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A_STEIY OF THE MOTOR SUPPLY 70
MAMMATIAN SKETETAL MUSCLE

EERRRARRRRBREERERTR R RERE
I. INTRODUGTION

o It has long been known that the motor
99@pog§pt in perves to skeletal muscle shows a bimodal
disy;;pution (Beeles & Sherrington, léBb; O'ILeary,
Heinbecker & Bishop, 1935; Rexed & Therman, 1§48;
Hagbarth & Wohlfart, 1952). The two modes, designated
as. alaha (8 - 18/u, Gasser, 1941) and gamma (2 - 8 Am,

Ieksell, 1945) groups have been generslly accepted to
innervate extra- and intrafusal miscle fibres, respect-
ively. Bra.nehing of alpha nerve fibres has been shown
in a Umustele‘ nerve as 1t approaches and enters a muscle
_(Ecgl_.es & Sherrington, 1936) and around the region of
nerve-entry (Adriam, 1925; CGooper, 1929). These
fibres are presumed to divide and sub-divide contin-
gqu%:}.y within._the miscle to innervate ‘extrafusal
m;_u_sél_e fibres; but the nature of branching in the
ipﬁramscular region has not been determined beyond
von Thiel's .(.19'59‘) few isolated examples. EHe traced
three efferent nerve fibres of the pyriformis muscle

WE
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in the cat, "from the inmterior of the muscle 5o the
,ra¢ix ante:i6r"; the study was mainly on fibre diameter
_aq;d{internodgl length in consecutive segments of the
pe;ve.fibres;_a;theugh certain kinds of branching were

mentioned without quantitative assessments.

- ‘The 2 -~ 8/u gamma group of Ieksell's (1945)
hgg pggn wg;} gsﬁablished to supply intrafusal muscle
fibres. According to Boyd & Davey (1962); a further
pimpda;ity ocecurs within the gamma.group-in some muscle
nerves. The two. diameter ranges in the gamma group are
said to lie between 1 - B/u of thinly myelinated fibres
and 4 - S)u of thickly myelinated fibres. Boyd &
Eccles (1963) later claimed to have demonstrated, by
?hg.dlffergnce in threshold values and conduction
veloqities; the existence of two groups of small motor

fibres in certain ventral roots and muscle nerves.

- The morphology of the mammalian muscle
gpipg;e ghpws the existence of two types of intrafusal
mugeig‘fibre having large and small diameters, namely,
the guclear;bag and the nuclear-chain fibres; their
propo:tions vary from animal %o animal (Barker, 19483

-
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@@oper & Danlel, 1956, 1963, Walker, 1958- Swett &
Eldred, 119603 Boyd, 1962). An exception has been shown
in lagmorph spindles, which have bag fibres enly,
(Bo;kor_&_ﬁmm ;,1964), uniénely among mammals so far
studied. Boyd (1962) maintains that in the cat, the
pgo;ogxebagAfibres which are larger in size, with
nuUmerous myofibrils, are‘innervated by comparatively
1arger fu51motor fibres (%), ending in discrete motor
endpplates, while the nuclear—chaln fibres of smaller
d;gmotor,~with fewer myoflbpils! receive much smaller
fgo%qoﬁor_fibres_(t}), ending in some sort of motor
tnetwork'. He postulates that the ¥i and ¥2 fibres
ﬁay originate from the two modes in the gamma group
and be distributed so as to inmervate nuclear-bag and
nuclear-chain intrafusal fibres separately (Boyd, 1962)
Fb:_snchlavdlstrlbutlon, the small thinly myelinated
i;oﬁom_fibroo'with.total diameter of less than 4m
you;o heve to branch so as to innervate more than
twico-as_many spindles as the large thickly myelinated
vonos;.paving total diameters between 4 and 8 m (Boyd,
1ég2; ealculates the average proportion to be 12 as to
5), -since-they are from one-half to one—thlrd as

- it i [T o st e B et PR

pumerous in muscle nerves (Boyd & Davey, 1962)




4 Iarge fusimotor fibres innervating mammallan
muscle spindles have been descrlbed by Clllmbarls (1910)
Garven, (1925), Barker (1948, 1959, 1962) and Cooper &
“'Eagigl}(l956). Whether any of these have their origin
from alpﬁa fibres has been widely speculated. Branches
_ from alpha fibres innervating both extra- and intrafusal
muscle fibres ﬁ;ve been.observed by Weiss & Butil (lséé),
Q;}lmbarls (1910), Wilkinsen (1929), Denny-Brown (1932)
and Haggqylst (1960) but have been querled to a certain
. extent (Barker & Chln, 1961), though it is probably true
in amphibia Garay, 1957) and reptiles (Cipollone, 1898;
ngrqgg;to, 1991). From neurophysiological studies,
fusimotor fibres resﬁonsible for the eariy-discharging
spindles, described 1n experiments by Granit, Pompeiano
& Waltman (1959a, b).and Rutledge & Haase (1961), also
suggests_such'an_eccur:egce, although 1ndir¢ctly. More
rquntly; Bessou, Emonet-Dénand & Iaporte_(l?é}g) have
sugqeeded in providing more direct evidence of branches
from alpha fibres innervating both extra~ and intrafusal
m?scle fibres._ ?hgge fibres will henceforth be referred
to as B fibres, since the majority of their fibre sizes
are smaller than the alpha group, being called slow

alphas in accordance with their conduction velocities
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W Wt W&Bm& & mﬂo (1955&% it hss
4380 been xsw.-sea by Ridd (1964) bhat B motor £ibres
Méﬁﬂoe fm.’o ﬁbae hsm to supply doth extye~ and
Lusal mi@h gibres,

. . Ppmerystisn ratios of maelexibme in varicas
| fmm of anu axizals baye been worked out by
' umereus investigetors: Tho éaleulation 1s usially male
: w ant ths nundber of Mmysole smm in the muacle
’ané MW it Uy the numbey of 2007 myrve $ibres in
| the tasele neve, Kewsvor, the nusder cbtained fer the
 moton fibres 4a net from direct deSeminabion, but 1o
mmme from tbe centlusieona of Sherringten
| (m; end. Eecs.aa & Sherxington (1930) thah ome-balf %o
'm-tm o€ norve fibyes ia'a Esole nexve eve afferent,
Toms,. Rorter & Bart (1923, Ven Earveveld (1947), Fermand
& Young (2950), Eenjevié & Miledi (1958), Nalufere &
- Bersill (195583 !)s Blevins (1965, 1964), and many others
stponants for the immervetien
- pethos 4 i aisferent missles of oo anisal or angther.
The w@sma ration pmmtsé/\@m (1931) hsve besn
| baseé on gabs previsesly ageaifamntaw& o xenove the
. affersnt nexve fibres, Hagbarth & Woklfart (1952) have




es_’cf}.;ﬁ'a_._tgd} ?he_a’__‘motorv,comxaon‘ent by the difference ‘between

a normal muscle nerve and dhie-afferent: tenpanent. In
every previous eétimat_;'.on of inmervation ratiés all the

- motor fibres in a muscle nerve have been included in the
-q:a_v]_.qulaﬁ;iqn;and no allowance has been made for the ¥ and

intrafusal components.

’ Fusimotor 1nnervat10n ratios have never’ been
attempted although it has been k:nown, from neu:cox)h.ysio-
;ggigal experlments, that a gamma motor _flbre in a muscle
.nerve ‘may innervate more than one spindle (Hunt & Ku_fflq;
195L ; Kutfler, Hunt & Quilliem, 1951 Crowe & latthews,
1965) ~ Such ratios may only be calculated by having a
q;.lea;j plct'ure of the entire fusimotor component in'a_n
vmu,sc'l_e perve and the total number of intrafusal muscle

fibres innervated in all the spindles within a muscle.

S In previous work; observations have been made
zln_on _ni_otor fibres in extramuscular nerves and at
sites of innervation within muscles. Without the inform-
ation gained from intramiscular study, any correlation

‘ bgt?vgen_data at these two levels is by speculation only.

In the present investig’aticn; observations have been made |
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Qg.poﬁqr_fibres in muscle nerves some distance from entry

into muscles which have then been traced through the

;ntrgmgscular region to the sites of innervation. It

ygg_ygped this might throw some light on the following

problems i~ .

8.

Co,

The nature of branching, in relation to fibre

djameter, of gamma-stem fibres; from actual

traqipgs in the intramuscular_region in order
to link observations between levels at tThe
muscle nerve and the site of innervation into
muscle spindles.

The dlstributlon of fibre branches from 1ndiv-
i@ual gamma nerve fibres to different muscle
spindles in the same muscle. ;

The occurrence of branches from motor fibres
inpervating‘both extra- and.intrafusgl muscle

fibres, i.e. p fibres, and their nature of

~distributien.

The determination of fusimotor and skeletomotor
1nnervatlon ratlos. _ )

The nature of the 1ntramuscular branchlng of

alpha fibres in muscle nerves.




A. The Gat

The present mvestlgatlon was based on a total
of nine adult: cats, five of which, cat €158, Cl6'7, C175,
€188 and 61&1, had been de-afferentated on the right side
from levels Iumbar 6 to Sacral 2. 411 the materials
taken were from cats 0158, 016‘7, C175 and €191 in which -
the de-afferentated ventral roots were intact. BMabterial
_i’rom 0188 was abandoned as some damage to the ventral
roots of Ié and I7 was detected (see Methods 2.1).
Removal of dorsal root ganglia was mostly successful
q'xcept in I7 and 82 of cat G175, where a few gamglion
cell bodies remained in the distal cut. However, only
the first deep lumbrical muscle of this animal was
taken and none- of the few surviving afferent fibres
were observed in the nerve supply. The muscle(s) and/or
nerve(s) taken for investigation from the operated cats
are shown in Table 1. Three cats, 0165, 0181 eand €182
together with the normal left side of eat Cl6‘7 were used
mainly for the study of intrafusal and extrafusal muscle
fibre counts of the first deep lumbrical muscle in the



Reference

C158

C167

C175
Cl9l

Table 1. Materials from operated cats.

Levels Muscle(sl ang[or Nature

operated nerve(sz taken of study
L6 - S2 1st and 2nd DL A
1lst and 2nd SL B
EDB B
L6 - S2 1st and 2nd DL A
1st and 2nd SL B
MG, FDL(1), TP B
So, MG C
L6 - S2 1st DL A
L6 - S2 ' So, TA, Pop C

A : Pusimotor and skeletomotor components and their intramuscular
distribution.

Qw

Skeletomotor intramuscular distribution.
Motor component in muscle nerve.

DL deep lumbrical, SL superficial lumbrical, EDB extensor
digitorum brevis, MG mesial gastrocnemius, TA tibialis
anterior, TP tibialis posterior, FDL(1) flexor digitorum
longus, lateral, So soleus, Pop popliteus.
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~normal condition. The extramuscular nature of the nerve
to‘the first deep lumbrical muscle was investigated from

a normal cat Cl74.

o 4 The motor component of_the muscle nerve, the
intramuscular branching of fusimotor and skeletomotor
fibpes; and the innervation ratios of intrafusal and
extrafusal muscle fibres were studied in detail in the
giygﬁudeep }umb:ica; (bL) muscle of the cat. This
muscle was chosen for its small size suitable to the

~ staining techniéue applied and for the possibility of
correlatlng results with neurophysiologlcal experlments
by Bessou, Emonet-Dénand & Iaporte (1963a). The other
DL muscles of the cat were also examined for fusimotor
and skeletomotor fibre branching and for the intramuscu-

ler distribution of skeletomotor fibres.

B. The Rabbit

In a total of ten rabbits; two were studied
in the normal condition; rabbit Rb 20 for intrafusal
miscle fibre morphology and rabbit Rb 62 for motor nerve

endings in spindles of lumbrical muscles. The eight
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other rabbits, Rb 23, Rb 51, Eb 58, Eb 59, Bb 60, Rb 63,
§P'§5 and Rb g& were all de-afferentated within root
levels Ig - 32; for investigation of the motor components.,
Rabbit Rb 23, however, being the first to be operated,
had pggg_de-affgrentated in levels Sl.—_S5 instead of
the intended levels from I7 - 52. Routine root checks
showed a few ?emaining ganglion cell quies_in the
proximal cut of certain roots, but since these nerve
cells were found central to the proximal cut of the
'r9qts, the muscle and /or nerves taken for stp@y»should
not.be_aifected. The possibility of regemneration from
tb953,931;s could alsb be discounted (see Mbthodsrl.ll).
Only one large afferent fibre to the primary ending of
a spindle in a lumbiical.muscle of rabbit Rb 23 was
dgtected; probably from the neighbouring uncut root L7,
but this did not in any way affect on the study of the
~motor component. Materials taken for study from the
operated rabbits are listed in Table 2.

In the rabbit, there is only one set of lumb-
riecal mgscies present, corresponding to the deep layer
in the cat. The second lumbrical is the largest, the
first the smallest, and the third is intermediate in




Table 2.

Reference

BRb 23
Bb 51

Rb 59
Bb 60
Rb 63
Rb 65

Materials from operated rabbits.

Levels
operated
Sl -33
L6 - 82
L7 - S2
e

L7 - 82
LT - 82
L7 - S2
L6 - 82
L6 - 82

Muscleis or

nervels) taken

1st, 2nd and 3rd L

1st, 2nd and 3rd L
So, TA, Pop

1st and 2nd L
3rd L

1st, 2nd and 3xd L
1st, 2nd and 3xd L
lst, 2nd and 3xd L
lst and 2nd L
3rd L .
So, TA, Pop

lst and 2nd L
3rd L

Nature
of study

4&B

B&C
B&C

B&C

A 3 Botor component and intramuscular distribution.

B : Muscle-spindles analysis,
C s Motor component in muscle nerve.

L lumbrical, So soleus, TA tibialis anterior, Pop popliteus
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s_;i.ze,_ . T,hese_were examined for the nature of fusimotor
@'@'Ask»e]_.etomgter branching and for their intramuscular
distribution; and also for the presence of different

motor nerve endings in the muscle spindles.

Ce. Cat and Rabbit comparisons

o From the shank regioms of hindlimbs in both

-‘ghewggt.apc—l the ;jabbit; de-afferentated muscle nerves -
pzf_:‘ soleus,; tibialis anterior and popliteus were studied
by comparison of motor components, particularly within

the gamma group of nerve fibres. Other muscles, namely,

the mesial gastrocnemius, tibialis posterior, tibialis

anterior; flexor digitorum longus lateral head, popliteus,
so_leu_gs, exben.sor digitorum brevis and superficial lumbri-

cals of one animal or anoﬁher were used for the study

of the nature of intramuscular distribution of skeleto-

motor fibre branches.
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IIT. METHODS

1. Operative procedures

1.1 Isminectomy

o ._Ig ordq:_to study the mqtor cemponent in
yqsc}es and nerves, the relevant spinal roots hgve to
bevde-affereptated for the degeneration of sensory nerve
fibres. Since nerves and muscles taken for study were
mainly from the shank and pes regions of'the hindlimb,
root levels Iumbar 6 to Bacral 2 were de-afferentated by
}gmlgegtqmy undep_aseptlc Qondltion. There were some ‘
d;ffergnces in the operative procedures between the cat

ang the rabbit due to variation in the response to anaes-

thesia and also to the difference in anatomical structure,
1.11 The Cat

In the cat; sodium pentobarbitone (Nembutal,
Abbott) was injected intraperitoneally at a dosage of
36 - 40 mgm/kgm (Worden & Iane -Petter, 1957) which was
sufficient for the period reqnlred for laminectomy. The
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dppsal back mgscles are opened and the dorsal spines
ggg gep;al arqhes of Ié ; 52 removed. The plane of
cleavage of root separation is easily distinguished, by
ga:efully picking up the dorsal root perineurium and
#grg;ng~it sideways. The tip of a Ne.ll,Swaanmbrton
§galpel blade may then be inserted igte the plane of
cleavage so as to separate the roots. Removal of the
dorsal root ganglion is performed first by a proximal
9utﬁgxtradura;ly,Hfollowed by a distal cut at the level
of root fusion and great care being teken to leave the
vun@eplying ventral root intact. The operative procedure
‘wag carried out‘using a binocular microscope at a magni-

fication of x60.

- Three to four weeks was allowed for the degen-
g;ation of sensory nerve fibres, this period being the
optimpm one for clearance of degenerated myelin debris
bu?_not sufficient for regeneration from any remaining
qell bodies of the ganglion central to the excised
portion of the dorsal root. The caleulation of the

rate of reggneraﬁion was based on data of a number of

previous investigations. Thus, from Young (1942), a

latent peried of three dayé being required, from Cajal
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(1928), Bentley & Hill (1936) and Gutmann et gl. (1§4l),
gxrggéneratipg rate of 2.5 mm per day in peripheral nerves,
it nay be"calculated that any regenerating fibres would
reduire at least 80 days beforg reaching the shank

region and an even longer period to reach the pes extrem-
ities. 4s the degeneration period allowed in the present
'.gpgiguwgs”betweenAZL - 28 days, there is no éugstion of
apy'regene:ating fibres reaching either the level of

the shank or pes regions.

1.12 The Rabbit

S Iaminectomy in the rabbit was performed under
Nembutal and ether anaesthesia. The Nembutal dosage
used was 28 mgm/kgm (Croftd, 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_glasg;ﬁube with a few holes in the middle fof air
rggula#ion and a ﬁiece of cotton-wool plugged in the
bottom. Bther was admimstered through one of the holes
to the_cotton;wool ffqm>a drop botfle; the amount given
being cafefulxy controlled. The depth of anaesthesia
ﬁas controlled by observing the limb withdrawal reflex,
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ip@uqed by pressure on tendons of the limbs and extrem-
:Lties,and by t.e»sting _for blinking on touching the cornea.
Exgiggon of the dorsal root ganglia Ié - S2 was accome
};ghgd_as ig the cat. However, it was found best to
approach each Toot frem'the posterior side“(insﬁead of
t§9,§n?er19? side as in cat) because in the rabbit the
ventral roots do not lie directly underneath the dorsal

root ganglia but are somewhat posterior to them.

2.~ ‘Histoleogical technigues

‘2.1 Checks on operations

o ~ The general opinion about operations on spinal
roots to remove either the sensory or the motor component
is that some damage is inevitably caused to the nerve
fipres Qf the remaining root. Such damage is said to
vary from animal to animal. Gilliatt maintains (personal
communi cation) that in the baboon, the two compoments of
the spinal roots are soO close together that removing one
without damage to the other is impossible. Boyd (1952,
statement in Hong Kong Symposium on Muscle Receptors)

gstated that in determining separate afferent énd efferent
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components of different cats, the total of the two comp-
gnenygkwas_glways about 15% less than the total number
of fibrgs in the normal nefve. He suggested an allowance
of 10% of total nerve fibres counted should be added for
the study of the motor compenent and 5% for the sensory,
since damage to motor is usually about twice that of

the sensory in his experience. However, our own exper;
ience (Barker, Ip &, Adal) is that differential denervation
csn be achieved without significantly damsging the
gyﬁy@v;pg rog§ in a high prqpo:tion of animgls, and that
it is not necessary to allow for 15% damsge. For example,
;? the.nnmber of motoer fﬁbpes, 247, connted.from the
dg%affereptated soleus nerve of cat C191 (see_Resuits,
3.4) is added onto 209', which is the average number of
sensory fibres from fbur soleus de-efferented nerves
(Barker, Ip & Adal, 1962), the total, 456 compares well
with the average value of 450 in the normal nerve given
by Boyd & Bavey (19g2). A more extensive discussion on
thiS.topie.is being reported by Ip (l9g5). It is common
knowledge that there are individual variations in the

_ Pgﬁg}mpnmbgp‘qf fibres.prgsent in nerves and rootsi even
between contralateral limbs of the same cat, as pointed

out by the difference in spindle counts between the two
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sides ngpker“&wqpip, 1960). Thus, adjustment by allowing
for a cpnstant_percentage of fibres damaged during oper-

ation is of little significance to the true situation.

_____ o These factors have been borne in mind during
y§g g9up§¢_of the_presgnt study. ihe morphology of the
spinal roots in the cat and rabbit, however, is such
Pha#“sepgration'into the motor and sensory components
during operation is feasible and the removal of one
virﬁually without damgge to the other is possible,
Cgptaig rputine root check procedures have been followed
(geewbglgw)‘to ascerﬁaih the success of each oPeration.
gqvgﬁjgstment has been”made onldata from studies of
motor components since there is no substantial basis for
an appropriate allowance to be determined. Mbredver,
even if an adjustment of the order of 16% is made it
does not produce any significant effect on the small
.number of motor nerve fibres supplylng the small lumbrl;

cal muscles studied in this investigation.

In order to ascertain the completeness of
ganglion rémoval_and to .detect any possible damage to

the ventral root, the following checks have been carried

|
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out for all the de-afferentated animals:-

@) Tbe operated roots were fixed in Bouin's
?}u?d gng_sgr;al,transverse or longitudinal sections
aﬁ_lo,unwgre gxagine§ after applying either Holmes's
S;?&ﬁ) si;verfqn—the-slide method or haematoxylin and
eo§inlstainigg. There is mno difficulty in examining for
tpe absence of nerve cell bgdies from an operatg& root
ﬁq_agcértgin cpmplete dorsal‘root gang1ion removal, but
the-examination of a ventral root for possible damage
rgggires more careful study The typical picture of a
ventral motor root after a successful de-afferentation
is shown in Plate 1. It is from a transverse section of
root Iumbar 6 of cat 6167. Note that the whole of the
ven#?al root is intact with normal motor axons distributed
throughout the area. In Plate 2, a section of root
Iumbar g_of cat 0188 is shown with areas of damage among
ppiﬁgl motor axons. Damage to the véntral motor root is
gxhibited.by proliferation of nuclei and disqrientation
of nerve axons in the area affected. Ventral root damage
in the area directly beneath the dorsal root ganglion was
probably inflicted during operative procedures. Damage

at the peripheral area of the root, however, was p0351b1y



Plate 1. Successfully de-afferentated root.

$he'wpole of the_ﬁentral root intact and encirculated
within the root perineurium (rt.peri.); motor axons _
(m.ax. ) are dlstrlbuted ‘uniformly throughout the root
From Iumbar 6 cat 0167, T.S. 10,u, Holmes's silver-

on-the~slide method. cap.-capillaries.






Plate 2. Damaged de-afferentated root.

Note the proliferation of nuclei and disorientation of
nefve axons in damaged areas of the vgntral rqot at
ﬁ@)“updgrpeath the dorsal root (un.ds.rt.) probably due
’tgwhandling during operation, and (ii) at the periphery
(per.) due to ischaemia from capillary damaged. Motor
axons (m.ax.) uniformly distributed in other areas. .
Two fasciculi of ventral root surrounded by the root
perineurium (rt.peri.). From Iummbar é, cat C188, T.S.

10/u, Holmes's silver-on-the-slide method.
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due t9_ischaemia,from damaged capillarigs supplying the
affected area. As damage to the ventral roots of Lé and
L7 was detected in cat (€188, all materials taken from
this cat were abandoned (see Materials, A).

- _(ii)lﬂququgtiqns‘were made, during teasing of
operated mpscles; for any remaining sensoxry fibres supply-
ing proprioceptors in the muscles by the 'osmic/glycerine’
or 'teased silver' preparations (see technidues below).

~ (iii) The occurrence of extensive collateral regener-
ation (see e.g. review by Edds, 1953) in the efferent
nerves to extrafusal muscle fibres in teased silver
preparations would also indicate damage to ventral root
fibres during operation. No such collateral regeneration
was Qbserved in the material upon which the results are

based.

2.2 The study of muscle nerves

2.21 By teasing

The nsture of branching of motor nerve fibres



in the extramuscular region of a muscle nerve was invest-
iggted_by teasing the motor fibres previously stained
with qsmium tetroxide and cleared in glycerine. From a
freghly-killed, de-afferentated cat, a muscle nerve was
traced as faf proximal as possible to its sourse of origin
from a large nerve trunk., For example; the nerve to the
1st DL muscle was followed to a common nerve trunk where
it emerged together'with the nerve supply to the first
interqsseous muscle; the nerves to the soleus and mesial
gast:ocnemius miscles were traced to their origins from
thg_large‘tibial nerve in the femoral pegion (see Text-
@igpge'l), The muscle nerve was then cut at the level
of nerve entry into the muscle and at a little distaﬁce
proximal to the point of its origin from the nerve trunk,
the distance between being measured. A.piece of library
card frame was used to mount the nerve which was lightly
sﬁ;etghed to prevent coiling during flxatlon, and the
t}ssgevwas plgced in 1% osmic acid overnight. Clearing
in glycerine was folloﬁed the next day through 30% and
56% stages. ieasing of nerve fibres was carried out
under 56%’gxycerine with a binocular microscope at a

magnification of x80.
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2.22 By sectioning

The study of muscle nerves by sectioning was
accomplished by f:.x:n.ng the nerve in a variant of Flem-
ming 's fluid (_16 ml of 1% chromic acid, &4 ml of 2%
psmic,-; acid and 1 drop ovf‘vglacial acetic acid) and stained
by a moedified Weigert-Fal tech.niq;ue (Fernand & Young,
1951). Huscle nerves dissected from freshly-killed
gqai;z_za_.}s were taken as far broximal from nerve entry as
possible to avoid extramuscular fibre branching (Bccles
& She;rrington; 1930‘), They were lightly stretched and
adhered to small library card frames before immersing
into the‘fixatifre. Processing by dehydration with
Qifferent gfaided. alcohols were carried through and the
| tissue einbeddeci,"‘usi.pg cedarwood o0il as a clearing medium.
- Transverse sections were cut at 5 u from paraffin blocks
and.mounted._' Staining solutlons of the nethod £y namely,
3% p‘opa?safium d:q.ehromate; haematoxylin in absolute alcohol
with glacial acetic acid: and differentiation with 6.25%
potassium permanganate and Pal's solution were used in
the usual manner. 4 standard time for each stage of the
.staiﬁhg procedure was observed for uniform staining in

all nerve sectioms. From the prepared slides, the best



sections were selected for photography which was done
pywdirect projeetion onto bromide paper at a constantly
checked magnification of x1000. - The photographs were
t@envjoined together to form a montage of the whole:
sec@iep, Measurements of_nerve fibres were made by.
pateh;pg from a pieee'oﬁ perspex with round scales of
diameter lum, 2mm, .esee., cOrresponding with fibre
diameter of‘l/u; 2/p, etc. (see e.g. Fernand & Young,
1951). Measured fibres were pricked with a needle and
?ecorded at the same time to avoid re-counting. Indivi;
dual fibres were constantly checked against the seetion
under the high power of a mierescope (x400) and any
dpuptsg esﬁeeially regarding fibres of small calibre,
were always carefully scrutinized. Counted fibres were
~ then grouped according to their sizes and histograms

drawn in relation to the percentage in individual muscles.

) . The sources of possible errors'in this tech-
niéue have‘been fully discussed (Gutmann & Sanders, 1943%;
Altken, Sharman & Young, 1947; Evens & Vlzoso, 1951;
Qullllam, 1956 Williams & Wendell-Smith, 1960) and most
of which have been discounted to show any s;gpiflcant

effect in the study of nerve fibre population, with
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 relation to the external diameter.

2.3 Intremuscular study of nerve fibres

~ After a proximal portion of the nerve supply
was nggp-for‘study in transverse section by the Weigert-
Pal”techniéue, the muscle intended for intramuscular
study together with ﬁhe remaining portion of nerve ﬁntact,
was stained with 1% osmic acid: Before staining, the
miscie was carefuliy teased in mammalian Ringer's solution
pnder a binocular micposcoPe at a magnification of x80;
9;trafusal muscle fibfés we:g'gegg;ated gg‘muqh as possi-
ble to ensure a good osmic acid penetration for the
staining of myelinated nerve fibres. After leaving in
osmic acid for about three hours, the tissue was trans;
ferred to 30% glycerine with 1% potassium dichromate
gve:night. Aﬁinal §learing was completed by two changes
of pure glycerine. Further teasing was done by removing
phe.extrafusal mnsclé fibres (showing a good yellowishé
brown background from the dichromate colour against the
éarkly‘stained myelinated nerve fibres) and cutting the

nerve terminals as close to the muscle fibres as possi-

ble. Muscle spindles and their motor nerve supply



(fusimotor, Hunt & Paintal, 1958) were left intact o
ci:i_,rstnf.pguish _them from the cut nerves to extrafusal mscle
_fi‘bres-4 (skeletomotor). The perineurium of the main nerve
tru.nk was opened and nerve fibres within spread out as
muah as po.ssible. The preparation was finally mounted
in g;l.ycerine and careful compression applied as necess-~
ary in order té facilitate the sPreading of nerve fibres.
This 'osmic/glycerine' preparation, as it is referred to
throughout_this study, was then examined and tracj.ngs

of all nerve fibres and branches in the intramuscular -
course to the levels of innei'vation were carried out.
Measurements of external diaméters of stem fibres and
their branches were taken by an average of a number of
recordings wherever possible. Measurements were also
made of the length in the total intramuscular course of
all fibres and branches from the point of entry into

tke muscle to.the point(s) of entry into the spindle(s),
together with measurements of the distances between
successive sites of branching. This tech.niéue has been

~ initially reported by Adal & Barker (l9é5g). Plate 3
demonstrates the nature of the staining by the tech.niq.ue
described, and shows the fusimotor fibre branches in the \

intramuscular region and their enbry into a spindle pole.

o



Plate 3. Osmic stained nerve fibres teased from
the intramuscular region.

Fusimotor fibre branches (fus.br.) innérvating intrafusal
.ﬁgsgle fibres (inf.m.f.) at the polar region of a spindle.
.(capf-capilla:y; fus.br.op.pole-fusimotor fibre branches

to opposite pole).
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That thinly myelinated nerve fibres of small
Qfa.llibres (3 M or less) inwde-afferentated muscles could
possibly be of sympathetic origin has also been taken
into .eghé@dergtion, It would have to be a considerably
large sympathetic nerve fibre fdr any degree of myelin-
atiqn_' to occur, and the area of its distribution in a
mscle would certainly be extensive. However, individ-
ual small myelinated nerve fibres observed intramuscularly
in 9.141 the de-afferentated preparations frpm the lumbrical
l_nuch_Lés. innervated one muscle spindle only, without prior
branching and retained their myelin (see Results).
Singe there is still no histological evidence of 'a.
sympathetic imnervation of muscle spindles and in view
of the fact that the small, thinly myelinated nerve fibres
innervated individual muscle spindles only, it is most

unlikely that they are sympathetic in origin.

The intramuscular branching of the skeletomotor
supply was 'fully examined in order to ascertain whether
any of the 2 - 4/.1 terminal bramches had been involved
in fusimotor innervation. There is no doubt in the
present study that whenever such collateral innervations

occurred, they had been preserved intact with the other
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fusimotor fibres during the teasing process, provided
t_he cql.}ate_ral branch was myelinated. The occurrence of
unmyelinated fusimotor axons innervating muscle spindles
quuld_have gone unobserved in these osmic stained prep-
arajd?i’ons but a study of the motor supply to ten spindles
from fchreg DL muscles by the teased éilver method (see
Methods 2.4) indicated tlgpt such a contribution.was
neg_ligible. The range of 4fusimotor axons or axon branches
were from 3 - 10 giving an average of 5.8. This compares
with an average of 5.7 myelinated fusimotor fibres or
gi‘pre”branehes”with a range of 2 - 11, supplying the
eig;ht_een' DL spindles studied by the osmic/glycerine
technique (Tables 3, 4, 5 & 6 and Text-figure 3).

| The nature of the intramuscular distribution
of skeletomotor nerve fibres was studied by carefully
mapping out certain areas of muscle. This was achieved
by the service of a contour projeéto::- (Shadowgraph),
throwing an image at a magnification of x56. Camera
lucida drawings from a microscope image projector
('Britex') were also made. The nerve fibres from differ-
e;itAside branches of nerve trunks in the area observed

were traced through their courses under the high-power
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mggpificatiog (xAOO) of a microscope. The directions
gt;whieh the nerve fibres run in relation to the proxi;
mg; (direction of origin from muscle nerve) and dis.tal
(direction of inmervation at the ending) points were
noted and indicated appropriately by different arrows
in the drawing. The final product resulted in a sketch
gf gmqertain_area of a muscle; showing th¢ distribution
of nerve fibres in the intramusculsr region with arrows
indicating their travelling directions within branching
nerve trunks (see Text-figure 13).

2.4 Silver impregnation for spindle innervation

Teased, silver impregnated preparations have
been used when it was necessary to acduire information
about the intrafusal motor endings of the muscles studied.
The advantage of the techniéue is that all fusimotor
fibres to the spindles are stained, whether myelinated
o;_unmyelinated,'and observations can be carried further
inside the'spindles to the terminal nerve endings, in
relation to the inmervating nerve fibres. The techniéue
is based on a modification of de Castro's (1925) version

of one of the block silver impregnation method of Cajal
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§1303)’and extended further by Barker & Ip (1963) in

such a way that the muscle tissues may be teased.

~ Muscles from freshly—killed animals were fixed

for four days in a freshly made up solution containing
cplq;gl hyd:atg,»lgm; 95% alcohol 45 ml; dlstllled water,
50 ml; and cencemtrated nitric acid, 1 ml; the size of
tpe‘@géc;e_had no critical effect on the staining. After
| 'ﬁixing: the tissues were washed for twenty-four hours in

'running tap water followed by placing for fbrty;eight
hours 1n ammoniacal alcohol made up with §5% algdhol,
25 ml and concentrated ammonia.solution; 1 drop. The
hgxﬁmstage was followed by first blotting off surplus
fluid then incubating for five days in a 1.5% silver
nitrate solution at 379C. At the eml of the'incubation
peried;ﬂthe tissues were reduced for two days in a
freshly made up solution ef_hydroéuingne, 2 gn and 25%
fermip acid; lbb ml. The tissues after reduction weré
rinsed with distilled water then cleared and-stored in
glycerine. Spindles with as much aé possible of their
fusimotor fibres intact were teased out from museles
and mounted in glycerine for study of fibre inmervation

and the related nerve endings.
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2.5 Extrafusal and intrafusal\mugele fibre counts

o The determination of extrafusal and intrafusal
muscle fibre content was ascertained by examining serial
transverse sections of the 1st DL of the éat. »The muscle
éigsgcted from a freshly-killed»animal was laid on a
piece of library card before immersion in Bouin's fixa;
tlve . Iaraffln embedding, serial transverse sectlons at

lO/u, stainingkhaematoxylln and counter-staining by eosin

were carried out in the usual way.

| For the study of spindle morphology, muscle
spindles were carefully‘examined from end to end in
every section. Data on the number of intrafusal muscle
fibres for each spindle and the nuclear;bag and nuclear-
chain fibre ratios were accummulated. From an aggregate
figure, the average number of intrafusal muscle fibres
for a SPindle,was calculated. The avérage figure was
used for all spindles in a muscle and together with the
fusimetor. compenent, the inmervation ratio of intrafusal

mascle fibres was then estimated.

For the determination of the number of extrafusal
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muscle fibres, a section through the belly of the lumb;
rical muscle.was chosen for photography at a magnification
q:’x2¢o: Such a section included all the fibres which
run ipApargllel fpom origin to insertion in the muscle.
From the montage of the whole section the muscle fibres
?ére counted and fhen pricke& by a needle to avoid re-
counting. The section was referred to under a micros-
cope as often as necessary w@anever\in.dOUbt. This

geupﬁ; together with the skeletomotor component of the
muscle nerve, enabled the innervation ratio of the extra-

fusal fibres in the muscle to be determined.

3. Correlation of different technigques

| As the present inwestigation involved the study
of motor nerve fibres both extra- and intramuscularly,
and alse in relation to their nerve endings, the result
from a single techniéue cannot, due to its limitations,
provide a full solution of the problems involved. Each
techniéue is only indicative of a certain SPecific study,
but usually; results of two suitable techniéues are

combined in order to produce answers to certain problems.
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Thus, the following correlations between data

of different techniques were made for specific problems:-

4 (i) The nature of merve fibres, whether thickly
qr‘thinly myelinated, as observed in sections from a
proximal portion of a muscle nerve by the Weigert;Pal
teehnidue;‘was correlated with observation on the same
muscle nerve as teased both extra- and intramuscularly

using the osmic/glycerine technique.

. _(ii) The study of fusimotor innervatibn of muscle
gpindles iﬁ teased, silver preparations was compared
with the osmic/glyecerine findings of the same nerve
ppio: to nerve entry. Comparisons of fusimotor supply
to individual muscle spindles were also made between
the teased silver and the osmi ¢/glycerine preparations
to account for any difference in number, if any, between

myelinated and unmyelinated fusimoter fibres inmmervation.

(iii) In the evaluation of innervation ratios, whether
for extrafusal or intrafusal muscle fibres, the counts
of each categofyAerm haematoxylin and eosin stained

sections of the muscle were correlated with separate



-

As{];e]_.gtqmotor and fusimotor components of the muscle
ner_vesi determined by the intramuscular study in

osmic/glycerine preparations.
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IV. RESULTS
. The Cat

1. Bxtramuscular study of motor nerve fibres

o __~T.h_e._exbramuscu]'.ar nature of the motor cemponent
of a muscle nerve was studied in the nerve supply to the
]_.st_DI., soleus.and mesial gastrqcnemius muscles of the
cat. Each muscle nerve was traced as far proximal as
pos’sible.to their source of origin from a larger nerve
trunk, for example, the lst DL nerve being traced to its
Common nerve trunk with the nerve to the first inter-
osseous muscle; the soleus and mesial gastrocnemius
nerves being followed to their origins from the tibial
nerve. The muscle nerves were stained with osmium tetro-
xide and carefully teased to search forxr fibre divisions

~ in relation to the distance from nerve entry into the

muscle.

1.1 Branching of muscle nerves

The nerve supply to the 1lst DL muscle in the
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pind}i@p of a normal cat Cl74 was traced to a distance
9#}55mmm back_to its emergence from a common nerve trunk
with the merve to the first interosseous muscle (Text-
figure 1, a). Careful examination ab this point within
the common nerve trunk showed that nerve fibres ran
gqnf;uent and»parallel with one another witthout any axon
pranching.’ Gontinuous teasing of.the 1st DL nerve to;
wards the muscle shswed’that branching intb two smaller
nerve trunks occurred at 1 mm prior o #erve-entry; and
"at this level axon branching also began. The nerves %o
fha soleus and mesial gastrocnemius muscles of the de-
afferentated cat Cié? were traced to their origins from
the tibial nerve in the femoral region, covering a
distance of approximately 95 mm and 80 mm, respectively,
from the muscle (Text-figure i; b & ¢c). Extensive teas-
ing around the juﬁction of the tibial nerve where the
two muscle nerves originated did not reveal any axon
branching and the nefvelfibres were confluent with one
enother. The two nerves ran side by side from their
gg;gigs at the tibial nerve to the 1evel of tbe gagtroc-
nemius muscle;-from whence the soleus nerve continued
further on its om. In tracing the soleus nerve more

distally, branching into two smaller nerve trunks
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occurred at a dis tance of 10 mm from nerve-—entry; it

was at this level that axon branching began also. The
nerve tAo‘_te mesial gastrocnemius muscie gave branches
‘of smaller nerve trunks at a distance of 62 mn from the

muscle where initial axon branching was also observed.

1.2 Branching of motor axons

~ In the nerve to the 1st DL muscle of the
unoperated cat G174, initial sxon branching was observed,
as stated sbove, at a distance of 1 mm from nerve.entry
into the muscle. Branching of nerve fibres at whis level
was found only in those with calibre siges _above 10 ol

and they were probably of the motor component since
branching of large afferent fibres has not been demon;
strated (Eccles & Sherrington, 1930). Initiai branching
_Q,f."motor nerve fibres was observed as distal as the nerve-
entry or sub-entry levels of this muscle in de-afferentated
cats Cl58 and 0167 The nature of intramuscular branching
and distribution of motor fibres in this muscle will be
dealt with later in detail. In the soleus muscle nerve,
1m.t1a1 axon branching was shown a8t a distance of 10 mm

from nerve-entry and branching of nerve fibres was
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encountered more freciuently towards the muscle. In
the large mesial gastrocnemius muscle nerve; initial axon
branching occurred at a considerably longer distance of

62mm from the muscle and branching of nerve fibres
o_ccl?.rrgd abundantly as the nerve supply approached the
mscle. The freciuency of axon branching was not studied
éuafntita’cive_ly_ in the large shank muscles., The results
| ngé._represented disgrammatically in Text-figure 1. Im
order to simplify the figure, only three motor nerve
axons were drawn as an illustration within each muscle

nerve.

1.3 The nature of motor fibres in the extramuscu-

lar region

These results indicate that motor re mwve fibres
in the cat run parallel with one another in large nerve
trunks without branching. A muscle nerve originates from
a large _'nerve»trunk (e.g+ soleus from tibial nerve), with
emergence of'metor nerve fibres by segregation only. As
tke. nerve supply approaches a muscle, axon branching
usually begins to occur at a point some distance away.

The distance between this point' and nerve entry varies
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from muscle to mascle, and is somewhat proportional to

the size of the muscle. Thus, in this study; the distances
are 1 mm for the small lumbrical muscle (mean welght,

0.03 gm), 10 mm for the soleus (mean weight, 2.49 gm,

Chin, Cope & Peng, 1962), and 62 mm for the me81al gast;
rocnemius (mean weight, 7.34 gm, Chin et al., 1962)

2. Intramuscular study of fusimotor fibres

2.1 The number of lumbrical miscles studied

- The résults of intramuscular brenching of
fusimotor fibres are based on dbservations in three 1st
and two 2nd deep lumbrical muscles of three de-afferent-
ated cats, namely, the 1stDL of cat 0158 0167 and Cl175
and the 2nd DL of cat €158 and 0167 (see Materials,
iable.l). Except for the 2nd DL of cat €158, where only
abge‘SPindle was analysed, all the muscles and their
nerve supply were studied by a correlation of two tech-
niénés. This was achieved by sectioning a proximal
portion of the muscle nerve (see Methods 2.22) and stain-
ipgqthe remaining muscle and nerve supply by the osmic/

glycerine method (see Methods 2.3). A section of the
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miscle nerve provides information about the number,
digméter; and degree of myelination of the4nerve fibres,
énd the intramuscular study b& osmic staining reveals
their fate in branching and distribution within the
miscle. The_results obtained are therefore based on |
Qirecﬁ obseryation by actual tracings in}the intramuscu-
}gp_?egion; between the nerve fibres at the level of the
miscle nerve supply and the level of emtry into muscle

spindles.

2.2 The nature of the first deep lumbrical nmuscle

| The 1st DL muscle of the cat contains four to
six sPindles; and is supplied by approximately twenty to
thirty ﬁyelinated fibres of which about half are motor;
the 2nd DL is similar. Plate 4, figures A & B show a
ggction of a pormal 1lst DL muscle nerve compared with
one which has been de-afferentafed. There are two thinly-
myelinated small fibres in the normal nerve; one such
fibre is seen in tke de-afferentated nerve. The remain-

ing fibres are all thickly.myelinated.

An osmic/glycerine preparation showing the



. Plate 4. Normal (Figure A) and de-afferentated
(Figure "B) nerves to the.first deep
lumbrical muscle of the.cat.

Osmic sections at 5m. G-alpha fibre,Y -gamma fibre,
Wi’futhigly myelinated gamma fibre, per. - perineurium,

degen.fs.- residue from-degenerated fibres).
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intramuscular distribution of nerve fibres to muscle
splndles is exhlblted in Plate 5, which is from the 1lst
BL muscle of cat Cl67 . In the cat, the distribution of
intramuscular nerve trunks is such that there are inde;
pendent small nerve branches containing groups of quimo—
tor fibres going towards individual muscle spindles.
@gg@ spind}e.receives one or more such fusimotor nerve
trunks. As will be seen later, this pattern of supply
is not found in the rabbit (cf. Plate 19).

2.3 Total fusimotor fibres investigated

The 1ntramuscular course of twentyaseven out
of twenty—elght stem motor fibres supplying eighteen
muscle spindles were traced with certalnty to the level
of splndle entry (Tebles 3, 4, 5 & 6 and Text-figure 3).
Eurther branchlng of fu51motor'f1bres upon entering a
spindle could not “be traced satisfactorily with osmic
stgiping;_but this is of no censeéuence to the present .
study since the difference in diameter between Boyd's

¥: and ¥2 fibres is already established at spindle entry.

In tracing the origin of individual fusimotor
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fibres entering a muscle sPindle; it was possible to
depe;mine whether any of them were derived from B-stem
fibreg. Of the twenty-eight stem fibres referred gbove,
ﬁive were of the B type; and their intramuscular courses .

were traced as far as possibie (Text-figure 3).

2.4 The fusimotor supply to individual lumbrical

muscles -

~ Ap osmie section of the de-afferentated merve
to the 1st DL muscle of cat G158 cut approximately 12 mm
from its entpy into the muscle showed a total of ten
myelinated fibres, three large and seven small, the small-
est fibre being thinly myelinated (Plate é, figure 4).
?hese fibres were also observed in the osmic/glycerine
preparation at a level nearer the muscle (Plate é, figure
B). The osmic stained preparation of this muscle and
'nerve is shown in Text-figure 2 whieh was drawn from an
image piojector (Shadowgraph). The final positions assumed
by the muscle spindles was dependent on the process_of
mounting the preparation, but their relative distances

to the point of nerve-entry could be measured. Tkere

were six spindles present in this muscle; five lying



Plate 6. Supply of skeletomotor () and

Figure A.

Fig;gre B.

Figure C.

fusimotor (¥) to first deep
lumbrical muscle of cat €158.

Osmic section of de-afferentated nerve cut
a,pp:goximate]y 12 mm from its entry into
mscle._ Kt thlnly myevlina‘ced ¥ fib;:e.

Teased osmic preparation of same nerve afpp:poxi;-
mately 1 -mm from its entry into the muscle.
Scheniatig representation ‘Qf the intramuscular
branching and Qistributidn of ¥ fibres & ;_g

to the six spindles (Sp I - VI) in the muscle.(<f: .
- o : - Table

‘Scale indicates intramuscular length (mm) of

-each fibre and levels at which branching and

spindle entry occur. Average total diameters
(m) of the fibres and their branches are
indicated by the numbers placed in relation
to them. Fibres and fibre branches entering
spindles as ! ¥ fibres! shown in black;

'¥2 fibres! 1n white. - Asterisks denote the
fibre and fibre branches photographed at

this levél in Plate 7, figure A.

(Adal & Barker, 1965¢.
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2 - 3 mm»frg)m tl_le point of nerve-entry and the sixth at
a_disﬁancg of 9.5 mm away from thg same point (Text-
figure 2). It is a characteristic in the lst DL that
the spin@les‘are distributed in this manner, i.e. all
but one lie within certain levels from nerve-;-entry and

an odd one out at some distance away.

o An intramuscular study of the preparation
showed that the three large fibres in the muscle nerve
with étem diameters of 125/1 (fibre A), 13.5/11 (fib:ne B)
and 13.5 m (fibre C) were purely skeletomotor (o¢, Table 3).
The seven small fibres, two with stem diameters of 60 o
(f_:i.b;'es g & £), four 4.0 u (fibres b, ¢, 4 & e) and one
3.5 p (fibre a) constituted the. fusimotor swpply to the
six spindles (Sp I - VI) in the muscle. The nature of
‘the intramuscular branching and distribution of the
seven ¥ fibres supplying these spindles is showmn diagram-
matically in Plate 6, figure C.

Plate 7, ‘figure A shows an intramuscular
division of a large fusimotor fibre (5.5m, fibre g'),
* being a branch of fibre g (stem dismeter 60 A) into
braﬁches of 5.6}1 and 3.0/9.. Another fusimotor fibre
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(fibre [ 4.0/.1) and fibre branches (fibre 4'', e' & £')
gre'" a_l?q shown. The fibre and fibre branches correspond

with those asterisked in Plate 6, figure C..

o Gonsistent size relationship b_etygreen diameters
pi‘ stém _fib;'es and their branches at sPindle entry is
-mt evidenf. For example, the large thlckly-myellnated
6.0 A ¥ fibres g_ and £ (Plate 6, figure C) gave rise to
thirteen ‘pranches, four of these enter spindles as large
fibres (3.0 - 4.0 ), and nine as small f£ibres (2.0 - 2.5 u).
j}'f__g_ g‘l_ifference of 0.5 e is allov_ved for adjustment as
Bgtween total and axon diameters, the fil_)reg_ may be
regarded as a supply of four b’} axons and nine ¥2 axons.
_Aggq{'ding o Boyd's hypothesis, these nine ¥2 axons
should all be branches of the small thinly-myelinated
3.5 p fibre g, and this fibre should also supply axons

to all six spindles present. But fibre a showed no
‘prgnching at all in its intramuscular céurse. It supplied
only one spindle which it entered witﬁn its total diameter
at 5.5_/.1, the same as the value of its stem fibre, or

in other words, as a ¥ axon of about 3 Je

A similar study of an osmic section of the
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nerve to the de-afferentated 1lst DL of 6167 taken at
a-b_oi;t 12 mm from its nerve entry showed the presence of
eleven nerve fibres, four large and seven small; the ‘
smallest again being thinly myelinated (Plate 8, figure 4).
The pe;fve fibres shown in the section were examined in
the psmic/glycerine preparation of the muscle nerve (Plate
8, figure B). The branches and distribution of these
nerve fibres as determined from intramuscular tracing
are shown in Table 4. Two large fibres with stem dlam-
eters of 13_.0'}1 (£ibre D) and 13.5 ;0 (fibre E) showed
a pure skeletomotor distributien. The two other large .
fibres with diemeters of 9.0 u (fibre ml) and 12.5m
(fibre m2) gave rise to branches supplying both extra-
and intrafusal muscle fibres, i.e. were p. The remain-
ing seven & fibres, composed of two fibres with a stem
dismeter of 7.5 u (fibre m & ), two of 5.5 M (fibres 1
& g) and one each of 5.0/11 (fibre k), 4.0/&1 (fibre j)
and 2.5 m (fibre ]3.),- provided the main fusimotor supply
to four spindles in this muscle. As in tle previous
muscle, there was no evidence of size relationship bet-
ween the diameters of the ¥ -stem fibres end their intra-
muscular }f‘usimotor branches; for example, fibre 9_ (stem

diameter 7.5/u) and k (5.0)1) produced intramuscular
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branches of both ¥ and ¥2 calibre. The thinly-myelinated
‘X—stem_ fibre h (2.5)1) also supplied only a single spindle

without previous intramuscular branching.

Anether study in the 2nd DL of cat 0167 showed
m:uch the same sort of findings. _An osmic section of the
I}Iusq;l.g nerve revealed the presence‘ of eleven fibres, all
thickly myelinated except for the smallest one which was
thinly myelinated. Intramuscular tracing showed that
seven fibres, fibre F (stgm diameter ’7.'5/u‘), 9_ (11.5m),
HE (12.5 1), I, K, L, (13.0 each) and M (13.5,1) were
purely skeletomotor in nabture; three (fibres p, g_ and r,
stem diameter 3.0/\1; 5.5,u and g.s/u, respectively) were
purely fusimotor; and one (fibre g? 7.5 /u) was P (Table 5).
The fusimotor branches supplied the three spindles present
vin the muscle. The occurrence of large X-;stem fibres
dividing into lai'ge (¥1) and small (¥2) branches is demon-
strated here by fibre r (stem diameter 6A.5/u). Its
initial division; just within nerve-entry, gave rise to
a large (g.o/u) and a small (2.0/u) branch. The smaller
branch innervated a spindle (Sp III, Table 5) 7.5 mm
away from the point of nerve-entry as a Safibre. 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 55/1 and 2.é/u (Plate 7, figu;e B). The
smaller branch imnervated a spindle (Sp II, Table 5)

0.7 mmn further on as a ¥ fibre. The larger fibre gave ¢
rise to three ¥ and two ¥2 fibres innervating another
spindle (Sp I, Table 5) 3.7 mm further away. The A
consistency of size relationship between diameters of
¥-stem fibres and their branches is again not exhibited
as fibres g_ (stem dismeter 5.5/u) z__md T (g.s/u) both
gave branches of &1 and ¥2 calibre. The smallest ‘thinly-
n;#elix_aated ¥ fibre of stem diameter 3.0 M (fibxwe p)

innervated a single spindle entering it as a 8! fibre.

In the 1st DL of cat. Cl?75, a situation occurred
where no thin]y-myeliﬁated ¥ -stem fibre was present. An
osmic section of the muscle nerve taken approximately 10 mm
from nerve-;-entx'y showed the presence of seven fibres,
three large and four small, all thickly myelinated (Plate
9, f:i_.gure A). These fibres may be seen in the teased
osmic/glycerine preparation shown in Plate 9, figure B.
Intramuscular tracing showed that the three large fibres,
fibre N (stem diameter 12.5 p), 0 (13.0 u) and P (13.0 )

were purely skeletomotor in nature (¢); three small fibres,
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f;b;:_e_g, E .a.Iild._P_ of stem diameters 4.5 P 5.6/&1 and 5.5/u,
respectively, were purely fusimotor (K);~ and the remaining
‘small fibre m* s é.O/LI, was B (Table 6) The fusimotor.
supply to the four spindle present in the mugcle was
provided entirely by thickly—myelinated. fibres, the small-~
esthof which had a total diameter of 4.5m (ﬁbre S,
Table 6 and Plate 9, figures A & B). These'.branched S0
as to prodﬁce a mixture of ¥ and ¥2 fibres, thus. demon-
strating that ¥z fibres 'can be present in a muscle in the

absence of thinly-myelinated ¥-stem fibres in-the motor

supply.

‘ In the only spindle analysed from the Zﬁd DL
of cat Cl1l58, the fusimotor supply consiste.d'o.f thrge
b’;stem fibres, g; w and x (stem diameters 2.5, 4.5m
and 5.5/1;respectively) and a larger fibre n’ (8.5 pn),
the last being a B fibre (Tegt-figure 3). The smallest of
the ¥ fibres, v and X, also proceeded to enter the spindle
without divisj.on in the intramuscular region. Fusimotor

branches derived from the P fibre 1‘11_5 were of both '3

and ' calibre.
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2.5 The nature of branching and distribution

of fusimotor fibres

A survey of the results shows that the x;stem
'f:irbr.es in the lumbrical muscles of the cat have a stem
diameter range of 2.5 - ‘7.5/u and each stem fibre may
contribute from one (without intramuscular division)to
seven (e.g. fibre g, 0 & r) fusimotor branches (Tables 3,
4, 5 & g‘and Text~-figure 3). Fusimotor branches from a
single W-stem fibre may innervate from one to five
muscle spindles, usually from two to ’chree. On the
other hand,' a single spindle may receive fusimotor fibre
b;‘anches arising from as many a:s four different ¥-stem
fibres (e.g+ Sp II, lst DL, €158; Sp II, 2nd DI, Gi6'7).
Generally speakiﬁg, the larger the diameter of the ¥-stem
fibre the greater is its freéuency of intramuscular
branching. From the tracing of a total of eighteen
thick;y;welinatedib/‘—stem fibres (4.6 - 7.5:), seven
(fibres ¢, i, 1, m, B, &t and W) give branches of ¥
calibre only (total diameters 3.0 - 4.5m); two (fibres
b & ¢) produce 82 fibres only (to_tal diameters 2.0 - 2.5/u);
and nine (fibres d, £, g, Xk, 0, g, L, S and u) produce

a mixture of both ¥t and ¥2 calibre, All the five thinly-
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g_hpw_ a similar nature in that each trave_ls To a_.Aspindle-__
and enters it without branching in the intramuscular
region, three as ¥ (fibres a, p & X) and two as ¥2 (fibres
h & v) axons. These results show that the intramuscular
branching of ¥ fibres is.such that they do not supply i
and ¥2 fibres to spindles in accordance with their stem
diameters and degree of myelination as proposed by Boyd
(1962). |

2.6 The occurrence of B fibres

A In the present study of five _J.umbrical muscles,
the 1lst DL of cat C158 was the only muscle that did not
reéeive a B fibre in its motor supply. A total of five
such fibres were found in the other four lumbrical
mascles. They were all thickly myelinated; oﬁe produced
a single fusimotor branch of ¥ calibre and the rest gave
fusimotor branches of both ¥ and ¥zcalibres. Their |

- distribution is shown diagrammatically in Text-figure 3;
four of these Ffibres are also listed in Tables 4, 5 & 6'

(fibres ml - 24).
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o ~ The ﬁ_ fibre g4 (stem diamete:p.-é‘.'O/u), of the
1st DL in cat Cl75 gave fusimotor branches of ¥i and ¥z
caJ.i_bre to supply three spindles. A single skeletomotor
fibre branch of 2.0 M innervateg an extrafusal muscle
fibre. In the 2nd DL of cat €167, pfibre m> (stem diameter
7.5 /_J.) was involved in supplying fusimotor branches also
o:_t"‘"both _b/" and ¥2 calibre to three spindles.' There were
two fibre branches of 2.5 2 and- 3.5 Vs that were _skeleto;-
mptor in nature. In the only spindle analysed in the

2nd DL of cat 0158-, a B fibre A1_1;5‘ (diameter 8,5/11) was
found to be involved in the fusimotoi- supply. It gave
rise to as meny skeletomotor_fibre branches as fusimotor
branches (sﬁx branches of each kind). The fusimotor fibre
brg:géhes_wére of both ¥1and ¥2 calibre. Text-figure 4
shows a camera lucida tracing of B fibre m® in its course
1L:hrough the intramuscular nerve-trunk, giving off, branches
as shown diagramatically in Text-figure 3. Plate 15
'ghows two divisions within tle intramusc.ulér nerve-trunk
oi_? the same nerve fibre; these divisions are in relation
to those asterisked in Text-figure 3. The P fibre nl
(stem diameter 90/u) of the lst DL of cat Clé?, gave
fusimotér branches to supply four spindles, and skeletq-

metoi' branches of a larger proportion, in having two 3.0 /2



Text-figure 4. Camera lucida drawing{p fibre mo,
' showing its nature of branching
in the intramuscular region.

. Tracing f:qm”an_osmic/glycerine preparation of the
second deep lumbrical muscle of cat C158.

(cf. Text-figure 3).
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branches and one 6 O/u in size. The fusimotor fibre
branches were again of both b’u and ¥2 calibre. In the
st DL of cat Cl6'7, the B fibre m2 (stem diameter 12.5sm)
showed only a single fusimotor branch of ¥ calibre
contz._‘ibuting to a spindle, and the majority of the fibre

branches were skeletomotor in nature.

- Im the sample of B fibres studled, the range
of the total dlameter is from 6 Oya (fibre n*) to 12.5m
(_fibre g?) and between these two ext_remes, the nature of
disbributaj.on varies from being predominantly fusimotor
to predominantly skeletomotor, respectively. Fibre no,
w:Lth a total diameter of 8.5/u, lies in m)idwa;y between .
the two extremes. In this group of B fibres; two (fibres
ml & m3) contribute to the imnervation of all spindles
in a muscle; one (fibre m4) supplies branches to three
out of four spindles and two (fibres m? & m’) supply a

single spindle only.

Only by tracing the full course of these fibres
has it been possible to reveal the mixed nature of their
distribution. The fact that they have eluded convincing

demonstration by previous histologists (see Barker & Chin,
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1961, for references) may be attributed to the restrict-
;'q.q;;‘ ,9: pbse;'v_a‘.t_:igpsmtqjh_e_}site of the spindle and its
ilp{zlediatg surroundings; and to the nature of the techni-
ques employed, which usually omitted the essential

- preliminary of de-afferentation.

3. A study of imnervation ratios

The innervation ratios (i.e. the average number
of exbraf‘usal msele fibres innervated by branches of a
sn.x;gle motor nerve) given by the majority of previous
_investig_ators (for referenoes; see Introduction) have
bee_n calculated by dividing the estimated or counted
number of extrafusal muscle fibres within a muscle by
thg estimated or‘cou,nted number of motor fibres supplying
it. In such calculations, the whole of the motor compo-
neni?_mlis taken to spppyly extrafusal muscle fibres only,
while the fgsiniotor supply to the intrafusal muscle fibres
of the spindles in the muscle is neélected. In view of
the considerable proportion of fusimotor fibres in the
-motor component of a muscle nerve, such innervation
ratios are therefore comparatively low; each skeletomotor

nerve fibre should imnervate more extrafusal muscle




fibres than those indicated by the innervation ratios
from_previous investigators. ‘Innerv.ati‘qn ratiqs of
fusimotor fib.res' in relation to intrai‘usal muscle fibres
have not;e as yeﬁ, been determined. An estimation for
such é ratio regiuires the combined data of the pure
fusimotor component in the muscle nerve and fhe total

" number of intrafusal muscle fibres within a muscle. ..

' In the present study, the nature of intramus-
;:ular-_branéhing of fusimotor fibres and tke fusimotor
component of the muscle nerve havg been thoroughly
investigated :m the lst DL muscle of the cat (Tables 3,
4, 5 & 6). Combining this data with those of the intra-
fusal muscle fibfe counted in all the spindles within
the muscle, it should be possible to calculate the
innervation ratio of the intrafusal muscle fibres of
this muscle. It is more indicative to refer to this

ratio as the 'fusimotor innervation ratio'.

The skeletomotor nature of the muscle nerve
has alseo bée‘rg investigated separately from the fusimotor
component. With the data of the extrafusal muscle fibre

count, the innervated ratio between the skeletomotor
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nerves and the extrafusal muscle fibres could be cal;
culated. As :ch:l.s in.rx_e:z.wa.t:_i.pn ratio is determined between
the pure skeletomotor component of the muscle nerve and
the extrafusal muscle fibres; it.is proposed to refer

to it as the 'skeletomotor innervation ratio'’.

5.1 Skeletomotor inmervation ratios in lumbrical

muscles

) The extrafusal muscle fibre counts of the lst
DL were determined in two cats (see Methods 2.5). The
gumbe: _of .ext;ra.fusal muscle fibfes from_ther 1st DL of
cat 61-655 was 1020 (Plate 10). Another count in the lst
DL of cat (181 was 800, giving an average of 91o. The
total number of motor fibres present in the de-afferent-
ated muscle nerves of the 1st DL of cats Cl158, 0167 and
Cl75 was lO, 1l and 7, resPect:Lvel;y, giving an average
of 95 Aceording to the usual method of calculation,
i.e. dividing 910 extrafusal muscle fibres by 9 3 motor
nerve_fibre_s,, the innervai_:ion ratio is therefqre l: §8.
This calculation, however, ‘does not account for the
distribution of the fusimotor and the mixed nerve fibres

to the intrafusal muscle fibres. For example; in the
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nerve to the lst BL of cat C158, only t]:;_reé of the ten
f;b;eg_in-the mofor component were purely Skelgpgmotor
in nature (Table 3, fibres 4, B and C). With the extra-
fusal‘muscle fibre count of 910, the actqal skeletomotor
innervation ratio should be 1 : 303, i.e. 910 extrafusal
mugqlé_fibpeg iniQed by 3 purely skeletomotop nerve
fibres, In cat Cl75, the same skelgtomotor innervation
ratio of 1 : 363 would be ebtained_since there were also
three purely skeletometorlnerye fibres in the muscle
nerve (Table é, fibres N, @ and P). In cat Glé?, however,
tpe‘ﬂ fibre nl gave a more or less edua; number of fusi;
motor and skeletomotor,branchgs{(Table 4 & Textff;gure 3),
and the number of skeletomotor fibres should therefore
be 3.5 (Table 4, fibres D, E, u® & ml). The skele tomotor
innqrvatidn fatio here is therefore 1 : Eéb, i.e. élO
mascle fibres divided by 3.5 skeletomotor nerve fibres.
Teken as a whole, the data indicates a skeletomotor unit
in this muscle of approximately 1. : 300. The complete

data are summarized in Table 7.




‘T8TO PUB G9T) 38O WOIJ SOTOSNW TIq 38T OM] JO 35RIEAY,

00t * T 86 ¢ 1 " 1°¢ ¢°6 adexaay
gog : 1 0eT ¢ 1 " ¢ L GLID 3%
092 ¢ T €8 ¢ T " G°¢ 11 L9TD 3%)
€oC ¢ 1 16 1 016 . 4 ot 861D 3%)
(q/5) orasx (®/°) «3) (@) (®) ,
UOTIBAIOUUT DPIYE[NOT®O SaIqI] o[osnm 83IqTJ oAJeU SAISU JOJOW SOUSILJoYy

Tenjoy OT3IBX Teme) TESNJyBIjXe-ON JI030WO18TENS O U Seaqiy - ON

*380 8Y3} JO o1osnm [woriqumy deap
IBIEF OU3 UT S6IqTy J030WOFSTeNE JO SOTIEX UOTFEAISUUT

‘L 9Tqey



- 55 -

3.2 Fusimotor innervation ratios in lumbrical muscles

3.21 Intrafusal muscle fibre counts

- The intrafusal muscle fibre couilts of the 1st
BL o:f the cat were determlned by serial transverse sect:l.ons
of the muscle (see Methods 2.5) in four cats, 0165, 0167,
G:_LBJ. and C182. In the lst DL of cat VCl65‘,. there were six
muscle spindles provided with a total of 13 nuclea:;-bag
fibres (raqgevl - 3) and 24 nuclear-chain.fi_.bkres (4 in
e_ac}tl'spindl_e); a total of 37 intrafusal muscle fibres.

In cat Clé?, the 1lst DL contained seven sp:i_.nd._l_es compos-
ing qf 18 bgs fibres (range 1 - 4) and 24 chain fibres
(range 3 - 4, except one spindle with one chain fibre «.J.
only), giving a total of 42 intrafusal muscle fibres.

In the 1lst DL of €181, five spindles consisted oi’ 11 bag
fibres (range 2 - 3) and 25 chaln fibres (range 4 - 6),
result:l.ng an sggregate of 56 mtrafusal muscle fibres.

In cat 0182, the 1lst DL showed the presence of five
spindles having 13 bag fibres (range 1 - 3) and 19 chain
fibres (range 3 - 5) giving a total of 32 intrafusal |

nuscle fibres.

From the four 1lst. DL inuscles studied, 23 muscle



Do
vgpihdles composed of 55 puglearfbag iibres_and 92 nuclear;
chain fibres, yield a total of 147 intrafusal muscle fibres.
Ihé_gyergge number of intpafusal muscle fibres in each
spin@}e.wa$”2,4 bag and 4.0 chain'fibres giving a fotal
o? é;gumnsqle fibres per spindle. The data are summarized

in Table 8.

- The total number of intrafusal muscle flbres
in a 8p1ndle from the 1st DL shows a range of 4 - 8; the
ggmbe?vqﬁ nuqlear-hag fibres may range from 1 - 4 and
the nuclear-chain fibres from 1 - é. Examples of spindles
having bag and chaln fibres out31de the average are
spindles Sp 3, 0165 & Sp 3, 0167 (1 bag flbre) Sp 4,
C167 (4 bag fibres); Sp 5, €167 (3’ bag, 1 chain); Sp 4,
G181 (6 chain fibreg; and Sp 2, 0182 (1 bag, 5 chain).
Taken as a whole in é¢ach individial cat, the muscle
?pigdles in cat C182 have more bag fibres while those
in cat €181 have more chain fibres than the average.
Plate 1l & 12 show some examples of muscle sSpindles with

different ratios of nuclear-bag and nuclear-chain fibres.

3,22 Direct calculation -of fusimotor innervation ratios

The figure of 6.4 muscle fibres per spindle must

-
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Plate 11. Variety of nuclear-bag/muclear chain
ratios in spindles.of the first
deep lumbrical muscle of the cat.

Figure A. A spindle most commonly fou.gd in this muscle,
7 ‘ consisting of 2 bags aml 4 chain fibre.s._

Figure B. A spindle with 2 bags ami 5 chaix; fibxjes.

Figure C. A spindle with 2 bags and 6 chain fibres.

T.S. _lO/v._;, haematoxylin & eosin. b - bag fibre,
¢ — chain fibre, .cap. - capsule, n. - nerve supply,
P.Sp. - polar region of a_neig;hbou.ring spindle,

ext.m.f. - extrafusal muscle fibre.






Plate 12. Variety of nuclear-bag/miclear-chain
' ratios in spindles of the first
deep lumbrical muscle of the cat.

Figure A. A spindle with 1 bag and_4 chain fibres.
Figure B. A spindle with 3 bags and 4 chain fibres.
Figure C. A spindle with 3 bags and 1 chain fibre.
Figure} D. A spindle with 4 bags and 4 chain fibres.
TS lO/u, haematoxylin & eosin.

Abbreviations as Plafe 1l.
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be doubled for the calculation of inmervation ratio

since each intrafusal muscle fibre consists of two con-
Pyactilg_pelap regions (musele—fib:e pq}es) separated

by a relatively non~contractile 4area’conta.ini.r.1g a bag

or chain of nuclei. If this value is then divided by

the number of pu:ely_fusimotor fibres in the muscle

Q@rve; the innervation ratio of fusimotor fibres msy be
obtained. For example, there were six spindles in the

1st DL of cat 0158 (Table 3, Sp I - VI) g1v1ng a total

of 76 8 (1 e. 6 X 6 4 x 2) 1ntrafusal muscle-fibre poles.
The number of purely fusimoto; fibres in its nerve supply
was seven (Table 3, fibres a - g). The fusmmetor inner-
vation ratio is therefere 1 : 11 (i.e. 76.8 divided by 7)
or one ¥ fibre supplying eleven muscle-fibre poles.
Similarly; in the 1lst PL of cat Clé?, four mus¢l¢ spindles
(Table 4, Sp I - IV) gave a total of 51.2 (i.e: 4 X 6.4 x 2)
muscle;fj.bre po'le's. There were seven purely fusimotor fibres
(Table 4; fibres h -~ 0), and half of the P fibre ml should
also be included in the fusimotor supply; giving a total
of 7.5 fusimotor fibres. The fusimotqr innervation in
'this‘musclé is therefore l.:é.a (i.e. 51.2 divided by
7.5). Again, in the lst DL of cat C175, four spindles

| (Table —é, SP!Ib- IV) with a total of 51.2 muscle-fibre
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‘poles (i.e. 4 x.é.4 x 2) were supplied by four fusimotor
fibres (Table é; fibres s, E,'g,& n4) giving a fusimotor
innervation ratio of 1 : 12.8 (i.e. 51.2 divided by 4).
The three determinations together produce an average

ratio of 1 : 10. The results are summarized in Table 9.

3.23 Adjusted calculation of fusimotor innervation

ratios

) This method of calculation, however, does not
allow for the fact that each pole of an 1ntrafusal muscle
fibre receives numerous motor endings indicating some
degree of overlap in fusimotor fibre distribution. The
fo;lqwing Qalculation by another approach would take

the overlapping distribution into account.

In studying six polar regions from spindles
in pergneal muscles of the cat; by the teased silver
method, Barker & Ip (unpublished observations) have shown
that the fusiﬁotor fibres or fibre branches innervate
an an avefage of 2.5 muscle-fibre poles (range 1 - 8).
Assuming that each fusimotor fibre or fibre branch on
entering a muscle spindle in the lst DL muscles of cats
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0158, G;Es"z and G175 (Tables 3, 4 & 'é') also innervated
2.5 muscle~-fibre poles, a total of 20 fusimotor fib_xes
(¥ and B ineluded) would be involved in supplying 186
muscle~fibre poles giving aAfﬁsivmotor inmnervation ratio
of 1 : 9 (i1.e. 180 muscle-fibre poles divided by 20
fusimotor fibres). If the P fibres were excluded, the

ratio is 1 : 8.5.

| Thu s, from the data obtained for the fusimotor
innervation ratio, the average fusimetor unit in the 1lst
DL muscle of the cat may be envisaged as compris_ing one
Yor B fibre distributed to nine intrafusal muscléfibre
poles;‘ and from the nature of intramuscular branching,
it may be concluded that these are located J?x_;:f;%om one .
to five spindles, usually in two or three (Tables 3, 4
& 6).

3.24 Fl_lsimotor innervation ratios calculated

according to a8 dual motor innervation of

muscle spindles

Using the same data of intrafusal muscle fibre

counts and the fusimotor component of the nerve supply
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to the lst DL of the cat, the fusimotor innervation ratio
calculated by Boyd's (1962) hypothesis would be quite
different (see Table 10). Boyd's postulation is that in
thgsPindle there is a segregated motor innervation of
nuc;ear;bag and nucleg.r—chain fibres by thg larger ¥i and
smg%lier 82 ngrvé branches derived from thickly and thinly
myelinated ¥ -stem fibres, respectively, in the muscle
nerve. Taking this into account, it should be possible,
then to calculate the fusimotor ignervation fa‘bios of

- nuclear-bag and nuclear-chain muscle fibres separately;
i.e. by dividing the total number of bag or chain fibres
in all the spindles in a muscle by the number of thickly
~or thinly myelinated fusimotor fibres in the muscle nerve,
For example, in the lst DL of cat C158, six spindles with
,i1+.4 bag fibres. (i.e.‘.6 X 2.4 bag fibres.per spindle,
Table 8) or 28.8 bag-fibre poles (i.e. 14.4 x 2, Table 10)
innervated by six’thickly myelinated ¥-stem fibres (Table
3 & Plate 6, figure A) would give a fusimotor innervation
ratio of 1 : 4.8 for nuclear-bag fibres. On the other
hand, six spindles produce 24 chain fibres (i.e. 6 X 4.0
chain fibres per spindle, Table 8) or 48 chain-fibre
poles (Teable lb) innervated by one thinly myelinated ¥ -stem
fibre (Table 3 & Plate é, figure A) and the fusimotor
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innervation ratio of chain fibres is tlerefore 1 : 48,
-Similarly, for the lst DL of cat 016’7, the fusimotor
inne;'vatlon ratio of nuclear-bag fibres is 1 : 3.0
and Qhain fibre is8 1 : 32. In the lst DL of cat C175,
however, the absence of thinly nyelinated X;stem fibre

renders such calculations impossible.

'l‘he two estimations from the lst DL of cats
C158 and Cl6‘7 produce an average fusimotor 1nnervat10n
ratio of approximately 1 : 4 for bag fibres and 1 : 40
. for chain fibres. In other words, a thickly myelinated
§—stem fibre would branch to innervate four bag-fibre
po.les and a thinly myelinated ¥-stem fibre would immer-
vate forty chain-fibre poles. According to this
calculation, the smaller, thinly myelinated ¥-stem fibre
would branch and inmervate intrafusal muscle fibres

myelinated

ten times more than a larger, thicklyl(one; i.e. smaller
thinly myelinated ¥-stem fibres have much larger fusi;

motor innervation ratios than larger, thickly myelinated

¥-stem fibres.
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5.3 Estimated innervation ratios of some

obther muscles

It is possible to re-assess the data on skele-
tomotor innervation ratios of some muscles previously
investigated by other workers, and to estimate their
fusimotorAinngrvafion ratios. As the purely skeletomotor
or fusimotor‘pomponents in these muscle nerves have not
peen_ascertained; nor intrafusal muscle fibre counts
made, the-fbllow;ng assumptions have to be made in the

re-assessments.

Firstly, fibres in the motor component. of
muscle nerves having a total diameter less than 8 m
(Leksell's 2 ; 8 gammamgroup; 1945) are regarded as
fusimotor in nature; and those larger than 8,u as skele-
tomotor. This; however; would not include tke occurrence
of any B fibres, which for this exercise shall be ignored.
Secondly, as intrafusal muscle fibre counts for other
hindlimb muscles have not been made, the average number
of 3.4 intrafusal muscle fibres per spindle, determined
in the lst DL muscle, will be used throughout for the

calculation of fusimotor imnervation ratios. This figure
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of é.4 intrafusal muscle fibres per spindle is probably
a__go_od gyerggé for all spindles in cat hindlimb muscles.
For example,i Barker & Gidumal (19'.6-1) gave an average of,
two large and four or five small intraqua}. muscle fibres
in spindles :frem the rectus femoris muscle. Boyd's (1962)
average figures for intrafusal muscle fibres in spindles
studled from cat tenuissimus; soleus anci. int_erosgeous
musq}eg were 2.2 bag fibres.and 4,1 chain fibrfes‘. The
value of g,4 intrafusal muscle fibres per spindle is

thus very close to these findings.

" 3.4 Re-assessment of some cat innervation ratios

determined by previous workers

In one of Clark's (1931) determinations, thé
extrafusal muscle fibre cdu.nt of the soleus muscle is
27,2—6"1 and the number of nerve fibres in the motor supply
is 233. The innervation ratio obtained in the usual way
gives a value of 1 : 117, and the average ratio from a
mmber of his determinations is 1 : 120. In the present
study, a count in the number of motor fibres in the
de-afferentated nerve to the soleus muscle of cat Cl9l

was 247 of which 130 (52. 6%) were larger than 8 m. We
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may therefore assume that 52.6% or 123 motor fibres in
Clark's soleus count were skeletomotor in nature. The
re-assessed innervation ratio is obtained from dividing
the number of extrafusal muscle fibres, 27;251 by 123
ske;etomotqr nerve fibres giving a value of 1 : 222

(Table 11).

_ _ In the determination by Hagbarth & Wohlfart
(1952), the number of extrafusal muscle fibres in the
tibialis_anterior is 37,000 with a motor supply of 337
~nerve fibres. The innervation ratio from tke usual
caleulation gives a value of 1 : 110. In the present
study of tle motor supply to the same muscle in cat €191,
172 (58.5%) of the total 294 nerve fibres has been shown
to be largef than 8 m. This percentage would givé 197
out of the 337 motor nerve fibres of Hogbarth & Wohlfart's
(1952) to be skeletomotor in nature. The re;assessed

innervation ratio is thus 1 : 188

The adjusted calculations presented here giwe
an approximate immervation ratio of 1 : 220 for soleus
as compared with 1 : 120 of Clark's (1931), and 1 : 190

for tibialis anterior as compared with a ratio of 1 : 110
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calculated byiﬂegbarth‘& Wohlfart (1953)_for this muscle.
Epem ?hese two determinations; the_percentage.difference
in the values of imnervation ratios calculated by the

-usual and the adjusted methods is between 73 - 83%.

3.5 Further cat fusimotor innervation ratios

estimated

~ ~ 4s mentioned‘&eove, the_average number of é.4
'intraqual muscle fibres per spindle is used for caleul-~
ation of the total number of intrafusal muscle fibres in
all the spindles w1th1n & muscle. In taking the mean
Splndle count of 56 for the soleus muscle (Chln, Cope &
Pang 1962), the number of 1ntrafusal muscle—flbre poles
would be 56 x 6 4 x 2 or 716 8. In the de-afferentated
soleus nerve of cat €191, there were 117 fibres less
than 8 m out of a total of 247 The fusimotor innervation -
ratio in this case is 1 : 6.1 (i.e. 716 8 divided by 117,
Table 12) Similarly, in the tibialis anterior muscle,
a mean of 71 splndles (Barker & Chln, 1960) would give
71 X 6.4 X 2 or 908.8 intrafusal muscle~-fibre poles.
There were 122 fibres less then 8 u out of a total of

294 in the de-afferentated nerve to the tibialis anterior
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muscle of cat C191. The fusimotor innervation ratio in
this muscle is thus 1 : 7.5 (i.e. 986 8 divided by 122,
Table 12). In the me51al gastrocnemlus muscle, 62
spindles (Chln et al., 1962) would produce 62 x 6 4 x 2
or 79},6 1ntrafusal muscle-fibrevpoles. In the de-affeeF
épﬁated nerve to the same muscle, Eccles & Sherrington .
(1956) found 152 fibres less than 8 in a total of 431,
Thls would give a fusimotor innervation ratlo of l: 5.2

(793. 6 d1v1ded by 152) in this muscle (Table 12).

5.6 Possible relationship between fusimotor

innervation ratios and muscle size

A comparison of fusimotor innervation ratios
estimated so far shows a value of 1 : 10 in the smll
deep lumbrical muscle compared with 1 : 5.2 in the large
gastrocnemius muscle in the cat. The tibialis anterior
and soleué'muscles; with sizes between the two above,
have innervation ratios also between the two extremes.
This seems to be an indication of a possiple relationship
between the size of a muscle and its fusimotor inmervation
ratio. In order to find out the extent of this possible

relationship, further fusimotor innervation ratios have
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been estimated for as many other muscles as possible,
using the hlstologlcal data of’Barker & Chin (1960);
Chin, Cope & Pang (1962) and Boyd (1962) Slmllgp.
assumptions have been taken for the method of‘palcul;
atiOn as deseribed above (cf. Results 3.3), Results

from the estimations are shown in Table 13.

o __A_superficial study of the muscles listed in
accordance with their difference in weight and the inner-
vatipn'ratios (Table 13) does not show very conyipcing
evidence for a relationship. However, if the muscles
are grouped into three categories, with the small angd
large muscles at the extremes and the intermediate sizes
in between, then the corresponding imnervation ratios
would show a relationship with the three different
muscle-size groups. For example, the small muscle group
including tibialis posteribr and deep ;umbrical muscles
would have fusimotor branches from a ¥-stem fibre inner-
vating about 8 ; 11 intrafusal muscle-fibre poles
(fusimotor innervation ratios of 1 : 7.9 and 1 : 11,
respectively; Table 13); similarly, for the intermediate
muscle size group the approximate number of intrafusal

muscle-fibge poles imnervated by a ¥ fibre would be
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between about 5.5 - 6.5; and for the large muscle group
it would lie approximately between 3.5 ~ 4.5. The general
ty@p@ from the grgph_plotted w;t@ the est;mgtediresults
shdws a similar indication of the‘;elationghip between
the fusimotor innervation ratio and the size of a muscle
(Iegt-figure 5). The results indicatg that the small
mpsglgs containing higher spindle'densities and fewer
sttem fibres in the motor supply, have higher fusimotor
innervation ratios, while the large muscles having lower
spindle densities and larger proportion of ¥-stem fibres
have lower fusimotor innervation réties. By and large,

muscles of intermediate sizes between the two extremes

show a Similar relationship.

4{ Intramuscular study of skeletomdtor fibres

4.1 Total skeletomotor fibres investigated

| Intramuscular branching of skeletomotor fibres
was 1nvestigated by the osmlc/glycerlne technique from
the 1lst and 2nd DL muscles of two cats, C158 and 0167
Tpe_}§t supgrf1c1al lumbrical muscle of cat 0158 was

examined for intramuscular skeletomotor distribution.
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All the fibres in the muscles studied were analysed
except in the 2nd DL of cat C158 where only one fibre
wag examined. There were three fibres examined from the
'ls_t DL of both cats C158 and Clé? (ﬁbres_é, Bam C,
Table 3; fibres D, E and m2, Table 4), seven from 2nd

DL of cat C167 (fibres F - M, Table 5), and one from 2nd
DL of cat C158 (fibre m’, Text-figure 3), giving a total
of fourteen fibres analysed. The range in total diameter
of these motor fibres was from 7.5 - 13.5,u; there were
four fibres of each with diameter of 13.5 mu and l§.b,u,
th;ee of 12.5 m, and one each of ll.5/u, _8.5/0. and 7.5 Am.
These f_ib‘rt-_zs were examined in the proximal part of the
muscle nerves by transverse sections stained by the
WeigertfPal' technigﬁe .(see e.g. Plate é, figure A, 1st
DL C158; Plate 8, figure A, 1lst DL Clg7).

4.2 HEqual and unequal branching of motor

nerve fibres

The nerve fibres supplying a DL muscle usually
lie in the’main intramuscular nexve-trunk giving off
small side-bra.nches._ A‘paJ':ent fibre may split_ up a’_c a

node into two, three, four, or even five daughter axons.
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Of _the_l99 nerve fibre divisions observed from the four-
lteen motor fibres (l2°C Zﬁ), 172 were of the dichotomy
type, 19 trichotomy, 6 quadrl- and 2 penta—chotomy, repre-
senting approximately 86%, 10%, 3% and 1%, respectively.
The callbre of daughter axons from a division of a parent
fibre may be qulte equal in size, or mnay differ qulte
markedly. If the difference in the total diameter between
Qaqghte_r axéns is greater than 2/u, bra.ne];ing of the
parent nerve fibre is regarded as uneéua.‘_L._ If _thg, differ-
gnce_in size of the daughter axons is 2 or less, the
branching of the parent nerve fibre is taken as eq'ual.
Using these criteria, the sample contained 110 eg;ual
bpan-chings and 89 uneq;ual, a percentage proportion of
approximately 55 : 45. Varioué examples of branching

are shown in Plate 13, figuresA & B. The occurrence of
u.neq-ual branching predominates in the main intramuscular
rve;tmnk, the percentage proportion of u.neéual to
eq‘ual' branching was approximately 6.0 : 40 (3 : 2). Deeper
into the muscle and the side nerve branches, eciual branch-
ing was more freciuent, the percentage ratio here was
about 25 : 75 (1 : 4). Divisions into four or five
daughter fibres occurred mainly in the deepest in’cramus;

cular regions of the nerve bundles, at the pre-terminal



- S Plate 15.

Intramuscular branching of skeletomotor fibres.

Figure A. Examples of nerve fibre branching by dichotomy:-
(1) eénal branching where daughter fibres are very
-similar in size (l0.0/uﬂ& 11.0u from 13.5/u, <€
fibre M, Table 5). :

(i1) unequal branching where daughter fibres differ
markedly in size (12.5a & 5.5 from 1330 m, <
”_'fibrg J, Table 5). _ .

Figure B. -An-example of nerve fibre division by
trichotomy. Three daughter fibres of very similar
sizes (8.0, 8.0/u & 9.0u) produced from an edual
branching of a parent fibre (13.0,u, oC fibre K,
Table 5). |

Osmic stained, teased preparations from the 2nd DL

muscle of cat Cloe7.
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or terminal levels.

4.3 The course of axons to small nerve trunks

| Initial divisions of axons occurred in the

main nerve trunk at the junction of dividing into side
branches;'thevregion involved may be slightly above or
below tl_:ais»]_..ewire; _(Text-figufe é, a, b and c). Many

axon diyisiong were encountered in the region of the

main intramuscular nerve-trunk where two side branches
were closé together. Sub-brgnching of daughter axons
might Take place some distance away from the parent
division, either at the next nerve-trunk bifurcation or
might occuf almost immediately, in some after only a

very ého;t internode of less than one Billimetre (Text-
figure é; b). The shortest internode recorded was only
6.11 mm long with an external diameter of 16.5/g, observed
from the branching of fibre M in the 2nd DL of cat 0167.
However, no éuantitative study of short internodes in
‘relation to external diameter was attempted. Short
internodal“?ype of axon divisions‘were especially freéuent
in a particular type of axon branching (see 4.43 below).

Daughter axons usually pursued separate routes, one
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going off in a side branch while tie other carried on
'in the main nerve trunk. There was also.wide variation
innthe'pature of the courses pursued by daughter axons
depending on the relation between the poiﬁt of division
?rqmvthe parent axon and the level of the Side nerve
branch. The point of axon.divisiqn:mighm be before or

at about the level of a side b;anqh, in Which case the
daughter axen might course off immediate;y after division
(?gxtffigure 7, a), or it might travel for a small dist-
ance backwards in a recurreﬁt nature before reaching the
side branch (Textffigure.7, b). A daughter fibre might
even exhibit a double recurrent nature by travelling
fu;ther on immediately_after fibre division, doubled
back for some distance, then reverse its direction of
travel once more before going off a side branch (Text-
#igure 7, ¢). In cases where the point of fibre division
was after the level of the side branch; the daughter
fibres also exhibited similar recurrent and double recur-
rent nature (Text;figure 7, 4 & e). Their recurrent
routes at the side branch bifurcations made it difficult
to deduce the direction of travel of the fibrgs without
knowing their origin (Plate 14, figures A & Bj ‘Text-figure

6, ¢). Thus, an axon from a parent nerve division in
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Plate 1l4. Recurrent nerve fibres at the junction

- Figure A.

Figure B.

of nerve-trunk division.

Intramuscular division of a nerve into two
smaller nerve-trunks from the first deep
lumbrical muscle of cat C158. Sevepal motor
nerve fibres'can be seen at the junction tou
travel recurrently from one smll nerve-trunk
to the other. Osmic stained, teased prepara-
tion. Arrows indicate direction of travel

of nerve fibres. rec.fs. - recurrent nerve
fibres.

Similar recurrent nature of nerve fibres in
an intramuscular nerve-trunk division from’
the flexor digitorum longus, 1atergl head,

of a normal cat. Teased silver preparation.
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the_ main nerve trunk does not necessarily proceed by

the shortest possible route to a side nerve trunk.

4.4 Types of skeletomotor fibre branching

o It has long been known ang acceipted that motor
nerve fibres‘i‘n a muscle nerve increase to a large number
_w:@.thin a muscle by numerous branching and -sub-’pranching,
but the exact nature of intramuscu;ar bra.nchipg has not
been.clar'ified. The manner in which skeletomotor fibres
br_z_mch 50 as to supply their motor-units was fo_und to
occur in three main types, grouped accor@ing to Their
@»st_;cqf.but:i..qn into the form of a spatial cc_mﬁgupation,
and not according to their actual anatomical distribu-

tion within the muscle.

4,41 Pyramidal type (Text-figures8, a & 9)

~ Daughter axons from an o¢ parent msy dlvn.de
by dlchotomy or trichotomy and the newly formed axons
rarely differ very much in size in this type ofnbranch-
ing. The initial few divisions are usually in the main

intramﬁscular nerve~trunk. Deeper within the muscle,
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daughter axons course off to side branches whére divi-;
sions of a similar nature continue until a large number
of fibres is formed at terminal levels in various depths
of the muscle. An example is 1llustrated from flbre D
in the 1lst DL muscle o cat Cl6'7 (Text-flgure 9) The

o¢ stem motor fibre measuring 15 a divided and sub.—divided
to give a m_mbe_r of daughter axons. Daughter axons from
q:l_.vjrsions‘ further into the muscle did not differ markedly,
e.g. 6/u and 4/1-1 from 8.5'/1; 4..'5/u and_. 5/&1__from> 5.5/11;
and 7.5 n and 5.5 from 8/ and so on. Continued
b:anchj.n_.g and sub-branching of these aans_b_uilt up

the axon number into a typical pyramidal configuration.

4,42 Semipyramidal type (Text-figures 8, b & 10)

Branching in this type is mainly by dichotomy
and usual.fl.ﬁr' oceurs in the main intramuscular nerve-~trunk.
There is greater difference between diameters of daughter
axons, the smaller axon usually goes to a side nerve
branch while the larger axon, not much less in size than
the parent, persists in the main nerve trunk. Further
dichotomy of the same nature ocecurs from this.main

daughter axon at the next side-branch. The smaller
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daughter axons going to side branches msy Then divide
once or twice before innervating muscle fibres, in a
m;fl."niature pyramidal type of arrangement. The continu-
ing larger daughter axon in the main nerve trunk finally
fqe_rminates deeper in the muscle, presumably in a similar
manper as those in the side branches. This type is
shcwp as in Text-figure 8, b and exhibiteq by fibee x_n_2
in the 1st DL muscle of cat 616'7 (Text-figure 10). The
pparent motor fibre of 12.5 4 divided to .give branches
of 10 u a.nd 11 m. Further divisions of the ld/u branch
gave the daughter pairs of 9.5 and 5/u; 8.5/u and 4/u
and so forth. The larger daughter axon decreased only

a ;Little in diaﬁeter _in relation to the prec_:edding parent
fibre and persisted in the main nerve trunk. The smaller
daughter axon might presumably terminate with a few more
divj.sions down the side nerve branches, a]_.though further
tracings in these cases were unsuccessful. On tle 6ther
side, the 11m fibre gave rise to two 9. S/u branches.
Further divisions from one of these showed the same
semipyramidal nature. Note that the parent B fibre is
predominantly skeletomotor in nature, giving only one
fibre branch at the terminal level to innervate a muscle

spindle. The 9.5 m branch, however, showed a typical
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'
§

pyramidal type of branching, intermingled with other

nerve fibres.

4,43 Monopodial type (Text-figures 8, c & 11)

' This type of_brancbing is shom when the growth
of the main axon is accompanied bj small branches being
ga}v_en qff at intervals. Botanists use the term "monopodial'
_1:_9'c}gsgribe 'guch branching in plants and it 1s therefore
adopted here. Branching is mainly by dichotomy but the
daughter axons differ greafly in size. These tix_:j off-
shoots tend to occur at consecutive short internodes

and they course off to the nearest side tru.nk where they
terminate in muscle fibres, or at most undergo one more
division before inmervation. The mein axon courses on
down the méin nerve trunk and finally terminates by
further divisions prior to innervation (Text-figure 8, cj.
Fibre ~g5; from the 2nd DL of cat Cl58 demonstrated this
fype of branching (Text~-figure il). The p parent motor
"f:_i.bne of 8.5 divided just after nerve-entry to give

?yv? branches of 8 4 and 2.5 M. .Fu:thAe‘.ZC'_divjv.vsiong from
the persisting larger branch gave consecutive daughter

‘ pairs of 7.5/u and 2.5/u; 6.5_/11 and 3.5/u, respectively




Text—figure 1ll. Schematic representation of 'Monopodial!
| type of motor fibre branching.

?ibre'gﬁ from the second deep lumbrical muscle of
cat Cl58 (cf. Text-figures 3 & 4 and Plate 15).
Fibre diameter 8.5/u after nerve-entry. A total
of 11 fibre divisions, 6 by uneéual and 5 by eéual
branching. Most of the eéual branching were from
divisions of terminal fibre: branches. All fibre
divisions by dichotomy. Representation of fibre
branching as in Text-figure 9.

¥ oxon divisiens Fko'l-ojnrk.d in ?fafe 15,







Plate 15.

*Monopodial! type of motor fibre branching.

Dichotomy from ah 80 M motor fibre into two daughter
branches, one at 7._5/.1 which is only slightly smaller
tl;a_n_the parent; but differs markedly wi’ch the other
bx‘"anc]'a at_2.5/u. A similar nature is shown in The
consecutive uneqﬁal fibre branching, giving branches
of 65/u and 3.5 (cf. Text-figures 4 & 12). Note
the very short internodal lengt_h of b.lé mm be'bwéen
the two fibre divisions. Osmic stained, teased prep-
aration of fibre m’ from the second deep lumbrical

muscle of cat Cl58.
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_(Plai_:e 15 & Text-figure 11). Note the tiny axon branch,
t@eAyery short internode of only O.lg mn in length (down
to about 6.10 mm in some cases) between_tha two divisions
and the persisting main axon in the main intramuscular
nerve trunk. The two smaller axon branches in this case
travelled in the same side nerve trunk and terminated

as skeletomotor fibres without any division. The distri-
bution -of this B fibre shows half its terminal branches
being fusimotor and half skeletomotor.

von Thiel (1959), in a study of a few isolated
motor nerve fibres in the pyriformis muscle of the cat,
showed examples of nerve fibre divisiops which he called
'collateral branching'. One branch from a fibre divisionn

was very thin compared to the other which did not differ

very mueh in size from the parent nerve. This may probébly

be the initial few nerve fibpe @ivisiqng of_the fm990pqdialf

tjpe; but no further quantitative analysié was giieﬁ in
his investigation, although there were indications that

some other tTPéS of fibre branching occurred.




s

4,5 The frequency of occurrence of different

types of branching

| By_far the most~ common is the pyramidal type
qf_pra_xichj.hg. It not only occurs fre(iueﬁtly in intramus-
cular nerve trunks and side branches but is typical of
- most of the pre-termihal and _ferminal branching, At
these level,s; the large number of fibres is the result
mainly of this type of branéhing. The semipyramidal
type occurs to a lesser extent and the monopodial type
is the least common. Daughter fibres from an o€ motor
fi‘bre may have different combinations of the three types
of branching in various proportions. In fibre E, from
the 1lst DL muscle of cat 016.7 (Text—figure 12), the same
«cmotor fibre has all the three types of branching in
different proportions.

4.6 Pattern and extent of distribution of

motor fibre branches

" As motor nerve fibres are followed deeper into
the muscle, their pattern of distribution and direction

of 'flow' becomes more confused at the pre-terminal and
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terminal levels. This is due to the fact that not all
nerve fibres branching from a nerve-trunk bifurcation
proceed to inmervate adjacent muscle areas. Some of
these travel for variable distances then divide apd sub-
divide into smaller nerve groups forming pa;'ts of a
peural pattern. A proportion of these branches may
continue in their original direction but others may
double back in a recurrent manner. A similar pattern

of distribution ié contributed by nerve fibres from neigh-
bouring side branches and this results in the formation
of a complex neural pattern. These patterns coﬁer muscle

areas of differént magnitudes.

One of these neural patterns in the lst super-
ficial muscle of cat Cl58 was chosen for study in detail
(Text-figure 13). The side branch A from the main intra-
miscular nerve-trunk bifurcated a number of times at
points Al, 42, A3 and A*. Branches from these bifurca-
tions travelled to different areas, taking part in a
number of neural configurations. Another side branch B,
with bifurcations at Bly B2, B> and B also took part

in the neural pattern. Thehdérection of 'p;qxi@al—distal'

flow in the axon branches from both nerve branches A and B




Text-figure 13, Camera lucida tracing of a part of
the. . neural pattern formation by motor
nerve bundles within the intramuscular

region.

From the‘ first superficial lumbrical muscle of cat
C158, osmic/glycerine preparation. Side nerve
branches A and B from main intramuscular nerve-
trunk. Furthér divisibns of nerve bundles occur
at junctions Al, 42, a3 & &% pl, B2, B3 & BY,
respectively. Different arrows designate the
origin of motor fibre branches from either 4 or B
and also indicafe the direction of travel. For
example, between junctions ¢ and 4, the nerve
bundle consists of fibre branches originating
from both A and B side nerve branches and travel-
ling in opposite directions. Area of tracing

approximately 8 sq.mm.




Intramuscular

proximal
nerve-trunk

SO0y
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is illustrated by different arrows. Thus; observation
of the axon branches between points ¢ and d showed that
they originated from side branches of both A and B.
Between these points, exon branches originating from A
travelled in the opposite direction to those from B. The
occurrence of axon divisions in every jﬁnction of the
neural pattern, together with tle: recurrent nature of
their courses results in a large area of'distributiqn.
The area studied was approximately 8 mﬁ?. Plate 16,
figure A shows part of a neural pattern, and figure B

~ demonstrates the chaotic flow and recurrent nature of
some axon branches at a junction of the peural pattern.
Such patterns have been fepprted in certain musclies of
the :abbit and.macaéue monkey by Feindel et al. (1952),
who described them as being of 'plexiform nature' at
the pre-terminal and terminal levels, and 'anastomoses'
in relation to nerve-trunk and nerve bundles. In the
present study, neural patterns were found not only in
the superficial and deep %umbrical muscles but also in
the extensor digitorum brevis, flexor digitorum longus,
lateral head, popliteus, soleus, tibialis posterior,

tibialis anterior and gastrocnemius muscles of the cat.

Upon entry into the intramuscular region, an




Figure

Figure

Plate 16. Intramuscular neural patterns
' of motor fibre branches.

A. Some intramuscular}neural patterns of motor
fibre branches are shown from the first super-
ficial iumbrical muscle of cat Cl58. Osmiq/
glycerine, teased preparation. n.b. - nerve
bundles, rec.br. - recurrent fibre branches at
Junction (Ju.) of nerve bundle division, fs.br.'-
fusimotor fibre branches, inf.m.f. - intrafusal
muscle fibre of a spindle, cap. - spindle
cap§ule.

B. A junction from part of a neural pattern
where fibre branches from a few nerve bundles
copverge/depart from/to different directions,
giving a complicated distribution of fibre

branches. Same preparation as in Figure A.
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«<motor fibre div;des at nearly every bifurcation of

the intramuscular“nerve trunk. Daughter fibres course
towards different side branches and innervate separate
areas of muscle fibres in different depths df the muscle.
~Moreoyef, the occurrence of recurrent and double recur-
rent courses of nerve fibres in the nerve trunk and
formation of neural patterns at the pre-terminal and
terminal levels contributes to a most complex distribu-
“tion., It is therefoie impossible to assess the extent
of a single motor-unit within a muscle by histological
method, Indeed, all the evidence suggests that a certain
degree of overlapping in motor-units is inevitable.(see

e.g. Adrian, 1925; Cooper, 1929; Van Harreveld, 1946).
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B. The Rabbit

1. The motor supply of lumbrical muscles

1.1 Extramuscular study of the motor component

The nature of the motor Supply to the thxée
lumbrical muscles in the rabbit's hind-foqt hagubeen
examined from eight rabbits (rabbit Rb 23, Rb 51, Rb 58,
Rb 59, Rb 60, REb 63, Rb 65 & Rb 68; sée Materialg B and
Table 2) from which twenty-one de~afferentated lumbrical
nerves were investigated by the teased osmic/glycerine
preparations. The muscles are smaller than those in
the cat, particularly the lst lumbrical, and the motor
supply consists of noe more than a dozen nerve fibres at
most, even in the largest 2nd lumbrical. The spindle
content of each muscle has been analysed by either the
osmic/glycerine techniéue or by teased silver prepara-
tions. The results are shown in Tables 14, 15 & 16.
~A.preliminary communication has been reported by Adal
& Barker (1965b).

3
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1.11 The motor component of individual lumbrical

muscles

| _ From eight de~afferentated lst lumbrical muscles,
the number of meﬁor fibres supplying individual_muscles
was from 1 to 5; tﬂe common nuﬁ%er being 3 ende4 (Table 14).
Only three of the muscle nerves showed the presence of
motor fibres with total diameters less than 8 m, and
there were only four such fibres out of a total of twenty-
five motor nerve fibres studled in this sample. The
smallest fibre encountered was at 5/u (Rb 60) and the
1argest did not exceed ll/u (Rb 63 & BRb 65). The number
of spindles in the muscle was between three and four
with twe_exceptipns each having only a single spindle.
Plate 17, figure.C shows the motor supply to the lst
lumbrical muscle of rabbit Rb 60 teken approximately
5 mm prior nerve;entry from an osmic stained preparation.
The total dismeters of the three fibTes were 5, 8/u

and 9, respectively.

In a study of eight de-afferentated 2nd lumbri-
-cal muscle nerves, the number of fibres in the motor

‘suppLy of individual nerves observed was from 3 to 12
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Plate 17. De-afferentated nerves to lumbrical

Figure

Figure

Figure

nmuscles of the rabbit.

A. De-afferentated nerve supply to the 2nd lumb;
rical muscle of rabbit Rb 58 showing eleven motor
fibres. Two fibres below 8/u measured at 7yu
(cf.ATgb;e 15).

B. Six motor fibres in the de-afferentated nerve

|
to_the gnd lumbrical muscle of rabbit Rb 60. Two
fibres below 8, u measured at 6o and 7,u (cf.
Table 15).

C. Three motor fibres in the de-afferentated

- nerve supply to the lst lumbrical muscle of

Figure

rabbit Rb 60. Fibre diameters at S, 8/u and
9/u (cf. Table 14).

D. The de~afferentated nerve supply to the 3rd
lumbrical muscle of rabbit Rb éo showing only
two motor fibres, one at Q/u and one at 9/u
(ct. Table4lé).

_ov./dr. myel. = ovoids/ drglakfs of degencrated myelin. -







(Table 15). Thlrteen of the total of smxty—two fibres
measured were less than 8/u, twe (Bb 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‘é/u (Rh_éB); the largest did not exceed
l;/u.> The spindle content of the muscle was between 3
and 5.  The de-afferentated nerve supply to the 2nd lumb-
rical muécle of rabbit Rb 58 showed eleven fibres with
total diameters measuring between 7 and 10 (Plate 17,
figure A & Table 15). In rabbit Rb 60, the de-afferent-
ated nerve to the 2nd lumbrlcal showed six nerve fibres
w1th diameter range of 6 - 94p (Table 15); ‘the teased
preparatlon is shown in Plate 17, flgure_B, at a distance
of about 8 mm from nerve-entry. The nerve to the 2nd
lumbrical of.rébbitin 51.conSisted of twelve fibres with
a(diameter range of 7 to 10 (Table 15); a section taken
apprqximately S mm from nerve;ent:y showed all fhe fibres

to be thickly myelinated (Plate 18, figure 4 & B).

A total of eighteen motor fibres were examined
from five~de;afferentated 5rd lumbrical muscle nerveé.
The number of fibres in thg motor supply to this muscle
was from 2 to 5 (Table 16). Two (Bb 51 & Eb 59) of the
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ﬁvé. muscle nerves examined were without motor fibres
léss_than 8/\1; only three fibres in the sample of eight-
.een were within this calibre. The smallest fibre was

4}1 in diameter; the upper limit of fibre si?e was 10,u.
The number of spindles in this muscle was between 1 and 3.
‘The motor supply to the 3rd lumbrical muscle of rabbit

Rb 60 is shown in Plate 17, figure B. It was taken 12 mm

from nerve-entry and consisted of only two fibres measur-

ing 4 m and 9 u.

Results from the twenty-one lumbrical muscle
nerves examined showed a total of 105 motor_fibres in
which 19 measured less than 8 M. Only twelve of these
nerves consisted of motor fibre of ¥ sizes below 8 m,

the remaining nine nerves were without a ¥ component.

1.2 Intramuscular study of the motor fibre di stribution

1.21 Distribution of fusimotor fibre branches

Investigation into the intramuscular region
of the lumbrical muscles in the rabbit for the nature of

fusimotor branching has been carried out in six muscles
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from two rabbits, Bb 23 & Rb 51. DPue to the difference
in the intramuscular distribution of the nerve fibres,
exparallel study to that accomplished in the cat is
practically impossible. The difference is best 1llust-
rated by a comparison between an osmlc/glycerlne prepara;
tion of a rabbit lumbrical muscle (rabbit Bb 51 2nd
lumbrical, Plate 19) and one of a cat (cat C167, lst DI,
Plate 5).

V  In the rabbit, the intramuscular distribution
of nerve fibres exhibits an even more complicated system
of neural pattern than those in the cat, covering large
areas in such a way that it is duite impossible to trace
individual nerve fibre branches. The most notable absence
in the rabbit's preparation is the lack of independent
fusimotor fibre branches. In addition to these diffi-
culties, the muscle spindles in the rabbit lumbrical
miscles derive their fusimotor fibre branches from £

fibres only in mapy cases (see below).

Nevertheless, the nature of intramuscular
branching of fusimotor fibres 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

rabbit Eb 51.

Note the extensive neural patterns (neur.pat.) from
connections of nerve bundles and the absence of the
independent fusimotor nerve-trunks found in the cat
(cf. Plate 5); n.e. - nerve entry , m.f. - motor
fibres in muscle nerve , cap. - spindle capsule,

pole - spindle pole, Sp I - V,spindles one to five.
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cal muséle of rabbit BRb 51. There were three motor fibres
in the nerve supply, one 9/u and two 10 2, all of which "
branched intramuscﬁlarly to innervate.extrafusal muscle
fibres. Five of the ten axons supplying the only spindle
present v_vére traced to originate from the two 10 /9 fibre;
the derivation of the remaining fibres could not be traced
with certainty (Text-figure 14 & Table lé). Thg other
muscle studied was from the first lumbrical muscle of
rabbit Rb 59. There were three fibres in the nerve supply,
one‘measuring 8 u diameter amd two 10 M. FI_.'om teased
silver prepa,rations, the muscle showed the presence of
four spindles, two of which were tandem., In tracing the
origin of the fusimotor fibre supply to one of the tandem
spindles, four of these fibre's, three of 2/u and one of

3 )a, proved to be derived from an 8 m fibre (Text-figure
15). As this was very near to the region of nerve-entry,
this 8 o fibre might be the same one as observed in the
ﬁuscle nerve, or might originate from any one of the lO/u
fibres._ Since a ¥ component in the muscle nerve was
lacking, tle fusimotor supply in this muscle must have
originated from P fibres. A further example, which was
rather uniciue; was shown in the .nerve to the 1lst lumbri-

cal ‘miscle of rabbit Rb 23, where the motor supply
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consisted of one 8 m fibre only (Table 14).“ This single
f@bpe prpVided the skeletomotor supply to the whole
muscle as well as the fusimotor innervation of the only

spindle present.

. : $hgse results, taken.in conjunction with those
of the preceeding section indicate & higher degree of
ﬁ‘innervation of spindles such as also appear to occur

in rat tail muscles (see Kidd, 1964).

1.22 Notor endings in lumbrical muscle spindles

It has been shown by Barker & Ip (1965b) that
IR o _ : 2
there_are two kipds of‘motor endings in spindles of the

. cat and the rabbit. - One is the usual end-plate type,

which is normally found in the polar region some distance
from the sensory endings; another is a diffuse type, the
'trail-ending', located at the juxta—eduatorial region.
ﬁowever, there is a difference in the morphology of the

intrafusal muscle fibres in the spindles of the two

apimals. In the spindles from the vastus intergedius;

tenuissimus and soléus muscles of the rabbit, the intra-

fusal muscle fibres consist of nuclear-bag fibres only
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CBarker & Hunt, 1964); the’nuglear—chain fibres, commonly
found in cat spindles, are lacking.

- In the present invgstigatiog, The intrafusal
muscle fibres of the spindleé in the lumbrical muscles
have been examined to ascertain whether they also consist
of nuclear-bag fibres only. This was determined by
studying serial transverse sections of theland lumbrical
muscle of rabbit Bb 20. There were five sPindles in the
muscle; each of which conéisted of four nuclear-bag
fibres. Only one fibre was doubtful as to whether it
might not be a chain fibre. Plate 20 shows sections from
the capsular region of one of the spindles, with four
nuclear-bag fibres, lying side by side at slightly differ-
ent levels, exhibited by different sections.

A total of 92 spindles from 21 lumbrica; muscles,
stained by the teased silver method, were examined from
seven rabbits, one normal (rabbit Rb 62) and six being
de~afferentated previously (rabbit Rb 58, Rb 59, Bb 60,

Rb 53, Rb 65 & Rb '68) . Motor endings in the majorit y
of the spindles were of the end-plate type. The occur-

rence of 'trail ending' was encountered only in two
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splndles, both were from the second lumbrlcal muscle,

~one in rabbit Rb 65 and the other in rabbit Rb 65. 4
;'_e:ﬁfelfence to the nerve supply (Table 15) showed thatu fibres
below 8 /4 were present in the motor component of the two

muscle nerves.

~ These results 1ndlcate that beth types of plate
and trail motor endings occur in spindles of rabbit lumb-
rical muscle, and that the plate ending is by far more
common than the trail ending; Plate endings were found
in splndles of muscles hav:l.ng a motor supply of nerve
flbres with or Wlthout a Xgroup, Whereas the trail end-
ings encountered on the two occasions were in splndles of
muscles supplied by fibres among which were those less
t_han 8 M and are therefore presumably ¥. No trail end-
ings occur extrafusally, so it may therefore be concluded
that they are exclusively of & origins unlike plate
endings which may be supplied to spindles by either & or
B fibres.

1.23 Moto_r Pibre branches to extrafueal muscle fibrés

Investigation of the intramuscular branching

of motor nerve fibres to extrafusal muscle fibres in the
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rabbit has been carried out only to a limited extent.
This is due to the fact that a large aﬁount'of the motor
fibres supplying the lumbrical muscles are B fibres, as
a result of which tlr intramuscular tracing of fibre
branches is made more difficult. In fact, the two motor
fibres traced from the muscle nerve to the intramuscular
region both showed a mixed nature. The two fibres from
tke third lumbrical muscle of rabbit Eb 51 exhibited the
same external diameter of lO/u (Text-figure 14). The
nature of branching of These two fibres, one of which
is shown in Text-figure lé, seems to show a mixture of
'semipyramidal and 'monopodial' types. Fiom the study
of the fibre branches and their neural pattern of distri-
bution within the muscle, there is every reason to
 suppose that all thrée types of skeletomotor intramuscular

branching found in the cat alse occur in the rabbit.

G. Some motor comparisons between cat and rabbit

The postulation that & -stem fibres less than
4 p in diameter specifically innervate the nuclear-chain
muscle fibres in cat spindles (Boyd & Davey, 1962; Boyd,
l§6é) leads to the éuestion as to whether such small




Text-figure 16. Schematic representation of a motor
‘ fibre branching intramuscularly from

the lumbrical muscle of the rabbit.

Osmic/glycerine preparation from the third lumbri;
cal muscle of rabbit Rb 51. Both 'Semipyramidal!
and 'Monopodial' types of branching are exhibited.
4 total of 12 divisions traced, 9 by dichotomy and
3 bywtrighotomy; also 8 by edual and 4 by unedual
b:anching.~ Representation of fibre branching as

in Text-figure 9.
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¥ fibres are absent in rabbit muscle nerves that supply
spindles without nuclear-chain muscle fibres (Barker &
Hu.nt, lééﬁ). Comparisons were made in the present study
from de—afferentated_fibre-diame_ter spectra qf nerves
supplying the soleus, tibialis anterior ani popliteus
muscles of the cat and rabbit. The usual bimodality from
o¢ and ¥ groups of motor fibres was exhibited in all muscle
nerves. However, small ¥-stem fibres were present in all
;'abbit nerves though in smaller proportions than i.n‘the
cat. The results were based on de-afferentated muscle

nerves from one cat, €191, and two rabbits, Rb 51 & Rb 65,

1. Comparisons of the soleus, tibialis anterior

and. popliteus muscle nerves

A comparison be_tween fibre~diameter spectra
of the nerves to the soleus muscle of the cat and the
rabbit has shown that the percentage of small X'-stem fibres
less than 4/u in the 2 - 8/u fibre group is 29% in the
cat and 19% in the rabbit (Text-figure 17). The small
¥ fibre pei;centage in the same muscle nerve of another
.rabbit (Rb 65) is slightly lower, at 13%. A similar

compariéon of fibre-diameter spectra of the nerves to
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tibialis amterior muscle shows the percentage of small
¥ fibres in the cat being 43% as to 28% in the rabbit
(iext-figure 18). Again, in'the nerveé to the popliteus
muscle, the percentage of small ¥ fibres in the cat is
\27% as to 5% in the rabbit (Text-figure 19), though only
2%‘from the'determination of another rabbit (Rb 51).

2o Comparisons of lumbrical muscle nerves

Results from de;afferentated lumbrical muscle
nerves of the cat and the rabbit give an even more inter-~
esting comparison in the fibre-diametep“spectra. Data
from the eat lumbrical nerves give a total of 59 fibres
from four muscles of three cats (Tables 3, 4, 5 & 6). A
total of 105 nerve fibres have been examined in twenty-
one lumbrical muscle nerves from eight rabbits (Tables 14,
15 & lé). The fibre diameters in the cat lumbrical nerves
are spread over a wide range throughout theeC and ¥ groups
(Text-figure 20). In the rabbit, however, the range in
fibre diameter is much more limited andi the distribution

of nerve fibres show only a unimodal peak.

The unimodal distribution of nerve fibres in
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the efferent fibre-diameter spectra of small muscle nerves
at_the extremity is due not to the lack of muscle spindles
and therefore devoid of a ¥ group (Fernanﬁv& Young, 1951),
nor to peripheral tapering and Branching of motor nerve
fibres only_(Adal,'l9él) but is due mainly to the common

occurrence of P fibres.




Text-figure 20. Comparison of fibre-diameter spectra
of motor fibres:being a total of all
de-afferentated lumbrical muscle
nerves studied from cats and rabbits.

A total’of 39 motor fibres from four deep lumbri;
cal muscle nerves Qf three cats (cf. Tables 3, 4,
5¢& é) and 105 motor fibres from twenty-one lumb;
riqa% muscle nerves of eight rabbits (cf. Tables
14, 15 & 16). A bimodal distribution of fibre
diameters into o and Y groups is shown in the

hi st ogram of the cat lumbrical nerves; a unimodal
distribution mainly. of A fibres is shown in the

diameter spectrum of the rabbit lumbrical nerves.




LUMBRICAL NERVES

RABBIT

S34dId 4O 39OVIN3DH¥3d

2 Q O S Q o
L ! 1 L ) 1
< <
-— - e
_ %
B 1.2. —\ l.u =
N A o
1o -o
-
e T
T o | &
. @
J.l4 - < @
: w
- o~ — N
f T T O I T T o
O O (@) O O O
™ ~ ™ o~ -

S3ydId 40 39

ViN3Dd3d



- 95 -
V. DISCUSSION

Extramﬁscular branchingfof

mscle nerves

It has long been known that nerve fibres
supplying @usc;e undergo branching, but there is relat-
ively little igiormation about the nature and degree of
tpgiy_branching, Th@ usual indirect approach by most
investigators is to examine two t:ansvepsg sgctions of
a muscle nerve, taken some distance apartévgpguring no
gi@e trunkslﬁowhave been given off in between. .The
increase in number of nerve fibres and the absence or
:eduction.in number of those of large calibre in the
distal section, as compared to the proximal, indicates

the occurrence and degree of branching.

- In the present study, it has been demonstrated
that initial branching of motor fibres occurs at a
eertain disﬁanceAfrom the muscle, in close relation to
the level at ﬁhich the muscle nerve begins to divide into
smaller nerve-trunks., This level is considerably below

the origin of the nerve from a larger common nerve trunk
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where motor fibres do not undergo branching but are
gimply_seg:egated.into two stregms. Usualiy; mqtor fibres
begin to divide further away from a larger miscle then
from a small one, though there is not a di:ect linear
relationship for all mscles. In the small deep lumbri-
cal muscles of the cat's hindlimb, initial branching of
motor fibres in_the,musclé»nerves_hasvbegp observed to
occur only onelmillimetre away from the muscle; in some
¢ases, division of nerve fibres does not occur until :..- -

after nerve entry.

- Eccles & Sherrington (1930) demonstrated in
the mesial gastrocnemius nerve of the cat that between
g2 and O mm from entry into tThe muscle, there was an
incpease of 153 nerve fibres, and the distamnce of the
nerve dividing into two smaller nerve-trunks was 56 mm
from nerve-entry. They pointed out that a section taken
from a muscle nerve for the study of its fibre population
should be as far proximal as possible to avoid the occur-
rence of.branching. This is certainly true for large

' muscles, but less important when dealing w1th small ones.
It is interesting to note that Gilliatt (1965), in a

study by stimulation and recording from the human fore-arm,
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has concluded that motor axon branching;in_a_nerve to
miscles in the hand begins in the region of the elbow;
it seems yepy‘dpgbtful that branching occurs so far away

from cat muscles.

_Autramuscular

skeletomotor component
. _ Tt is generally kmomn that motor fibres of a
mscle nerve undergo profuse branching snd increase in
mumber upon emtry imto a miscle. In this study, the
nature of such branching has been classified into three
main types, namely, the 'pyremidal', 'semipyramidal' and
‘monopodial! types, with the frequency of occurrence in
that order. It might be possible tbatitpe'commepvoccur-
rence ofﬂthe ipyramidal'hand fsemipypamidal'.?ypes of
motor fibre branching represent the normal division of
nerve fibres within a muscle. The 'monopodial' type of
branchlng mlght be 1nterpreted 1n relation to the pro-
cess of motor end-plate replacement (Barker & Ip, l965a)
The thin fibre branchee ;g thlsftype of'bragchlng“mlgpt
be the product of the replacement process as re-innervat-

ing fibre branches to end-plates.
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» In the present study, it has been shown that
u.nequal axon branching predominates over equal branching
in the main 1ntramqscular nerve-trunk but 1n’ The side
nerve branches at pre-terminal and terminal level, the
irsituation is reverse. " From the data of CooPer (1929),
seven out of the listed ten fibre divisions from the
sartorlus muscle ‘nerve of the cat showed unequal branch-'
1ng and one example of trichetomy was also demonstrated.
Examples of dichotomy were also shown by Ec_:cles &
Sherrington (1930) from the semitendinosus? soleus and

. mesial gastrocnemius muscle nerves of the cat.

It has been consistently found in the present
study that intramuscular branching of axons occurs most
freciuently around division of nerve trunks, either a
little before or at the junctions. Daughter axons usually
travel in dii;ferent directions, normally, one towards
a side nerve, the other continuing along the main nerve-
trunk. This provides the histologicél picturé to the
physiélogical work of Adrian (1925) who recorded action
potentials at both ends of the tenuissimus mu.scle which
was cut at the middle with the nerve branches intact and

stimulated at one end only. The same explanation applied
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to the work of Kuffler, Hunt & Quilliam (1951) when
potentials were recorded in both nerve branches of this
muscle when a single nerve fibre in the related ventral

root was stimulated.

In the intramuscular region of a number of
cat hindlimb muscles, the motor nerve axons show neural
configurations_from which smaller bundles of axons are
given off to innervate groups of motor emd-plates. Such
‘neural gonfigu;ations havevbeen observed in human muscles
(Frohse, 1898), and in muscles of rabbit and macaéue
mbnkey (Feindel et al., 1952). It bhas yet to be invest-
igated whether such neural configurations of axons occur
in other lower groups of animals. Tiegs (1953) gave a
personal observation in his review that ".... in inter-
costal muscle of python, the thin nerve fwigs can be
seen traversing the muscle tissue for considerable dist-
ances, delivering motor endings to adjacent fibres, but

without anmy interweaving".

Motor-units

It is practically impossible to explore the
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exact territory covered by a single motor-unit from
histological studies even in a muscle as small as the

deep lumbrical of the cat. An exception is found in

‘the odd rabbit lumbrical muscle which is supplied by only
one motor nerve fibre, in which case, the whole muscle
constitutes one uniéue motor-unit. Instead of proceeding
straight off to side nerve trunks, the recurpent andAdouble
recurrent nature of axon branches is an initial indication
that motor axons do not pursue the shortest possible
routes to the site of motor immervation., Moreover, the
neural configurations involving numerows other axons tend
to add further difficulties in the tracing of the muscle
area innervated by individual parent nerve fibres. It
is‘evident that,the'éfeas covered by neighbouring motor-
units overlap considerably and the muscle fibres innervated
by axon branches from a parent nerve are scattered
throughout an area covered by numeroﬁs axon branches of

different parent nerve origins.

The nature of overlapping of motor-units within
a muscle stems from different contributions of motor
nerve fibres deriving from a number of spinal roots to

various muscle nerves. The small muscles at the extrem-



- 101 -

itigs of the macaéue monkey receive a different segmental
motor supply (Sherringtbn, 1892). Overlapping of the
disﬁrihution of spinal nerves contributing to various
muscle nerves of the hindlimb in the rat has been shown
by Browne (1950). The motor cedl columns of the lumbo-
sacral spinal cord with relations to spinal roots and
muscle nerves of the hindlimb in the cat, determined by
Romanes (1951) has been further extended by Sprague (1958).
It has also been shown by Wohlfart (1949) that in certain
@iseases of motop neurones resulting in some denervation
of human muscles, the.unit of muspular atrophy does not

correspond to the muscle fasciculus.

, That muscle fibres innervated by nerve fibre
branches of the same motor-unit are scattered over a
certain area of a miscle has been shown by recordings
of acfion potentials in separate parts of a muscle prod-
uced by electrical stimulation of single axons. This
has been demonstrated by Adrian (1925) and Kuffler, Hunt
& Quilliam (1951) and by Cooper (1929). Van Harreveld

_(1946) has shown that in cutting one of the spinal nerves
innervating the sartorius muscle of the rabbit, histolo-
gical examinations of the muscle fibres two weeks later

ma ¢ U;\
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have shown intermingling of normal and atrophic muscle

fibres.

_ Some indications of the eitent of a single
moto;—unit in the deep lumbrical muscles can be seen in
the present study from the intramuscular branching of
skeletomotor fibres? Within the muscle, branches from
an X motor fibre have been traced to side nerve trunks
gtka‘distance of nearly 7 mm from nerve-entry -and to
continue one or twb millimetres further down to the level
of muscle-fibre innervation. Buchthal, Ermino &
Rosenfalck (1959) recorded the spread of action potentials
from motor;units of different human muscles by means of
multi-electrodes and found that the fibres of a motor-

unit were detected in a circular area of 5 - 7 mm diameter
for the muscles of the upper extremities and of 7 - 10 mm

in the lower exbtremities.

Innervation ratios

In the past, numerous innervation ratios
estimated for different muscles of one animal or another

have not taken either the ¥ compoment of the motor supply
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or the intrafusal muscle fibres into account. In.re;
gstimating the innervation ratios for two cat muscles
‘after the reéuired adjustments, the values obtained are
higher than those previously determined by about 70 -
80%

Fusimotor_innervation ratios, however, have
not been pfeviously determined. This is due mainly to
tke lack of detailed knowledgé”of the fusimotor component
of the nerve supply and the related intrafusgl muscle fibre
gna;ysis for individual musQles,ﬂwithout whigh'calculatinns
fqp'such ratios are not possible. BEven in e lectrophysio-
logical studies, stimulation of motor fibres of low
conduction velocity and presumably of the gamma group
failed to develop any measurable tension. Kuffler, Hunt
& Quilliam (1951) were unable to record any contraction
from the soleus and tenuissimus muscles of the cat on
stimulation of small motor fibres condutting at 15 - 55
m/sec in the ventral roots. McPhedran, Wuerker & Henneman
(1965) also failed to record any measurable tension on
stimulating motor nerve fibres conducting under 40 m/sec
to the same muscle; they were unsuccessful with the

gastrocnemius muscle as well, working on nerve fibres
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with conduction velocities between 10 - 50 m/sec

(Wuerker, McPhedran & Henneman, 1965).

The separate estimations of innervation ratios
for both extra- and intrafusal muscle fibres in the deep
lumbrical muscle determined in this investigation is made
possible only after tle skeletomotor and fusimotor comp-
onents in the muscle nerve were analysed imdependently
in detail within the intramuscular region. The value of

1

300 given for skeletqmotor innervation ratio_and

1 : 9 given for fusimotor innervation in the first deep
lumbrical muscle of the cat'should be genuine figures
representing the average proportion of motor nerve fibres
to muscle fibres innervated, since separate entities of
exfra— and intrafusal muscle and nerve fibres have been

taken inbto account.

Gamma. component

Since the well-established work of Ieksell
(1945) that gamma efferent fibres are responsible for
the innervation of muscle spindles, individual gamma

fibres have further been demomstrated to supply several
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spindles within a muscle by Hunt & Kuffler (l§51),
Kuffler, Hunt & Qullllam (1951), and more recently by
Crowe & Matthews (1963, 1964b) and Brown, Crowe &
Matthews (1965) The nature of the fusimotor branching
and distribution Witﬁin a muscle has been observed in
the present study by actual tracings of fusimotor fibres
through their intramuscular course, from ¥-stem fibres
in the muscle nerve to the site of 1nnervatlon in the
muscle splndles, Crowe & Matthews (l964b) demonstrated
different freéuencies ofurgsponse produced by three
primary endings from stimulation of a single fusimotor
fibre. This is probably attributed to the variation in
the number of fusimotor fibre branches digtributed ¢

to different spindles in the muscle from é single'x;stem
fibre. Tt has also been observed that individual muscle
spindles receive fusimotor innervation defiving from
different X:stem fibres, as showh'by neurophysiological
-experiments (Kuffler, Hunt & Quilliam, 1951).

From direct observation it has been possible -
to track the course of ¥-stem fibres down to their
terminal branches. In the case of the J component, Boyd

(1962) postulates the occurrence of a size relationship
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in such a way that the large, thickly myelinated and
the small, thinly myelinated b’-stem.fibres.gix_re rise to
large ¥\ fibres and small B/zfibres, respectively, at
The level of spindle entry. In relation to the diameter
measurements of Boyd (1952) and Boyd & Dave_y (1962), the
thickly myelinated &~stem fibres with total diameters
between about 4.0 and 8.0,u would branch intramuscularly
to g_ivé ¥ fibres, reaching the spindles with axon diam-
e_’gers between 2.5 and 4.0 )1; and the thinly myelinated
¥-stem fibres, having total diameters less than 4.0 /s
would ’pranch to give B/:_ fibres with axon dj.amgters bet;
ween _l.O/u_. or less and 2.0 m at spindle level. To
obtain such a distribution, the small thinly myelinated
¥ fibres would have to branch more freq;uently than the
thickly myelinated ones (average proportion 12 : 5,
Boyd's calculation, 1962), since they are from a half
to a'third as numerous in muscle nerves (Boyd & Davey,

1962).

However, results from intramuscular tracings
show that the diameter at which a fusimotor fibre or
fibre branch enters a spindle has no direct relationship

to the diameter of its stem fibre in the musele nerve.
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In g@ditiop, thinly myelinated ¥ fibres in muscle nerves
do not branch as freq.uently as the thickly myeliﬁated‘
ones. In general, the freéuency of intramuscular branch-
ing is greater in the larger, thickly myelinated X;stem
fibres', not the reverse. There is also no significance
in the suggestion of a mgc’cional duality within the

7{ component in such a way that each spindle receives an
“innervation from fast, thickly myel_inate_d 4_.6 - 80/u

¥ -stem fibres of lower threshold, and slow thinly myelin-
ai_ﬁed; higher threshold ¥-stem fibres with dismeters of
less than 4.0 p. Only four out of the eighteen spindles
studied received fibre branches from both large and small
X-;stem fibres. In fact, small ¥, fibre branches are
shown to innervate spindles in one muscle that received
a ¥ component of only thickly myelinated nerve fibres.
The work of Steg (19462, 1964), showing a single ¥ fibre
innervating an average of three spindles present in the
lé.tera_l segmental tail muscles of the rat is indicativé
of a similar nature. The same conclusion is indicated even
if the thinly myelinated Xgroup is taken as fibres ,
measuring less than 3.0 u (Boyd, 1062) insbead of less
than 4.0 M (Boyd & Davey, 1962).
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Boyd (qud & Davey, l9>6v5) has recently alleged
that Adal &'Barker (1965_5_) misunderstood his classifi-
cation of the relative diameters of the i and Zfi’ axons
supplying the two types of motor endings in muscle spin-
dles, which he emphasized to be based on a number of
criteria. Al_thbug;h the occurrence of a dual motor system
suggested by Boyd (196'2) is based on different classified
observations, namely, two kinds of intrafusal muscle fibres,
two kir_lds of motor ending, Xl‘ and T2 fibre branches etec.,
a closer examination into any one of the criteria 1s
legitimate. Since no direct relationship is shown in
the present study between ¥) and ¥afibre branches and
the thickiy and thinly myelinated Y-stem fibres, it must
be Kconcluded that Boyd's speculations insofar as they
are based on fibre diameter are unjustified. In addition,
the discrepancy in the measurements of nerve fibres bet-
ween Boyd's (1982) axon diameter (gold chloride stained)
and the external diameter (osmic acid stained, Adal &
Barker, 1965g) has al:beady been adjusted by allowing a
difference of 0.5 > between these two measurements.

This sdjustment should be adeciuate as qud (1962) stated
that f’The values of diameter given ...... are those of

axon éiameter, but it may be assumed that the total
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diameter was'only slightly greater." Therefore; any
fibre w1th exterﬁal diameter of 2. 5’p,or less in Adal &
Barker's (l965a) measurements should be equlvalent to

2e O/u or less in axon diameter measurements of 5iihbres,
since the axon dlameter near muscle 5p1ndles was ‘gilven
by Boyd (1962) as 4.0 = 2.5/ for %1 and 2.0 - 1.5m for
Y2 flbres. There is no question that any small_fibre
branches have been missed since all the fusimotor fibre
branches_entering muscle spindles have been examined.
Moreover, a comparison{of the average number of fusimotor
fibre branches per spindle in the lumb;ical muscle bet;
ween the osmic aeid and the teased silve: teehnidues has
shown theAdifference to be negligible (5.7 as compares
with.5.8), indicating that all fusimotor fibré or fibre
branches immervating the spindles studied have been

examined.

Fusimotor fibres and fibre branches exhibiting
a duality in fibre diameters, as presented by Boyd (1962),
have not been consistent from the level of a muscle nerve
to the site of inmervating muscle spindles. At tke level
prior to entry into a muscle, two groups of ¥-stem fibres

with thick and thin myelination have been demonstrated
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(Boyd & Davey, 1962), while within the muscle, it has been
fou that "In the intramuscular nerve branches twogroups
va.ﬁ‘lsimotof.axo:as of different diameter are not ohvious..
+ess. in the spindle themselves the. difference in diam-
eter of the two types of axon is often very striking ...."
(Boyd, 1962). Thus, it has been shown for the three |
different levels that the fibre diameters <‘>f> motor nerves
exhibit a dual nature at the muscle nerve (thickly and
thinly myelinated ¥-stem fibres), a rather normal distri;
bution»as a group in fibre calibre in_thel.intraml_llscular
region, and. a clear-cut segregation again near to and
within muscle spindles (¥1/¥a fibres). In order to
attempt at an explénation for such a distribution of
motor nerve fibres, certain conclusions could be drawn

in terms of’Che nature of branching of these fibres in

the intramuscular region. F;‘Lrstly, if no branching has
occurred, then the motor nerve fibre sizes should remain
segregated at all lev;ls. Thi.s, of course, is a postu-
lation at the extreme but it does illustrate the outcome
of the situation. Secondly, if the ﬁ‘eduency of branch-
ing is the same for all ¥ fibres whether thickly or
thinly myelinated, then since the ¥-stem fibres exhibit

a duality in sizes, the increase in number of fibre branthes

































































































































