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A STUDY OF THE MOTOR SUPPET TO 
MAMMflLTAN SKELETAL MUSCLE 

I . USTTRODUOTION 

I t has long been known that the motor 
component i n nerves to skeletal muscle shows a bimodal 
di s t r i b u t i o n (Eceles & Sherrington, 1930; O'Leary, 
Beihbecker & Bishop, 1935; Rexed & Therman, 1948; 
Hagbarth & Wohlfart, 1952). Tlie two modes, designated 
as alpha (8 - 18^, Gasser, 1941) and gamma ( 2 - 8 ^ , 
Leksell, 1945) groups have been genejrailly accepted to 
innervate extra- and intrafusal muscle fibres, respect­
i v e l y . Branching of alpha nerve fibres has been shown 
i n a muscle nerve a^ i t approaches and enters a muscle 
(Eccles & Sherrington, 1930) and around the region of 
nerve-entiy (Adrian, 1925; Cooper, 1929). These 
fibres are presumed to divide and sub-divide contin­
uously within the muscle to innervate extrafusal 
muscle fibres, but the nature of branching i n the 
intramuscular region has not been determined beyond 
von Thiol's (1959) few isolated examples. Hs traced 
three efferent nerve fibres of the pyriformis muscle 
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i n the cat, "from the i n t e r i o r of the muscle to the 
radix anterior"; the study was mainly on fi b r e diameter 
and internodal length i n consecutive segments of the 
neirve fibres, although certain kinds of branching were 
mentioned without quantitative assessments. 

The 2 - 8 ^ gamma group of Leksell's (1945) 
has been well established to supply intrafusal muscle 
fi b r e s . According to Boyd 8c Davey (1962), a further 
bimodality occurs within the gamma group i n some muscle 
nerves. The two diameter ranges i n the gamma group are 
said to l i e between 1 - 3y«i of t h i n l y myelinated fibres 
and 4 - 8 ^ of t h i c k l y myelinated fibres. Boyd Be 
Eccles (1963) l a t e r claimed to have demonstrated, by 
the difference i n threshold values and conduction 
velocit i e s , the existence of two groups of small motor 
fibres i n certain ventral roots and muscle nerves. 

The morphology of the majmnalian muscle 
spindle shows the existence of two types of intrafusal 
muscle f i b r e having lai^e and small diameters, namely, 
the nuclear-bag and the nuclear-chain fibres; t h e i r 
proportions vary from animal to animal (Barker, 1948; 
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Cooper & Daniel, 1956, 1963; Walker, 1958; Swett & 
Bldred, 1960; Boyd, 1962), An exception has been shown 
i n lagmorph spindles, which have bag fibres only, 
(Barker & Bint, 1964), uniquely among mammals so far 
studied. Boyd (1962) maintains that i n the cat, the 
nuclear-bag fibres which are larger i n size, with 
numerous myofibrils, are innervated by comparatively 
larger fusimotor fibres (^Ti), ending i n discrete motor 
end-plates; while the nuclear-chain fibres of smaller 
diameter, with fewer myofibrils, receive much smaller 
fusimotor fibres (Va), ending i n some sort of motor 
• n e t w o r k H e postulates that the and Va fibres 
may originate from the two modes i n the gamma group 
and be distributed so as to innervate nuclear-bag and 
nuclear-chain intrafusal fibres separately (Boyd, 1962). 
For such a di s t r i b u t i o n , the small t h i n l y myelinated 
y-stem fibres with t o t a l diameter of less than 4/u 
would have to branch so as to innervate more than 
twice as many spindles as the large t h i c k l y myelinated 
ones, having t o t a l diameters between 4 and 8/u (Boyd, 
1962, calculates the average proportion to be 12 as to 
5), since they are from one-half to one-third as 
numerous i n muscle nerves (Boyd & Davey, 1962). 
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large fusimotor fibres innervating mammalian 
muscle spindles haye been described by Gilimbaris (1910^ 
Garven, (1925), Barker (1948, 1959, 1962) and Cooper & 
Daniel^(1956). Whether any of these have t h e i r origin 
from alpha fibres has been widely speculated. Branches 
from a.lpha filf^es innervating both extra- and intrafusal 
muscle fibres have been observed by Weiss & D u t i l (1896), 
Oilimbaris (1910)., Wilkinson (1929), Denny-Brown (1932) 
and HaggGiyist (1960) but have been queried to a certain 
extent (Barker & Chin, 1961), though i t i s probabXy true 
i n amphibia (Gray, 1957) and reptiles (Gipollone, 1898; 
Perroncito, 1901). From neurophysiological studies, 
fusimotor fibres responsible for the early-dischaining 
spindles, described i n experiments by Granit, Pompeiano 
& Waltman (1959a, b) , and Rutledge & flaase (1961), also 
suggests such an occurrence, although i n d i r e c t l y . More 
recently, Bessou, Emonet-Denand & Laporte (1963a) have 
succeeded i n providing more direct evidence of branches 
from alpha fibres innervating both extra- and intrafusal 
muscle fibres. Thê se fibres w i l l henceforth be referred 
to as j5 fibres, since the majority of t h e i r f i b r e sizes 
are smaller than the alpha group, being called slow 
alphas i n accordance with t h e i r conduction velocities 
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estimated the motor component by the difference between 
a normal muscle nerve and drke-afferentcttwi^anefit. I n 
every previous estimation of innervation ratios a l l the 
motor fibres i n a muscle nerve have been included i n the 
calculation, and no allowance has been made f o r the Y and 
intraf u s a l components. 

Fusimotor innervation ratios have never been 
attempted although i t has been known, from neurophysio­
lo g i c a l experiments, that a gamma motor fibre i n a muscle 
nerve may innervate more than one spindle (Hunt 8s Kufflai 
1931- ; Kuffler, Bunt & Quilliam, 1951; Crowe & Matthews, 
1963). Such ratios may only be calculated by having a 
clear picture of the entire fusimotor component i n a 
muscle nerve and the t o t a l number of intrafusal muscle 
fibres innervated i n a l l the spindles within a muscle. 

I n previous, work, observations have been made 
mainly on motor fibres i n extramuscular nerves and at 
sites of innervation within muscles. Without the inform­
ation gained from intramuscular study, any correlation 
between data at these two levels i s by speculation only. 
I n the present investigation, observations have been made 



- 7 -

on motor fibres i n muscle nerves some distance from entry 
into muscles which have then been traced through the 
intramuscular region to the sites of innervation. I t 
was hoped t h i s might throw some l i g h t on the following 
problems :-

a. The nature of branching, i n relation to fi b r e 
diameter, of gamma-stem fibres, from actusil 
tracings i n the intramuscular region i n order 
to l i n k observations between levels at the 
muscle nerve and the site of innervation into 
muscle spindles. 

b. The d i s t r i b u t i o n of f i b r e branches from indiv­
idual gamma nerve fibres to different muscle 
spindles i n the same muscle. 

c. The occurrence of branches from motor fibres 
innervating both extra- and intrafusal muscle 
fibres, i . e . p fibres, and t t e i r nature of 
di stribution. 

d. The determination of fusimotor and skeletomotor 
innervation r a t i o s . 

e. The nature of the intramuscular branching of 
alpha fibres i n muscle nerves. 
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I I . MATEHTATS 

A. The Gat 

The present investigation was based on a t o t a l 
of nine adult eats, f i v e of which, cat GI58, G167, Cl75, 
G188 and GIQ:!, had been de-afferentated on the r i g h t side 
from levels Iwmbar 6 to Sacral 2. A l l the materials 
taken were from cats GI58, G167, G175 and G191 i n which 
the de-afferentated ventral roots were int a c t . Material 
from G188 was abandoned as some damage to the ventral 
roots of 16 and L7 was detected (see Methods 2.1). 
Removal of dorsal root ganglia was mostly successful 
except i n L7 and S2 of cat G175» where a few ganglion 
c e l l bodies remained i n the d i a t a l out. However, only 
the f i r s t deep lumbrical muscle of t h i s animal was 
taken and none of the few suarviving afferent fibres 
were observed i n the nerve supply. The m[uscle(s) and/or 
nerve(s) taken for investigation from the operated cats 
are shown i n Table 1. Three cats, 0165, G181 and G182 
together with the normal l e f t side of eat G167 were used 
mainly for the study of intrafusal and extrafusal muscle 
f i b r e counts of the f i r s t deep lumbrical muscle i n the 



Table 1. Materials from operated cats. 

Levels Muscle(s) and/or Nature 
Reference operated nerve(e) taken of study 

C158 L6 - S2 I s t and 2nd DL A 
1st and 2ad SL B 

EDB B 
C167 L6 - S2 l e t and 2nd DL A 

I s t and 2nd SL B 
MG, PDL(I), TP B 

So, MG C 
C175 L6 - S2 l e t DL A 
C191 L6 - S2 So, TA, Pop C 

A : Fusimotor and skeletomotor cooponents and their intramuscular 
distribution. 

B : Skeletomotor intramuscular distribution. 
C : Motor component i n muscle nerve. 

DL deep lumbrical, SL superficial lumbrical, EDB extensor 
digitorum brevis, MG mesial gastrocnemius, TA t i b i a l i s 
anterior, TP t i b i a l i s posterior, PDL(I) flexor digitorum 
longus, lateral. So soleus, Pop popliteus. 
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normal condition. The extramuscular nature of the nerve 
to the f i r s t deep lumbrical muscle was investigated from 
a normal cat 0174. 

The motor component of the muscle nerve, the 
intramuscular branching of fusimotor and skeletomotor 
f i b r e s , and the innervation ratios of intrafusal and 
extrafusal muscle fibres were studied i n d e t a i l i n the 
f i r s t deep lumbrical (DL) muscle of the eat. This 
muscle was chosen for i t s small size sxiitable to the 
staining technique applied and f o r the p o s s i b i l i t y of 
correlating results with neurophysiological experiments 
by Bessou, Emonet-Denand &, Laporte (196.3a). Tiie other 
DL muscles of the cat were also examined for fusimotor 
and skeletomotor f i b r e branching and f o r the intramuscu­
la r d i s t r i b u t i o n of skeletomotor fibres. 

B. The Rabbit 

I n a t o t a l of ten rabbits, two were studied 
i n the normal condition, rabbit Kb 20 for intrafusal 
muscle fib r e morphology and rabbit Rb 62 f o r motor nerve 
endings i n spindles of lumbrical muscles. The eight 
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other rabbits, Rb 23, Eb 51, Hb 58, Eb 59, Rb 60, Rb 63, 
Rb 65 and Rb 68 were a l l de-afferentated mthin root 
levels Ij6 - S2, f o r investigation of tbe motor components, 
Rabbit Rb 23, however, being the f i r s t to be operated, 
Md been de-afferentated i n levels Si - S3 instead of 
the intended levels from L7 - S2. Routine root checks 
showed a few remaining ganglion c e l l bodies i n the 
proximal cut of certain roots, but since these nerve 
cells were found central to the proximal cut of the 
roots, the muscle and/or nerves taken for study should 
not be affected. The p o s s i b i l i t y of regeneration from 
these cells could also be discounted (see Methods 1.11). 
Only one large afferent fibre to the primary ending of 
a spindle i n a lumbrical. muscle of rabbit Rb 23 was 
detected, probably from the neighbouring uncut root L7, 
but t h i s did not i n any way affect on the study of the 
motor component. Materials taken f o r study from the 
operated rabbits are l i s t e d i n Table 2. 

I n the rabbit, there i s only one set of lumb­
r i c a l muscles present, corresponding to the deep layer 
i n the cat. The second lumbrical i s the largest, the 
f i r s t the smallest, and the t h i r d i s intermediate i n 



Table 2. Materials fron operated rabbits. 

Levels HuscleCs) and/or Hatiire 
Beference operated neireCs) taken of study 

Bb 23 SI - S3 I s t , 2nd and 3rd L Aft B 

Eb 51 1.6 - S2 I s t , 2nd and 3rd L 
So, lA, Pop 

A& B 
C 

B!b 38 L7 - S2 1st and 2nd L 
3rd L 

B & C 
B 

Bb 59 L7 - S2 1st, 2nd and 3rd L B ft C 

Bb GO L7 - S2 1st, 2nd and 3rd L B ft C 

Bb 63 L7 - S2 1st, "ixA and 3rd L B ft C 

Bb 65 L6 - 32 1st and 2nd L 
3rd L 

So, Pop 

B ft C 
B 
C 

Eb 68 L6 - S2 1st and 2nd L 
3rd L 

B ft C 
B 

A X Motor eoi^onaiit and intr&Buscular . distribution. 
B : Huscle-spindles analysis. 
C X Hotor coopon«it i n muscle nerve. 

L l i a b r i o a l , So soleus, lA t i b i a l i s anterior, Pop popllteus 
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size. These were examined f o r the nature of fusimotor 
and skeletomotor branching and f o r t h e i r intramuscular 
dis t r i b u t i o n ; and also f o r the presence of different 
motor nerve endings i n the muscle spindles. 

C. Gat and Rabbit comparisons 

From the shank regions of hindlimbs i n both 
the cat and the rabbit, de-afferentated muscle nerves 
of soleus, t i b i a l i s anterior and popliteus were studied 
by comparison of motor components, particulacly within 
the gamma group of nerve fibres. Other muscles, namely, 
the mesial gastrocnemius, t i b i a l i s posterior, t i b i a l i s 
anterior, flexor digitorum longus l a t e r a l head, popliteus, 
soleus, extensor digitorum brevis and superficial lumbri-
cals of one animal or another were used f o r the study 
of the nature of intramuscular dis t r i b u t i o n of skeleto­
motor f i b r e branches. 
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I I I . METHODS 

1. Operative procedures 

1.1 Laminectomy 

In order to study the motor conqponent i n 
muscles and nerves, the relevant spinal roots have to 
be de-afferentated f o r the degeneration of sensory nerve 
fibres. Since nerves and muscles taken f o r study were 
mainly from the shank and pes regions of the hindlimb, 
root levels lumbar 6 to Sacral 2 were de-afferentated by 
laminectomy under aseptic condition. There were some 
differences i n the operative procedures between the cat 
and the rabbit due to variation i n the response to anaes­
thesia and also to the difference i n anatomical structure, 

1.11 The Oat 

I n the cat, sodium pentobarbitone (Nembutal, 
Abbott) was injected intraperitoneally at a dosage of 
36 - 40 mgm/kgm (Worden & Lane-Itetter, 1957) which was 
s i i f f i c i e n t for the period required f o r laminectomy. The 
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dorsal back muscles are opened and the dorsal spines 
and neural arches of 16 - S2 removed. The plane of 
cleavage of root separation i s easily distinguished, by 
carefully picking up the dorsal root perineurium and 
turning i t sideways. The t i p of a No.11 Swann-Morton 
scalpel blade may then be inserted into the plane of 
cleavage so as to separate the roots. Removal of the 
dorsal root ganglion i s performed f i r s t by a proximal 
cut eztradurally, followed by a d i s t a l cut at the level 
of root fusion and great care being taken to leave the 
'Underlying ventral root intact. The operative procedure 
was carried out using a binocular microscope at a magni­
f i c a t i o n of x60. 

Three to four weeks was allowed for "tile degen­
eration of sensory nerve fibres, t h i s period being the 
optimum one f o r clearance of degenerated myelin debris 
but not sufficient f o r regeneration from any remaining 
c e l l bodies of the ganglion central to the excised 
portion of the dorsal root. The calculation of the 
rate of regeneration was based on data of a number of 
previous investigations,. Thus, from Young (1942), a 
latent period of three days being required, from Gajal 
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(1928), Bent ley & H i l l (1936) and Gutmann et a l . (1941), 
a regenerating rate of 2.5 mm per day i n peripheral nerves, 
i t may be calculated that any regenerating fibres would 
require at least 80 days before reaching the shank 
region and an even longer period to reach the pes extrem­
i t i e s . As the degeneration period allowed i n the present 
study was between 21 - 28 days, there i s no question of 
any regenerating fibres reaching either the level of 
the shank or pes regions. 

1.12 The Rabbit 

laminectomy i n the rabbit was performed under 
Nembutal and ether anaesthesia. The Nembutal dosage 
used was 28 mgm/kgm (Croft, 1960), given intravenously 
through a marginal vein of an ear. This was followed 
by ether induction from a mask made of a two-inch diam­
eter glass-tube with a few holes i n the middle for a i r 
regulation and a piece of cotton-wool plugged i n the 
bottom. Ether was admiastered through one of the holes 
to the cotton-wool from a drop b o t t l e , the amount given 
being carefully controlled. The depth of anaesthesia 
was controlled by observing the limb withdrawal reflex, 
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induced by pressure on tendons of the limbs and extrem­
i t i e s , and by testing f o r blinking on touching the cornea. 
Excision of the dorsal root ganglia 16 - S2 was accomp­
lished as i n the cat. However, i t was found best to 
approach each root from the posterior side (instead of 
the anterior side as i n cat) becwise i n the rabbit the 
ventral roots do not l i e directly underneath the dorsal 
root ganglia but are somewhat posterior to them. 

2. HLstolegical techni ques 

2.1 Checks on operations 

The general opinion about operations on spinal 
roots to remove either the sense3^ or the motor component 
i s that some damage i s inevitably caused to the nerve 
fibres of the remaining root. Such damage i s said to 
vary from animal to animal. G i l l i a t t maintains (personal 
communication) that i n the baboon, the two components of 
the spinal roots are so close together that removing one 
without damage to the other i s impossible. Boyd (1962, 
statement i n Hong Kong Symposium on Muscle Receptors) 
stated that i n determining separate afferent and efferent 
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components of different cats, the t o t a l of the two comp­
onents was always about 15% less than the t o t a l number 
of fibres i n the normal nerve. He suggested an allowance 
of 10% of t o t a l nerve fibres counted should be added f o r 
the study of the motor component and 5% f o r the sensory, 
since damage to motor i s usually about twice that of 
the sensory i n his e^qperience. However, our own exper­
ience (Barker, Ip & Adal) i s that d i f f e r e n t i a l denervation 
can be achieved without si g n i f i c a n t l y damaging the 
surviving root i n a high proportion of animals, and that 
i t i s not necessary to allow f o r 15% damage. Por example, 
i f the number of motor fLbres, 247, counted from the 
de-afferentated soleus nerve of cat G191 (see Results, 
3.4) i s added onto 209, which i s the average number of 
sensory fibres from four soleus de-afferented nerves 
(Barker, Ip & Adal, 1962), the t o t a l , 456, compares well 
with the average value of 450 i n the normal nerve given 
by Boyd & Davey (1962). A more extensive discussion on 
t h i s topic i s being reported by Ip (1965). I t i s common 
knowledge that there are individual variations i n the 
t o t a l number of fibres present i n nerves and rootsj even 
between contralateral limbs of the same cat, as pointed 
out by the difference i n spindle counts between the two 
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sides (Barker S; Ghin, 1960). Thus, adjustment by allowing 
f o r a constant percentage of fibres damaged during oper­
ation i s of l i t t l e significance to the true situation. 

These factors have been borne i n mind during 
the course of the present study. The morphology of the 
spinal roots i n the cat and rabbit, however, i s such 
that separation into the motor and sensely components 
during operation i s feasible and the removal of one 
v i r t u a l l y without damage to the other i s possible. 
Certain routine root cheek procedures have been followed 
(see below) t o ascertain the success of each operation. 
ITo adjustment has been made on data from studies of 
motor components since there i s no substantial basis for 
an appropriate allowance to be determined. Moreover, 
even i f an adjustment of the order of 10% i s made i t 
does not produce any significant effect on the small 
number of motor nerve fibres supplying the small lumbri­
cal muscles studied i n t h i s investigation. 

I n order to ascertain the completeness of 
ganglion removal and to detect any possible damage to 
the ventral root, the following checks have been <5arried 
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out for a l l the de-afferentated animals:-

( i ) The operated roots were fixed i n Bouin's 
f l u i d and serial transverse or longitudinal sections 
at 10 p. were examined after applying either Holmes *s 
(1943) silver-on-the-slide method or haematoxylin and 
eosin staining. There i s no d i f f i c u l t y i n examining for 
the absence of nerve c e l l bodies from an operated root 
to ascertain complete dorsal root ganglion removal, but 
the examination of a ventral root for possible damage 
requires more careful study. The typical picture of a 
ventral motor root after a successful de-afferentation 
i s shown i n Plate 1. I t i s from a transverse section of 
root Iwmbar 6 of cat C167. Note that the whole of the 
ventral root i s intact with normal motor axons distributed 
throughout the area. In Plate 2, a section of root 
Iwmbar 6 of cat 0188 i s shown with areas of damage among 
normal motor axons. Damage to the ventral motor root i s 
exhibited by p r o l i f e r a t i o n of nuclei and disorientation 
of nerve axons i n the area affected. Ventral root damage 
i n the area d i r e c t l y beneath the dorsal root ganglion was 
probably i n f l i c t e d during operative procedures. Damage 
at the peripheral area of the root, however, was possibly 



Plate 1. Successfully de-afferentated root. 

The whole of the ventral root intact and encirculated 
within the root perineurium ( r t . p e r i . ) ; motor axons 
(m.ax.) are distributed uniformly throughout the root. 
From. Lumbar 6, cat 0167, T.S. 10/u, Holmes's sil v e r -
on-the-slide method, cap.-capillaries. 





Plate 2. Damaged de-afferentated root. 

Note the p r o l i f e r a t i o n of nuclei and disorientation of 
nerve axons i n damaged areas of the ventral root at 
( i ) underneath the dorsal root (un.ds.rt.) probably due 
to handling during operation, and ( i i ) at the periphery 
(per.) due to ischaemia from capillary damaged. Motor 
axons (m.ax.) uniformly distributed i n other areas. . 
Two f a s c i c u l i of ventral root surrounded by the root 
perineurium ( r t . p e r i , ) . From lumbar 6, cat 0188, T.S. 
10/u, Holmes's silver-on-the-slide method. 



un.ds.rt. 

m.ax. 



- 19 -

due to ischaemia from damaged capillaries supplying the 
affected area. As damage to the ventral roots of L6 and 
L7 was detected i n cat G188, a l l materials taken from 
t h i s cat were abandoned (see Materials, A). 

( i i ) Observations were made, during teasing of 
operated muscles, f o r any remaining sensoiy fibres supply­
ing proprioceptors i n the muscles by the *osmic/glycerine• 
or 'teased s i l v e r ' preparations (see techniques below). 

( i i i ) The occurrence of extensive collateral regener­
ation (see e.g. review by Edds, 1955) i n the efferent 
nerves to extrafusal muscle fibres i n teased silver 
preparations would also indicate damage to ventral root 
fibres during operation. No such collateral regeneration 
was observed i n the material upon which the results are 
based. 

2.2 The study of muscle nerves 

2.21 By teasing 

The nature of branching of motor nerve fibres 
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i n tke extrajauscular region of a muscle nerve was invest^ 
igated "by teasing tlie motor f i b r e s previously stained 
with osmium tetroxide and cleared i n glycerine, ^rom a 
f r e s h l y - k i l l e d , de-afferentated cat, a muscle nerve was 
traced as f a r proximal as possible" to i t s souroe of o r i g i n 
from a large nerve trunk. For example, the nerve to. the 
1st DL muscle was followed to a common nerve trunk where 
i t emerged together with the nerve supply to the f i r s t 
interosseous muscle; the nerves to the soleus and mesial 
gastrocnemius muscles were traced to t h e i r origins from 
the large t i b i a l nerve i n the femoral region (see Text-
figure 1 ) . The muscle nerve was then cut at the l e v e l 
of nerve ent3?y into the muscle and at a l i t t l e distance 
proximal to the point of i t s o r i g i n from the nerve trunk, 
the distance between being measured. A piece of l i b r a r y 
card frame was used to mount the nerve ^liiich was l i g h t l y 
stretched to prevent c o i l i n g during f i x a t i o n , and the 
t i s s u e was placed i n 1% osmic acid overnight. Clearing 
i n glycerine was followed the next day through 50% and 
50% stages. Teasing of nerve f i b r e s was c a r r i e d out 
under 50% glycerine with a binocular microscope at a 
magnification of x80. 
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2.22 By sectioning 

Hhe study of muscle nerves by sectioning was 
aocon^plislied by f i x i n g the nerve i n a variant of Slem-
ming's f l u i d (16 ml of 1% cbromic acid, 4 ml of 2% 

osmic a c i d and 1 drop of g l a c i a l a c e t i c acid) and stained 
by a modified Weigert-Bal teclinique (J'emand & Young, 
1951). SSisele nerves dissected from fresiily-idLlled 
animals were taken as f a r proximal from nerve entry as 
possible to avoid extramuscular f i b r e branching (Eccles 
8s Sherrington, 1930). They were l i g h t l y stretched and 
adhered to small l i b r a r y card frames befoie immersing 
into the f i x a t i v e . Bcocessing by dehydration with 
d i f f e r e n t graded alcohols were c a r r i e d through and the 
t i s s u e embedded, using cedarwood o i l as a c l e a r i n g medium. 
Transverse sections were cut at 5 ̂  from p a r a f f i n blocks 
and mounted. Staining solutions of the DEthods, namely, 
^fo potassium dichromate; haematoxylin i n absolute alcohol 
with g l a c i a l a c e t i c acid; and d i f f e r e n t i a t i o n with 0.25% 

potassium permanganate and Pal's solution were used i n 
the usual manner. A standard time for each stage of the 
sta i n i n g procedure was observed for uniform staining i n 
a l l nerve sections. From the prepared s l i d e s , the best 
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sections were selected f o r photography which was done 
by d i r e c t proQeotion onto bromide paper at a constantly 
checked magnification of xlOOO. The photographs were 
then joined together to form a montage of the whole 
section. Measurements of nerve f i b r e s were made by 
matching from a piece of perspex with round scales of 
diameter 1mm, 2mm, ....... corresponding with f i b r e 

diameter of lyu, 2 ^ , etc. (see e.g. Femand 8c Tojmg, 
1951)* Measured f i b r e s were pricked with a needle and 
recorded at the same time to avoid re-counting. I n d i v i ­
dual f i b r e s were constantly checked against the section 
under the high power of a microscope (x400) and any 
doubts, e s p e c i a l l y regarding f i b r e s of small c a l i b r s , 
were always c a r e f u l l y s c r u t i n i z e d . Goiinted f i b r e s were 
then grouped according to t h e i r s i z e s and histograms 
drawn i n r e l a t i o n to the percentage i n individual muscles, 

The sources of possible errors i n t h i s tech­

nique have been f u l l y discussed (Gutmann St Sanders, 1943; 

Aitken, Sharman & loung, 19^7; Evens & Yizoso, 1951; 

Quilliam, 1956; Williams & Wendell-Smith, 1960) and most 

of which have been discounted to show any s i g n i f i c a n t 

e f f e c t i n the study of nerve fibre population, with 



- 23 -

r e l a t i o n to the external diameter. 

2.3 Intramuscular study of nerve f i b r e s 

After a proximal portion of the nerve supply 
was taken for study i n transverse section by the Weigert-
Pal technique, the muscle intended for intramuscular 
study together with the- remaining portion of nerve i n t a c t , 
was stained with 1% osmic acid. Before staining, the 
masc'te was c a r e f u l l y teased i n mammalian Ringer's solution 
undej? a binocular microscope at a magnification of x80; 
ext r j i f u s a l muscle f i b r e s were separated as much as possi­
ble to ensure a good osmic acid penetration for the 
staining of myelinated nerve f i b r e s . After leaving i n 
osmic a c i d f o r about three hours, the t i s s u e was trans­
ferred to 30% glycerine witii 1% potassium dichromate 
overnight. J l n a l c l e a r i n g was completed by two changes 
of p\ire glycerine. J^arther teasing was done by removing 
the e x t r a f o s a l muscle f i b r e s (showing a good yellowish-
brown background from the dichromate colour against the 
darkly stained myelinated nerve f i b r e s ) and cutting the 
nerve terminals as close to the muscle f i b r e s as possi­
b l e . Muscle spindles and t h e i r motor nerve supply 
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(fusimotor, Hunt & Pa i n t a l , 1958) were l e f t i n t a c t to 
dis t i n g u i s h them from the cut nerves to extrafusal muscle 
f i b r e s (skeletomotor). The perineurium of the main nerve 
trunk was opened and nerve f i b r e s within spread out as 
mueh as possible. The preparation was f i n a l l y mounted 
i n glycerine and c a r e f u l compression applied as necess­
ary i n order to f a c i l i t a t e the spreading of nerve f i b r e s . 
This »osmic/glycerine' preparation, as i t i s referred to 
throughout t h i s study, was then examined and tracings 
of a l l nerve f i b r e s and branches i n the intramuscular 
course to the l e v e l s of innervation were c a r r i e d out. 
Measurements of external diameters of stem f i b r e s and 
t h e i r branches were taken by an average o f a number of 
recordings wherever possible. Measurements were also 
made of the length i n the t o t a l intramuscular coxirse o f 
a l l f i b r e s and branches from the point of entry into 
the muscle to-the p o i n t ( s ) of entry into the s p i n d l e ( s ) , 
together with measurements of the distances between 
successive s i t e s of branching. This technique has been 
i n i t i a l l y reported by Adal & Barker (1965a). Plate 5 
demonstrates the nature of the staining by the technique 
described, and shows the fusimotor fibre branches i n the 
intramuscular region and t h e i r entry into a spindle pole. 



Plate 3. Qsmi c stained nerve fib r e s teased from 
the intramuscular region. 

Pusimotor f i b r e branches (fus.br. ) innervating i n t r a f u s a l 

muscle f i b r e s (inf.m.f.) at the polar region of a spindle, 

(cap.-capillary; fus.br.op.pole-fusimotor fibre branches 

to opposite p o l e ) . 



I O O M 
I I 

fus.br. op. pole 

fus. br. 

polar end 

inf.m.f. 
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That t h i n l y myelinated nerve f i b r e s of small 
c a l i b r e s (3yu or l e s s ) i n de-afferentated muscles could 
possibly be of sympathetic o r i g i n has also been tak e i 
into eohsideraibion. I t would have to be a considerably 
large sympathetic nerve f i b r e f o r any degree of myelin-
ation to occur, and the area of i t s d i s t r i b u t i o n i n a 
muscle would c e r t a i n l y be extensive. However, i n d i v i d ­
u a l small myelinated nerve f i b r e s observed intramuscularly 
i n a l l the de-afferentated preparations from the lumbrical 
muscles innervated one muscle spindle only, without p r i o r 
branching and retained t h e i r myelin (see R e s u l t s ) . 
Since there i s s t i l l no h i s t o l o g i c a l evidence of a 
sympathetic innervation of muscle spindles and i n view 
of the f a c t that the small, thi n l y myelinated nerve f i b r e s 
innervated i n d i v i d u a l muscle spindles only, i t i s most 
u n l i k e l y that t h ^ are ^j^mpathetic i n origin. 

The intramuscular branching of the skeletomotor 
supply was f a l l y examined i n order to ascertain isiiether 
any of the 2 - 4yu t e m i n a l branches had been involved 
i n fusimotor innervation. There i s no doubt i n the 
present, study that whenever such c o l l a t e r a l innervations 
occurred, they had been preserved i n t a c t with the other 
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fusimotor f i b r e s during 1^e teasing process, provided 
the c o l l a t e r a l branch was myelinated. The occurrence of 
unmyelinated fusimotor axons innervating muscle spindles 
would have gone unobserved i n these osmic stained prep­
arations but a study of the motor s-ap-plj to ten spindles 
from three DL muscles by the teased s i l v e r method (see 
Methods 2 . 4 ) indicated tha.t such a contribution was 
n e g l i g i b l e . The range of fusimotor axons or axon branches 
were from 3 - 1 0 giving an average of 5.8. This compares 
with an average of 5.7 myelinated fusimotor f i b r e s or 
f i b r e branches with a range of 2 - 11, supplying the 
eighteen DL spindles studied by the oaaic/glycerine 
technique (Tables 3f 4, 5 & 6 and Text-figure 3 ) . 

The nature of the intramuscular d i s t r i b u t i o n 
of skeletomotor nerve f i b r e s was studied by c a r e f u l l y 
mapping out c e r t a i n areas of muscle. This was achieved 
by the service of a contour projector (Shadowgraph), 
throwing an image at a magnification of x50. Oamera 
lu c i d a drawings from a microscope image projector 
(•Britex') were also made. The nerve fi b r e s from d i f f e r ­
ent side branches of nerve trunks i n the area observed 
were traced through t h e i r courses under the highr-power 
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magnification (x400) of a microscope. The dire c t i o n s 
at-which the nerve f i b r e s run i n r e l a t i o n to the proxi­
mal ( d i r e c t i o n of o r i g i n from muscle nerve) and dis:,tal 
( d i r e c t i o n of innervation at the ending) points were 
noted and indicated appropriately by di f f e r e n t arrows 
i n the drawing. The f i n a l product resulted i n a sketch 
of a c e r t a i n area of a muscle, shovang the d i s t r i b u t i o n 
of nerve f i b r e s i n the intramuscular region with arrows 
i n d i c a t i n g t h e i r t r a v e l l i n g d i r e c t i o n s wLttiin branching 
nerve trunks (see Text-figure 13). 

2.4 S i l v e r impregnation for spindle innervation 

Teased, s i l v e r impregnated preparations have 
been used viien i t was necessary to acquire i n f oimation 
about the i n t r a f u s a l motor endings of the muscles studied. 
The advantage of the technique i s that a l l fusimotor 
f i b r e s to the spindles are stained, •whether myelinated 
or unmyelinated, and observations can be ca r r i e d further 
inside the spindles to the terminal nerve en<£.nss, i n 
r e l a t i o n to the innervating nerve f i b r e s . The technique 
i s based on a modification of de Castro's (1925) version 
of one of the block s i l v e r impregnation method of C a j a l 
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(1903) and extended further by Barker & Ip (1963) i n 
such a way that the muscle t i s s u e s may be teased. 

Muscles from f r e s h l y - k i l l e d animals were fixed 
for four days i n a freshly, made up solution containing 
c h l o r a l hydrate, Igm; 95% alcohol 45 ml; d i s t i l l e d water, 
50 ml; and concentrated n i t r i c acid, 1 ml; the si z e of 
the muscle had no c r i t i c a l e f f e c t on the staining. After 
f i x i n g , the t i s s u e s were washed f o r twenty-four hours i n 
running tap water followed by placing fbr forty-eight 
hours i n ammoniacal alcohol made up with 95% alcohol, 
25 ml and concentrated ammonia solution, 1 drop. The 
next stage was followed by f i r s t b l o t t i n g off surplus 
f l u i d then incubating f o r f i v e days i n a 1.5% s i l v e r 
n i t r a t e solution at 37^0. -^t the eMi of the incubation 
period, the t i s s u e s were reduced f o r two days i n a 
fr e s h l y made up solution of hydroquinone, 2 gm and 25% 

formic acid, 100 ml. The t i s s u e s a f t e r reduction were 
rinsed with d i s t i l l e d water then cleared and stored i n 
glycerine. Spindles with as much as possible of t h e i r 
fusimotor f i b r e s i n t a c t were teased out from muscles 
and mounted i n glycerine f o r study of fibr e innervation 
and the re l a t e d nerve endings. 
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2.5 E x t r a f u s a l and i n t r a f u s a l muscle fibre counts 

The determination of extrafusal and i n t r a f u s a l 
muscle f i b r e content was ascertained by examining s e r i a l 
transverse sections of the 1st DL of the cat. The muscle 
dissected from a f r e s h l y - k i l l e d animal was l a i d on a 
piece of l i b r a r y card before immersion i n Bouin's f i x a ­
t i v e . P a r a f f i n embedding, s e r i a l transverse sections at 
10 jOiy staining/^haematoxylin and counter-staining by eosin 
were c a r r i e d out i n the usual way. 

For the study of spindle moiphology, muscle 
spindles were c a r e f u l l y examined from end to end i n 
evei?y section. Data on the number of i n t r a f u s a l muscle 
f i b r e s for each spindle and the nuclear-bag and nuclear-
chain f i b r e r a t i o s were accummulated. From an aggregate 
figure, the average n-umber of i n t r a f u s a l muscle f i b r e s 
f o r a spindle was calculated.. The average figure was 
used f o r a l l spindles i n a muscle and together witdi the 
fusimotor.component, the innervation r a t i o of i n t r a f u s a l 
muscle f i b r e s was then estimated. 

For the detemination of the number of extraf u s a l 
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muscle f i b r e s , a section through the b e l l y of the lumb-
r i c a l muscle was chosen f o r photography at a magnification 
of x200. Such a section included a l l the f i b r e s which 
run i n p a r a l l e l from o r i g i n to i n s e r t i o n i n the muscle. 
Prom the montage of the whole section the muscle f i b r e s 
were counted and then pricked by a needle to avoid r e ­
counting. The section was referred to under a micros­
cope as often as necessaiy whsnever i n doubt. This 
count, together with the skeletomotor component of the 
muscle nerve, enabled the innervation r a t i o of the extra-
f u s a l f i b r e s i n the muscle to be deteisoined. 

3. Qorrelation of d i f f e r e n t techniques 

As the present inarestigation involved the study 
of motor nerve f i b r e s both extra- and intramuscularly, 
and also i n r e l a t i o n to t h e i r nerve endings, the r e s u l t 
from a single technique cannot, due to i t s lim i t a t i o n s , 
provide a f u l l solution of the problems involved. Each 
technique i s only i n d i c a t i v e of a c e r t a i n s p e c i f i c study, 
but u s u a l l y , r e s u l t s of two suitable techniques are 
combined i n order to produce answers to certedn problems. 
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Thus, the following correlations between data 
of d i f f e r e n t techniques were made fo r s p e c i f i c problems:-

( i ) The nature of jierve f i b r e s , vhether t h i c k l y 
or t h i n l y myelinated, as observed i n sections from a 
proximal portion of a muscle nerve by the Weigert-Pal 
technique, was correlated with observation on the same 
muscle nerve as teased both extra- ani intramuscularly 
using the osmic/glycerine technique. 

( i i ) The study of fusimotor innervation of muscle 
spindles i n teased, s i l v e r preparations was compared 
with the osmic/glycerine findings of the same nerve 
p r i o r to nerve entry. Comparisons of fusimotor sv^plj 
to i n d i v i d u a l muscle spindles were also made between 
the teased s i l v e r and the osmic/glycerine preparations 
to account for any difference i n number, i f any, between 
myelinated and: unmyelinated fusimotor f i b r e s innervation. 

( i i i ) I n the evaluation of innervation r a t i o s , whether 
for e x t r a f u s a l or i n t r a f u s a l muscle f i b r e s , the counts 
of each category from haematoxylin andi eosin stained 
sections of the muscle were correlated with separate 
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skeletomotor and fusimotor components of the muscle 
nerves, determined by the intramuscular .study i n 
osmic/glyeerine preparations. 
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IV. RESULTS 

A. The Cat 

1. Extramuscular study of motor nerve f i b r e s 

The extramusGular nature of the motor component 
of a muscle nerve was studied i n the nerve supply to the 
1st DL, soleus and mesial gastrocnemius muscles of the 
cat. Each muscle nerve was traced as f a r proximal as 
possible to t h e i r source of o r i g i n from a larger nerve 
trunk, for example, the 1st DL nerve being traced to i t s 
common nerve trunk with the nerve to the f i r s t inte3>-
osseous muscle; the soleus and mesial gastrocnemius 
nerves being followed to t h e i r o r i g i n s trasn. the t i b i a l 
nerve. The muscle nerves were stained with osmium tetro­
xide and c a r e f u l l y teased to search f o r fib r e divisions 
i n r e l a t i o n to the distance from nerve entry into the 
muscle. 

1.1 Branching of muscle nerves 

The nerve supply to the 1st DL muscle i n the 
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hindliinb of a normal cat G174 was traced to a distance 
of 55 back to i t s emergence fcom a common nerve trunk 
vd.tk t l ie nerve t o the f i r s t interosseous muscle (Text-
f igure 1, a ) . Caceful examination at th i s point wi th in 
the common nerve trunk sliowed that nerve f ibres raa 
confluent and p a r a l l e l with one another wifc-hout any axon 
branching. Continuous teasing of the 1st DL nerve t o ­
wards the muscle showed that branching into two smaller 
nerve trunks occurred at 1 mm pr io r to nerve-entry, aad 
at th i s level axon branching also b.ogan. The nerves to 
tbe. soleus and mesial gastrocnemius muscles of the de­
af ferentated cat C167 were traced to t h e i r origins from 
the t i b i a l nerve i n the femoral region, covering a 
distance of approximately 95 lam and 80 mm, respectively, 
from the muscle (Text-figure 1, b & c ) . Extensive teas­
ing around the junction of the t i b i a l nerve where the 
two muscle nerves originated d id not reveal any axon 
branching and the nerve f ib res were confluent with one 
another. The two nerves ran side byfiode from t h e i r 
origins at the t i b i a l nerve to the level of the gastroc­
nemius muscle, from whence the soleus neive continued 
fu r the r on i t s owa. I n tracing the soleus nerve more 
d i s t a l l y , branching into two smaller nerve trunks 
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occurred at a ddstance o f 10 mm from nerve-entry; i t 
was at t M s level t l i a t axon branching began also. The 
nerve to the mesial gastrocnemius muscle gave branches 
of smaller nerve trunks at a distance o f 62 mm from the 
muscle where i n i t i a l axon branching was also observed. 

1.2 Branching o f motor axons 

I n the nerve to the Isfc DL muscle o f the 

unoperated cat C174, i n i t i a l axon branching was observed, 

as stated above, at a distance o f 1 mm from nerve*-entry 

in to the muscle. Brandling p f nerve f ibres at tehis level 

was found only i n those with calibre sizes above 10 

and they were probably of the motor component since 

branching o f large af ferent f ibres has not been demon­

strated (Eccles 86 Sherrington, 1930). I n i t i a l branching 

of motor nerve f ibres was observed as di-stal as the nerve-

entry or sub-entry levels of t h i s muscle i n de-afferentated 

cats 0158 and 0167. The nature o f intramuscular branching 

and d i s t r i bu t i on of motor f ib res i n t h i s muscle w i l l be 

dealt w i l i i l a te r i n d e t a i l . I n the soleus muscle ner^e, 

i n i t i a l axon branching was shown at a distance o f 10 mm 

from nerve-entry and) branching o f nerve f ib res was 
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encountered more frequently towards the muscle. I n 
the large mesial gastrocnemius muscle nerve, i n i t i a l axon 
branching occurred at a considerably longer distance of 
62 mm from the muscle and branching o f nerve f ib res 
occurred abundantly as the nerve supply approached the 
mascle. The frequenQr of axon branching was not studied 
quanti tat ively i n the large shank muscles. The results 
are represented diagrammatically i n Texb-figuie 1. I n 
order to s impl i fy the f igure , only three motor nerve 
axons were drawn as an i l l u s t r a t i o n wi th in each muscle 
nerve. 

1.3 The nature of motor f ib res i n the extramuscu-

la r region 

These results indicate that motor nerve f ib res 

i n the eat run pa ra l l e l with one another i n large nerve 

tiTunks without branching. A muscle nerve originates from 

a large nerve -terunk (e.g. soleus from t i b i a l nerve), with 

emergence of motor nerve f ibres by segregation only. As 

tlE. nerve supply approaches a muscle, axon branching 

usually begins t o occur at a point some distance away. 

The distance between th i s point and nerve entry varies 
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from muscle to muscle, and i s somewhat proportional to 
the size of the muscle. Thus, i n t h i s study, the distances 
are 1 mm̂  f o r the small lumbrical muscle (mean weight, 
0.03 gm); 10 mm f o r the soleus (mean weight, 2,49 gm, 
Chin, Gope 86 Pang, 1962); and 62 mm f o r the mesial gast­
rocnemius (mean weight, 7.34 gm, Chin et a l . , 1962). 

2, Intramuscular study o f fusimotor f ib res 

2 .1 The number o f lumbrical muscles studied 

The results o f intramuscular branching o f 

fusimotor f ib res are based on observations i n three 1st 

and two 2nd deep lumbrical muscles of three de-afferent-

ated cats, namely, the 1stDL of cat G158, C167 and C175 

and the 2nd DL of cat G158 and 0167 (see Materials, 

Table 1 ) . Except f o r the 2nd DL of cat 0158, where only 

one spindle was analysed, a l l the muscles and. t h e i r 

nerve supply were studied by a correlation o f two tech­

niques. This was achieved by sectioning a proximal 

por t ion o f the muscle nerve (see Methods 2.22) and stain­

ing the remaining muscle and nerve supply by the osmic/ 

glycerine method (see Methods 2 .3) . A section of the 
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muscle nerve provides information about the number, 
diameter, and degree of myelination o f the nerve f ib res , 
and the intramuscular study by osmic staining reveals 
t h e i r fa te i n branching and d i s t r ibu t ion wi th in the 
muscle. The results obtained are therefore based on 
direct observation by actual tracings i n the intramuscu­
la r region, between the nerve f ibres at the level o f the 
muscle nerve supply and the level of entiy into muscle 
spindles. 

2,2 The nature of the f i r s t deep lumbrical muscle 

The 1st DL muscle of the cat contains fou r to 

s ix spindles, and i s supplied by approximately twenty to 

t h i r t y myelinated f ib res of which about ha l f are motor; 

the 2nd DL i s s imi lar . Plate 4, f igures A & B show a 

section of a normal 1st DL muscle nerve compared with 

one which has been de-afferentated. There are two th in ly-

myelinated small f ib res i n the normal nerve; one such 

f i b r e i s seen i n t ie de-afferentated nerve. The remain­

ing f ib re s are a l l t h i c k l y myelinated. 

An osmic/glycerine preparation shoving the 



Plate 4. Normal ^Blgure A) and de-afferentated 
.CK.gure'B) nerves to t h e . f i r s t deep 
lumbrical muscle o f the cat. 

Osmic sections at 5ya. ^-alpha fibre,Y-gamma f i b r e , 

- t h i n l y myelinated gamma f i b r e , per. - perineurium, 

degen.fs.- residue f3?om-degenerated f i b r e s ) . 
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intramuscular d i s t r i bu t ion of nerve f ibres to muscle 
spindles i s exhibited i n Plate 5, which i s from the 1st 
BL muscle of cat C167. • I n the cat, the d is t r ibut ion of 
intramuscular nerve trunks i s such that there are inde­
pendent small nerve branches containing groups o f fusimo­
to r f i b re s going towards individual muscle spindles, 
Eac& spindle receives one or more such fusimotor nerve 
truiiks. As w i l l be seen la te r , t h i s patibern of supply 
i s not found i n the rabbi t (c f . Plate 19). 

2.3 Total fusimotor f ib res investigated 

The intramuscular course o f twenty-seven out 

of twenty-eight stem motor f ib res supplying eighteen 

muscle spindles were traced with certainty to the level 

of spindle entry (Tables 3, 4, 5 & 6 and Text-figure 3 ) . 

Purther branching o f fusimotor f ib re s upon entering a 

spindle could not be traced sa t i s f ac to r i l y with osmic 

staining, but t h i s i s of no consequence to the present 

study since the difference i n diameter between Boyd's 

y, and ^2 f ib res i s already established at spindle entry. 

I n t racing the o r ig in o f individual fusimotor 
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f ib res entering a muscle spindle, i t was possible to 
determine whether any of them were derived from p-stem 
f i b r e s . Of the twenty-eight stem f ib res referred above, 
f i v e were of the p type, and t h e i r intramuscular courses . 
were traced as far as possible (Text-figure 3 ) . 

2.4 The fusimotor supply to individual lumbrical 

muscles 

Ah osmic section of the de-afferentated nerve 

to the 1st DL muscle of cat C158 cut approximately 12 mm 

from i t s entry in to the muscle showed a t o t a l of ten 

myelinated fibre^s, three large and seven small, the small­

est f i b r e being t h i n l y myelinated (Plate 6, f igure A ) . 

These f ib res were also observed i n the osmic/glycerin-e 

preparation at a leve l nearer the muscle (Plate 5, f igure 

B) . The osmic stained preparation of t h i s muscle and 

nerve i s shown, i n Text-figure 2 which was drawn from an 

image projector (Shadowgraph). The f i n a l positions assumed 

by the muscle spindles was dependent on the process of 

mounting the preparation, but t h e i r re la t ive distances 

to the point o f nerve-entry could be measured. There 

were s ix spindles present i n t h i s muscle, f i v e ly ing 



Plate 6. Supply of skeletomotor (QC) and 
fusimotor (y) to f i r s t deep 
lumbrical muscle o f cat, 0138. 

JBigure A. Osmic section of de-afferentated nerve cut 

approximately 12 mm from i t s entry in to 

muscle. JJt s t h i n l y myelinated "If f i b r e . 

Pigure B. Teased osmic preparation o f same nerve approxi­

mately 1-mm from, i t s entry in to the muscle. 

KLgure 0. Schematic representation o f the intramuscular 

branching and d i s t r ibu t ion of V f ibres a - £ 

to the s ix spindles (Sp I - VI) i n the muscle.^''^f 

Scale indicates intramuscular length (mm) of 

each f i b r e and levels at which branching and 

spindle entry occur. Average t o t a l diameters 

( / i ) of the f ib res and t he i r branches are 

indicated by the numbers placed i n re la t ion 

to them. Fibres and f i b re branches entering 

spindles as ' f ib res J siLOwn i n black; 

f i b r e s ' i n white. Asterisks denote the 

f i b r e and f ib re branches photographed at 

th is leve l i n Plate 7, f igure A. 

(Adal & Barker, 1965^. 
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2 - 3 nun from the point of nerve-entry and tlie s ix th at 
a distance of 9»5 inm away from the same point (Text-
f ig i i re 2 ) . I t i s a eharacteristic i n the 1st DL that 
the spindles are dis tr ibuted i n t h i s manner, i . e . a l l 
but one l i e wi th in certain levels from nerve-entry and 
an odd one out at some distance away. 

An intramuscular study o f the preparation 

showed that the three large f ibres i n the muscle nerve 

wi th stem diameters o f 12.5yi ( f ib re A ) , 13 .5^ ( f ibre B) 

and 13.5/1 ( f ib re 0) were purely skeletomotor (oC, Table 3) 

The seven small f i b r e s , two with stem diameters o f 5.0/1 
( f ib res g. & f ) , four 4 . 0 / i ( f ibres b, c, d & e) and one 

3.5 / I ( f ib re a) constituted tie, fusimotor simply to the 

six spindles (Sp I - VI) i n the muscle. The nature of 

the intramuscular branching and d i s t r ibu t ion of the 

seven Y f ib res supplying these ^ ind ies i s shown diagram-

matical ly i n Plate 6, f igure G. 

Plate 7, f igure A shows an intramuscular 

d iv i s ion of a large flisimotor f ib re (5.5/i» f ib re 

being a branch of f i b r e (stem diameter 6 .0 / i ) into 

branches o f 5 .0 / i and 3.0yu. Another fusimotor f i b r e 



I 

I ol 

m 
0) f̂  ft 
CO 

I 
§ 

01 

©I 

•H 

+> 
a 

M 

+> 

o 

& 
I 
o 

o 
+> 

p« 
w 
:d 
-p 

U 2 
•P to 
a w 

EM 
a) 
0} 

H 

-P o 

o o 
J 4 0) 
O H 

a 
0) •p 
03 

O 
0} 

1 
I 
vo 

I 
•H 

(M 

-P 

o 

(1) 

a 
o 

CM 
CM 

I 
I 

u 

>5 

0] 
at 

CQ 

C} 

0) 

i 
CQ 

M 
o 

O 
-P 

o 
•H 
CQ 

• r l 

I 
I 
-P 

o 

o 

U 

I 
o 

I 
•p 

o 

I 

CO 
I 

H 

<1> (4 

•H 





- 42 -

( f i b r e c, 4 . 0 ^ ) and f i b r e branohes ( f ibre d » ' , e' & f ' ) 
are also shown. The f i b r e and f ib re branches correspond 
wi th those asterisked i n Plate 6, f igure C. 

Consistent size relationship between diameters 

of stem f ibres and t he i r branches at spindle entiy i s 

not evident. For example, the large thickly-myelinated 

6 . 0 ^ y f ibres and f (Plate 6, f igure 0) gave r ise to 

th i r teen branekes; four o f these enter spindles as large 

f ib re s (5 .0 - 4 .0^a), and nine as smadl f ibres (2.0 - 2.5yQ), 

I f a difference o f 0 .5/1 i s allowed f o r adjustment as 

between t o t a l and axon diameters, the f ibres may be 

regarded as a supply of four axons and nine ^2. axons. 

According to Boyd's hypothesis, these nine '^•3. axons 

skould a l l be branches of the small thinly-myelinated 

3 . 5 ^ f i b r e a, and t h i s f i b r e should also supply axons 

to a l l s ix spindles present. But f i b r e a showed no 

branching at a l l i n i t s intramuscular course. I t supplied 

only one spindle which i t entered wi t i i i t s t o t a l diameter 

at 3 .5yi i , the same as the value of i t s stem f i b r e , or 

i n other words, as a T̂i axon of about 3 

A similar study o f an osmic section of the 
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nerve to the de-afferentated 1st DL o f 0167 taken at 
about 12 mm firom i t s nerve entry showed the presence of 
eleven nerve f i b r e s , four large and seven small; the 
smallest again being th in ly myelinated (Plate 8, f igure A ) . 
The nerve f ibres shorn i n the section were examined i n 
the osmic/glycerine preparation o f the muscle nerve (Plate 
8, f igure B) . The branches and d i s t r ibu t ion of these 
nerve f ib res as determined from intramuscular t racing 
are shown i n Table 4. Two large f ib res with stem diam­
eters o f 13.0 / i ( f i b r e D) and 13.5/1 ( f ibre E) showed 
a pure skeletomotor d i s t r i bu t ion . The two other lai^e . 
f ib res with diameters o f 9.0/1 ( f i b i e ml) and 12.5/1 
( f i b r e m2) gave r ise to branches supplying both extra-
and i n t r a f u s a l muscle f i b r e s , i . e . were p . The remain­
ing seven ^ f i b r e s , composed of two f ibres with a stem 
diameter of 7.5/1 ( f i b re n & o ) , two of 5.5/1 ( f ibres 1 
86 m) and one each of 5 . 0 / i ( f ib re k ) , 4 . 0 / i ( f ib re j . ) 
and 2 .5/1 ( f i b re h ) , provided the main fusimotor sig)ply 
to four spindles i n t h i s muscle. As i n the previous 
muscle, there was no evidence of size relationship bet­
ween the diameters o f the V-stem f ib res and the i r i n t r a ­
muscular fusimotor branches; f o r example, f i b r e o (stem 
diameter 7 . 5 / i ) and k ( 5 . 0 / i ) produced intramuscular 
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branches of both and Va cal ibre . The thinly-myelinated 
y-stem f ib r e h (2.5 ya) also supplied only a single spindle 
without previous intramuscular branchiiig. 

Another study i n the 2nd DL of cat 0167 showed 

much the same* sort o f f indings . An osmic section of the 

muscle nerve revealed the presence of eleven f i b r e s , aJ.1 

t h i c k l y myelinated except f o r the smallest one which was 

t h i n l y myelinated. Intramuscular t rar ir ig showed that 

seven f i b r e s , f i b re JF (stem diameter 7«5/u), G ( I I . 5/11), 
H (12 .5/1), J , K, L, (13.0/1 each) and M (13 .5 / i ) were 

purely skeletomotor i n iiature; three (f ibres 2., £ and r , 

stem diameter 3 . 0 / i , 5 » 5 / i and 6.5/u, respectively) were 

purely fusimotor; and one ( f ibre m? 7.5/^) was ^ (Table 5). 

The fusimotor branches supplied the three spindles present 

i n the muscle. The occurrence o f large Jf-stem f ibres 

dividing into large (Vi) and small (^2) branches i s demon­

strated here by f i b r e r (stem diameter 6 .5 /u). I t s 

i n i t i a l d iv i s ion , just wi th in nerve-entry, gave rise to 

a large ( 6 . 0 / i ) and a small (2.0/u) branch. The smaller 

branch innervated a spindle (Sp I I I , Table 5) 7.5 inm 

away from the point of nerve-entry as a ^ f i f i b r e . The 

larger intramuscular branch divided once more at a 
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distance of 2.2 mm from the point of nerve-entry into 
branches of 5.5/1 and 2.0yu (Plate 7, f igure B). The 
smaller branch innervated a spindle (Sp I I , Table 5) 
0.7 mm fur ther on as a T̂t f i b r e . The larger f i b r e gave ;̂ 
r ise to three J^i and two f ibres innervating another 
spindle (Sp I , Table 5) 3.7 mm fu r the r away. The 
consistency of size relationship between diameters o f 
y-stem f ibres and t h e i r branches i s again not exhibited 
as f ib res a (stem diameter 5 .5 / i ) and r (6.5^u) both 
gave branches of and cal ibre. The smallest t h i n l y -
myelinated ^ f i b r e of stem diameter 3.0/1 ( f ib re £) 
innervated a single spindle entering i t as a f i b r e . 

I n the 1st DL of cat .Gl75i a s i tuat ion occurred 

where no thinly-myelinated if-stem f i b r e was present. An 

osmic section of the muscle nerve taken approximately 10 mm 

from nerve-entry showed the presence o f seven f i b r e s , 

three large and four small, a l l t h i c k l y myelinated (Plate 

9, f igure A ) . These f ib res may be seen i n the teased 

osmi c/glycerine preparation shown i n Plate 9> f igure B. 

Intramuscular t racing showed that the three large f ib res , 

f i b r e K (stem diameter 12 .5 / i ) , 0 (I3.O/1) and P (I3.O/1) 
were purely skeletomotor i n nature (««); three small f ib res , 



o 

•§ 
o 
<« o 

O 
M 

•5 
O 

•H 

,9 

-p ra 

:̂  
o •p 

I 
u o -p 

I 

o 
H 

1 •a 
O 

u 

o 
& 
fl) 

0) 
fH 

i 
,5} 
o 

i 
I 
o 
I 
I 
CQ 

O 

31 

•PI 



I ".St . 

ID 



- 46 -

f i b r e s, t and u of stem diameters 4 .5 / i» 5 . 0 / i and 5 .5 /u , 
respectively, were purely fusimotor (^ ) ; and the remaining 
small f i b r e m^ , 6.0/1, was ^ (Table 6 ) . The fusimotor. 
supply to the four spindle present i n the muscle was 
provided ent i re ly by thickly-myelinated f i b r e s , the small­
est of which had a t o t a l diameter of 4.5/1 ( f ib re g, 
Table 6 and Plate 9» figU2?es A & B). These branched so 
as to produce a mixture of ZTi and ZTa f ib res , thus, demon­
s t ra t ing that ^2 f ib res can be present i n a muscle i n the 
absence of thinly-myelinated y-stem f ibres i n the motor 
supply. 

I n the only spindle analysed from the 2nd DL 

of eat 0158, the fusimotor supply consisted of three 

Jf-stem f ib re s , v , w and x (stem diameters 2.5/1, 4,5/u 

and 3.5/1,respectively) and a larger f ib re m5 ( 8 . 5 / i ) , 

the las t being a p f i b r e (Text-figure 3 ) . The smallest of 

the f i b r e s , v and x , also proceeded to enter the spindle 

without d iv i s ion i n the intramuscular region. Pusimotor 

branches derived from the P f i b r e m^ were "of both '3"/ 

and 'K"!* cal ibre . 
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2 .5 Tbe nature of branching and d i s t r i b u t i o n 
of fusimotor f i b r e s 

A survey of ttie r e s u l t s shows that the y-stem 

f i b r e s i n the lumbrical muscles of the cat have a stem 

diameter range of 2 .5 - 7.5yu- sJid each stem f i b r e may 

contribute from one (without intramuscular d iv i s i on ) to 

seven ( e .g . f i b r e ĝ , o & r ) fusimotor branches (Tables 3, 

4 , 5 & 6 and Text - f igure 5 ) . i l isimotor branches from a 

s ing le Y-stem f i b r e may innervate from one to f i v e 

muscle sp indles , u s u a l l y from two to three . On the 

other hand, a s ing le spindle may rece ive fugimotor f i b r e 

branches a r i s i n g from as many as four d i f f e r e n t if-stem 

f i b r e s (e.gg^ Sp I I , 1st DL, C158; Sp I I , 2nd DL, 016?) . 

Genera l ly speaking, the l a r g e r the diameter of the ^T-stem 

f i b r e the greater i s i t s frequency o f intramuscular 

branching, From the t r a c i n g o f a t o t a l of eighteen 

th ick ly -mye l inated JT-stem f i b r e s (4.0 - 7 .5 / t i ) , seven 

(f ibr.es c , i , 1, m, n, t and w) give branches of ^\ 

c a l i b r e only ( t o t a l diameters 3.0 - 4 . 5 / u ) ; two ( f i b r e s 

b & e ) produce f i b r e s only ( t o t a l diameters 2.0 - 2 . 5 ^ ) ; 

and nine ( f i b r e s d, f , k, o, r , s and u ) produce 

a mixture of both and c a l i b r e . A l l the f i v e t h i n l y -
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myelinated Astern f i b r e s traced (stem diameters 2.5 - 3.5/u.) 
show a s i m i l a r nature i n that each t r a v e l s to a spindle -
and. enters i t without branching i n the intramuscular 
region, three as T̂i ( f i b r e s a , £ & x ) and two as ( f i b r e s 
h 8(1 v ) axons. These r e s u l t s show that ths intramuscular 
branching of ^f'fibres i s such that they do not supply 
and ^̂ z f i b r e s to spindles i n accordance with t h e i r stem 
diameters and degree o f myelination as proposed by Boyd 
(1962) . 

2.6 The occurrence of p f i b r e s 

I n the present study of f i v e lumbrical muscles, 

the 1st DL of cat C158 was the only muscle that did not 

rece ive a p f i b r s i n i t s motor supply. A t o t a l of f i v e 

such f i b r e s were found i n the other four lumbrical 

E j i s c l e s . They were a l l thicld.y myelinated; one produced 

a s ing le fasimotor branch of JTi c a l i b r e and the r e s t gave 

fusimotor branches o f both }fi and c a l i b r e s . The ir 

d i s t r i b u t i o n i s showa diagrammatically i n Text- f igure 3; 

four of these f i b r e s are also l i s t e d i n Tables 4, 5 & 6 

( f i b r e s m^ - m^). 
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The P f i b r e m'*' (stem diameter 6 . 0 / u ) , of the 
1st DL i n cat 0175 gave fusimotor branches o f and '^z 
c a l i b r e to supply three spindles . A s i n g l e skeletomotor 
f i b r e branch of 2.0yU innervated an e x t r a f u s a l muscle 
f i b r e . I n the 2nd DL o f cat 0167, ^ f i b r e m3 (stem diameter 
7 .5yu) was involved i n supplying fusimotor branches a lso 
of both T̂) and 2̂- c a l i b r e to three sp indles . There were 
two f i b r e branches of 2.3^ ajxL: 3.5y»i that were ske le to ­
motor i n nature. I n the only spindle analysed i n the 
2nd DL of cat 0158, a /5 f i b r e m^ (diameter 8 . 5 ^ ) was 
found to be involved i n the fusimotor supply. I t gave 
r i s e to as many skeletomotor f i b r e branches as fusLmotor 
branches (sdx branches of each k i n d ) . The fusimotor f i b r e 
branches were of both and c a l i b r e . Text - f igure 4 
shows a camera l u c i d a t r a c i n g o f /S f i b r e m5 i n i t s course 
through the intramuscular nerve-trunk, g iv ing off , branches 
as shown diagrammatically i n Text- f igure ^ . Plate 15 
shows two d i v i s i o n s w i th in tlB intramuscular nerve-trunk 
of the same nerve f i b r e ; these d i v i s i o n s are i n r e l a t i o n 
to those a s t e i l s k e d i n T e x t - f i g u i « 3 . The ^ f i b r e m^ 
(stem diameter 9 . 0 ^ ) of the 1st DL of cat 0167, gave 
fusimotor branches to supply four sp indles , and ske le to ­
motor branches o f a l a r g e r proportion, i n having two 3 . 0 / a 



of 

Text - f i gure 4. Camera l u c i d a drawing/^ f i b r e m-̂ , 
showing i t s nature of branching; 
i n the intramuscular region. 

Trac ing from an osmic/glycerine preparation of the 

second deep lumbrical muscle of cat G158. 

( c f . Text - f igure 3 ) . 
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branches and one 6 . 0 i n s i z e . The fusimotor f i b r e 
branches were again of both iTi and ^ 2 c a l i b r e . I n the 
1st DL of cat C167, the ^ f i b r e m^ (stem diameter 12.5/a) 
showed only a s ing le fusimotor branch of ^' ca l ibre 
contr ibut ing to a sp indle , and the major i ty of the f ibre 
branches were skeletomotor i n nature. 

I n the sample of ^ f i b r e s studied, the range 

of the t o t a l diameter i s fcom 6 .0 /u ( f ibre m )̂ to 12.5/u 

( f i b r e m^) and between these two extremes, the nature of 

d i s t r i b u t i o n v a r i e s from being predominantly fusimotor 

to predominantly skeletomotor, r e s p e c t i v e l y . Fibre m5, 

wi th a t o t a l diameter o f 8.5/ii» l i e s i n midway between 

the two extremes. I n t h i s group of ^ f i b r e s , two ( f i b r e s 

ml 85 m3) contribute to the innervat ion of a l l spindles 

i n a muscle; one ( f i b r e m''*') suppl ies branches to three 

out of four spindles and two ( f i b r e s m? & m5) supply a 

s ing le spindle only. 

Only by t r a c i n g the f u l l course o f these f i b r e s 

has i t been poss ib le to r e v e a l the mixed nature of t h e i r 

d i s t r i b u t i o n . The f a c t that they have eluded convincing 

demonstration by previous h i s t o l o g i s t s (see Barker & Ohin, 
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1961, f o r re ferences ) may be a t tr ibuted to the r e s t r i c t ­
i o n of observations to the s i t e o f the spindle anci i t s 
immediate surroundings; and to the nature of the t e c h n i ­
ques employed, which u s u a l l y omitted the e s s e n t i a l 
pre l iminary of de -a f ferenta t ion . 

3 . A study o f innervat ion r a t i o s 

Tbs innervat ion r a t i o s ( i . e . the average number 

of e x t r a f u s a l muscle f i b r e s innervated bŷ  branches o f a 

s ing le motor nerve) given by the majori ty o f previous 

inves t iga tors ( f o r re f erences , see Introduct ion) have 

been ca l cu la ted by d iv id ing the estimated or counted 

number of e x t r a f u s a l muscle f i b r e s wi th in a muscle by 

the estimated or counted number o f motor f i b r e s supplying 

i t . I n such c a l c u l a t i o n s , the whole o f the motor compo­

nent i s taken to sjrpply e x t r a f u s a l muscle f i b r e s only, 

while the fusimotor supply to the i n t r a f u s a l muscle f i b r e s 

of the spindles i n the muscle i s neglected. I n view of 

the considerable proportion of fusimotor f i b r e s i n the 

motor component of a muscle nerve, such innervat ion 

r a t i o s are therefore comparatively low; each skeletomotor 

nerve f i b r e should innervate more e x t r a f u s a l muscle 
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f i b r e s than those ind ica ted by the innervat ion r a t i o s 
from previous i n v e s t i g a t o r s . Innervat ion r a t i o s of 
fusimotor f i b r e s i n r e l a t i o n to i n t r a f u s a l muscte f i b r e s 
have not , as y e t , been determined. An est imation f o r 
such a r a t i o requ ires the. combined data .6f the pure 
fusimotor component i n the muscle nerve and the t o t a l 
number of i n t r a f u s a l muscle f i b r e s wi th in a muscle. 

I n the present study, the nature o^ intramus­

c u l a r branching o f fusimotor f i b r e s and t ie fusimotor 

component of the muscle nerve have been thoroughly 

inves t igated i n the 1st DL muscle o f the cat (Tables 3, 

4, 5 & 6 ) , Combining t h i s data with those of the i n t r a ­

f u s a l muscle f i b r e counted i n a l l the spindles within 

the muscle, i t should be possible to ca lcu la te the 

innervat ion r a t i o of the i n t r a f u s a l muscle f i b r e s of 

t h i s muscle. I t i s more ind ica t ive to r e f e r to th i s 

r a t i o as the 'fUsimotor innervat ion r a t i o ?. 

The skeletomotor nature o f the muscle nerve 

has a l so been inves t igated separately from the fusLmotor 

component. With the data of the e x t r a f u s a l muscle f i b r e 

count, the innervated r a t i o between the skeletomotor 
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nerves and the e x t r a f u s a l muscle f i b r e s could be c a l ­
cu la ted . As t h i s innervat ion r a t i o i s determined between 
the pure skeletomotor component o f the muscle nerve and 
the e x t r a f u s a l muscle f i b r e s , i t i s proposed to r e f e r 
to i t as the 'skeletomotor innervat ion r a t i o ' , 

3.1 Sksletomotor innervat ion r a t i o s i n lumbrical 

muscles 

The e x t r a f u s a l muscle f i b r e counts o f the 1st 

DL were determined i n two cats (see Bfethods 2 .5) . ^be 

number of e x t r a f u s a l muscle f i b r e s from the 1st DL o f 

cat C165 was 1020 (Plate 1 0 ) , Another count i n the 1st 

DL of cat 0181 was 800, g iv ing an average o f 910. The 

t o t a l number of motor f i b r e s present i n the de-a^ferent-

ated muscle nerves o f the 1st DL of cats 0158, 0167 and 

0175 was 10, 11 and 7, r e s p e c t i v e l y , g iv ing an average 

of 9.3. According to the usua l method o f c a l c u l a t i o n , 

i . e . d iv id ing 910 e x t r a f u s a l muscle f i b r e s by 9,3 motor 

nerve f i b r e s , the innervat ion r a t i o i s therefore 1 : 98. 

T h i s c a l c u l a t i o n , however, does not account f o r the 

d i s t r i b u t i o n of the fusimotor and the mixed nerve f i b r e s 

to the i n t r a f u s a l muscle f i b r e s . For example, i n the 
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nerve to the 1st BL of cat 0158, only threfe o f the ten 
f ibires i n the motor component were purely skeletomotor 
i n nature (Table 3» f i b r e s A, B and 0 ) . With the e x t r a ­
f u s a l muscle f i b r e count o f 910, the ac tua l skeletomotor 
innervat ion r a t i o should be 1 : 303, i . e . 910 e x t r a f u s a l 
muscle f i b r e s divided by 3 purely skeletomotor ner^e 
f i b r e s . I n cat 0175> the same skeletomotor innervation 
r a t i o o f 1 : 303 would be obtained since there were also 
thi?ee purely skeletomotor nerve f i b r e s i n the muscle 
nerve (Table 6, f i b r e s H_, 0 and P ) . I n cat 0167, however, 
the P f i b r e ml gave a more or l e s s equal number o f f u s i ­
motor and skeletomotor branches (Table 4 8c Text - f igure 3), 
and the number of skeletomotor f i b r e s should therefore 
be 3.5 (Table 4, f i b r e s D, E , m2 8c m l ) . The skele tomotor 
innervat ion r a t i o here i s therefore 1 : 260, i . e . 910 
muscle f i b r e s div ided by 3.5 skeletomotor nerve f i b r e s . 
Taken as a whole, the data ind ica te s a skeletomotor un i t 
i n t h i s muscle o f approximately 1 : 300. The complete 
data are summarized i n Table 7. 
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3.2 Piisimotor irmervation ra t ios i n lumbrical muscles 

3.21 In t ra fgsa l muscle f i b r e counts 

The i n t r a fu sa l muscle fiibre counts of tlie 1st 

DL of the cat were determined by ser ia l transverse sections 

of the muscle (see Methods 2 .5) i n four cats, C165, C167, 

0181 and C182. I n the 1st BL of cat GI65, there were s ix 

muscle spindles provided with a t o t a l of 13 nuclear-hag 

f i b r e s (range 1 - 3 ) and 24 nuclear-chain f ib res (4 i n 

each spindle); a t o t a l o f 37 in t r a fusa l muscle f i b r e s . 

I n eat G167, the 1st BL contained seven spindles compos­

ing of 18 bag f ib res (range 1 - 4 ) aid 24 chain f ib res 

(range 3 - 4 , except one spindle with one chain f i b r e 

only) , giving a t o t a l o f 42 in t r a fusa l muscle f ib res . 

I n the 1st DL o f 0181, f i v e spindles consisted of 11 bag 

f ib res (range 2 - 3 ) and 25 chain lO-bres (range 4 - 6 ) , 

resul t ing an aggregate o f 36 in t r a fusa l muscle f ib re s . 

I n cat 0182, the Isb DL showed the presence of f i v e 

spindles having 13 bag f ib res (range 1 - 3 ) and 19 chain 

f ib res (range 3 - 5 ) giving a t o t a l of 32 in t ra fusa l 

muscle f i b r e s . 

Epom the four 1st DL muscles studied, 23 muacle 
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spindles composed of 55 nuclear-bag f ib res and 92 nuclear-
ctiain f i b r e s , y i e l d a t o t a l of 14? in t r a fusa l muscle f ib res . 
The average number of i n t r a fusa l muscle f ib res i n each 
spindle was 2.4- bag an.d 4.0 chain f ib res giving a t o t a l 
of 6.4 muscle f ib res per spindle. The datacire summarized 
i n Table 8. 

Ths totei l number of in t r a fusa l muscle f ib res 

i n a spindle from the 1st DL shows a range of 4 - 8; the 

number of nuclear-bag f ib res may range from 1 - 4 and 

the nuclear-chain f ib res from 1 - 6 . Examples of spindles 

having bag and chain f ib res outside the average are 

spindles Sp 5, G165 & Sp 5, 0167 (1 bag f i b r e ) ; Sp 4, 

G167 (4 bag f i b r e s ) ; Sp 5, 016? (3 bag, 1 chain); Sp 4, 

0181 (6 chain f i b r e ^ ; and Sp 2, 0182 (1 bag, 5 chain). 

Taken as a whole i n each i n d i v i d i a l cat, the muscle 

spindles i n cat 0182 have more bag f ib res while those 

i n eat 0181 have more chain f ib res than the average. 

Plate 11 & 12 show some examples of muscle spindles with 

d i f f e r e n t rat ios of nuclear-bag and nuclear-chain f i b r e s . 

5.22 Birect calculation of fusimotor innervation ra t ios 

The f igure of 6.4 muscle f ibres per spindle must 
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Plate 11. Variety of nuclear-bas/nuclear chain 
ra t ios i n spindles of the f i r s t 
deep lumbrical muscle o f the cat. 

JPigure A. A spindle most commonly fouad i n t h i s muscle, 

consisting o f 2 bags aML 4 chain f i b r e s . 

Sigure B. A spindle with 2 bags and 5 chain f ib re s . 

Jlgure 0. A spindle with 2 bags and 6 chain f ib re s . 

T.S. 1 0 ^ , haematoxylin 8e, eosin. b - bag f i b r e , 

c - chain f i b r e , cap. - capsule, n. - nerve supply, 

p.sp. - polar region of a neighbouring spindle, 

ext .m.f . - extrafusal muscle f i b r e . 
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Plate 12. Variety o f nuclear-bag/miQlear-chain 
rat ios i n spindles of the f i r s t 
deep lumbrical muscle o f the cat. 

f igure A. A spindle wib.h 1 bag and 4 chain f ib res , 

i lgure B. A spindle with 3 bags and 4 chain f ibres , 

i lg i i re C. A spindle m^th 3 bags and 1 chain f i b r e , 

i lgure D* A spindle with 4 bags and 4 chain f ibres . 

T.S. 1 0 ^ , haematoxylin & eosin. 

Abbreviations as Plafe 11. 
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be doubled f o r the calculation of innervation ra t io 
since each i n t r a f u s a l muscle f i b r e consists o f two con­
t r a c t i l e polar regions (muscle-fibre poles) separated 
by a r e l a t i ve ly non-contractile area containing a bag 
or chain of nucle i . I f t h i s value i s then divided by 
the number of purely fusimotor f ibres i n the muscle 
nlerve, the innervation r a t io o f fusimotor f ib res may be 
obtained. 5'or example, there were six spindles i n the 
1st BL of cat 0158 (Table 3, Sp I - YI) giving a t o t a l 
of 76.8 ( i . e . 6 x 6.4 x 2) in t r a fusa l muscle-fibre poles. 
The number o f purely fusimotor f ib res i n i t s nerve supply 
was seven (Table 5, f ib res a - g^). The fusimotor inner­
vat ion ra t io i s therefore 1 : 11 ( i . e . 76.8 divided by 7) 
or one ^ f i b r e supplying eleven muscle-fibre poles. 
S imi la r ly , i n the 1st D l o f cat 0167, four muscle spindles 
(Table 4, Sp I - lY) gave a t o t a l o f 51.2 ( i . e . 4 x 6.4 x 2) 
muscle-fibre poles. There were seven purely fusimotor f ib res 
(Table 4, f ibres h - o ) , and h a l f o f the ^ f i b r e ml should 
also be included i n the fUsimotor supply, giving a t o t a l 
o f 7.5 fusimotor f i b r e s . The fasimotor innervation i n 
t h i s muscle i s therefoie 1 : 6.8 ( i . e . 51.2 divided by 
7.5). Again, i n the l a t DL of cat O175, fOur spindles 
(Table 6, ^ l i o - IT) wi th a t o t a l of 51.2 muscle-fibre 
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poles ( i . e . 4 x 6.4 x 2) were supplied by four fusimotor 
f ib res (Table 6, f ib res s, t , u & m^) giving a fusimotor 
innervation r a t i o of 1 : 12.8 ( i . e . 51.2 divided by 4 ) . 
The three determinations together produce an average 
r a t i o o f 1 : 10. The results are summarized i n Table 9. 

3.23 Ad.iusted calculation o f fusimotor innervation 

rat ios 

This method of calculation, however, does not 

allow f o r the fac t that each pole o f an in t ra fusa l muscle 

f i b r e receives numerous motor endings indicat ing some 

degree of overlap i n fusimotor f i b r e d i s t r ibu t ion . The 

fol lowing calculation by another approach would take 

the overlapping d i s t r i bu t ion in to account. 

I n studying,^ six polar regions from spindles 

i n peroneal muscles o f the cat, by the teased si lver 

method. Barker Ss Ip (unpublished observations) have shown 

that the fusimotor f ib res or f ib re branches innervate 

an an average o f 2.5 muscle-fibre poles (range 1 - 8 ) . 

Assuming that each ftisimotor f ib re or f ibre branch on 

entering a muscle spindle i n the Isfc DL muscles of cats 
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0158, 0167 and 0175 (Tables;3, 4 & 6) also innervated 
2.5 muscle-fibre poles, a t o t a l o f 20 fusimotor f ibres 
( i f and p included) would be involved i n si?)plying 180 
muscle-fibre poles giving a fusimotor innervation ra t io 
of 1 : 9 ( i . e . 180 muscle-fibre poles divided by 20 
fusimotor f i b r e s ) . I f the P f ibres were excluded, the 
r a t i o i s 1 : 8.5-

Thus, from the data obtained f o r the fasimotor 

innervation r a t i o , the average fusimotor un i t i n the Isfc 

DL muscle of the cat may be envisaged as comprising one 

y o r p f i b r e dis tr ibuted t o nine in t r a fusa l muscle-fibre 

poles, and from the nature o f intramuscular branching, 

i t may be concluded that these are located fn t f rom one 

to f i v e spindles, usually i n two or three (Tables 3, 4 

& 6 ) . 

3.24 Posimotor innervation ra t ios calculated 

according to a dual motor innervation of 

muscle spindles 

Using the same data of in t r a fusa l muscle f i b r e 

counts and tbe fusimotor component of the nerve supply 
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to the 1st DL of the cat, the fusimotor innervation ra t io 
calculated by Boyd's (1962) hypothesis would be quite 
d i f f e r e n t (see Table 10).' Boyd's postulation i s that i n 
the spindle there i s a segregated motor innervation of 
nuclear-bag and nuclear-chain f ibres by the larger JTi and 
smaller ^t. nerve branches derived from th i ck ly and t h i n l y 
myelinated i^-stem f i b r e s , respectively, i n the muscle 
nerve. Taking t h i s in to account, i t should be possible, 
then to calculate the fusimotor innervation ra t ios of 
nuclear-bag and nuclear-chain muscle f ib res separately; 
i . e . by dividing the t o t a l number o f bag or chain f ibres 
i n a l l the spindles i n a muscle by the number o f th ick ly 
or t h i n l y myelinated fusimotor f ib res i n the muscle ne2?ve. 
For example, i n the 1st DL of cat 0158, aix spindles wi th 
14.4 bag f i b re S: ( i . e . 6 x 2.4 bag f ib res per spindle, 
Table 8) or 28.8 bag-fibre poles ( i . e . 14.4 x 2, Table 10) 
innervated by s ix t h i c k l y myelinated ^-stem f ibres (Table 
3 & Plate 6, f i gu re A) would give a fUsLmotor innervation 
r a t i o o f 1 : 4.8 f o r nuclear-bag f i b r e s . On the other 
hand, s ix spindles produce 24 chain f ib res ( i . e . 6 x 4.0 
chain f ib res per spindle. Table 8) or 48 chain-fibre 
poles (Table 10) innervated by one t h in ly myelinated -stem 
f i b r e (Table ^ St Plate 6, figxire A) and the fusimotor 
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innervation r a t io o f chain f ibres i s t lerefore 1 : 48. 
S imi la r ly , f o r the 1st DL of cat 0167, the flisimotor 
innervation r a t i o o f nuclear-bag f ib res i s 1 ; 3,0 
and chain f i b r e i s 1 : 32. I n the 1st DL of cat C175, 
however, the absence o f t h i n l y myelinated ^j'-stem f ibre 
renders such calculations impossible. 

The two estimations from the Isb DL o f cats 

0158 and 0167 produce an average fusimotor innervation 

ra t io of approximately 1 : 4 f o r bag f ibres and 1 : 40 

f o r chain f i b r e s . I n other words, a t h i c k l y myelinated 

^f-stem f i b r e w u l d branch to innervate four bag-fibre 

poles and a t h in ly myelinated V-stem f ib re would inner­

vate f o r t y chain-fibre poles. According to th i s 

calculat ion, the smaller, t h i n l y myelinated iJ'-stem f i b r e 

would branch and innervate i n t r a fusa l muscle f ib res 

ten times more than a larger^ thicklyy(one; i . e . smaller 

t h i n l y myelinated y-stem f ibres have much larger f u s i ­

motor innervation rat ios than larger, th ick ly myelinated 

y-stem f i b r e s . 
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3.3 Estimated innervation rat ios of some 
other muscles 

I t i s possible to re-assess the data on skele-

tomotor innervation ra t ios of some muscles previously 

investigated by other workers, and to estimate the i r 

fusimotor innervation ra t ios . As the purely skeletomotor 

or fusimotor components i n these muscle nerves have not 

been ascertained, nor in t r a fusa l muscle f i b r e counts 

made, the fol lowing assumptions have to be made i n the 

re-assessments. 

P i r s t l y , f ib res i n the motor eomponenb, of 

muscle nerves having a t o t a l diameter less than 8/a 

(Leksell 's 2 - 8/u gamma group, 1945) are regarded as 

fusimotor i n nature, and those larger than 8/a as skele­

tomotor. This, however, would not include the occurrence 

of any /3 f ibres, which f o r th i s exercise shal l be ignored. 

Secondly, as i n t r a f u s a l muscle f i b r e counts f o r other 

hindlimb muscles have not been made, the average number 

of 6.4 in t r a fusa l muscle f ib res per spindle, determined 

i n the 1st DL muscle, w i l l be used throughout f o r the 

calculation o f fusimotor innervation ra t ios . This f igure 
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of 6,4 i n t r a fu sa l muscle f ib res per spindle i s probably 
a good average f o r a l l spindles i n cat hindlimb muscles. 
Por example. Barker & Gidumal (1961) gave an average of. 
two large and four or f i v e small in t r a fusa l muscle f ib res 
i n spindles from the rectus femoris muscle. Boyd's (1962) 
average figures f o r i n t r a fusa l muscle f ibres i n spindles 
studied from cat tenuissimus, soleus and interosseous 
muscles were 2,2 bag f ib res and 4 . 1 chain f ib res . The 
value o f 6.4 i n t r a fu sa l muscle f ibres per spindle i s 
thus very close to these f indings . 

3.4 Re-assessment of some cat innervation rat ios 

determined by previous, workers 

I n one o f Glark's (1931) dete.iminations, the 

extrafusal muscle f i b r e count o f the soleus muscle i s 

27»261 and. the number of nerve f ibres i n the motor sigjply 

i s 233. The innervation r a t io obtained i n the usual way 

gives a value o f 1 : 117, and the average rat io fcom a 

number o f h is deteiminations i s 1 : 120. I n the present 

study, a count i n the number o f motor f ibres i n the 

de-afferentated nerve to the soleus muscle of cat O191 

was 247 of which 130 (52.6%) were larger than 8 / 1 . We 
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may therefore assume that 52.6% or 125 motor f ihres i n 
Clark's soleus count were skeletomotor i n nature. The 
re-assessed innervation r a t i o i s ohtained ftom dividing 
the number of extrafusal muscle f ib res , 27,261 by 123 
skeletomotor nerve f i b i e s giving a value of 1 : 222 
(Table 11) . 

I n the determination by Hagbarth 8s Wohlfart 

(1952), the number of extrafusal muscle f ibres i n the 

t i b i a l i s anterior i s 37»000 wit,h a motor supply of 337 

nerve f i b r e s . The innervation r a t i o from tte- uaial 

calculation gives a value o f 1 : 110. I n the present 

study o f tte, motor supply t o the same muscle i n cat G19I, 

172 (58.5%) of the t o t a l 294 nerve f ibres has been shorn 

to be larger than 8yu. This percentage would give 197 

out of the 337 motor nerve f ibres o f Hagbarth & Wohlfart 's 

(1952) to be skeletomotor i n nature. The re-assessed 

innervation r a t i o i s thus 1 : 188 

The adjusted calculations presented here giTzre 

an approximate innervation ra t io o f 1 : 220 f o r soleus 

as compared with 1 : 120 of Clark's (1931), and 1 : 190 

f o r t i b i a l i s anterior as compared with a ra t io o f 1 : 110 
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calculated by Bagbarth 8e, Woblfart (1952) f o r th is muscle. 
From these two determinations, the percentage difference 
i n the values of innervation rat ios calculated by the 
usual and the adjusted methods i s between 73 - 83%. 

3.5 Purther cat fasimotor innervation rat ios 

estimated 

As mentioned above, the average number o f 6.4 

i n t r a f u s a l muscle f ib res per spindle i s used f o r calcul­

at ion of the t o t a l number o f in t ra fusa l muscle f ibres i n 

a l l the spindles wi th in a muscle. I n taking the mean 

spindle count o f 56 f o r the soleus muscle (Chin, Cope & 

Pang, 1962), the number of in t r a fusa l muscle-fibre poles 

would be 56 x 6.4 x 2 or 716.8. I n the de-afferentated 

soleus nerve of eat GI91, there were 117 f ibres less 

than 8/a out o f a t o t a l of 24?. P̂he fusimotor innervation 

r a t i o i n t h i s case i s 1 : 6.1 ( i . e . 716.8 divided by 117, 

Table 12). S imi la r ly , i n the t i b i a l i s anterior muscle, 

a mean of 71 spindles (Barker & Chin, 1960) would give 

71 X 6.4 X 2 or 908.8 in t r a fusa l muscle-fibre poles. 

There were 122 f i b re s less than 8yu out o f a t o t a l o f 

294 i n the de-aff erentated nerve to the t i b i a l i s anterior 
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muscle of cat 019I. The fusimotor innervation ra t io i n 
t h i s muscle i s thus 1 t 7.5 ( i . e . 980.8 divided by 122, 
Table 12). I n the mesial gastrocnemius muscle, 62 
spindles (Chin et a l . , 1962) would produce 62 x 6.4 x 2 
or 793»6 i n t r a fusa l muscle-fibre poles. I n the de-affer^ 
entated nerve to the same muscle, Eccles & Sherrington 
(1930) found 152 f ib res less than 8/u i n a t o t a l o f 431. 
This would give a fiisimotor innervation r a t io o f 1 : 5.2 
(793.6 divided by 152) i n t h i s muscle (Table 12). 

3.6 Possible relationship between fasimotor 

innervation ra t ios and muscle size 

A comparison of fusimotor innervation ra t ioa 

estimated so f a r shows a value o f 1 : 10 i n the small 

deep lumbrical muscle compared wi th 1 : 5«2 i n the large 

gastrocnemius muscle i n the cat. The t i b i a l i s anterior 

and soleus muscles, with sizes between the two above, 

have innervation ra t ios also between tiie two extremes. 

This seems to be an indicat ion o f a possible relationship 

between the size of a muscle and i t s fusimotor innervation 

r a t i o . I n order to f i n d out the extent o f t h i s possible 

relat ionship, fur ther fasimotor innervation ra t ios have 
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been estimated f o r as many other muscles as possible, 
using the h is to logical data o f Barker & Chin (1960); 
Chin, Cope & Pang (1962) and Boyd (1962). Similar 
assumptions have been taken f o r the method of calcul­
at ion as described above (cf . Results 3.3) . Results 
from the estimations are shorn i n Table 13. 

A super f ic ia l study of the muscles l i s t e d i n 

accordancje wi th t h e i r difference i n weight and the inner­

vat ion ra t ios (Table 13) does not show very convincing 

evidence f o r a relat ionship. However, i f the muscles 

are grouped into three categories, with the small and 

large muscles at the extremes and the intermediate sizes 

i n between, then the corresponding innervation rat ios 

would show a relationship with the three d i f f e r en t 

muscle-size groups. For example, the siie.ll muscle group 

including t i b i a l i s posterior and deep lumbrical muscles 

would have fusimotor branches from a iT-stem f i b r e inner­

vating about 8 - 1 1 in t r a fusa l muscle-fibre poles 

(fUsimotor innervation ra t ios of 1 : 7.9 and 1 : 11, 

respectively. Table 13); s imi la r ly , f o r the intermediate 

muscle size group the approximate number o f i n t r a fusa l 

musele-fib5;e poles innervated by a f ib re would be 
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between about 5.5 - 6.5; and f o r the large muscle group 
i t would l i e approximately between 3.5 - 4 .5. The general 
ta?end from the graph plot ted with the estimated results 
shows a similar indicat ion of the relationship between 
the flisimotor innervation r a t i o and the size of a muscle 
(Text-figure 5)» The results indicate that the small 
muscles containing higter spindle densities and fewer 
Jr-stem f ib res i n the motor supply, have higher fusimotor 
innervation ra t ios , wbile the large muscles having lower 
spindle densities and larger proportion o f ^T-stem f ib res 
have lower fusimotor innervation ra t ios . By and large, 
muscles of intermediate sizes between tlte two extremes 
show a similar relat ionship. 

4. Intramuscular study of skeletomotor f ibres 

4 .1 Total skeletomotor f ib res investigated 

Intramuscular branching o f skeletomotor f ibres 

was investigated by the osmic/glycerine technique from 

the 1st and 2nd DL muscles o f two cats, C158 and CI67, 

The 1st super f ic ia l lumbrieal muscle o f cat CI58 was 

examined f o r intramuscular skeletomotor d i s t r ibu t ion . 
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A l l the f ib res i n the muscles studied were analysed 
except i n the 2nd DL of cat C158 where only one f ib re 
was examined. There were three f ibres examined from the 
1st DL of both cats C158 and. C167 (f ibres A, B aid. 0, 
Table 3; f ib res D, E and". m2. Table 4 ) , seven from 2nd 
DL of cat C167 ( f ibres F - M, Table 5 ) , and one ftom 2nd 
I L of cat C158 ( f i b r e m5. Text-figure 3 ) , giving a t o t a l 
of fourteen f ibres analysed. The range i n . t o t a l diameter 
o f these motor f ib re s was from 7»5 - 13 . 5 / i ; there were 
four f ib res o f each witla diameter o f 13 .5/1 and 13.0 /1 , 
three of 12 .5 /1 , and one each o f 11.5/u, 8.5/u and 7 . 5 / i . 
These f ib res were examined i n the proximal part o f the 
muscle nerves by transverse sections stained by the 
Weigert-Pal technique (see e.g. Plate 6, f igure A, i s t 
BL G158; Plate 8, f igure A, 1st DL C167). 

4.2 Equal and iinequal branching o f motor 

nerve f ib res 

The nerve f ibres supplying a DL muscle us i a l ly 

l i e i n the main intramuscular neive-trunk giving o f f 

small side-branches. A parent f i b re may s p l i t up at a 

node into two, three, four , or even f i ve daughter axons. 
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Of the 199 nerve f i b r e divisions observed from the foui>-
teen motor f ibres (12oc, 2P), 172 were o f the dichotomy 
type* 19 trichotomy, 6 quadri- and 2 penta-chotomy, repre­
senting approximately 86%, 10%, 3% and 1%, respectively. 
The calibre o f daughter axons fcom a divis ion o f a parent 
f i b r e may be quite equal i n size, or may d i f f e r quite 
markedly. I f the difference i n the t o t a l diameter between 
daughter axons i s greater than 2 /u, branching o f the 
parent nerve f i b r e i s regarded as unequal. I f the d i f f e r ­
ence i n size of the daughter axons i s 2/u or less, the 
branching of the parent nerve f ib re i s taken as equal. 
Using these c r i t e r i a , the sample contained 110 equal 
branchings and 89 unequal, a percentage proportion o f 
approximately 55 : 45. Various examples of branching 
are shown i n Plate 13, f igureiA & B. The occurrence of 
\mequal branching predominates i n tbe main intramuscular 
nerve-trunk, the percentage proportion of unequal to 
equal branching was approximately 60 : 40 (3 : 2 ) . Deeper 
in to the muscle ajid the side nerve branches, equal branch­
ing was more frequent, the percentage rat io here was 
about 25 : 75 (1 : 4 ) . Divisions into four o r . f i v e 
daughter f ibres occurred mainly i n the deepest intramus­
cular regions of the nerve bundles, at the pre - temina l 



Plate 13. 
Intramuscular branching of skeletomotor f i b r e s . 

Hgure A. Examples o!f, nerve f ib re branching by dichotomy! 

( i ) egual branching where daughter f ibres are very 

similar i n size (10 .0 / i .,& 11.0/u from 13.5/u, 

f i b r e M, Table 5 ) . 

( i i ) unequal branching wtere daughter f ib res d i f f e r 

markedly i n size (12 . 5 / i & 5 » 5 / i from 13'^0/u, 

f i b r e J, Table 5 ) . 

Jigure B. An example of nerve f ib re d iv i s ion by 

trichotomy. Three daughter f ibres of very similar 

sizes (8.0/u, 8.0/u & 9.0/u) produced from an equal 

branching o f a parent f i b r e (13.0/u, oC f ib re K, 

Table 5 ) . 

Osmic stained, teased preparations from the 2nd DL 

muscle of cat G167. 
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or terminal levels . 

4.3 The course of axons to small nerve trunks 

I n i t i a l divisions of axons occurred i n the 

main nerve trunk at the junction o f dividing into side 

brancjhes; the region involved may be s l i gh t l y above or 

below t h i s level (Text-figure 6, a, b and c ) . Many 

axon divisions were encountered i n the region o f the 

main intramuscular nerve-trunk where two side branches 

were close together. Sub-branching o f daughter axons 

might take place some distance away from the parent 

d iv i s ion , either at the next nerve-trunk b i fu rca t ion or 

might occur almost immediately, i n some aifter only a 

very short intemode of less than one Millimetre (Text-

f igure 6, b ) . The shortest intemode recorded was only 

0.11 mm long with an external diameter o f 10.5 /1 , observed 

from the branching of f i b i « M i n the 2nd DL of cat C167. 

However, no quantitative study o f short intemodes i n 

r e l a t i on to external diameter was atten5)ted. Short 

internodal type of axon divisions were especially frequent 

i n a par t icular type of axon branching (see 4.43 below). 

Daughter axons usually pursued separate routes, one 
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going o f f i n a side branch, ifriiile tbe other carried on 
i n the main nerve trunk. There was also wide v a r i a t i o n 
i n the nature o f the courses pursued by daughter axons 
depending on the r e l a t i o n between the poin t o f d i v i s i o n 
from the parent axon and the l e v e l of the side, nerve 
branch. The point of axon d i v i s i o n might be before or 
at about the l e v e l o f a side branch, i n which case the 
daughter axon might course o f f immediately a f t e r d i v i s i o n 
(Text-figure 7i a ) , or i t might t r a v e l f o r a small d i s t ­
ance backwards i n a recurrent nature before reaching the 
side branch (Text-figure 7» b ) , A daughter f i b r e might 
even e x h i b i t a double recurrent nature by t r a v e l l i n g 
f u r t h e r on immediately a f t e r f i b r e d i v i s i o n , doubled 
back f o r some distance, then reverse i t s d i r e c t i o n o f 
t r a v e l once more before going o f f a side branch (Text-
f i g u r e 7» e). I n cases where the point of f i b r e d i v i s i o n 
was a f t e r the l e v e l of the side branch, the daughter 
f i b r e s also exhibited s i m i l a r recurrent and double recur­
r e n t nature (Text-figure 7> d & e ) . Their recurrent 
routes at the side branch b i f u r c a t i o n s made i t d i f f i c u l t 
t o deduce the d i r e c t i o n of t r a v e l o f the f i b r e s without 
knowing t h e i r o r i g i n (Plate 1^, figures A & B; Text-figure 
6, c ) . Thus, an axon from a parent nerve d i v i s i o n i n 
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Plate 14. Recurrent nerve f i b r e s at the .iunctiom 
ofnerve-trunk d i v i s i o n . 

i l g u r e A. Intramuscular d i v i s i o n o f a nerve i n t o two 
smaller nerve-trunks from tlie f i r s t deep 
lumbrical muscle o f cat OI58. Several motor 
nerve f i b r e s can be seen at tbe jun c t i o n to.v 
t r a v e l r e c u r r e n t l y from one small nerve-trunk 
t o the other. Osmic stained, teased prepara­
t i o n . Arrows indicate d i r e c t i o n o f t r a v e l 
of nerve f i b r e s , r e e f s . - recurrent nerve 
f i b r e s . 

Eigure B. Similar recurrent nature o f nerve fibres, i n 
an intramuscular nerve-trunk d i v i s i o n from" 
the f l e x o r digltorum longus, l a t e r a l head, 
of a normal cat. Teased s i l v e r preparation. 
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the main nerve trunk does not necessarily proceed by 
the shortest possible route t o a side nerve trunk, 

4.4 Types of akeletomotor f i b r e branching 

I t has long been known and accepted that motor 
nerve f i b r e s i n a muscle nerve increase to a large number 
w i t h i n a muscle by numerous branching and sub-branching, 
but the exact nature o f intramuscular branching has not 
been c l a r i f i e d . The manner i n which skeletomotor f i b r e s 
branch so as to supply t h e i r motor^units was found t o 
occur i n three main types, grouped according t o t h e i r 
d i s t r i b u t i o n i n t o the f o m o f a s p a t i a l configuration, 
and not according t o t h e i r actual anatomical d i s t r i b u ­
t i o n w i t h i n t i e muscle. 

4.41 KTramidal type (Text-figures8, a & 9) 

Daughter axons from an oc parent m^ divide 
by dichotomy or trichotomy and the newly f oimed axons 
r a r e l y d i f f e r very much i n size i n t h i s type of)branch-
ing . The i n i t i a l few d i v i s i o n s are usually i n the main 
intramuscular nerve-trunk. Deeper w i t h i n the muscle, 
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daughter axons course o f f to side branches where d i v i ­
sions of a s i m i l a r nature continue u n t i l a large number 
of f i b r e s i s formed at terminal l e v e l s i n various depths 
of the muscle. An example i s i l l u s t r a t e d from fib3?e D 
i n the Isb DL muscle ct cat G167 (Text-figure 9). The 
oc stem motor f i b r e measuring 13 ̂  divided and sub-divided 
t o give a number o f daughter axons. Daughter axons from 
d i v i s i o n s f u r t h e r i n t o the muscle d i d not d i f f e r markedly, 
e.g. 6yu and 4 f r o m 5 .5yU; 4.5/i and 5 / i from 5.5yu; 
and 7.5/i and 5.5/1 from 8/u and so on. Continued 
branching and s.ub-branching of these axons b u i l t up 
the axon number i n t o a t y p i c a l pyramidal configuration. 

4.42 Semipyramidal type (Text-figures 8, b & 10) 

Branching i n t h i s type i s mainly by dichotomy 
and usually occurs i n the main intramuscular nerve-trunk. 
There i s greater difference between diameters o f daughter 
axons, the smaller axon usually goes t o a side nerve 
branch while the larg e r axon, not much less i n size than 
the. parent, persists i n the main nerve trunk. Further 
dichotomy of the same nature occurs from t h i s main 
daughter axon at the next side-branch. The smaller 
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daughter axons going to side branches may then divide 
once or twice before innervating muscle f i b r e s , i n a 
miniature pyramidal type of arrangement. The continu­
ing l a r g e r daughter axon i n the main nerve trunk f i n a l l y 
terminates deeper i n the muscle, presumably i n a s i m i l a r 
manner as those i n the side branches. This type i s 
shown as i n Text-figure 8, b and exhibited by f i b r e m̂  
i n the 1st DL muscle o f cat G167 (Text-figure 10). The 
jiparent motor f i b r e o f 12.5/i divided to give branches 

o f lOyU and 11 ja, Further d i v i s i o n s of. the 10/a branch 
gave the daughter p a i r s o f and 5 / i i ; 8.5/ii and 4/u 

and so f o r t h . The larger daughter axon decreased only 
a l i t t l e i n diameter i n r e l a t i o n t o the precedding parent 
fib3?e and persisted i n the main nerve trunk. The smaller 
daiighter axon might presumably terminate w i t h a few more 
di v i s i o n s down the side nerve branches, although fu r t h e r 
tracings i n these cases were unsuccessful. On the other 
side, the l l y u f i b r e gave r i s e t o two 9.5/i branches. 
Further d i v i s i o n s from one of these shovsed the same 
semipyramidal nature. Note tha t the parent /3 f i b r e i s 
predominantly skeletomotor i n nature, giving only one 
f i b r e branch at the terminal l e v e l t o innervate a muscle 
spindle. The 9»5/i branch, however, showed a t y p i c a l 
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pyramidal type o f branching, intermingled with other 
nerve f i b r e s . 

4.43 Monopodial type (Text-figurss 8, c & 11) 

This type o f branching i s shoisa when the growth 
of the main axon i s accompanied by small branches being 
given o f f at i n t e r v a l s . Botanists use the term 'monopodial* 
t o describe such branching i n plants and i t i s therefore 
adopted here. Branching i s mainly by dichotomy but the 
daughter axons d i f f e r g r e a t l y i n size. These t i n y o f f ­
shoots tend t o occur at consecutive short intemodes 
and they course o f f to the nearest side trunk where they 
terminate i n muscle f i b r e s , or at most undergo one more 
d i v i s i o n before innervation. The main axon courses on 
down the main nerve trunk and f i n a l l y terminates by 
f u r t h e r d i v i s i o n s p r i o r t o inne3?vation (Text-figure 8, c^. 
Fibre m̂ , from the 2nd DL of cat C158 demonstrated t h i s 
type o f branching (Text-figure 11). The ^ parent motor 
f i b r e o f 8 . 5 d i v i d e d j u s t a f t e r nerve-entry t o giv/e 
two branches o f 8yu and 2.5/i. Further di v i s i o n s from 
the p e r s i s t i n g l a r g e r branch gave consecutive daughter 
pairs of 7.5^ and 2.5/u; 6.5/u and 3.5/ti» respectively 



T e x b - f i s u r e 1 1 . Schematic r e p r e s e n t a t i o n o f *Monopodlal ' 
type o f motor f i b r e "branching, 

J l t r e m5 f r o m t h e second deep l u m b r i c a l muscle o f 

c a t C158 ( c f . T e x t - f i g u r e s 3 & 4 P la te 1 5 ) . 

i i b r e d iameter 8 . 5 ^ a f t e r n e r v e - e n t r y . A t o t a l 

o f 11 f i b r e d i v i s i o n s , 5 by unequal and 5 by equal 

b r a n c h i n g . Most o f t he equa l b ranch ing were f r o m 

d i v i s i o n s o f t e r m i n a l f i b re ; . , branches. A l l f i b r e 

d i v i s i o n s by d ichotomy. Representa t ion o f f i b r e 

b ranch ing as i n T e x t - f i g u r e 9. 

*oiyon olivisiohj |?kaf»jr*|>J>«c/ "K "Plate'S". 
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Pla te 13. 
'Monopodia l ' type o f motor f i b r e b ranch ing . 

Dichotomy f r o m an 8 .O/1 motor f i b r e i n t o two daughter 

branches , one a t 7 . 5 / i w h i c h i s on ly s l i g h t l y s m a l l e r 

t h a n t h e p a r e n t , b u t d i f f e r s markedly w i t h t h e o the r 

b ranch a t 2 . 5 / i . A s i m i l a r na t i i re i s shown i n t h e 

consecut ive unequal f i b r e b r a n c h i n g , g i v i n g branches 

o f 6 . 5 / u and 3 .5 /1 ( c f . T e z t - f i g u r e s 4 & 1 1 ) . Note 

t h e v e i y shor t i n t e m o d a l l e n g t h o f 0.15 mm between 

the two f i b r e d i v i s i o n s . Osmic s t a i n e d , teased p r e p ­

a r a t i o n o f f i b r e m5 f r o m t h e second deep l u m b r i c a l 

muscle o f cat 0158. 





"11 -

(P la te 15 & 2?ext - f igure 1 1 ) . Note t h e t i o y axon branch, 
the v e r y sho r t i n t e m o d e o f o n l y 0.16 mm i n l e n g t h (down 
t o about 0.10 mm i n some cases) between the; two d i v i s i o n s 
and t h e p e r s i s t i n g main axon i n the main i n t r amuscu la r 
neinre t r u n k . The two s m a l l e r axon branches i n t h i s case 
t r a v e l l e d i n t h e same s ide nerve t r u n k and t e rmina ted 
as ske l e tomoto r f i b r e s w i t h o u t any d i v i s i o n . The d i s t r i ­
b u t i o n -of t h i s P f i b r e shows h a l f i t s t e r m i n a l branches 
b e i n g f u s i m o t o r and h a l f ske le tomotor . 

von T h i e l (1959) , i n a s t udy o f a few i s o l a t e d 

motor nerve f i b r e s i n t h e p y r i f o r m i s muscle o f t h e c a t , 

showed examples o f nerve f i b r e d i v i s i o n s w h i c h he c a l l e d 

' c o l l a t e r a l b r a n c h i n g ' . One branch f r o m a f i b r e d i ' ^ a i o n i i 

was v e r y t h i n compared t o t h e o the r wkiich d i d n o t d i f f e r 

v e r y much i n s i ze f r o m the pa ren t ne rve . T h i s may p robab ly 

be t h e i n i t i a l f e w nerve f i b r e d i v i s i o n s o f t h e 'monopodia l ' 

t y p e , b u t no f u r t h e r q u a n t i t a t i v e a n a l y s i s was g iven i n 

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

some o the r types o f f i b r e b r anch ing occur red . 
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4 . 5 The f r equency o f occurrence o f d i f f e r e n t 
types o f b ranch ing 

By f a r t he most common i s t h e py ramida l type 

o f b r a n c h i n g . I t ' ' n o t o n l y occurs f r e q u e n t l y i n intramus­

c u l a r nerve t r u n k s and s ide branches b u t i s t y p i c a l o f 

most o f t h e p r e - t e r m i n a l and t e r m i n a l b r a n c h i n g . A t 

these l e v e l s , t h e l a r g e number o f f i b r e s i s the r e s u l t 

m a i n l y o f t h i s t ype o f b r a n c h i n g . The semipyramidal 

t ype occurs t o a l e s s e r e x t e n t and t h e monopodial t ype 

i s t h e l e a s t common. Daughter f i b r e s f rom an oc motor 

f i b r e may have d i f f e r e n t combinat ions o f the t h r e e types 

o f b r a n c h i n g i n v a r i o u s p r o p o r t i o n s . I n f i b r e E , f r o m 

the 1s t DL muscle o f ca t G167 (Texfc- f igure 1 2 ) , t h e same 

ocmotor f i b r e has a l l t h e th ree types o f b ranch ing i n 

d i f f e r e n t p r o p o r t i o n s , 

4 . 6 P a t t e r n and e x t e n t o f d i s f c r i b u t i o n o f 

motor f i b r e branches 

As motor nerve f i b r e s are f o l l o w e d deeper i n t o 

t h e muscle , t h e i r p a t t e r n o f d i s t r i b u t i o n and d i r e c t i o n 

o f ' f l o w ' becomes more confused a t the p r e - t e i m i n a l and 
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t e r m i n a l l e v e l s . T h i s i s due t o the f a c t t h a t n o t a l l 
nerve f i b r e s b r a n c h i n g f r o m a n e r v e - t r u n k b i f u r c a t i o n 
proceed t o i n n e r v a t e a d j a c e n t muscle a reas . Some o f 
these t r a v e l f o r v a r i a b l e d i s tances t h e n d i v i d e SD&. sub­
d i v i d e i n t o s m a l l e r nerve groups f onning p a r t s o f a 
n e \ i r a l p a t t e r n . A p r o p o r t i o n o f these branches may 
c o n t i n u e i n t h e i r o r i g i n a l d i r e c t i o n b u t o thers may 
double back i n a r e c u r r e n t manner. A s i m i l a r p a t t e r n 
o f d i s t r i b u t i o n i s c o n t r i b u t e d by nerve f i b r e s f r o m n e i g h ­
b o u r i n g side branches and t h i s r e s u l t s i n t h e f o r m a t i o n 
o f a complex n e u r a l p a t t e r n . These p a t t e r n s cover muscle 
areas o f d i f f e r e n t magnitudes. 

One o f these n e u r a l p a t t e r n s i n t h e 1s t super­

f i c i a l muscle o f ca t 0158 was chosen f o r s tudy i n d e t a i l 

( T e x t - f i g u r e 1 3 ) . The s ide branch A f r o m t h e main i n t r a ­

muscular n e r v e - t r u n k b i f u r c a t e d a number o f t imes a t 

p o i n t s A 1 , A2, A ^ and A ^ , Branches f r o m these b i f u r c a ­

t i o n s t r a v e l l e d t o d i f f e r e n t areas , t a k i n g p a r t i n a 

number o f n e u r a l c o n f i g u r a t i o n s . Another s ide branch B , 

w i t h b i f u r c a t i o n s a t B-̂ -* B^ , ^ and B4 a l so t o o k p a r t 

i n t h e n e u r a l p a t t e r n . The d i r e c t i o n o f ' p r o x i m a l - d i s t a l ' 

f l o w i n the axon branches f r o m b o t h nerve branches A and B 



T e x t - f i f f l i r e 1 ^ . Camera l u c i d a t r ac ing ; o f . a p a r t o f 
t h e neuraJ. p a t t e r n f o g a a t i o n by motor 
nerve bundles w i t h i n t h e in t r amuscu la r 
r e g i o n . 

From t h e f i r s t s u p e r f i c i a l l u m b r i c a l muscle o f cat 

CI58, o s m i c / g l y e e r i n e p r e p a r a t i o n . Side nerve 

branches A and B_ f r o m main i n t r a m u s c u l a r nerve-

t r u n k . JlLTther d i v i s i o n s o f nerve bundles occur 

a t j u n c t i o n s A ^ , A ^ , A^ & A^; B^ , B^ , B^ & B^, 

r e s p e c t i v e l y . D i f f e r e n t arrows designate the 

o r i g i n o f motor f i b r e branches f r o m e i t h e r A or B 

a j id a l s o i n d i c a t e t h e d i r e c t i o n o f t r a v e l . For 

example, between junct ions c and d , the nerve 

bundle cons iEts o f f i b r e branches o r i g i n a t i n g 

f r o m b o t h A and B s ide nerve branches and t r a v e l ­

l i n g i n oppos i te d i r e c t i o n s . Area o f t r a c i n g 

approx imate ly 8 sq.mm. 



distal 
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nerve-trunk proximal 

500// 
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l s i l l u s t r a t e d by d i f f e r e n t a r rows . Thus, o b s e r v a t i o n 

o f t h e axon branches between p o i n t s c and d showed t h a t 

t h e y o r i g i n a t e d f r o m s ide branches o f b o t h A and B. 

Between these p o i n t s , axon branches o r i g i n a t i n g f r o m A 

t r a v e l l e d i n t h e oppos i te d i r e c t i o n t o those f rom B. The 

occurrence o f axon d i v i s i o n s i n every j u n c t i o n o f t h e 

n e u r a l p a t t e r n , t o g e t h e r wi tJ i t i e ; r e c u r r e n t nature o f 

t h e i r courses r e s u l t s i n a l a r g e area o f d i s t r i b u t i o n . 

The area s t u d i e d was approx imate ly 8 mm^, P la te 16, 

f i g u r e A shows p a r t o f a n e u r a l p a t t e r n , and f i g u r e B 

demonstrates t h e c h a o t i c f l o w and r e c u r r e n t na tu re o f 

some axon branches a t a j u n c t i o n o f t h e n e u r a l p a t t e r n . 

Such p a t t e r n s have been r e p o r t e d i n c e r t a i n musdLes o f 

the r a b b i t and macaque monkey by Pe inde l e t a l . ( 1952) , 

who desc r ibed them as b e i n g o f ' p l e x i f o i m nature * a t 

t h e p r e - t e r m i n a l and t e r m i n a l l e v e l s , and 'anastomoses' 

i n r e l a t i o n t o n e r v e - t r u n k and ne ive bundles . I n t h e 

p re sen t s tudy , n e u r a l p a t t e r n s were f o u n d no t o n l y i n 

t he s u p e r f i c i a l and deep l u m b r i c a l muscles b u t a l so i n 

t h e ex tensor d i g i t o r u m b r e v i s , f l e x o r d i ^ t o r u m longus , 

l a t e r a l head, p o p l i t e u s , so leus , t i b i a l i s p o s t e r i o r , 

t i b i a l i s a n t e r i o r and gastrocnemius muscOIes o f t he c a t . 

Upon e n t r y i n t o t h e in t r amuscu la r r e g i o n , an 



Pla te 16. In t r amuscu la r n e u r a l p a t t e r n s 
o f motor f i b r e branches. 

f i g u r e A . Some i n t r a m u s c u l a r n e u r a l p a t t e r n s o f motor 

f i b r e branches aj?e shown f r o m the f i r s t super­

f i c i a l l u m b r i c a l muscle o f cat 0158. Osmic/ 

g l y c e r i n e , teased p r e p a r a t i o n , n . b . - nerve 

bundles , r e c . b r . - r e c u r r e n t f i b r e branches a t 

j u n c i i o n ( j u . ) o f nerve bundle d i v i s i o n , f s . b r . -

f u s i m o t o r f i b r e branches, i n f . m . f . - i n t r a f u s a l 

muscle f i b r e o f a s p i n d l e , cap. - s p i n d l e 

capsule . 

J i gu re B . A j u n c t i o n f r o m p a r t o f a n e u r a l p a t t e r n 

wlere f i b r e branches f r o m a few nerve bundles 

converge/depart f r o m / t o d i f f e r e n t d i r e c t i o n s , 

g i v i n g a compl ica ted d i s t r i b u t i o n o f f i b r e 

branches. Same p r e p a r a t i o n as i n i i g u r e A , 
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ocmotor f i b r e d i v i d e s a t n e a r l y every b i f u r c a t i o n o f 
t h e i n t r a m u s c u l a r nerve t r u n k . Daughter f i b r e s course 
towards d i f f e r e n t s ide branches and i n n e r v a t e separate 
areas o f muscle f i b r e s i n d i f f e r e n t depths o f t h e muscle. 
Moreover, t h e occurrence o f r e c u r r e n t and double r e c u r -
;cent courses o f nerve f i b r e s i n t h e nerve t r u n k and. 
f o r m a t i o n o f n e u r a l p a t t e r n s at t h e p r e - t e r m i n a l and 
t e r m i n a l l e v e l s c o n t r i b u t e s t o a most complex d i s t r i b u ­
t i o n . I t i s t h e r e f o r e imposs ib l e t o assess t h e e x t e n t 
o f a s i n g l e m o t o r - u n i t w i t h i n a muscle by h i s t o l o g i c a l 
method. Indeed, a l l t h e evidence suggests t h a t a c e r t a i n 
degree o f o v e r l a p p i n g i n m o t o r - u n i t s i s i n e v i t a b l e (see 
e . g . A d r i a n , 1925; Oooper, 1929; Van Har reve ld , 1946) . 
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B . The Rabbi t 

1 , The motor isupply o f l u m b r i c a l muscles 

1 .1 Extramuscular s tudy o f t he motor component 

The na ture o f t h e motor supply t o t h e t l u e e 

iTombrical muscles i n t h e r a b b i t ' s h i n d - f o o t has been 

examined f r o m e i g h t r a b b i t s ( r a b b i t Eb 23, Rb 5 1 , Rb 58, 

Sb 59, Kb 60, Rb 63 , Rb 65 & Rb 68; see M a t e r i a l s B and 

Table 2 ) f r o m w h i c h twenty-one d e - a f f e r e n t a t e d l u m b r i c a l 

ne ives were i n v e s t i g a t e d by t h e teased o s m i c / g l y c e r i n e 

p r e p a r a t i o n s . The muscles are sma l l e r than those i n 

t h e c a t , p a r t i c u l a r l y t h e 1s t l u m b r i c a l , and the motor 

supply c o n s i s t s o f no more t h a n a dozen nerve f i b r e s a t 

most, even i n t h e l a r g e s t 2nd l u m b r i c a l . The s p i n d l e 

c o n t e n t o f each muscle has been analysed by e i t h e r the 

o s m i c / g l y c e r i n e t echn ique o r by teased s i l v e r p repara ­

t i o n s . The r e s u l t s are shown i n Tables 14, 15 & 16, 

A p r e l i m i n a r y communication has been r e p o r t e d by Ada l 

& Barker (1965b) . 
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1.11 The motor componeiit of individual lumbrical 
fflULScles 

From eight de-afferentated 1st lumhrical muscles, 

the number of motor f ibres supplying individual muscles 

was from 1 to 5, the common number being 3 and 4 (Table 14). 

Only three of the muscle nerves showed the presence o f 

motor f ib res with total 'diameters less than 8 ^ , and 

there were only four such f ibres out o f a t o t a l of twenty-

f i v e motor nerve f ib res studied i n t h i s sample. The 

smallest f i b r e encountered was at 5y<i (Kb 60) and the 

largest d id not exceed 11 ̂  (Kb 63 & Bb 65). The number 

of spindles i n the muscle was between three aad four 

with two exceptaions each having only a single spindle. 

Plate 17» f igure 0 shows the motor supply to the Isb 

lumbrical muscle of rabbi t Kb 60 taken approximately 

5 mm p r io r nerve-entry from an osmic stained preparation. 

The t o t a l dismeters o f the three f ibres were 8/u 

and 9yU, respectively. 

I n a study of eight de-afferentated 2nd liambri-

cal muscle nerves, the number o f f ibres i n the motor 

supply of individual nerves observed was from 5 to 12 
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Plate 17. De-afferentated nerves to lumbrical 
muscles of the rabbi t . 

Jigure A. De-afferentated nerve supply to the 2nd lumb­

r i c a l muscle of rabbi t Eb 58 showing eleven motor 

f i b r e s . Two f ibres below 8measured at 7/u 

(c f . Table 15). 

Jlgure B. Six^ motor f i b r e s i n the de-afferentated nerve 

to the 2nd lumbrical muscle of rabbit Rb 60. Two 

f ibres below 8/U measured at 6/u and 7/u (cf . 

Table 15). 

Sigure 0. Three motor f ibres i n the de-afferentated 

nerve supply t o the 1st lumbrical muscle of 

rabbit Eb 60. i ib re diameters at 5/u, 8/u and 

9/u (c f . Table 14). 

jBigure D. The de-afferentated nerve supply to the 3rd 

lumbrical muscle of rabbi t Eb 60 showing only 

two motor f i b r e s , one at 4/u and one at 9/u 

(c f . Table 16). 

ov./̂ r. myet . - avoids/«lroi>ktt o{de^entrm.ta el mjtlin. 
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(Table 15). Thirteen of the total of sixty-two fibres 
measured were less than 8 two (Eb 59 Rb 68) out of 
the eight muscle nerves examined were without motor 
fibres of this calibre. The smallest fibre had an ext­
ernal diameter of 6/a (Eh 65); the largest did not exceed 
11/u. The spindle content of the muscle was between 3 
and 5» The de-afferentated nerve supply to the 2nd lumb­
r i c a l muscle of rabbit Eb 58 showed eleven fibres wilii 
total diameters measuring between 7 10/a (Plate 17, 
figure A 8s Table 15). In rabbit Eb 60, the de-afferent­
ated nerve to the 2nd lumbrical showed six nerve fibres 
with diameter range of 6 - 9 /a (Table 15); the teased 
preparation i s shown in Plate 171 figure B, at a distance 
of about 8 mm from nerve-entry. The nerve to the 2nd 
lumbrical of rabbit Eb 51 consisted of twelve fibre's with 
a diameter range of 7 to 10/a (Table 15); a section taken 
approximately 9 nmi from nerve-entiy showed a l l the fibres 
to be thickly myelinated (Plate 18, figure A & B). 

A total of eighteen motor fibres were examined 

from five -de-afferentated 3rd lumbrical muscle nerves. 

The number of fibres in the motor supply to this muscle 

was from 2 to 5 (Table 16). Two (Eb 51 & Eb 59) of the 
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f i v e musclfe nerves exaMned were witiiout motor f ib res 
less than 8yii; only tiaree f ibres i n the sample o f eight­
een were wi th in t h i s cal ibre . The smallest f i b re was 
4 ^ i n diameter; the upper l i m i t of f i b r e size was 10/u. 
a?he number of spindles i n t h i s muscle was between 1 and 3. 
The motor supply to the 3rd lumbrical muscle o f rabbi t 
Rb 60 i s shown i n Plate 17, f igure D, I t was taken 12 mm 
ftom nerve-entry and consisted of only two f ibres measur­
ing 4 ^ and 9 

Results from the twenty-one lumbrical muscle 

nerves examined showed a t o t a l o f 105 motor f ibres i n 

which 19 measured less than 8yu, Only twelve o f these 

nerves consisted o f motor f i b r e o f ^ sizes below 8ya, 

the remaining nine nerves were without a V component. 

1,2 Intramuscular study of the motor f i b r e d i s t r ibu t ion 

1.21 Dis t r ibu t ion of fusimotor f i b r e branches 

Investigation in to the intramuscular region 

of the lumbrical muscles i n the rabbit f o r the nature of 

fasimotor branching has been carried out i n six muscles 
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from two rabbits , Eb 23 & Rb 51. Due to the difference 
i n the intramuscular d i s t r ibu t ion o f the nerve f ibres , 

a pari^Tel study to that accomplished i n the cat i s 
p rac t i ca l ly impossible. The difference i s best i l l u s t ­
rated by a comparison between an osmic/glycerine prepara­
t i o n of a rabbi t lumbrical muscle (rabbit Eb 51, 2nd 
lumbrical, Plate 19) and one of a cat (cat 0167, 1st DL, 
Plate 5) . 

I n the rabbi t , the intramuscular d i s t r ibu t ion 

of nerve f ibres exhibits an even more complicated system 

of neural pattern than those i n the cat, covering large 

areas i n such a way that i t i s quite impossible to trace 

indiv idual nerve f i b r e branches. The most notable absence 

i n the rabb i t ' s preparation i s the lack o f independent 

fusimotor f i b r e branches. I n addition t o these d i f f i ­

cu l t i es , the muscle spindles i n the rabbi t lumbrical 

muscles derive t h e i r fusimotor f i b r e branches from ^ 

f ib res only i n mapy cases (see below). 

nevertheless, the nature o f intramuscular 

branching of flisimotor f ib res was ascertained to a certain 

extent from two muscles. One of these was the 3rd lumbri-



Plate 19. An osmic/glycerine teased preparation 
from the second lumbrical muscle of 
rabbi t Eb 31. 

Note the extensive neural patterns (neur.pat.) from 

connections, of nerve bundles and the absence of the 

independent fusimotor nerve-trunks found i n the cat 

( c f . Plate 5 ) . n.e. - nerve entyy , m.f. - motor 

f ib res i n muscle nerve , cap. - spindle capsule, 

pole - spindle pole, Sp I - spindles one to f i v e . 
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eal muscle of rabbi t Eb 51. There were three motor f ibres 
i n the nerve supply, one 9/u and two 10/u, a l l o f which 
branched intramuscularly to innervate extrafUsal muscle 
f i b r e s . Five of the ten axons supplying the only spindle 
present were traced to originate from the two 10/u, f i b r e ; 
the derivation of the remaining f ib res could not be traced 
with certainty (Text-figure 14 & Table 16). The other 
muscle studied was from the f i r s t lumbrical muscle o f 
rabbi t Rb 59. There were three f ibres i n the nerve supply, 
one measuring 8 ja diameter aidi two 10/u. From teased 
s i lve r preparations, the muscle showed the presence of 
fo\ ir spindles, two of which were tandem. I n t r a c i i ^ the 
o r i g i n of the fusimotor f i b r e supply to one o f the tandem 
spindles, four of these f i b r e s , three of 2/u and one of 
3 ^ , proved to be derived from an 8 / i f i b re (Text-figure 
15). As t h i s was very near to the region o f nerve-entry, 
t h i s 8/u f ib re might be the same one as observed i n the 
muscle nerve, or might originate from any one o f the 10/u 
f i b r e s . Since a ^ component i n the muscle nerve was 
lacking, the fusimotor supply i n t h i s muscle must have 
originated from P f i b r e s . A fur ther example, which was 
rather unique, was shown i n the nerve to the 1st lumbri-
cai muscle of rabbit Eb 231 where the motor supply 
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consisted o f one 8ya f i b r e only (Table 14) . This s ingle 
f i b r e provided ti ie skeletomotor supply to the whole 
muscle as w e l l as the fus imotor innerva t ion o f the only 
spindle present. 

These r e s u l t s , taken i n conjunct ion w i t h those 

o f the preceeding sec t ion ind ica te a higher degree o f 

p i nne rva t ion o f spindles such as also appear to occur 

i n r a t t a i l muscles (see Kidd:, 1964). 

1.22 Motor endings i n lumbr ica l muscle spindles 

I t has been shown by Barker 8s I p (1965b) tha t 
• • _ "" \ . -

there are two kinds o f motor endings i n spindles o f the 

cat and the r a b b i t . One i s the usual end-plate type, 

which i s normally found i n the polar region some distance 

f rom the sensory endings; another i s a d i f f u s e type, the 

• t r a i l - e n d i n g * , located at the juxba-equatoriaJ. region. 

However, there i s a d i f f e rence i n the morphology o f the 

i n t r a f u s a l muscle f i b r e s i n the spindles o f t l ^ two 

aii imals. I n the spindles from the vastus intermedins, 

tenuissimus and soleus muscles o f the r a b b i t , the i n t r a ­

f u s a l muscle f i b r e s consist o f nuclear-bag f i b r e s only 
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(Barker 8s Hunt, 1954); the nuclear-chain f i b r e s , commonly 
found i n cat spindles, are l ack ing . 

I n the present i n v e s t i g a t i o n , the i n t r a f u s a l 

muscle f i b r e s o f the spindles i n the lumbrica l muscles 

have been examined to ascer ta in whether they also consist 

o f nuclear-bag f i b r e s only . This was dejiermined by 

studying s e r i a l transverse sections o f the 2nd lumbrica l 

muscle o f r a b b i t Rb 20. There were f i v e spindles i n the 

muscle, each o f which consisted o f f o u r nuclear-bag 

f i b r e s . Only one f i b r e was doub t fu l as t o whether i t 

might not be a chain f i b r e . Plate 20 shows sections from 

the capsular region o f one o f the spindles, w i t h f o u r 

nuclear-bag f i b r e s , l y i n g side by side at s l i g h t l y d i f f e r ­

ent l e v e l s , exh ib i t ed by d i f f e r e n t sections. 

A t o t a l o f 92 spindles from 21 lumbrica l muscles, 

s tained by the teased s i l v e r method, were examined from 

seven r a b b i t s , one normal ( r abb i t Hb 62) and s i x being 

de-af ferenta ted previous ly ( r abb i t Hb 58, Rb 59» 60, 

Rb 63, Rb 65 Sb Rb 68) . Motor endings i n the m a j o r i t y 

o f the spindles were o f the end-plate type . The occur­

rence o f ' t r a i l ending' was encountered only i n two 
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sp ind les , both were f rom the second lumbr ica l muscle, 
one i n r a b b i t Rb 63 and the other i n r a b b i t Rb 65. A 
reference t o the nerve supply (Table 15) showed tha t f i b r e s 
below 8 ^ were present i n the motor component o f the two 
muscle nerves. 

These r e s u l t s indica te that both types o f p la te 

and t r a i l motor endings occur i n spindles o f r a b b i t lumb­

r i c a l muscle, and tha t the p la te ending i s by f a r more 

common than the t r a i l ending; Plate endings were found 

i n spindles o f muscles having a motor supply o f nerve 

f i b r e s w i t h or wi thout a ^g roup ; whereas the t r a i l end-

ings encountered on the two occasions were i n spindles o f 

muscles supplied by f i b r e s among which were those less 

than 8 ^ and are therefore presumably ^ . No t r a i l end-

ii3gs occur e x t r a f u s a l l y , so i t may therefore be concluded 

tha t they are exc lus ive ly o f o r ig ins un l ike p la te 

endings which may be supplied t o spindles by e i the r ^ or 

/3 f i b r e s . 

1,23 Motor f i b r e branches to e x t r a f u s a l muscle fibrfefs 

I nves t i ga t i on o f the intramuscular branching 

o f motor nerve f i b r e s to e x t r a f u s a l muscle fi-bres i n the 
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r a b b i t has been ca r r i ed out only t o a l i m i t e d extent . 
This i s due to the f a c t tha t a large amount o f the motor 
f i b r e s supplying the lumbr ica l muscles are ^ f i b r e s , as 
a r e s u l t o f which tlB intramuscular t r a c i n g o f f i b r e 
branches i s made more d i f f i c u l t . I n f a c t , the two motor 
f i b r e s t raced f rom the muscle nerve to the intramuscular 
reg ion both showed a mixed nat i i re . The two f i b r e s from 
tlE t h i r d lumbr ica l muscle of r a b b i t Rb 51 exh ib i t ed the 
same ex te rna l diameter o f 10yu (Text - f igure 14 ) . The 
nature o f branching o f these two f i b r e s , one o f which 
i s shown i n Tex t - f i gu re 16 , seems t o show a mixture o f 
*semipyramidal and 'monopodial' types. Prom the study 
o f the f i b r e branches and t h e i r neural pa t t e rn o f d i s t r i ­
b u t i o n w i t h i n the muscle, there i s eveiy reason to 
suppose tha t a l l three types o f skeletomotor intramuscular 
branching found i n the cat also occur i n the r a b b i t . 

G, Some motor comparisons between cat and, r abb i t 

The pos tu l a t i on t h a t ^ - s t e m f i b r e s less than 

4 / I i n diameter s p e c i f i c a l l y innervate the nuclear-chain 

muscle f i b r e s i n cat spindles (Boyd 8s Davey, 1962; Boyd, 

1962) leads to the question as to whether such small 



g?ext-fiKTire 16. Schematic representat ion o f a motor 
f i b r e branching in t r amiscu la r ly from 

the lumbr ica l muscle o f the r a b b i t . 

Osmic/glycerine preparat ion f rom the t h i r d l i i m b r i -

ca l muscle o f r a b b i t Rb 51 . Both 'Semipyramidal' 

and 'Monopodial' types o f branching are exhib i ted . 

A t o t a l o f 12 d i v i s i o n s t raced, 9 by dichotomy and 

3 by t r ichotomy; also 8 by equal and 4 by unequal 

branching. Rep3?esentation of f i b r e branching as 

i n Tex t - f igure 9. 
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i T f i b r e s are absent i n r a b b i t muscle nerves that supply 
spindles without nuclear-chain muscle f i b r e s (Barker 8s 
Hunt, 1964). Comparisons were made i n the present study 
f rom de-af ferenta ted f ibre-d iameter spectra of nerves 
supplying the soleus, t i b i a l i s an t e r i o r anil popl i teus 
muscles o f the cat and r a b b i t . The usual b imodal i ty from 
oc and groups o f motor f i b r e s was exhibi ted i n a l l muscle 
nerves. However, small ^T-stem f i b r e s were present i n a l l 
r a b b i t nerves though i n smaller proport ions than i n the 
ca t . The r e su l t s were based on de-afferentated muscle 
nerves f rom one ca t , 0191, and two r a b b i t s , Rb 51 8s Rb 65. 

1 . Comparisons o f the soleus, t i b i a l i s an te r io r 

and popl i teus muscle nerves 

A comparison between f ibre-d iameter spectra 

o f the nerves to the soleus muscle o f the cat and the 

r a b b i t has shown tha t the percentage o f small V-stem f i b r e s 

less than 4 ^ i n the 2 - 8ya f i b r e group i s 29% i n the 

cat and 19% i n the r a b b i t (Tex t - f igure 17) . The small 

f i b r e percentage i n the same muscle nerve o f another 

r a b b i t (Rb 65) i s s l i g h t l y lower, at 13%. A s i m i l a r 

comparison of f ib re -d iameter spectra o f the nerves to 
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t i b i a l i s an te r io r muscle shows the percentage o f small 
1^ f i b r e s i n the cat being 43% as to 28% i n the r a b b i t 
(Tex t - f i gu re 18) . Again, i n the nerves t o the popl i teus 
muscle, the percentage o f small iĴ  f i b r e s i n the cat i s 
27% as t o 5% i n the r a b b i t (Text - f igure 19) , though only 
2% f rom the determinat ion o f another r a b b i t (Sb 51) . 

2 . Comparisons o f lumbr ica l muscle nerves 

Results f rom de-aJfferentated lumbr ica l muscle 

nerves o f the cat and the r a b b i t give an even more i n t e r ­

es t ing comparison i n the f ib re -d iameter spectra. Data 

f rom the cat lumbr ica l nerves give a t o t a l o f 39 f i b r e s 

f rom f o u r muscles o f three cats (Tables 3, 4, 5 & 6 ) . . A 

t o t a l o f 105 nerve f i b r e s have been examined i n twenty-

one lumbr i ca l muscle neives from e ight rabb i t s (Tables 14, 

15 & 16) . The f i b r e diameters i n the cat lumbr ica l nerves 

are spread over a wide range throughout theoC and V groups 

(Tex t - f i gu re 20) . I n the r a b b i t , however, the range i n 

f i b r e diameter i s much more l i m i t e d ardl tbe d i s t r i b u t i o n 

o f nerve f i b r e s show only a unimodal peak. 

The unimodal d i s t r i b u t i o n o f nerve f i b r e s i n 
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the e f f e r e n t fibre-diameter spectra o f small muscle nerves 
at the extremity i s due not t o the lack o f muscle spindles 
and therefore devoid of a "X* group (Femao^. & Xoung, 1951), 
nor t o peripheral tapering and branching o f motor nerve 
f i b r e s only (Adal, 1961) but i s due mainly to^ the common 
occurrence of f i b r e s . 



Tegt-figure. 20. Comparison o f fibre-diameter spectra 
of motor fibres^ being a t o t a l of a l l 
de-afferentated lumbrical muscle 
nerves studied from cats and r a b b i t s . 

A t o t a l o f 39 motor f i b r e s from four deep lumbri­
c a l muscle nerves o f three cats ( c f . Tables 3, 4, 
5 & 6) and 105 motor f i b r e s from twenty-one lumb­
r i c a l muscle nerves o f eigbt r a b b i t s ( c f . Tables 
14, 15 & 16). A bimodal d i s t r i b u t i o n o f f i b r e 
diameters i n t o oc and Y groups i s shorn i n the 
hisbogram o f the cat liuabrical nerves; a xmimodal 
d i s t r i b u t i o n m4inl5̂ -.pf fi f i b r e s is. shown i n the 
diameter spectrum of the r a b b i t limibrical nerves. 
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T. BISGUSSIGH 

Extramuscular branching of 
muscle nerves 

I t has long been known that nerve f i b r e s 
supplying muscle undergo branching, but there i s r e l a t ­
i v e l y l i t t l e information about the nature and degree of 
t h e i r branching. The usual i n d i r e c t approach by most 
investigators i s to examine two transverse sections of 
a muscle nerve, taken seme distance apart, ensuring no 
side trunks t o have been given o f f i n between. The 
increase i n nuniber o f nerve f i b r e s and the absence or 
reduction i n number o f those o f large calibre i n the 
d i s t a l section, as compared to the proximal, indicates 
the occurrence and degree o f branching. 

I n the present study, i t has been demonstrated 
th a t i n i t i a l branching o f motor f i b r e s occurs at a 
ce r t a i n distance from the muscle, i n close r e l a t i o n t o 
the l e v e l at which the muscle nerve begins t o divide i n t o 
smaller nerve-trunks. This l e v e l i s considerably below 
the o r i g i n of the nerve from a larger common neirve trunk 
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where motor f i b r e s do not undergo branching but are 
simply segregated i n t o two streams. Usually, motor f i b r e s 
begin t o divide f u r t h e r away from a larger muscle than 
from a small one, though there i s not a direct l i n e a r 
r e l a t i o n s h i p f o r a l l muscles. I n the small deep lumbri-
cal muscles o f the cat's hindlimb, i n i t i a l branching o f 
motor f i b r e s i n the muscle nerves has been observed to 
occur only one mill i m e t r e away from the muscle; i n some 
cases, d i v i s i o n o f nerve f i b r e s does not occur u n t i l ::s.\. 
a f t e r nerve entry, 

Eccles & Sherrington (1930) demonstrated i n 
the mesial gastrocnemius nerve of the cat that between 
62 and 9 ̂  from entry i n t o the muscle, there was an 
increase of 153 nerve f i b r e s , and the distaiice of the 
nerve d i v i d i n g i n t o two smaller nerve-trunks was 56 mm 
from nerve-entry. They pointed out that a section taken 
from a muscle nerve f o r the study o f i t s f i b r e population 
should be a^ f a r proximal as possible t o avoid the occur­
rence of branching. This i s c e r t a i n l y true f o r large 
muscles, but less important when dealing w i t h small ones. 
I t i s i n t e r e s t i n g t o note that G i l l i a t t (1965), i n a 
study by sti m u l a t i o n and recording from the human fore-arm. 
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lias concluded that motor axon branching i n a nerve to 
muscles i n the hand begins i n the region of the elbow; 
i t seems very doubtful that branching occurs so f a r away 
from cat mascles. 

Intramuscular 
skeletomotor component 

I t i s generally known tha t motor f i b r e s of a 
mascle nerve undergo profuse branching and increase i n 
number upon entry i n t o a muscle. I n t h i s study, the 
nature of such branching has been c l a s s i f i e d i n t o three 
main types, namely, the 'pyramidal*, 'semipyramidal' and 
'monopodia!' types, w i t h the frequency of occurrence i n 
t h a t order. I t might be possible th a t the common occur­
rence o f the 'pyramidal' and ' semipyrami dal' types of 
motor f i b r e branching represent the normal d i v i s i o n o f 
nerve f i b r e s w i t h i n a muscle. The 'monopodial' type o f 
branching might be inte r p r e t e d i n r e l a t i o n to the pro­
cess of motor end-plate replacement (Barker & I p , 1965a). 
The t h i n f i b r e branches i n t h i s type o f branching might 
be the product of the replacement process as re-imiervat-
ing f i b r e branches t o end-plates. 
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I n the present study, i t has been shown tha t 
unequal axon branching predominates over equal branching 
i n the main intramuscular nerve-trunk but i n the side 
nerve branches at pre-terminal and terminal l e v e l , the 
a^ i t u a t i o n i s reverse. Erom the data o f Cooper (1929), 
seven out of the l i s t e d ten f i b r e divisions from the 
sa r t o r i u s muscle nerve of the cat showsd unequal branch­
ing and one example of trichotomy was also demonstrated. 
Examples of dichotomy were also shoisn by Eccles & 
Sherrington (1930) from the semitendinosus, soleus and 
mesial gastrocnemius muscle nerves o f the eat. 

I t has been consistently found i n the present 
study t h a t intramuscular branching o f axons occurs most 
frequently around d i v i s i o n o f nerve trunks, either a 
l i t t l e before or at the junctions. Daughter axons usually 
t r a v e l i n d i f f e r e n t d i r e c t i o n s , noimally, one towards 
a side nerve, the other continuing along the main ner^re-
trunk. This provides the h i s t o l o g i c a l picture to the 
physiological work o f Adrian (1925) who recorded action 
p o t e n t i a l s at both ends of the tenuissimus muscle which 
was cut at the middle w i t h the nerve branches i n t a c t and 
stimulated at one end only. The same esqplanation applied 
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t o the work of K u f f l e r , Mint & Quilliam (1951) when 
po t e n t i a l s were recorded i n both nerve branches of t h i s 
muscle when a single nerve f i b r e i n the r e l a t e d v e n t r a l 
root was stimulated. 

I n the intramuscular region o f a number o f 
cat hindlimb muscles, the motor nerve axons show neural 
configurations from which smaller bundles of axons are 
given o f f to innervate groups of motor eud-plates. Such 
neural configurations have been observed i n human muscles 
(itohs e , 1898), and i n muscles o f r a b b i t and. macaque 
monkey (Feindel et a l . , 1952). I t has yet t o be invest­
igated whether such neural configurations of axons occur 
i n other lower groups o f animals. Tiegs (1953) gave a 
personal observation i n h i s review that i n i n t e r ­

costal muscle o f pjrthon, the t h i n nerve twigs can be 
seen t r a v e r s i n g the muscle tissue f o r considerable d i s t ­
ances, d e l i v e r i n g motor endings t o adjacent f i b r e s , but 
without any interweaving". 

Bfotor-units 

I t i s p r a c t i c a l l y impossible to explore the 
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exact t e r r i t o r y covered by a single motor-unit from 
h i s t o l o g i c a l studies even i n a muscle as small as the 
deep lumbrical of the cat. An exception i s found i n 
the odd r a b b i t lumbrical muscle which i s supplied by only 
one motor nerve f i b r e , i n which case, the whole muscle 
constitutes one unique motor^unit. Instead o f proceeding 
s t r a i g h t o f f to side nerve trunks, the recurrent and double 
recurrent nature o f axon branches i s an i n i t i a l i n d i c a t i o n 
t h a t motor axons do not pursue the shortest possible 
routes t o the s i t e of motor innervation. Moreover, the 
neural configurations i n v o l v i n g numerous other axons tend 
t o add f u r t h e r d i f f i c u l t i e s i n the t r a c i n g o f the muscle 
area innervated by i n d i v i d u a l parent nerve f i b r e s . I t 
i s evident that the areas covered by neighbouring motor-

units overlap considerably and the muscle f i b r e s innervated 
by axon branches from a parent nerve are scattered 
throughout an area covered by numerous axon braiwihes of 
d i f f e r e n t parent nerve o r i g i n s . 

The nature o f overlapping o f motor-units w i t h i n 
a muscle stems from d i f f e r e n t contributions o f motor 
nerve f i b r e s deriving from a number o f spinal roots to 
various muscle nerves. The small muscles at the extrem-
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i t i e s of the macaque moDkey receive a d i f f e r e n t segmental 
motor supply (Sherrington, 1892). Overlapping of the 
d i s t r i b u t i o n of s p i n a l nerves contributing to various 
muscle nerves of the hindlimb i n the r a t has been shown 
b y Browne (1950). The motor c e i l columns of the lumbo­
s a c r a l spinal cord w i t i i r e l a t i o n s to spinal roots and 
muscle nerves of the hindlimb i n the cat, determined b y 
Romanes (1951) iias been further extended b y Sprague (1958) 
I t has also been s h o w a b y Wohlfart (19^9) that i n c e r t a i n 
diseases of motor neurones r e s u l t i n g i n some denervation 
of human muscles, the unit of muscular atrophy does not 
correspond to the muscle f a s c i c u l u s . 

That muscle f i b r e s innervated b y nerve fibre 
branches of the same motor^unit are scattered over a 
c e r t a i n area of a muscle has been showa b y recordings 
of a ction p o t e n t i a l s i n separate parts of a muscle prod­
uced b y e l e c t r i c a l stimulation of single axons. This 
has been demonstrated b y Adrian (1925) and Kuffler, Hunt 
& Quilliam (1951) and b y Cooper (1929). Van Harreveld 
(1946) has shown that i n cutting one of the s p i n a l nerves 
innervating the sa r t o r i u s muscle of the rabbit, h i s t o l o ­
g i c a l examinations of the muscle f i b r e s two weeks l a t e r 

• J i FEB 1966 ] 
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have shown intermingling of normal and atrophic muscle 
f i b r e s . 

Some ind i c a t i o n s of the extent of a single 
motor-unit i n the deep lumbrical muscles can be seen i n 
the present study from the intramuscular branching of 
skeletomotor f i b r e s . Within the muscle, branches from 
an oc. motor f i b r e have been traced to side nerve trunks 
at a distance o f nearly 7 nmi from nerve-entry and to 
continue one or two millimetres further down t o the l e v e l 
of muscle-fibre innervation. Bu<Shthal, Ermino & 
Rosenfalck (1959) recorded the spread o f action p o t e n t i a l s 
from moto2>-units of d i f f e r e n t human muscles by means o f 
multi-electrodes and found that the f i b r e s o f a motor-

u n i t were detected i n a c i r c u l a r area o f 5 - 7 mm diameter 
f o r the muscles o f the upper extremities and of 7 - 10 mm 
i n the lower extremities. 

Tnnejryation r a t i o s 

I n the past, numerous innervation r a t i o s 
estimated f o r d i f f e r e n t muscles o f one animal or another 
have not taken e i t h e r the Jf'component o f the motor supply 
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or the i n t r a f u s a l muscle f i b r e s into account. I n r e -
estimating the innervation r a t i o s f or two cat muscles 
a f t e r the required adjustments, the values obtained are 
higher than those previously determined by about 70 -
80%. 

i\isimotor innervation r a t i o s , however, have 
not been previously determined. TMs i s due mainly to 
the lack of detailed knowledge of the fusimotor component 
of the nerve supply and the rela t e d i n t r a f u s a l muscle f i b r e 
a n a l y s i s f or i n d i v i d u a l muscles, without which calculations 
for such r a t i o s are not possible. Even i n electrophysio­
l o g i c a l studies, stimulation of motor fib r e s of low 
conduction v e l o c i t y and presumably of the gamma group 
f a i l e d to develop any measurable tension. Kuffler, Hunt 
8s Quilliam (1951) were unable to record any contraction 
from the soleus a^id tenuissimus muscles of the cat on 
stimulation of small motor f i b r e s conducting at 15 - 55 

m/sec i n the v e n t r a l roots. McPhedran, Wuerker & Henneman 
(1965) also f a i l e d to record any measurable tension on 
stimulating motor neirve f i b r e s conducting under 40 m/sec 
to the same muscle; t h ^ were unsuccessful with the 
gastrocnemius muscle as w e l l , working on nerve f i b r e s 
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with conduction v e l o c i t i e s between 1 0 - 5 0 m/sec 
(Wuerker, McPhedran & Henneman, 1965). 

The separate estimations of innervation r a t i o s 
f o r both extra- and i n t r a f u s a l muscle fibres i n the deep 
lumbrical muscle determined i n t h i s investigation i s made 
possible only a f t e r ths skeletomotor and fusimotor comp­
onents i n the muscle nerve were analysed irdependently 
i n d e t a i l within the intramuscular region. The value of 
1 : 500 given f o r skeletomotor innervation r a t i o and 
1 : 9 given for fusimotor innervation i n the f i r s t deep 
lumbrical muscle of the cat should be genuine figures 
representing the average proportion of motor nerve f i b r e s 
to muscle f i b r e s innervated, since separate e n t i t i e s of 
extra- and i n t r a f u s a l muscle and nerve f i b r e s have been 
taken into account. 

Gamma component 

Since the well-established work of L e k s e l l 
(1945) that gamma efferent fibres are responsible f o r 
the innervation of muscle spindles, individual gamma 
f i b r e s have further been demonstrated to supply several 
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spindles within a muscle by Hunt & Kuffler (1951), 
K u f f l e r , Eunt & Quilliam (1951)» and more recently by 
Growe 8c Matthews (1963, 1964b) and Brown, Crowe & 
Matthews (1965). The nature of the fusimotor branching 
and d i s t r i b u t i o n within a muscle has been observed i n 
the present study by actual tracings of fusimotor f i b r e s 
through t h e i r intramuscular course, fromV-stem f i b r e s 
i n the muscle nerve to the s i t e of innervation i n the 
muscle spindles. Crowe & Matthews (1964;^) demonstrated 
d i f f e r e n t frequencies of response produced by three 
primary endings from stimulation of a single fusimotor 
f i b r e . This i s probably attributed to the vairiation i n 
the number of fusimotor f i b r e branches distributed L : 
to d i f f e r e n t spindles i n the muscle from a single K-stem 
f i b r e . I t has also been observed that individual muscle 
spindles receive fusimotor innervation deriving from 
d i f f e r e n t V-stem f i b r e s , as shown by neurophysiological 
experiments (Kuffler, Hunt & Quilliam, 1951). 

Irom d i r e c t observation i t has been possible 
to t r a c k the course of S'-stem f i b r e s down t o t h e i r 
terminal branches. I n the case of the ^component, Boyd 
(1962) postulates the occurrence of a s i z e r e l a t i o n s h i p 
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i n suck a way t h a t the la rge , t h i c k l y myelinated and 
the smal l , t h i n l y myelinated iT-stem f i b r e s give r i s e to 
large f i b r e s and small T f a f i b r e s , respec t ive ly , a t 
the l e v e l o f spindle en t ry . I n r e l a t i o n t o the diameter 
measiirements o f Boyd (1962) and Boyd & Davey (1962), the 
t h i c k l y myelinated iT-stem f i b r e s w i t h t o t a l diameters 
between about 4.0 and 8.0/u would branch intramuscular ly 
t o give "iTi f i b r e s , reaching the spindles W3t;h axon diam­
eters between 2.5 and 4 . 0 ^ ; and the t h i n l y myelinated 
ir-stem f ibres . , having t o t a l diameters less than 4.0yu, 
would branch t o give "Ĵ l f i b r e s w i t h axon diameters be t ­
ween 1 .0 /1 or less and g .O / i at spindle l e v e l . To 
ob ta in such a d i s t r i b u t i o n , the small t h i n l y myelinated 
^ f i b r e s would have t o branch more f requen t ly than the 
t h i c k l y myelinated ones (average propor t ion 12 : 5» 
Boyd's c a l c u l a t i o n , 1962), since they are from a h a l f 
t o a t h i r d as numerous i n muscle nerves (Boyd & Dayey, 
1962). 

However, r e su l t s f rom intram.uscular t rac ings 

show t h a t the diameter at which a fus imotor f i b r e o r 

f i b r e branch enters a spindle has no d i r ec t r e l a t i onsh ip 

to the diameter o f i t s stem f i b r e i n the muscle nerve. 



- 107 -

I n a d d i t i o n , t h i n l y myelinated V f i b r e s i n muscle nerves 
do not t ranel i as f r equen t ly as t l ie t kLck ly myelinated 
ones. I n general , the frequency of intramuscular branch­
ing i s greater i n the l a rge r , t h i c l d y myelinated jT-stem 
f i b r e s , not the reverse. There i s also no s ign i f icance 
i n the suggestion of a f u n c t i o n a l d u a l i t y w i t h i n the 

component i n such a way t h a t each spindle receives an 

inne rva t ion f rom f a s t , t h i c k l y myelinated 4,0 - 8.0/u 

Jf-stem f i b r e s o f lower th reshold , and slow t h i n l y myel in­

ated, higher threshold JT-stem f i b r e s w i t h diameters o f 

less than 4 . 0 / i . Only f o u r out o f the eighteen spindles 

s tudied received f i b r e branches f rom both large and small 

^-stem f i b r e s . I n f a c t , small ^2 f i h r e branches are 

shown to innervate spindles i n one muscle tha t received 

a )^ component of only thicJsiy myelinated nerve f i b r e s . 

The work of Steg (1962, 1964), showing a s ingle V f i b r e 

innerva t ing an average o f three spindles present i n the 

l a t e r a l segmental t a i l muscles o f the r a t i s i n d i c a t i v e 

o f a s i m i l a r nature . The same conclusion i s ind ica ted even 

i f the t h i n l y myelinated ^ group i s taken as f i b r e s 

measuring less than 3 . 0 ^ (Boyd, 1962) instead o f less 

than 4 . 0 ^ (Boyd & Davey, 1962). 
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Boyd (Boyd & Davey, 1965) has recen t ly al leged 
tha t Adal & Barker (1965^) misunderstood h i s c l a s s i f i ­
ca t ion o f the r e l a t i v e diameters o f the ^ ' and ^2 axons 
supplying the two types o f motor endings i n muscle sp in ­
d les , which he emphasized t o be based on a number o f 
c r i t e r i a . Although the occurrence o f a dual motor system 
suggested by Boyd (1962) i s based on d i f f e r e n t c l a s s i f i e d 
obsei?vations, namely, two kinds o f i n t r a f u s a l muscle f i b r e s , 
two kinds of motor ending, ^ \ and f i b r e branches e t c . , 
a closer examination i n t o any one of the c r i t e r i a i s 
l e g i t i m a t e . Since no d i r e c t r e l a t i onsh ip i s shown i n 
the present study between and "̂ a f i b r e branches and 
the t h i c k l y and t h i n l y myelinated V-stem f i b r e s , i t must 
be concluded tha t Boyd's speculations insofar as t h ^ 
are based on f i b r e diameter are u n j u s t i f i e d . I n add i t i on , 
the discrepancy i n the measurements o f nerve f i b r e s be t ­
ween Boyd's (1962) axon diameter (gold chloride stained) 
and the external diameter (osmic ac id stained, Adal & 
Barker, 1965s) iias already been adjusbed by al lowing a 
d i f f e r ence o f 0 . 5 / i between these two measurements. 
This sdjustment should be adequate as Boyd (1962) s tated 

tha t "The values o f diameter given are those o f 

axon diameter, but i t may be assumed tha t the t o t a l 
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diameter was only s l i g h t l y greater ." Therefore, any 
f i b r e w i t h external diameter o f 2 .5 ,^ or less i n Adal & 
Barker ' s (1965a) measurements should be equivalent t o 
2 . 0 / 1 or less i n axon diameter measurements o f f ib re ' s , 
since the axon diameter near muscle spindles was given 
by Boyd (1962) as 4.0 - 2 .5 / i i f o r ^\ and 2.0 - 1.5/a f o r 

f i b r e s . There i s no question tha t ary small f i b r e 

branches have been missed since a l l the fus imotor f i b r e 

branches enter ing muscle spindles have been examined. 

Moreover, a comparison o f the average number o f fusimotor 

f i b r e branches per spindle i n the lumbrica l muscle be t ­

ween the osmic ac id and the teased s i l v e r techniques has 

shown the d i f f e rence to be n e g l i g i b l e (5*7 as compares 

w i t h 5 .8)» i n d i c a t i n g tha t a l l fas imotor f i b r e or f i b r e 

branches innerva t ing the spindles studied have been 

examined. 

Pusimotor f i b r e s and f i b r e branches e x h i b i t i n g 

a d u a l i t y i n f i b r e diameters, as presented by Boyd (1962), 

have not been consistent from the l e v e l o f a muscle nerve 

t o the s i t e o f innerva t ing muscle spindles . At the l e v e l 

p r i o r t o entry i n t o a muscle, two groups o f V-stem f i b r e s 

w i t h t h i c k and t h i n myel inat ion have been demonstrated 
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(Boyd & Davey, 1962), whi le w i t h i n the muscle, i t has been 
found t h a t " I n the intramuscular nerve branches two groups 
o f fus imotor axons o f d i f f e r e n t diameter are not obvious. . 
. . . . . i n the spindle themselves the, d i f fe rence i n diam­
eter o f the two types o f axon i s o f t e n very s t r i k i n g , , , , " 
(Boyd, 1962), Thus, i t has been shown f o r the three 
d i f f e r e n t l eve l s tha t the f i b r e diameters o f motor nerves 
e x h i b i t a dual nature a t the muscle nerve ( t h i c k l y and 
t h i n l y myelinated JT-stem f i b r e s ) , a ra ther normal d i s t r i ­
b u t i o n as a group i n f i b r e ca l ib re i n the intramuscular 
reg ion , and a c lear -cu t segregation again near to and 
w i t h i n muscle spindles (Vi/2J'x f i h r e s ) . I n order to 
attempt at an explanation f o r such a d i s t r i b u t i o n o f 
motor nerve f i b r e s , c e r t a i n conclusions could be drawn 
i n terms ofj^he nature o f branching o f these f i b r e s i n 
the intramuscular region. F i r s t l y , i f no branching has 
occurred, then the motor nerve f i b r e sizes should remain 
segregated at a l l l e v e l s . This , of course, i s a postu-
l a t i o n at the extreme but i t does i l l u s t r a t e the outcome 
of the s i t u a t i o n . Secondly, i f the frequency o f branch­
ing i s the same f o r a l l ^ f i b r e s ijiiether t h i c k l y or 
t h i n l y myelinated, then since the ^'-stern f i b r e s e x h i b i t 
a d u a l i t y i n sizes, the increase i n number of f i b r e branbhes 



- I l l -

f rom the same fcequeney o f f i b r e d iv i s ions o f both types 
should also produce a segregation o f f i b r e sizes at a l l 
l e v e l s . T h i r d l y , i f the frequency o f branching i s 
greater w i t h i n the t h i n l y myelinated ^ group ( as Boyd, 
1962, calculates i n the p ropor t ion o f 12 : 5 i i i compari­
son w i t h the t h i c k l y myelinated ones), then t h i s should 
also produce ,a segregation o f motor f i b r e ibranches i n the 
intramuscular reg ion since the ^a. f i b r e branches f rom 
t h i n l y myelinated y-stem f i b r e s would remain t o be small 
i n sizes from more d i v i s i o n s whi le the f i b r e branches 
f rom t h i c k l y myelinated Jf-stem f i b r e s would remain la rger 
i n c a l i b r e from fewer d i v i s i o n s . I ' i n a l l y , i f the f r e q ­
uency o f branching i s greater i n the t h i c k l y myelinated 
V group (as shown i n the present s tudy) , then f i b r e 
branches f rom the t h i c k l y myelinated ^ f i b r e s together 
w i t h those from fewer d iv i s i ons of the t h i n l y myelinated 
ones would produce a more normal d i s t r i b u t i o n as a group 
o f f i b r e diameters throughout the range of f i b r e sizes i n 
the intramuscular r eg ion , which i s p rec ise ly the s i t u a t i o n 
e x i s t i n g ; ^ i t h i n t h i s reg ion . 

I n the study o f fus imotor f i b r e branches inner ­

v a t i n g i n t r a f u s a l muscle f i b r e s . Barker & Ip (1965b) have 
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shown two kinds o f motor ending, namely, the p la te and 
t r a i l ending, l y i n g i n d i f f e r e n t loca t ions i n muscle 
spindles o f the cat and r a b b i t . These endings are found 
t o innervate both the nuclear-bag and nuclear-chain 
muscle f i b r e s o f cat spindles, and are not segregated 
between them. As maintained previously by Barker & Gope 
(1962) and Barker, Cjipe & I p (1962), no c o r r e l a t i o n i s 
shown between the size o f a motor f i b r e or f i b r e branch 
enter ing a spindle and the type o f i n t r a f u s a l muscl© 
f i b r e i t innervates. Thus, the diameters o f 2̂  f i b r e s , 
whether stem or branch, are o f no great s ignif icance and 
t h e i r nature and atication o f t e rmina t ion as motor endings 
i n the spindle i s more re levant . 

A dual motor system suggested to occur i n 

muscle spindles by Boyd (1962) i s incompatible w i t h some 

recent neurophysiological conclusions. Henneman, Somgen 

& Carpenter (1965a) recen t ly showed tha t during a s lowly 

increas ing s t r e t ch o f an extensor muscle i n a decerebrate 

ca t , the smallest alpha motoneurones o f the muscle were 

the f i r s t t o be r e f l e x l y discharged and the l a rge r nerve 

c e l l s were incorporated i n t o ac t ion i n the order o f i n ­

creasing s izes. They l a t e r (1965h) demonstrated that 
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the e x c i t a b i l i t y o f motoneurones i s an inverse f u n c t i o n 
of t h e i r c e l l sizes and the i n h i b i t i b i l i t y i s a d i r e c t 
f u n c t i o n o f c e l l s izes . I n other words, l a rge r motoneur­
ones are less exc i tab le and more susceptible t o i n h i b i ­
t i o n ; small motoneurones are more exci table and less 
susceptible t o i n h i b i t i o n . I n a d d i t i o n , a r e l a t i onsh ip 
was shown between the diameter o f a motor f i b r e and, the 
size o f the motor-uni t i t supplies (McPhedran, Wuerker 
& Henneman, 1965; Wuerker,- Mcf4iedran So Henneman, 1965). 
Henneman & Olson (1965) f i n a l l y incorporated a l l the 
current f i n d i n g s i n a study on the p r i n c i p l e i n the 
design o f muscles. They concluded tha t the 
f u n c t i o n a l proper t ies o f motor-units . . . . depend upon 
the s ize of the motoneurons which innervate them: the 
size o f the c e l l d ic ta tes i t s e x c i t a b i l i t y , i t s exc i tab­
i l i t y determines the degree o f use o f the m o t o r - u n i t , . . . . 
I t i s suggested tha t t h i s size p r i n c i p l e also governs 
the proper t ies o f gamma mot02>-units." I n applying the 
size p r i n c i p l e o f these conclusions on the ^ component 
o f motor nerves, the l a rge r "J^'fibres should innervate 
' f u s i m o t o r - u n i t ' o f l a rger siaes than the smaller ones. 
I t has been demonstrated i n the intramuscular region 
tha t large ^f-stem f i b r e s do branch more extensively than 
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the smal l ones which i s as expected f o r t h e i r d i s t r i ­
b u t i o n to ' f u s i m o t o r - u n i t s ' o f l a rge r sizes. The reverse 
nature postulated by Boyd (1962) tha t small JT-stem f i b r e s 
undergo more branching and presumably innervate '.fusimotor-
u n i t s * o f l a rger sizes than large iT-stem f i b r e s i s exact ly 
the opposite o f a l l these f i n d i n g s . 

The suggestion tha t iT-stem f i b r e s o f less than 

4 . 0 / u i n t o t a l diameter and o f t h i n myel inat ian speci ­

f i c a l l y innervate nuclear-chain muscle f i b r e s i n cat 

spindles has l e d to an extension i n the present i nves t ­

i g a t i o n i n t o the study o f muscle nerves that supply 

r a b b i t spindles l ack ing nuclear-chain muscle f i b r e s 

(Barker & B i n t , 1964). The existence o f small 2f-stem 

f i b r e s i n a l l the r a b b i t muscle nerves studied, though 

i n smaller propor t ions than i n the cat , shows that there 

i s no substance i n the postulated dual r e l a t ionsh ip be t ­

ween 1̂ and f i b r e branches f rom the ^T-stem f i b r e s 

innerva t ing separately the two types o f i n t r a f u s a l muscle 

f i b r e s i n spindles. 

The f u n c t i o n a l s ign i f icance o f fus imotor f i b r e s 

and t h e i r r e l a t ed endings i n spindles w i t h i n muscles have 
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been inves t iga ted by various neurophysiological exper i ­
ments. Matthews (1962) i so l a t ed two f u n c t i o n a l l y d i s t i n c t 
kinds o f ^ motor f i b r e s t o the soleus muscle o f the cat 
and named them dynamic and s t a t i c fus imotor f i b r e s , 
i d e n t i f i e d by the respective frequencies o f response 
f rom the primary ending produced by r e p e t i t i v e s t imu la t i on 
of the f i b r e s at constant muscle length and during the 
dynami c phase o f muscle s t r e t ch ing . Biatthews anil h i s co­
workers (Jansen & Matthews, 1962; Matthews, 1962, 1964; 
Crowe & Matthews, 1964a, b ) presented arguments tha t the 
dynamic fasimotor f i b r e s may correspond t o the ^Ti f i b r e s 
o f Boyd's (1962) supplying the nuclear-bag i n t r a f u s a l 
muscle f i b r e s and the s t a t i c fusimotor f i b r e s may corres­
pond t o the ^2 f i b r e s supplying the nuclear-chain i n t r a ­
f u s a l muscle f i b r e s , though they pointed out tha t such 
a c o r r e l a t i o n was based on the h i s t o l o g i c a l s t ruct i i re 
o f the spindle by Boyd (1962) only without aiay support 
f rom d i r e c t experimental evidence. 

There i s c e r t a i n l y no doubt as to the existence 

of two f u n c t i o n a l l y s i g n i f i c a n t types o f ^ f i b r e s , namely 

the dynamic and s t a t i c f t is imotor f i b r e s , from experimental 

evidence. However, equating these f i b r e s d i r e c t l y w i t h 
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two independent motor system w i t h i n the muscle spindle 
i n accordance w i t h Boyd's and ^2 motor f i b r e s would 
be against c e r t a i n f i nd ings as yet unexplained by the 
arguments. 

E l r s t l y , there i s considerable overlap i n the 

range o f conduction v e l o c i t i e s without any charac te r i s t i c 

s p e c i f i c range f o r dynamic and s t a t i c fus imotor f i b r e s i n 

a l l i nves t i ga t i ons . For example, Matthews (1962) showed 

a range i n conduction v e l o c i t y of 24 - 38 m/sec f o r 

dynamic fus imotor f i b r e s and 25 - 45 m/sec f o r s t a t i c 

fus imotor f i b r e s . No marked d i f fe rence i n conduction 

v e l o c i t y between these f i b r e s was found by Crowe & 

Matthews (1964b) or Appelberg, Bessou & Laporte (1965). 

I n a d d i t i o n . Brown, Crowe 85 Matthews (I965) showed that 

i n d i v i d u a l spindles might be supplied by a dynamic and 

a s t a t i c fus imotor f i b r e o f the same conduction v e l o c i t y . 

Assuming the conduction v e l o c i t y of medullated f i b r e s 

var ies w i t h t h e i r diameter (Hursh, 1959)» the diameters 

o f the dynamic and s t a t i c fus imotor f i b r e s would overlap 

considerably. Secondly, the f u n c t i o n a l d i f fe rence i n 

the two types o f fus imotor s t imu la t ion was demonstrated 

from dynamic and s t a t i c fus imotor f i b r e s which were ;. ^ 
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selected s p e c i f i c a l l y i n preference f o r t h e i r strong 
con t ras t ing types o f e f f e c t , although the existence of 
intermediate or other types o f f i i s imotor f i b r e s could 
not be excluded (Matthews, 1962). This would have t o 
be borne i n mind when these r e su l t s are equated in to 
the motor innerva t ion o f the spindles i n general, f i n a l l y , 
i f the f u n c t i o n a l d i f f e rence between dynamic smd s t a t i c 

• fus imotor f i b r e s i n the cat spindles were equated i n 
terms o f t h e i r d i s t r i b u t i o n t o the two types o f i n t r a ­
f u s a l muscle f i b r e s , the same i n t e r p r e t a t i o n would not 
apply t o r a b b i t spindles i n which only one type o f 
i n t r a f u s a l muscle f i b r e , the nuclear-bag f i b r e , occurs 
(Barker & Hunt, 1964), and also consists of both dynam­
i c and s t a t i c f i b r e s i n t h e i r fus imotor innerva t ion 
(Bmonet-Denand, Laporte & Pages, 1964). 

The suggestion by Boyd (Boyd Sc Davey, 1962; 

Boyd, 1964) tha t the small t h i n l y myelinated y-stem 

f i b r e s d i f f e r i n motor f u n c t i o n from the large t h i c k l y 

myelinated ones has not been supported by phys io log ica l 

experiments. Brown, Growe & Matthews (1965), w i t h t h i s 

quest ion i n mind, have s p e c i f i c a l l y chosen s t a t i c f u s i ­

motor f i b r e s o f slow conduction v e l o c i t i e s (21.9 - 16.4 
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m/sec) and t h e r e f o r e , presumably t o be small JT-stem 
f i b r e s , t o compare w i t h those o f f a s t conduction ve lo ­
c i t i e s , but no consistent f u n c t i o n a l d i f f e rence has been 
observed between them. Boyd (1965; Boyd & Davey, 1965), 
however, put f o r t h a f u r t h e r suggestion recent ly t h a t 
both the dynamic and s t a t i c fus imotor f i b r e s are contain­
ed w i t h i n the t h i c k l y myelinatedV-stem f i b r e group, and 
that, the t h i n l y myelinated f i b r e s may have a. f u n c t i o n 
of t h e i r own which has yet to be inves t iga ted . In-view 
of Henneman & Olson^s (1965) f i n d i n g s , however, i t seems 
more probable t h a t the varying propor t ion o f t h i c k l y 
and t h i n l y myelinated ^ f i b r e s i n various muscle nerves 
i s associated wi th d i f f e r e n t degree o f 2r e x c i t a b i l i t y . 

I n a study o f the f u n c t i o n a l r e l a t i onsh ip 

between fus imotor f i b r e s and t h e i r motor endings, 

Bessou & Laporte (1965) invest igated the e f f ec t s o f 

fus imoto r s t imu la t i on by deteimining the i n t r a f a a a l 

muscle f i b r e p o t e n t i a l s produced from s t imula t ion o f 

the dynamic and s t a t i c fus imotor f i b r e s . I t was found 

tha t s t i m u l a t i o n o f s t a t i c fusimotor f i b r e s produced 

diphasic or t r i p h a s i c po t en t i a l s , considered as 'propa­

gated p o t e n t i a l s ' s i m i l a r to those described by 
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Eyzaguirre (1960). These po t en t i a l s were normally 
observed over only one-half o f the spindle , a t some 
distance away f rom the equator ia l reg ion . I n constras-^ 
s t i m u l a t i o n of dynamic fus imotor f i b r e s produced mono-
phasic p o t e n t i a l s which were general ly recorded near 
the equa tor ia l region of the sp indle . These re su l t s 
provide a new i n t e r p r e t a t i o n i n the c o r r e l a t i o n o f the 
d i s t r i b u t i o n o f fus imotor f i b r e s w i t h i n the muscle spin­
dles as suggested by Bessou & Laporte (1965). With 
t h e i r product ion o f d i f f e r e n t po ten t i a l s at various 
loca t ions when s t imula ted , the dynamic and s t a t i c f u s i ­
motor f i b r e s corre la te w e l l w i t h the h i s t o l o g i c a l 
f i n d i n g s o f t r a i l - e n d i n g s and plate-endings (Barker & 
I p , 1965b), r espec t ive ly , w i t h i n muscle spindles. 

P f i b r e s 

The occurrence o f motor f i b r e s i n mammalian 

muscle nerves g i v i n g branches to supply both ex t r a - and 

i n t r a f u s a l muscle f i b r e s (p f i b r e s ) have long been 

suspected and var ious conclusions have been made e i the r 

by d i r e c t h i s t o l o g i c a l observations or by i n d i r e c t 

phys io log ica l s tudies . Their existence as suggested 
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f rom i n d i r e c t evidence by d i f f e r e n t i n t e rp re t a t ions of 
o f var ious phys io log ica l experiments have been f a l l y 
discussed by P.B.C.MaMihews's (1964) review w i t h an 
open mind f o r other possible i n t e r p r e t a t i o n s . I t i s 
only f rom the more recent WD r k o f Bessou, Bmonet-Denand 
& Laporte (1965a, b , g; 1965) tha t d i r e c t evidence o f 
the existence o f P f i b r e s i n the innerva t ion o f muscle 
spindles has been demonstrated convincingly by neurophy­
s i o l o g i c a l methods. 

The f i b r e s examined i n the lumbrica l 

muscles o f the cat give a diameter range o f 6.0 - 12 .5 / i i , 

i n comparison w i t h one o f 2,5 - 7«5 / i f o r the ^ f i b r e s 

t raced and one o f 7.5 - 15.5ya f o r the f i b r e s . These 

h i s t o l o g i c a l f i n d i n g s are c losely re la ted t o measure­

ments o f conduction v e l o c i t i e s o f p and cCfibres i n 

the f i r s t deep lumbr ica l muscle nerve o f the cat shown 

by Laporte and h i s co-workers, namely, 3 1 - 6 1 m/sec 

f o r p (Bessou, Emonet-Denand & Laporte, 1965) and 

42 - 78 m/sec f o r f i b r e s (Bessou, Emonet-Denand & 

Laporte, 1963b). The d i s t r i b u t i o n o f ^ f i b r e s are found 

to vary f rom being predominantly fus imotor t o predomin­

a n t l y skeletomotor i n nature. A ^ f i b r e may provide 
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fus imotor branches to innervate only one spindle w i t h i n 
a lumbr ica l muscle or may innervate a l l the spindles 
present . On the other hand, the fus imotor supply o f a 
muscle spindle does not necessari ly contain f i b r e branches 
f rom a ^ f i b r e ; i n f a c t , ^ f i b r e s are not present i n a l l 
l umbr ica l muscle nerves, a po in t i n agreement w i t h Bessou, 
Emonet-Denand & LapOfte (1965). 

^ f i b r e s have also been demonstrated i n the 

work o f Brown, Crowe & Matthews (1965) i n the tibiaJLis 

pos t e r i o r muscle nerve o f the cat; the conduction ve lo -

c i t i e s f a l l w i t h i n the range o f 59 - 84 m/sec and t h e i r 

de tec t ion i s said t o be ' sporad ic ' . The higher rate of 

conduction v e l o c i t i e s and therefore r e l a t i v e l y la rger 

f i b r e diameters i n the f i b r e s o f t h i s muscle i s due 

to the muscle size and the re la ted f ibre-diameter spect­

rum being la rger than the lumbr ica l s . 

The s i t u a t i o n found i n the lumbrical muscles 

of the r a b b i t i s tha t |5 f i b r e s occur more f r equen t ly , 

since i n many cases, both fus imotor and skeletomotor 

supply are derived from motor f i b r e s without a ^ comp­

onent. I t i s not su rp r i s ing t h a t , i n some cases, p f i b r e s 
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c o n t r i b u t e t o t h e f u s i m o t o r supply t o sp ind le s w i t M n 
a muscle i n s p i t e o f t l i e presence o f a component i n 
t l i e muscle nerve ; i n o t h e r s , i;he f u s i m o t o r supply t o 
s p i n d l e s i s r ep l aced e n t i r e l y by / i ' f i b r e s i n t h e absence 
o f a 1( component. T h i s s i t u a t i o n has been suspected i n 
the cauda l muscles o f t h e r a t by Kidd (1964) who found 
the motor supply t o de r ive f r o m ^ f i b r e s . 

I t i s d i f f i c u l t t o assess the occurrence and 

f u n c t i o n a l s i g n i f i c a n c e o f ^ f i b r e s . They might be a 

s p e c i a l group o f f i b r e s w h i c h , f r o m r e f l e x a c t i o n , 

produce a d d i t i o n a l t e n s i o n t o the muscle t oge the r w i t h 

some increase i n a c t i v i t y o f s p i n d l e eLndings. However, 

t h e i r absence i n some muscles and sporadic d e t e c t i o n i n 

o the r s make t h i s i n t e r p r e t a t i o n r a t h e r d o u b t f u l . More­

over , t h e t e n s i o n f r o m some o f t h e u n i t s i nne rva t ed by 

these f i b r e s i s n e g l i g i b l e . Another i n t e r p r e t a t i o n ±sh 

t h a t t hey might be a k i n d o f e v o l u t i o n a r y v e s t i g e . I n 

t h e lower aa imals , t h e i n t r a f u s a l muscle f i b r e s are 

c l o s e l y r e l a t e d to t h e e r t r a f u s a l muscle f i b r e s i n hav­

i n g a common motor i n n e r v a t i o n and f u n c t i o n a l combina t ion . 

I n t he h ighe r an ima l s , t h e c o n d i t i o n might be t h a t a 

more d e l i c a t e c o n t r o l o f muscular a c t i v i t y i s p rogress -
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i v e l y developed t h r o u g l i t h e e v o l u t i o n a r y process t o 
produce a separate and independent group o f motor f i b r e s 
f o r a s p e c i a l i z e d f u n c t i o n . I n t i i i s way, t h e ^ f i b r e s , 
hav ing an i n t e r m e d i a t e d i s t r i b u t i o n and a c t i o n between 
ske le tomoto r and f u s i m o t o r f i b r e s , c o u l d then be c o n s i d ­
ered as mere v e s t i g e s o f such a process . A f u r t h e r 
p o s s i b i l i t y i n t h e p r o d u c t i o n o f P f i b r e s should no t 
t o be exc luded . Barker & I p (1965a) iiave r e c e n t l y demon­
s t r a t e d t h a t motor nerve endings do not m a i n t a i n a f i x e d 
mo3?phological e n t i t y b u t degenerate p e r i o d i c a l l y f o l l o w e d 
by r e n e w a l . ^ f i b r e s w i t h o n l y one o r two t e r m i n a l l . . . 
branches o f f u s i m o t o r na ture c o u l d w e l l be a c c i d e n t a l . 
p r o d u c t s f r o m t h e process o f r e g e n e r a t i o n i n t h e renewal 
o f degenerated motor nerve endings i n t h e s p i n d l e s . /5 
f i b r e s i f produced by t h i s means should n o t , however, 
be confused w i t h those which show an approximate ly 
equa l d i s t r i b u t i o n t o b o t h e x t r a - and i n t r a f u s a l muscle 
f i b r e s . 
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A schematic p r e s e n t a t i o n o f t h e motor 
i n n e r v a t i o n o f cat s k e l e t a l muscle 

"The p r i n c i p a l i ssues i n t h e d i f f e r e n c e between 

t h e pa s t and t h e p resen t knowledge o f t h e i n t r amuscu la r 

b ranch ing o f f u s i m o t o r f i b r e s and t h e i r d i s t r i b u t i o n and 

t e r m i n a t i o n w i t h i n ca t muscle sp ind les are now presented 

f o r comparison. The d u a l motor i n n e r v a t i o n o f the 

s p i n d l e i n t h e f o r m o f two separate e f f e r e n t systems 

acco rd ing t o Boyd (1962) i s shown schema t i ca l l y i n T e x t -

f i g u r e 2 1 . The nuc lea r -bag and n u c l e a r - c h a i n i n t r a f u s a l 

muscle f i b r e s are s a i d t o have d i f f e r e n t types o f motor 

endings i ndependen t ly , namely, t h e motor end-p la te and 
r 

motor ' n e t w o r k ' , r e s p e c t i v e l y , and these i n t u r n r ece ive 

separate l a rge and s m a l l ^2. f u s i m o t o r branches f r o m 

t h i c k l y and t h i n l y mye l ina t ed ^T-stem f i b r e s w i t h i n the 

group i n t h e muscle ne rve . The sma l l e r p r o p o r t i o n o f 

t h e t h i n l y mye l ina t ed y-s tem f i b r e s i n t h e muscle nerve 

would have t o b ranch more e x t e n s i v e l y i n t h e in t r amuscu­

l a r r e g i o n t o produce such a d i s t r i b u t i o n i n t h e i n n e r ­

v a t i o n - o f s p i n d l e s . Resu l t s f r o m t h i s study were based 

on obse rva t ions i n muscle nerves and a t sur rounding 

s i t e s o f i n n e r v a t i o n i n t o muscle sp ind l e s ; t h e na ture 
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o f nerve f i b r e s i n t h e i n t r a m u s c u l a r r e g i o n were d e r i v e d 
by p o s t u l a t i o n o n l y . ELbre branches o f /S o r i g i n i n n e r ­
v a t i n g muscle s p i n d l e s have, n o t been demonstrated. 

The new p i c t u r e o f t h e s i t u a t i o n , based on i -

r e s u l t s o f t h e p r e sen t s tudy as w e l l as those c u r r e n t l y 

accomplished (Barker & I p , 1965k; Barker , 1965) i s shown 

i n T e x t - f i g u r e 22 . Branching o f nerve f i b r e s i n t h e 

i n t r a m u s c u l a r r e g i o n have been a c t u a l l y t r a c e d and t h i s 

p r o v i d e s i n d e t a i l , t h e na ture and d i s t r i b u t i o n o f nerve 

f i b r e s w i t h i n t h e muscle , f r o m t h e l e v e l o f t h e muscle 

nerve t o t h e s i t e o f i n n e r v a t i o n . The source o f o r i g i n 

and r e fe rence o f each nerve f i b r e represented i n t h e 

muscle nerve i s showa i n t h e f o l l o w i n g t a b l e : -

Nerve f i b r e Reference 
i n muscle nerve O r i g i n t o da ta 

13 . 5 / 1 0158, 1s t DL K.bre 0, Table 5 

12 . 5 /1 0167, 1s t BL J lb re m? Table 4 

5.5/u 0167, 1s t DL J ib re 1 , Table 4 

0167, 2nd DL J lb re r , Table 5 

3 . 0 / 1 0167, 2nd DL Hb2?e £ , Table 5 

DL - deep l u m b r i c a l muscle 
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No c o n s i s t e n t s i ze r e l a t i o n s h i p is , shown b e t ­
ween t h e diameters and degree o f m y e l i n a t i o n o f ^J'-stem 
f i b r e s i n t h e motor supply and the f i b r e branches e n t e r ­
i n g muscle s p i n d l e s . The r e c e n t knowledge o f two types 
o f motor endings i n t h e s p i n d l e s , t h e end-p la tes and 
the t r a i l - e n d i n g s (Barker & I p , 1965b), are d i s t r i b u t e d 
t o b o t h nuc lea r -bag and n u c l e a r - c h a i n i n t r a f u s a l muscle 
f i b r e s , d e f i n i t e l y n o t segregated between them. The 
c a l i b r e o f f a s i m o t o r f i b r e branches i n n e r v a t i n g t h e two 
k i n d s o f motor endings are a lso w i t h o u t segrega t ion . 
The l o c a t i o n s o f t h e two types o f endings l i e i n d i f f e r ­
ent p o s i t i o n s w i t h i n t h e s p i n d l e , t h e end-pla tes n o r m a l l y 
nearer the p o l a r r e g i o n s and the t r a i l - e n d i n g s around 
t h e j u x t a - e q u a t o r i a l r e g i o n s . A f i b r e branch f r o m 
o r i g i n i n n e r v a t i n g a muscle s p i n d l e i s a lso i n c l u d e d . 

I n v i e w o f the f a c t t h a t no s i g n i f i c a n c e i s 

shown between Vi/Vz f u s i m o t o r f i b r e branches and t h e i r 

o r i g i n f r o m d i f f e r e n t y-s tem f i b r e s , and i n order t o 

a v o i d f u r t h e r c o n f u s i o n , i t has been g e n e r a l l y agreed 

a t t h e r ecen t Nobel Symposium (1965) i n Stockholm t h a t 

these t e rms , V i / V j . , should be abandoned. 
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Y I . SUMMATTT 

1 . I n osmium t e t r o x i d e p r e p a r a t i o n s , the e x t r a -

muscular course o f t h e 1s t deep l u m b r i c a l , so leus and 

m e s i a l gastrocnemius muscle nerves o f the ca t were 

t r a c e d baiai:.to t h e i r o r i g i n f r o m l a r g e r nemre trunks; 

where no b ranch ing o f nerve axons occu r red . I n i t i a l 

b r anch ing o f motor axons above 10 /u beg ins at a c e r t a i n 

d i s t a n c e f r o m the muscle; t h i s d i s t ance b e i n g g r e a t e r 

i n l a r g e r muscles t h a n i n sma l l e r ones. 

2. I n t eased , osmium t e t r o x i d e p repa ra t i ons the 

i n t r a m u s c u l a r course o f twenty-seven ou t o f t w e n t y -

e i g h t stem motor f i b r e s supp ly ing e igh teen sp ind le s 

was t r a c e d t o the l e v e l o f s p i n d l e en t ry i n three 1st 

gLud two 2nd deep l i i m b r i c a l muscles removed f r o m the 

d e - a f f e r e n t a t e d h i n d l i m b s o f t h r e e c a t s . 

3. The nature o f t h e i n t r a j m i s c u l a r b ranch ing 

o f t h e y f i b r e s was such t h a t t h ^ d i d no t supply 2̂ 1 

and ^ 2 f i b r e s t o t h e sp ind les i n accordance witLh t h e i r 

stem diameters and degree o f m y e l i n a t i o n as proposed 

by Boyd(1952) . Of e igh teen t h i c k l y mye l ina ted K-stem 

f i b r e s t r a c e d ( 4 . 0 7.5ya), seven branched so as. t o 

produce f i b r e s o n l y (3.0 - 4 . 5 / u ) , two produced 2̂ -2 
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f i b r e s o n l y ( 2 . 0 - 2 . 5 / i ) and produced a mix tu re 
o f b o t h ( a l l measurements r e f e r t o t o t a l d iamete rs . 

4-. I n g e n e r a l , t h e l a r g e r the d iameter o f t he 

y - s t em f i b r e , t h e g r e a t e r i s i t s ftequenqsr o f i n t r a ­

muscular" b r a n c h i n g . J ive t h i n l y mye l ina ted JT-stem 

f i b r e s t r a c e d (2 .5 - 5»5 / i i ) <ii<i ^lot branch a t a l l i n 

t h e i r i n t r a m u s c u l a r course; each supp l i ed one s p i n d l e 

o n l y , t h r e e e n t e r i n g as f i b r e s , two as ^ 2 f i b r e s . 

5. J i v e o f t h e motor f i b r e s t r a c e d i n n e r v a t e d 

b o t h e x t r a - and i n t r a f u s a l muscle f i b r e s . The stem 

diameter o f these ^ f i b r e s ranged f r o m 6.0 t o 12 .5 /u , 

and a t these two extremes t h e i r d i s t r i b u t i o n v a r i e d 

f r o m b e i n g p redominan t ly f u s i m o t o r t o p redominan t ly 

ske l e tomoto r , r e s p e c t i v e l y . 

6 . The ske le tomotor i n n e r v a t i o n r a t i o f o r the 

cat 1s t deep l u m b r i c a l muscle i s c a l c u l a t e d t o be 

1 : 300. The f u s i m o t o r i n n e r v a t i o n r a t i o i s c a l c u l ­

a ted t o be one or jS f i b r e t o n ine i n t r a f u s a l muscle-

f i b r e p o l e s . Re-assessed i n n e r v a t i o n r a t i o s f o r the 

ca t soleus and t i b i a l i s a n t e r i o r muscles, are h i g h e r 

t h a n those p r e v i o u s l y determined by about 70 - 80%. 

7. . I n t eased , osmium t e t r o x i d e p r e p a r a t i o n s 

t w e l v e ske le tomoto r and two ^ f i b r e s i n two 1st and 
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. one 2nd deep l u m b r i c a l muscles f r o m the d e - a f f e r e n t a t e d 
h i n d l i m b s o f two cats were examined f o r the nature o f 
i n t r a m u s c u l a r b r a n c h i n g and d i s t r i b u t i o n . T h e i r i n t r a ­
muscular b ranching was shown t o be o f t h ree main t ypes , 
namely, ' p y r a m i d a l ' , ' s emipyramida l ' and 'monopodia l ' 
t y p e s . 

8. A daughter axon f r o m a p a r e n t nerve f i b r e 

d i v i s i o n w i t h i n t h e main i n t r a m u s c u l a r nerve t r u n k may 

no t proceed d i r e c t t o a side nerve t r u n k b u t may t r a v e l 

by a r e c i i r r e n t r o u t e . T h i s depends on the p o i n t o f 

axon d i v i s i o n i n r e l a t i o n t o the l e v e l o f the side 

nerve t r u n k . The d i s t r i b u t i o n o f ske le tomotor axon 

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

n e u r a l c o n f i g u r a t i o n s w i t h numerous axon branches t r a v ­

e l l i n g i l l d i f f e r e n t di3?ections. I t i s imposs ib le under 

these c o n d i t i o n s t o t r a c e t h e ex ten t o f i n d i v i d u a l 

m o t o r - u n i t s h i s t o l o g i c a l l y . 

9. I n t eased , osmium t e t r o x i d e p r e p a r a t i o n s the 

motor component o f twenty-one d e - a f f e r e n t a t e d nerves t o 

the l u m b r i c a l muscles o f e i g h t r a b b i t s was examined. 

105 motor nerve f i b r e s were measured i n which 19 were 

l e s s t h a n 8 / i . Only twe lve o f the nerves cons i s t ed o f 

a ^ component, t h e remain ing n i n e were hav ing li f i b r e s 

o n l y . 
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10 . I n t eased , s i l v e r p r e p a r a t i o n s o f sp ind le s i n 
these muscles , b o t h types o f motor ending , namely, the 
• p l a t e ' and ' t r a i l ' ending were observed a l t hough t h e 
f o r m e r i s by f a r t h e commoner o f the two. I n a t o t a l 
o f 92 sp ind le s f r o m 2 1 muscles, t r a i l endings were found 
t o occur i n o n l y two s p i n d l e s f r o m separate muscles 
which r e c e i v e d ^ f i b r e s i n t h e motor supp ly . I n o the r 
muscles , t he r e were no t r a i l endings i n the sp ind le s 
a l t h o u g h ^ f i b r e s were p re sen t i n the nerve supp ly . 

1 1 . Smal l ^ f i b r e s w i t h t o t a l d iameter l e s s than 

4 /a . were found t o occur i n t h e so leus , t i b i a l i s a n t e r i o r 

and p o p l i t e u s muscle nerves t h a t supply r a b b i t sp ind le s 

l a c k i n g n u c l e a r - c h a i n f i b r e s , a l though i n sma l l e r p r o ­

p o r t i o n s than i n t h e c a t . 

12 . The na ture o f i n t r a m u s c u l a r b ranch ing and 

d i s t r i b u t i o n o f motor nerve f i b r e s i n cat s k e l e t a l 

muscle i s shown by a schematic p r e s e n t a t i o n . 
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