i b r e s . 

In s p i n d l e s with c o l l a t e r a l and segregated i n n e r v a t i o n one 

might expect t h a t the c o n t r a c t i l e p r o p e r t i e s of the i n t r a f u s a l and 

corresponding e x t r a f u s a l f i b r e s would be s i m i l a r . The bag f i b r e s 

i n sheep SR. would thus c o n t r a c t l o c a l l y without propagating a c t i o n 

p o t e n t i a l s ( s i m i l a r to the grape-innervated f i b r e s i n c a t e x t r a 

o c u l a r muscles ; e.g. P i l a r , 1967); and the c h a i n f i b r e s would respond 

with a t w i t c h c o n t r a c t i o n . In amphibian s p i n d l e s , however, Smith 

(1964a; b) has found t h a t both types of i n t r a f u s a l f i b r e a r e capable 

of propagating an a c t i o n p o t e n t i a l , although the p l a t e - i n n e r v a t e d 

f i b r e responds to a s i n g l e s t i m u l u s with a much more r a p i d c o n t r a c t i o n . 

Obviously i n t r a f u s a l f i b r e s may have d i f f e r e n t p r o p e r t i e s from those 

of the e x t r a f u s a l f i b r e s with which they share motor axons. 
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In sheep SR the numerous s p i n d l e s i n the p e r i p h e r a l l a y e r s 

r e c e i v e a c o l l a t e r a l i n n e r v a t i o n from axons supplying e i t h e r s m a l l 

C or s m a l l / i n t e r m e d i a t e G f i b r e types t h a t a r e probably both slow-

c o n t r a c t i n g , i r r e s p e c t i v e of t h e i r i n n e r v a t i o n or other p h y s i o l o g i c a l 

p r o p e r t i e s ( s e e D i s c u s s i o n , P a r t I I ) . Presumably the c o n t r a c t i o n 

of the i n t r a f u s a l muscle f i b r e s c o i n c i d e s with the a c t i v a t i o n of 

some of the s l o w - c o n t r a c t i n g e x t r a f u s a l motor u n i t s . S i n c e high 

s p i n d l e d e n s i t i e s c h a r a c t e r i z e muscles i n i t i a t i n g f i n e movement, 

i t might a l s o be p r e d i c t e d that the p e r i p h e r a l muscle f i b r e s i n 

sheep SR are r e s p o n s i b l e f o r f i n e l y - c o n t r o l l e d movements t h a t 

r e q u i r e sensory feedback f o r t h e i r r e g u l a t i o n . 

In f a c t , the question of whether the a f f e r e n t information 

from the s t r e t c h r e c e p t o r s i n e x t r a o c u l a r muscles, be they s p i r a l 

endings or muscle s p i n d l e s , c o n t r i b u t e s e i t h e r to e x t r a - r e t i n a l 

p o s i t i o n sense or muscle p r o p r i o c e p t i o n has been long debated 

(s e e e.g. Bac h - y - R i t a , 1959). 

As f a r as e x t r a - r e t i n a l p o s i t i o n sense i s concerned the 

'inflow' theory of Sh e r r i n g t o n (1918) has r e c e i v e d support from the 

rec e n t work of Skavenski ( 1 9 7 2 ) . He has shown a conscious p o s i t i o n 

sense i n the eye muscles of man t h a t can be used to maintain eye 

p o s i t i o n during displacement attempts i n t o t a l darkness. Although 

e x t r a - r e t i n a l 'inflow' information can be used f o r oculomotor c o n t r o l , 

i t does not i n f l u e n c e the pe r c e p t i o n of d i r e c t i o n ( S k a v e n s k i , 

Haddad & Steinman, 1972); f o r t h i s , 'outflow' information (Helmholtz, 

1910) i s r e q u i r e d . 
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In the case of e x t r a o c u l a r muscle p r o p r i o c e p t i o n i t i s 
w e l l known that p a s s i v e s t r e t c h i n g of the eye muscles does not 
produce an i n c r e a s e of tonus c h a r a c t e r i s t i c of the s t r e t c h r e f l e x 
of mammalian extensor muscles (McCouch & A d l e r , 1932; I r v i n e fc 
Ludvigh, 19 3 6 ) . However, by the use of electromyographic techniques, 
s e v e r a l types of s t r e t c h r e f l e x have been i d e n t i f i e d i n the e x t r a 
o c u l a r muscles of v a r i o u s s p e c i e s . In man ( B r e i n i n , 1957) there i s 
a b a s i c s t a t i c s t r e t c h mechanism that cannot be augmented beyond a 
given p o i n t . In r a b b i t and c a t (Baichenko, Matyushkin & Suvorov, 
1967) the eye muscles respond to s t a t i o n a r y s t r e t c h i n g by loads 
exceeding 2g by developing a ' t o n i c ' s t r e t c h r e f l e x . Baichenko 
et a l . propose t h a t t h i s r e f l e x i s subserved e x c l u s i v e l y by the 
e x t r a f u s a l slow muscle f i b r e s that have s i m i l a r p r o p e r t i e s to 
the slow f i b r e s i n amphibian muscle. In response to a s h o r t 
v i b r a t i o n s t i m u l u s (Marek & Markel, 1971) the eye muscles of c a t 
have r e c e n t l y been reported to e x h i b i t a p h a s i c s t r e t c h r e f l e x . 
F i n a l l y , an i n h i b i t o r y s t r e t c h r e f l e x during a c t i v e c o n t r a c t i o n has 
been demonstrated i n the c a t l a t e r a l r e c t u s muscle ( B a c h - y - R i t a , 
1972). I t i s thus apparent that the s t r e t c h r e c e p t o r s i n e x t r a 
o c u l a r muscle may be involved i n both e x t r a - r e t i n a l p o s i t i o n sense 
and p r o p r i o c e p t i o n , although t h e i r p r e c i s e f u n c t i o n a l r o l e remains 
u n c l e a r ( s e e e.g. Bach-y-Rita, 1971). 

I n the present study the previous r e s e a r c h e s i n t o sheep 

e x t r a o c u l a r muscle s p i n d l e s have been extended by examining the 

s p i n d l e s not as s e p a r a t e e n t i t i e s , but i n the context of t h e i r 
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surrounding muscle f i b r e s . In the process i t has become evident 
that e x t r a o c u l a r muscles show many resemblances to the zoned limb 
muscles of Amphibia, both with regard to the o r g a n i z a t i o n of t h e i r 
e x t r a f u s a l muscle f i b r e components, and a l s o i n the manner of 
i n n e r v a t i o n of t h e i r muscle s p i n d l e s . I t i s hoped th a t the concepts 
which have emerged w i l l provide a b a s i s f o r f u r t h e r r e s e a r c h and 
the questions broached s t i m u l a t e new d i s c u s s i o n about the complex 
problem of eye movements and t h e i r c o n t r o l . 
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