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Abstract

An histological investigation into the reinnervation of stretch
receptors nec;ssarily requires a reliable staining technique. To
achieve this, silver staining has been investigated and standardised.
The use of a diffusion-limiting barrier during the impregnation
stage has greatly improved the quality and extent of staining.

The process of reinnervation has been examined in the peronesal
muscles of the cat following different types of nerve injury,
including crush, section and freeze.

After nerve crush, most motor and sensory axons form endings
of a recogniéable form in the usual positions on musclé spindles and
tendon organs.

The late arrival of some sensory axons, and aberrant motor
formations on the poles of spindles, are attributed to the fact that
large axons are damaged more than small axons during the nerve crush.
It is suggested that some of these'motor axons may have previously
supplied only extrafusal muscle fibres.

Although abnormalities in the restoration of the primary ending
are common, none is sufficiently consistent to éxplain the abnorm;
alities in the responses of reinnervated spindles. This implies that
these may be caused by a maturing transduction mechanism.

The fact that after nerve section the restoration of spindle
innervation is peor, whereas after nerve freeze ( during which damage
to supporting tissue is minimised ), it is close to normal, indicates
that physical guidance plays an important role in the reinnervation
process.

It is argued that, after short periods of denervation, muscle
spindles show a marked " site~type " specificity of sensory reinnerv-
ation. This is seen to diminish after longer periods of denervation,
possibly being influenced by the fusimotor innervation.

-1l
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CHAPTER ONE

INTRODUCTION

THE STRUCTURE AND PHYSIOLOGY OF THE MUSCLE SPINDLE

The mammalian muscle spindle consists of a bundle of intrafusal
muscle fibres, the central part of which is enclosed within a fluid-
filled capsule. It receives both sensory and motor innervation and
is distributed throﬁghout the majority of somatic muscles.

The morphology and physiology of the spindle have been the
subject of several recent reviews: Barker ( 1974 ); Humnt ( 1974, 1978 );
Kennedy, Poppele & Quick ( 1980 ); Laporte ( 1978 ) and Matthews
( 1972, 1980, 1981 ).

The work presented here is a histological study of spindle
reinnervation and therefore the following review will deal mainly

with spindle morphology.

Intrafusal musclé fibres

The muscle spindle has been recognised as having two types of
intrafusal muscle fibre for some time; Sherrington ( 1894 ) recognised
two populations of intrafusal fibres, distinguishing between the two
mainly on the basis of diameter. Cooper & ﬁaniel (1956 ) also
divided intrafusal muscle fibres into two fypes, bésiﬁg this division
bn difference in fibre length, fibre diameter and in the equatorial
nucleation. The two types of fibre have been termed nuclear béé
( Barker, 1948 ) and nuclear chain ( Boyd, 1960 , Cooper &‘Daniel, 
1956 ), because of the disposition of their equatorial nucleation.

That there are more than two types_éf.%ntrafusal fibre had also
been recognised histologically ( Barker & Qidumal, 1961 ), and histo-
chemically ( Ogata & Mori, 1962 ), but there was some confusion as to

the exact histochemical and ultrastructural profile, nomenclature and




species distribution of the three kinds of intrafusal fibre. Yellin
( 1969 ) reported three types of fibre in the rat, distinguished
histochemically, which are equivalent to the glycolytic ( type A ),
oxidative ( type B ) and oxidative-glycolytic ( type C ) of extra-
fusal muscle fibres. |

James ( 1971 ), for the rat, and Banks ( 1971 ), for the rabbit,
termed the three types 1, 2 and 3 using histological criteria,
whereas Barker & Stacey ( 1970 ); énd subsequently Barker, Harker,
Stacey & Smith ( 1972 ) described three types of intrafusal fibre
in the rabbit, based on histochemical, morphological and E.M. Studies;
naming them typical bag, intermediate bag and chain fibres.

Milburn ( 1973 ) described the typical bag, intermediate bag and
chain fibres in the rat, using histochemical and morphological
techniques, and Ovalle & Smith ( 1972 ) distinguished between bagl,
bag2 and chain fibres in the cat on differences in the myofibrillar
ATPase profile. The situation was clarified by Banks, Barker, Harker &
Stacey ( 1975 ) and Banks, Harker & Stacey ( 1977 ), who applied
ultrastructural and histochemical techniques to the sameISpindle. The
nomenclature adopted was that proposed by Ovalle & Smith ( 1972 ),

namely, bagl, bag2 and chain fibres.

1) Chain fibres

It was shown that chain fibres ha&e the smallest diameter of
the three fibre types in the cat and the rat, and that}they are
.:also the shortest fibres, although aé" long chain " fibre is
present in some cat spindles ( Barker; Banks, Hérker, Milburn &
Stacey, 1976 ). ( The subdivision of chain fibres will be discussed
later. ) They also established that chain fibres are the most

homogeneous of the intrafusal fibres, having an M-line throughout
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their length and a high alkaline ATPase profile. However Saito,
Tomanaga, Hirayana & Narabayashi ( 1977 ) report the occasidnal
presence - of a chain fibgg with a low alkaline ATPase level, though
these were few in number, and were observed only in man.

| Chain fibres stain fairly consistently for glycogen ( P.A.S. )
and phosphorylase ( Barker et al., 1976a), whereas there is a
light stain with acid ATPase (Kucera,Dorovini-Zis & Engel,1978 ).

. There are usually several chain fibres present in the cat
muscle spindle; the exact number varies with the muscle. Peroneus
digiti quinti has on average six (kHarker, Jami? Laporte & Petit,
1977 ); and tenuissimus has on average four ( Barker, Emonet-
Dénand, Harker, Jami & Laporte, 1976 ).

Developmentally, they are formed last of the three types of
fibre ( Milburn, 1973 ). |

It has been recognised for some time that there is more than
one type of chain fibre, and that a " long chain " intrafusal
fibre can be identified on the criteria of sigze, motor nerve
supply and histochemical profile ( Barker et al., 19761, Harker et
al., 1977 , Laporte, 1978 , Jami et al., 1978,1979 ;.Kucera, 1980 ).
More recently Kucera (' 1980 ) has distinguished between long chain,
intermediate chain and typical chain‘fibres.

"Typical" chain fibres are the most common in.cat spindles.

They only extend a short distance, if at all, past the capsule limits,
and their NADH-TR staining is intense ( Kucera, 1980 ). " Long |
chain " fibres; those that extend for 1000 Fm or mofé beyond the
end of the spindle capsule, have a less intense NADH-TR staining,
at least in the extracapsular region.

" TIntermediate " chain fibres resemble long chains in their

NADH~TR staining intensity, but they terminate at less than 1000 pn
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past the capsule boundary.
It has been shown ( Kucera, 1982g) that long chain fibres

are frequently positioned within the layer of chain fibres

furthest away from the bag2 fibre, and that they are usually

associated with the bagl fibre., Intermediate chain fibres have
been shown to adopt similar positions to the long chains. Kucera
( 19822) interprets the relative positioning of the fibres as
réflecting the developmental sequence, with the long chain being
the first of the chain fibres to be formed, following the form-

ation of the bag1 fibre with which it remains associated.

The bagl fibre

As the distinction between the two types of bag fibre relies
in part on different histochemical and ultrastructural profiles,
Barker et al. ( 1976a) found it convenient to distinguish three
regions between the equator and the origin of a spindle pole.

These are region A, that part of the equatorial region lying between
the equator and the equatorial end of the periaxial space; region

B, that part of the pole extending from the equatorial end of

the periaxial space to the end of the capsule; and region C, the
extracapsular part of the pole.

Usually there is only one bagl fibre per spindle, but more have
been reported ( Saito et al., 1977 , Barker et al., 1976a, Banks,
Barker & Sﬁacey, 1979 & 1982 ), and spindles have beén found
which do not possess a bag, fibre ( Banks, Barker & Stacey, 1979 ).
Bagl fibres are larger in diameter thén chain fibres in cat and
rat, though they are similar in size to those of the rabbit, They
are usually of smaller diametér, and shorter than bag2 fibres in

cat, though of similar length in rabbit and rat ( Barker et al.,
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19764a).

In the cat the M-line profile ié that of a faint double line
or no line in regions A and B which changes to a single M~line in
region C. This change in M-line condition is accompanied by: an
alteration in mitochondrial appearance; in that they change from
being small and scarce to being larger and more numerous; an
increase in the amount of myofibrillar sarcoplasm; and betfer
development of the sarcotubular system. In the equatorial region
the myofibrils are only present round the periphery of the fibre,
the core being occupied by the.bag of nuclei ( Barker et al., 19764,
Banks, Harker & Stacey, 1977 , Kucera, Dovrin-Zis & Engel, 1978 ).

Histochemically, the alkaliﬁe ATPase profile is low in regions
A and B, increasing to high in region C, whereas both phosphorylase
and P.A.S. show an increase in intensity of staining going from A

to B regions ( Banks, Harker & Stacey, 1977, Kucera et al., 1978 ).

The bag2 fibre

The bag2 fibre is usually the thickest and the longest of the
intrafusal fibres, and there is normally only one such fibre per
spindle ( Barker et al., 1976a), though exceptionally two have
been reported ( Banks, Barker & Stacey, 1979 ). Very occasionally
a muscle spindle mayvlack the bag2 fibre and contain only a bag:L
fibre and chain fibres ( Kucera, l982b ). The polar regions of the
baé2 fibre are marked by prominent elastic fibres ( Gladden,1976 ).
Thése are scarce 1in the poles of the bag1 fibre and may reflect,‘
physiological differences between the two fibres.

The bag, fibre is the first of thé intrafusal fibres to be
formed ( Milburn, 1973 ) and it associates with the chain fibres,.
The alkaline ATPase profile is medium, and the double M-line

condition is present in the A region; the B and C regions showing
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a single M-line. Both phosphorylase.and P,A.S. show medium activity
throughout all three regions, though there is an increase in
activity in P.A.S. with distance from the equator ( Barker et al., 1976a).

The intrafusal fiﬁres are usuélly consideréd to be of the same
type at both poles ( Barker et al., 197€a, Banks et al., 1977b).
Kucera ( 1981 ) , using a combination of myosin adenosine 51
triphosphqtase and nicotinamide adenine dinucleotide tetrazolium
reductasé, has found that, although the majority of intrafusal
fibres were of the same type in both poles, séven spindles contained
a " mixed " nuclear bag fibre. These presented as a bagl in one pole
and a bag2 in the other, with differences in fibre diameter, polar
length and motor innervation.

This is talken to indicate that the equatorial region can act
as a boundary between the two distinctly different poles. These
observations are consistent with the results of Boyd ( 19763a)
which are that the two poles of a nuclear bag fibre often receive

independent motor supplies and contract as separate functional units.

The sensory terminals

1) The primary ending

The primary sensory ending has the classical " annulospiral "
appearance as described by Ruffini ( 1898 ).

The ending is usually distributed to both bag and chain fibres
Banks, Barker & Stacey, 1977 & 1979 ), although occasionally
endings occur which are restricted entirely to bag fibres ( Barkér

-& Cope, 1962 ).
Banks, Barker & Stacey ( 1982 ) héve analysed the innervation
. axon

of the intrafusal fibres by the primary, and they found consistent

differences in the form and disposition of the terminals on the two
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types of bag fibre . The terminals on the bag2 fibre were spaced
widely apart and were mainly transversely-oriented, with minimal
irregularity at each end, whereas, on the bagl fibre, the terminals
were_wrappéd closely together and were flanked by an irregular
array of terminals. Adal ( 1969 ) reports that ultrastructurally the
terminals of the primary endings are similar on both bag and chain
fibres, with the axons lying in shallow grooves formed by folds of
éarcolemma'partly overlying the axon. The basement membrane
surrounding the intrafusal fibres covers the terminals of the ending
( Merrillees, 1960 ).

It has been reported that cross-terminals can occur so that
two chain fibres can be innervated by a sensory terminal ( Adal,
1969 , Scalzi & Price, 1971 , 1972 , Banks et al., 1982 ) which
may éccount for Boyd's observation ( Boyd, 1976%) that chain fibres

can act as a single unit.

The secondary ending

. The form of the secondary sensory ending is usually that of
the annulospiral ending ( Barker, 1948 ). This is mainly distributed
to the chain fibres ( Boyd, 1959 ), and distribution to chain
fibres is recognised as abconstant feature of all secondary endings
( Banks ef al., 1982 ). The bag fibres can also receive innervation -
-Banks, Barker & Stacey (1979, 1982 ) report that 73% of secondaries

show a bagl, bag2 and chain fibre distribution, and thét bagl

fibres have approximately half the area of ending as-the bag2 fibre.

A less regular " flower-spray " is another form of the ending,
though less common ( Barker & Ip, 1960 ). These spray formations
have been described by Banks et al. ( 1982 ) as being formed on

bag1 fibres, and where this happens, the rest of the ending is
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less regular than usual - occasionally the spraysbbecoming the
dominant feature, giving rise to the classical " flowér—spray "
of Ruffini ( 1898 ).

Usually there is only a single secondary ending, though there
can be up to five on any one spindle. Boyd ( 1962 ) outlines a
division of secondary endings according to the distance of the

ending from the primary, and terms them S,, S, and S, etc.,

1’ 72 3

according to which 400'Pm zone the ending occupies.

The afferent innervation

The primary ending is usually supplied by a single,group Ia
primary afferent ( diameter 12-22 famn in the nerve trunk ( Adal &
Barker, 1962 ) which, in hindlimb muscles,does not branch between
the dorsal root ganglion and the muscle spindle (‘ von Thiel, 1959 ).
The Ia afferent divides, usually within the periaxial space, to
form two ( 84% ), three ( 11% ) or four ( 1.7% ) first order branches |
( Banks, Barker & Stacey, 1977 , 1979 , 1982 ). o

The distribution of these branches has been analysed, and it has.
been found, in tenuissimus muscles, that 7%% of the first order 

distribution : . .
branches have a segregateda to bag1 and b'a'g2 and/or chain fibres,
resulting in a separation of dynamic and étatic inputé. Ta axons
from other muscles ( e.g. superficial lumbrical ) have a more mixéd
distribution ( Banks, Barker & Stacey, 1977 , 1979 , 1982 ).

Secondary endings are supplied by group IT afferents with a
‘diemeter lying within the range of 4—12Fm ( Hunt, 1954 ), though near
the spindle there is an overlap with group Iasxons ( Adal & Barkef,
.1962 , Boydv& Davey, 1968 ), The bfahchiﬁé and distribution of‘group 1T
axons has also been studied by Banks et ai. ( 1982 ): Most II axons
were found to branch to produce two ( 74.6 % ), three ( 7.0% ) or

four ( 0.7 % ) first order branches.
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A segregated distribution of two first order branches was found

in only 22.7% of cases.

The afferent response

The physiological characteristics of these two endings have been
described by Matthews ( 1972 ) and Hunt ( 1974 ).

It had been suggested that the difference between the responses
of the primary and secondary endings might be due to the physical
properties of the intrafusal fibres which they innervate ( Matthews,
1972 ), However, at that stage, the distinction between bag;l and
bag 5 fibres had not been made. Now it is known that the brimary
ending is_supplied to the bagl, bag2 and chain fibres ( Banks et al.,
1982 ). The position of the ending is midequatorial, which means that
both the bag and chain fibres consist mainly of myonuclei for most of
the length of the primary ending, while the secondary endings, which
are situated juxtaequatorially, will be innervating myofibrillar regions
of the intrafusal fibres. Poppele, Kennedy & Quick ( 1979 ) have
shown . that the stiffness of the nucleated region does not alter
with changing spindle length, so that if this region of the spindle
could be stretched on its own, a linear relationship'between response
and deformation might be expected. However, the primary responée is
characterised by its " dynamic sensitivity ", so the property which
causes this must reside in the non-nucleated parts of the intrafusal
fibres.

Poppele et al. ( 1979 ) have also shown that, on stretching a
spindle, the stiffness of the polar region is initially much lower
than that of the nucleated zone, but it becomes relatively sfiffer as
the spindle is stretched, because the senééry region is mofe elastic.

This means that as a spindle is stretched, the rate of deformation of



the primary ending, ( especially over the bagl fibrg which has more
elastic fibres in the equator ( Gladden, 1976 ) ) is increased, and
this could account for the non-linearify of the dynamic'response.
Smith ( 1966 ) and Boyd ( 1976b ) observed the fhenomenon of " creep "
in " slow " intrafusal fibres after they have been passively stretched,
and that'such intrafusal creep is usually absent in " fast " nuclear-
bag fibres. This creep can be correlated with the reduction of firing
from the primary ending when the.stretch is released. These " slow "
fibres have been identified as bagi fibres ( Boyd, i976a ).

The secondafy ending, being more polar iq its positibn ( Barker,
1974 ) and being mainly distributed to chain fibres ( Boyd, 1976a ),
innervates relatively homogeneous regions of intrafusal fibre. It
has been suggested by Boyd ( 1981 ) that there isllittlevor no funct-
ional input to secondary endings from bag fibres, and therefore a
more linear response to passive stretch, from a secondary ending, would
be expected, and this is séen in‘itérstatic'response ( Matthews, 1972 ).

The distribution and effects of fusimotor innervation on intra-

fusal muscle fibres are other factors which determine the nature of

the sensory response€.

Thé transduction mechanism of the afferent response

The manner in which nerve iﬁpulses are generated from the endings
and propagated into_the axons is as yet unresolved; It is presumed
that receptor potentials are producéd by -deformation of the nerve
terminals, probably by squeeziﬁg the terminals between the basal lamina
and “the muscle fibre ( Banks et al., 1982 ).

Aﬁ electronic potential has been recorded by Hunt & Ottoson ( 1975 ),
in a Ia axon, and this is interpreted by Banks et al. ( 1982 ) as

a " compound receptor potential-', being produced separately‘ﬁy_the_

Sa




terminals on bagl, bag2 and chain fibres. It has been.shdwﬁ by Hunt,
Wilkinson & Fukami ( 1978 ) that sodium is the main carrier of
current associated with the generation of the receptor potential,
but other workers ( Ito, Komatsu & Kaneko, 1980 ) suggest that
calcium ions may also play an important role in the production of
the recebtor potential.

Quick, Kennedy & Poppele ( 1980 ) have shown, using a ferric
ferrocyanide cytochemical stain, fhe heminddes and some of the
penultimate nodes to be ﬁotential sites of spike generation, but there
is evidence to suggest that not all spikes‘that are genérated_actually
propagate into the parent axon ( Ito, 1969 ).

It has been postulated ( Hulliger, Matthews & Noth, 1977 ) that
there are two or more competitively interacting pace-makers controlling .
the static and dynamic components of the primary-ending résponée.

The outputs of the separate dynamic and static pace-makérs do
not summate linearly; the output of fhe dynamic béihg occluded by the

static ( Hulliger & Noth, 1979 ).

Banks et al. (1977), & Banks e£ al. (1982).co;relate thiS "physiological
asymmetry" with the branching of thé Ia axéh.bThey suggest that the
axons associated with the static input bréhqh_moré:profuselyﬂcompf
ared to those associated with the dynémic, énd fhgt this would>allow
the static system to recover more‘quickly from an antidromic impulse,
(from the dynamic pacemaker.) The dynamic system would recover less
quickly from an antidromic impulse, (from the static paqemakér(s).)

The only satisfactory m?thoa to resoive this point wouid be to-

conduct a physiological and Histbiogiqal“study on the same muscle=

spindle. .

.
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The motor terminals

Three categories of fusimotor ending have been recognised in the
spindle.‘These are trail endings, P, plates and 12 plates.

The trail ending is almost invariably present in spindles
( Barker, 1974 ), and it is situated in a juxtaequatorial position
( Barker, Stacey & Adal, 1970 ). It is supplied by small diameter
gamma efferents, which frequently have long pre~-terminal axons. Single
gamma efferents may branch within the muscle nerve and supply more
than one spindle ( Barker, 1968 & Barker, Emonet-Dénand, Harker, Jami
& Laporte, 1976 ), or innervate both poles of a spindle ( Barker,
Stacey & Adal, 1970 ). One consequence of these branchings is that
the trail endings on a spindle are probably innervated by several
gamma. axons in the nerve trunk ( Barker, 1974 ).

The p2 plate is also innervated by gamma effereﬁts. It is char-
acterised by: its knob-like axon terminals; the lack of any obvious
sole plate; the relatively lérge diameter of the supplying axon
( Barker, Stacey & Adal, 1970 ). It has more than twice the average
length of an extrafusal or a Py plate. The Py plate is situated-
more distally than the trail ending ( Barker et al., 1970 ), and the
majority of p, axons entering a spindle terminate in one pdle only, =
though occasionally both poles are supplied ( Barker, 1974 ).

The P, plate resembles an extrafusal motor endplate, and is
sited upon a nucleated sole plate, which, unlike thevp2 plafe has a
Doyére's eminence ( Barker, Stacey & Adal, 1970 ). The i plates are
slightly longer than the extrafusal motor endplate, the average'
length being 33 pan ( Barker, Emonet—Déhaﬁd; Laporte & Stacey, 1979),
but they are considerably shorter than the p2 plates.

Most p, axon branches terminate in one plate ohly, but branching
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may occur and give rise to two or three adjacent plates on the same
muscle fibre.

The exact distribution of the four types of fusimotor axon to
the three types of intrafusal fibre has been the subject of some

debate ( Homma, 1976 , Boyd, 1981b).

The efferent innervation

The efferent supply to the spindle consists of two types of axon ,
those that are entirely fusimotor -‘gamma axons, and those which have
a skeletofusimotor function - beta axons.

Functionally both the gamma axons and the beta axons can be
classified according to the effect of their stimulation on the " dynamic
index " of the response of a Ia afferent axon, from a spindle undergoing
a ramp stretch. ( The term " dynamic index " was introduced by Crow
& Matthews ( 1964 ), and is defined as the difference between the firing
rates at the peak of the stretch, and at half a second into the hold
phase. ) " Dynamic " axons increase dynamic responsivéness, whereas
" static M axons depress it.

It has béen found that static gamma axons terminate in a tfail-
ehding, and dynamic gamma axons terminate in a P, plate ( Barker,

Stacey & Adal, 1970; Barker, Emonet-Dénand, Laporte, Proske & s£acey,"
1975 : Barker et al., 1976 a & b ). It has also been shown that beta
axons terminate in Py plates( Barker, 1970. ; Barker, Emonet—Déhand,

Laporte & Stacey, 1980 ).

1) The fusimotor ( gamma ) innervation

Studies of Barker, Emonet-Dénand; Laborte, Proske & Stacey
(1973 ), Bessou and Pages ( 1975 ),ahd Brown & Butler ( 1973% )
have shown that dynamic gamma axons supplj bag fibres almost exclus-

ively, and that static gamma axons do not exclusively supply chain
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fibres. Barker et al. ( 1973 ), using silver staining following
chronic degeneration of all motor innervation except single
static gamma axons, showed that these axons within the range of
conduction velocity 33-48 ms—l supplied trail endings to both bag
and chain fibres.

Barker, Emonet-Dénand, Harker, Jari & Laporte ( 1976 ) showed
.that dynamic gamma axons depleted bagl fibres almost exclusively
‘and that static gamma axons depleted hoth types of bag fibres and
chains. - Barker, Beséou, Jankowska, Pages & Stacey ( 1978 )
showed that out of 13 intrafusal muscle fibres supplied by static
gamma. axons, 8 were shown to be bag2 and 5 chain fibres, and of
9 intrafusal fibres innervated by dynamic gamma axons, 7 were
found to be bag1 fibres, one a bagzﬂfibre and one a long chain.
Trail endings were supplied by static gamma axons, and p2 plates
were supplied by dynamic gamma axons.

Barker et al.( 1978 ) conclude that dynamic gamma axons activate
bag2 or long chain fibres as well as bag 1 fibres in approximately.
20% of spindles. This should produce a static modification of
dynamic action and this has been observed ( Emonet~Dénand, Laporte,
Matthews & Petit, 1977 ). Boyd & Ward.('l975 ) and Boyd, Gléddeﬁ,
McWilliam & Ward ( 1977 ) have, however,not seen contractioné on
chain fibres following dynamic stimulation, though Banks et al.
(-1978 ) showed the innervation by a single dynamic gamma éxon of
a bagl, bagz, aﬁd two chain fiﬁres within a single Spinale.

The gamma dynamic innervation can be summarised as:

plate

gamma dynam%c g—F—TfT———- bl P .
~ . * b2
¢( long )
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2)

The gamma static axons are shown to terminate as trail endings
on bag2 fibres and chains, but their presence on the bagl fibre
has been the subject of recent investigation. Glycogen-depletion
studies indicated that gamma static axons do make a functional
innervation of bagl fibres ( Barker et al., 1976b, Barker, Emonet-
Dénand, Harker, Jami & Laporte, 1977 , Emonet-Dénand, Jami, Laporte,
& Tankov,'l980 ), and this observation was supported by Emonet-
Déhand, Laporte, Matthews & Petit,(1977 ). However Boyd et al.
( 1977a ) observed no activation of the bagl fibre by gamma static
axoﬁs;.and maintained that gamma static axons only innervated the bég2
and chain fibres.

In the recent study by Barker & Stacey ( 1981 ), where teased
silver preparations were examined after chronic deggneratioh exper-

iments, the contribution of gamma static axons to bagl fibres has

" been shown to be minimal ( from 8% to 17% ).

The gamma static innervation can be summarised as:

gamma static

The skeletofusimotor ( befa ) innér;ation

The preSence of a skeletofusimotor innervation was'fifst
physiologically demonstrated by Bessou, Emonet-Dénand &'Laportéi
( 1963 & 1965 ). This work was configmed hisﬁologicaliy by Adal
& Barker ( 1965 ),who observed'collaterai branches of @otor axons
supplying both intrafusal and e;frafusa;. muscle fibres;‘These beta
axons Were thought to terhiﬁate as bl plates on intrafusal fibres
( Barker, Stacey & Adal, 1970 ). Barker et al. ( 1977 ) have shown,

using the glycogen-depletion technique, that thg intrafusal distrib~
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ution- of dynamic beta axons is almost exclusively restricted to
bag1 fibres. The zones of depletion were generally located in the
mid~polar region, which is consistent with the distribution of Py
plates.

Harker, Jami, Laporte & Petit (1977) studied the distribut-
ion of fast-conducting beta axons; They comment that, although the
previous study indicated that beta axons are almost exclusively
supplied to bagl fibres, 12 plates are found with a "significant
incidence" ( Barker et al., 1970 ) on chain fibres. By stimuléting
fast-conducting axons ( > 85ms -1 ) selectively, then examining the
whole muscle using glycogen depletion, they have shown that there
are sXeletofusimotor axons which contribute to thé innervation of
chain fibres in more than one quarter of spindles, and that it is rest-
ricted to chain fibres in 90% of spindle poles depleted. Another strik-
ing feature discovered was that beta innervation is highly specific
for the long chain, when present, or for the longest chain fibre in
the spindle ( Harker et al., 1977; Jami et al., 1978 ) This is inter-
preted by Kucera ( 1982a ) as reflecting the state of development of
the spindle when the skeletofusimotor innervgtion arrives during on‘to—
genesis. Harker et al. (1977) suggeét that these faét-conducting beta
axons will produce a static effect on the response of the primary end-
ing, and this was demonstrated to be so by.Jami, Murthy & ?efit (1982)-

Barker, Emonet-Dénand, Laporte & Stacey (1980) identified the end-
ings of slow beta axons in spindles deprived of their gamma innervation.
Using silver staining, they found that the remaining motor endings are
pl plates, and that these were all supplied to bagl fibres. The distri- |

bution of the skeletofusimot0r-innervatioﬁ,can be summarised as follows:l‘ :
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beta dynamic ———— D 12 plates
beta static b2
§\\\\\\\‘ long chains
In summary, it is now generally accepted that the dynamic
response of the primary ending is mediated by the bag1 fibre, and
it is the bag2 fibre and the chain fibre8which mediate itg static

response. Stimulation of fusimotor axons will alter the pattern of

the response according to which intrafusal fibre they innervate.
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Muscle~spindle reinnervation

Introduction

That muscle spindles can be reinnervated by sensory and motor
axons after nerve injury has been established for some time: histol-
ogically by Huber ( 1900 ) and Tello ( 1907 ), and functionally by
Barker & Young ( 1947 ) , though after certain injuries, the gamma
innervation is reported as not being restored ( Takano, 1976 ).

Physiologically, Bessou, Laporte and Pagés ( 1966 ) have estab-
lished that both afferent and efferent nerves caneffectfunctional
reinnervation, and more recently, Brown & Butler ( 1974 , 1975 &
1976 ) have shown that secondary afferents, as well as primary aff-
erents, are restored, as are both gamma static and gamma dynamic axons.

Separate aspects of muscle-spindle denervation and reinnervation

will now be discussed.

Effect of denervation and reinnervation on the spindle

One effect of denervation and reinmervation is that there is an
increase in the number of intrafusal muscle fibres. Although this was
not observed by Sherrington ( 1894 ) or De Reuck, van der Eeken & Roels,
( 1973 ), an increase in the number of fibres has been reported in
approximately 20% of reinnervated spindlgé in the rat ( Schrﬁder,
1974a ). In order to see if this effectv;s‘likely to be applicéﬁle to'
the material studied in this present work, a more thorough analysis of
this and other papers will follow. |

The .basis of SchrBder's conclusion that IMF increase is an effect
of denervation, comes from observétions gﬂvrat muscle spindles that
have been denervated for six ﬁqnthé,{whicﬁﬁéhgw that the percentage of

spindles possessing more than four iMF,_iﬁ these muscles, has increased

to over the normal level. He also réporté,however,an increase in the
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number of IMFs in reinnervated muscles. IMF proliferation was reported
in rat muscles after various periods following the denervation operat-
ion, but the results for the various periods had béen pooled. No
indication is given of the period of denervation for these muscles,
but the earliest recorded finding is recorded at 17 days after the
operation. It follows that IMF proliferation has started by 17 days
P.0. As the results for the number of IMFs per spindle have been
pooled, it is not possible to tell whether reinnervation halts or
reverses the proliferation process brought about by denervation. More
comprehensive experiments were performed recently by Schrlder , Kemme
& Scholz ( 1979 ). In these, muscle spindles weére analysed after
three periods of denervation: 3, 6 and 12 months. The results showed a
percentage increase of 7%, 51.8% and 99.% respectively, which would
imply a continual slow IMF proliferation process, proportional to the-
length of denervation time.

By extrapolation it can be calcuiated that at 17 days P.O.,
there would be an increase of at most 1.4% in the average number of
. IMFs per spindle. The figure calculated from Schr8der( 1974a ) is
5%, i.e. three times the expected value. As this latter figure was
calculated from musclé spindles which had{béen reinnervated, ‘it ind-
iéates that, although iMF proliferation does occur during the denerv-
ation phase, the process may continue dﬁring the reinnervation phase.
This latter observation is confirmed by the results presented by
Schr8der et al. ( 1979 5, where after 3% months in thé reinnervation
étudy, there is an increase of 0.% in thé mean'number 6f IMFs per
‘spindle ( their Table 3 ), which is less thahuthe combined results
after 12 and 13 months reinnervation wheré'£ﬁé increase in the number

of IMFs per spindle is at %1%, showing a large increase during the.
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time in which the spindles are reinnervated. Hence, from Schr¥der's
work on the rat, it can be deduced that IMF proliferation occurs
- within 17 days of denervation and continues with reinnervation.
The increase in IMFs has also been described by Arendt & Asmussen»i
( 1976b) who attributed the phenomenon to an increase in the bag fibre
populétion. These fibres were subsequently identified as bagl fibres
by Kucera ( 1977a ). They were of varying length and were situated
in the poles, not usually crossing the equator. Many were identified
as originating from a parent bagl fibre by splitting. They occurred in
two thirds of muscle spindles following de-efferentation in ‘the rat.
The fact that the complement of the intrafusal bundle is not
altered numerically following chronic de-afferentation ( Kucera,1980),
yet is altered following chronic de—efferentation, indicates that
thé proliferation of bagl fibres in the rat is brought.about by the
absence,and possibly the subsequent return, of the motor nerves only.
Correlation is drawn, by means of histochémical and ﬁltrastructural
properties, by Arendt & Asmussen ( 1976 ) and Kucera ( 1977a ) of
the bag1 fibre of the rat muscle spindle with the slow, tonic extra-
fusal muscle fibre of the avian anteriOr latissimus dorsi muscle.
This muscle is known to increase itsiextrafusal fibre count.fdliowing
denervation ( Sola, Christénsen & Martiﬁ, 1973 ), so a common mech-
anism is implied. The mechanism by which rat IMFs increased inﬁnumbér,
following denervation and reinnervation was suggested by Scﬁrdder
( 1974a ) to be either splitting of exisfing IMFs or the maturation
of satellite cells.
All the recent work reportéd‘here has -been ﬁerformed on th; rat,
but it is not unreasonable to assﬁmé‘thatlsimilar processes may

occur inthe cat. The bagl IMF in the cat shows a slightly lower
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alkaline ATPase staining intensity at all distances from the equator
than in the rat ( Barker, Banks, Harker, Milburn & Stacey, 1976 ),
an observation which would not discourage the assumption that in the
cat also, the bagl fibres will increase in number following denervation.
Although the speed with which this process occurs in the cat
cannot be inferred from the rat studies, it would appear that the
extent of IMF proliferation is proportional to the denervation time
( SchrBder et al., 1979, Kucera, 1977 and Arendt & Asmussen, 1976 ).
If this applies in cats, the increased number of bégl fibres may be
present at any stage following denervation. Calculations made using thé
figures from Schr8der ( 1974 ) and Schr8der et al.( 1979 ) indicate
that the IMF proliferation continues during the reinnervation stages
as well; this would indicate also that increased numbers of bagl fibres
might be present even after the shortest periods of denervation time.
Arendt & Asmussen ( 1976a ) coﬁnted the number of spindles in
rat soleus ﬁuscles following transient or permanent unilateral de-
nervation. They claim to have found +that denervation with, or without,
reiﬁnervation, reduces the number of spindles in thé muscleAby nearly
50%, and that this also occurs in the contralateral muscles. They
reason that previous studies have used the contralateral muscles as
controls, so the large alteration was not noticed. It is however
surprising that the atrophied remnants of these spindles have not been
seen by other workers. In fact de Reuck et al. ( 1973 ) observed that
intrafusal fibres appeared to show minimal atrophic changes in size
up to 4 weeks after nerve section. Arendt & Asmussen ( 1976a ) report
that; after 12 weeks of denervation, in the remaining spindles, chain
fibres have atrophied slightly, though the extrafusal fibres show

considerable atrophy over the same period. They also observed that bag
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fibres show a small " pseudo-atrophy ", at 12 weeks, followed by a
significant hypertrophy at 18 weeks, occurring in the absence of
reinnervation.

An increase in the length of intrafusal fibres has also been
reported by Arendt & Asmussen ( 1976b ). |

Intrafusal fibres show histochemical changes following denervation.
De Reuck et al. ( 197% ) have shown that 2 weeks after denervation, the.
ATPase, succinic dehydrogenase, and phosphorylase activity have start-
éd to decrease. When reinnervation began after 4 weeks they observed
that the enzyme activity increased, and that extrafusal grouping of
fibres with the same enzyme, took place, and theyAalso reported that
intrafusal fibres showed the same changes. Kucera however ( 1977v )
has shown that most intrafusal fibres appear unchanged histochemically
following reinnervation, though some abnormalities do occur.

Another effect of denervation on the spindles‘is that of thick~
ening of the capsule. This has been described by Tower ( 1932 & 1939 ),
Gutmann & Zelena ( 1962 ) and more recently Swash & Fox.( 1974 ) who
claimed that such thickening is the most striking feature after
longstanding denervation in man. The observation of thickened capsules
was also made by Arendt & Asmussen ( 1976b ).

The enlargement and filling of the periaxial space following
denervation has been reported by Lapresle & Milhaud ( 1964 ) and
Cazzato & Walton ( 1968 ), but more recently, Kucera ( 198Qb) has
reported that, following long periods of deafferentation, the'capsule
sheath was thicker, but the periaxial fluid space was either greatly
diminished or absent. He also reported that the characteristic accum-
ulation of fibre nuclei was no longer present in the central region

of the intrafusal fibre, and concluded that the structural uniqueness
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of the equatorial region depended upon the continuous presence of the

sensory nerve terminals.

Restoration of terminals

Motor endplates have been described in reinnervated muscle spindles
by Huber ( 1900 ) and Tello ( 1907 ), and the " spiral arrangement of
rather large terminal branches " of a primary ending was observed by
Huber ( 1900 ).

Ip & Vrbovh ( 1973 ) claimed that following nerve crush in kittens:
at 2 and 15 weeks, reinnervation by motor endplates was almost complete:
Their- illustrations show presumed 12 plates and presumed trail terminals,
but P, plates are not mentioned. Sensory endings are also present, and
are described as being " very different " from normal, but in some,
annulo—spirél endings are just visible.

Ip, Vrbové & Westbury ( 1977 ) studied the sensory reinnervation in
cats, following denervation and de-efferentation; and they reported that
most of the sensory endings found in spindles, from muscles that had
been denervafed by crushing of the supplying nerVe, had a normal»appear—
ance. After véntral root section and nerve crush howéver, a® variety'of
abnormalities " of sensory innerygfion was noticed.These took the form
of nerves making knob-like terminals without spirals and coils, and in
others, only " rudimentary contacts " could be detected. The degree of
sensory restoration was correlated with the state of reinnervation of
-the extrafusal fibres, rather than with the time after the crush oper-
ation or with the state of the reinnervation of the intrafusal fibfes.
No comment was made on the form of the restored endings.

Barker & Boddy ( 1980 ) studied the spindles in cat peroneal muscles
after varying periods of reinnervatibn , following nerve crush injury.

They recorded that the sensory innervation is restored less success-
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fully and more slowly than the motor; the return of.beta and gamma
axons preceding that of Ia and II axons. All regenerated primaries
were reported as being defective to some extent, the ﬁost common
abnormality being that one or other of the two types of bag fibre
receives very few terminals,or even none at all. Regenérated sec=
ondary endings were recorded as being restored in.their normal pos-
ition on the spindle. The motor terminals, Pys P and trail endings
are all recorded as being restored, the most common abnormality
being hyperinnervation. Aberrant, presumed motor axons were also ob-
served,and it was suggested that these might be alpha motor axons
which had grown down an endoneurial tube which they did not prev-
iously occupy. It was postulated that these might provide a histo=-
logical basis for Brown & Butler's observation of an increased static

fusimotor innervation ( 1976 ).

PhysiologicalArecovery after nerve lesions

Functional recovery of muscle spindles after nerve lesions

That muscle spindles regain function following nerve lesions
has been known for some time ( Barker & Young, 1947 3 Thulin, 1960 ;
Bessou, Laporte & Pagds, 1966 ). Thulin ( 1960 ) showed that the
afferent fibres to spindles were réstored following nerve resection
and tubulation, and these produced a sustained, iow—frequency dis~-
charge to a maintained stretch, but were totally silent during a
relaxed state. Gamma innervation proceeded more sloﬁly, énd, in non~
tubulated nerves did not occur at all., Its presence is demonstrated
- by the maintenance of the afferent firing during extrafusal cont- |

raction.
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1) Afferent response

a)

bl

Primary responses

Following reinnervation after nerve crush, Ip, Vrbova &
Westbury ( 1977 ) found that 34% of affereht fibres, identif-
ied as originating from the primary endings of the muscle spindle,
produced a response similar to normal, on stretching. Brown &
Butler ( 1976 ) also reported that " many of the afferent
fibres responded normally to strefching ",

The abnormalities of the response were reported as being
confined to the maintained part of the discharge ( Ip et al.,
1977 ), and ranged from " an adaptation more marked than usual "
to a " complete absence of maintained discharge during the phase
of maintained extension."

Brown & Butler ( 1976 ) also reported the absence of a
maintained response as one form of abnormality, but recorded thaf

responses with " excessive dynamic sensitivity " were found.

Secondary responses

The classification of group IT axons was made by Ip et al.
( 1977 ), on the basis that they could not be driven by vibrat=

ion, and that they did not exhibit dynamic sensitivity. They

were distinguished from tendon organs, as they had a lower

threshold of discharge. Brown & Butler ( 1976. ) analysed the

behaviour during muscle-twitch contractions to distinguish group
IT afferents from Golgi tendon organs, and then classified them
as group IT if they fired more regularly than group I afferenfs,

and had low dynamic sensitivity. Ip et al. ( 1977 ) were using

de-efferented muscles.

Ip et al. ( 1977 ) reported that all the responses of second-
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ary endings, with a sample size of six, were indistinguishable
from normal, and Brown & Butler ( 1976 ) have recorded a norm-

ally responding secondary ending in at least 35 examples.

Hyde & Scott ( 1983 ) and Scott ( 1982 ) have investigated
the afferent responses of muscle spindles after varying periods
of reinnervation following nerve crush. They classified the resp~
onses according to the degree of abnormality displayed. It was
found that the proportion of abnormal afferents was greatest
during the early periods of reinnervafion, until, at 96 days post=
crush, thé majority of afferents ( 79.7% ) responded nérmally to
ramp and hold stretch.

The abnormality on which they based their classification of
response was the absence or rapid failﬁre of firing during the
hold phase of the stretch. They suggest that these abnormalities
may be accounted for by assuming a subtractive feduction in the
firing frequency which they attribute to an increase in the pace-
maker threshold.

All three groups of workers measured the conduction velocity
of the axons from which they made recordings and found that the
values for both primary and secondary afferents were lower than
normal: the modal value for reinnervated primary afferents being
84-30 m.sec.“l from Brown & Butler ( 1976 ), 38 msec.-'l from Ip et
al. ( 1977 ) and Hyde and Scott ( 1983 ) and Scott ( 1982 ) found,
on measuring the CV proximal and distal to the crush site after
33 days post crush, the CV of the distal part to be 4.5 m:sec‘."»1
as compared with 41.2 msec.-l for the proximal part; by 47 days
post-crush the CVs were 13.k4 msecf1 and 44.2 msec?l, respectively.

For secondary afférents, the values were found to be 36-42 msec._l
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( Brown & Butler, 1976 ):and 22 m.sec.-1 ( Ip et al., 1977 ).

There was overlap bétween the two CV spectra, and Brown &
Butler ( 1976 ), Ip et al. (1977 ) and Hyde & Scott ( 1983 )
all conclude that identification of afferent type cannot be
made on the grounds of>CV alone.

It is possible,therefore,that any reinnervated primary
ending that had an abnormality which reduced its dynamic sensit-
ivity, would be classified as a secondary; and similarly a group
IT afferent which reinnervated a spindle so as to produce an
ending that had dynamic sensitivity, could be classified as supp-
lying a primary ending. The problem of identifying the nature of
reinnervating axons in terms of their normal behaviour, is one’

which is also present in histological studies.

Fusimotor reinnervation

Fusimotor axons have been shown to increase the afferent discharge
of reinnervated spindles ( Bessou, Laporte & Pagés, 1966 ; Thulin, 1960),
but it is only the recent work of Brown & Butler ( 1974,75 & 76 ) and.
of Hyde & Scott ( 1983 ) which has established that both static and
dynamic gamma effects are also restored. Brown & Butler ( 1976 ) repdrﬁ-.
ed that after crush injuries, many normal static and dynamic gamma axons’
were found, and half of theée produced an effect on more than one aff-
erent axon ( type not specified ). Only one out of 56 samples produced
a different effect on two different afferent axons. The conduction vel-
ocities for the gamma component were measured, and it was found that
there was no ‘shift in the diameter of the axons to being lower than
normal. Hyde & Scott ( 1983 ) also identified many static and dynamic
gamma axons, and concurrgd with Brown & Butler that regenerated gamma

axons which had their actions confirmed on more than one afferent
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ending, were invariably consistent in their effect.

Skeletofusimotor axons have been identified which produced either
static or dynamic actions, and occasionally both, on spindle affer-
ents ( Brown & Butler, 1976 ). Six of the beta axons acted on more
than one unit, and were consistent in their action. In all, 18 examples'
of beta axons were found in crush and 23 in cut, and they claimed that

this showed beta axons to be " much more common " in cut than in crush.

Nature of lesion and differential rates of return

Comment was made even during the very early studies, that_there
might be differences between the rates of reinnervation of sensory
and motor axons. Huber ( 1900 ) observed that, under " favourable cond-
itions " following crush of the posterior tibial nerve in the rabbit,
the regeneration of nerve terminals in the " complicated neuro-
muscular end-organs " might be complete, and described the spiral
arrangement of large terminal branches of axons traced to neuromusc-
ular spindles, and concluded that motor nerve endings regenerated more
quickly than sensory nerve endings.

Tello ( 1907 ), in a study of reinnervation following séction of
the sciatic nerve in rabbits, did not meke any conclusion as to the
relative rates of reinnervation of sensory and motor axons to the
" gspindles of Kihne ", but hé illustrated the procesé.with a drawing,
showing the motor arborisation of a spindle to be wéll—developed, while
the sensory branches were still growing under the capsule.

More recently, Ip & Vrbova ( 1973 ) studied the reinnervation
of spindles in kittens. After crushing the sciatic nerve in two kittenms,
one at 2 ahd one at 15 weeks, they showed that the motor reinnervatioh“
of intrafusal muscle fibres was almost complete, but that the appear-

ance of sensory endings was abnormal. They also concluded that the
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sensory reinnervation proceeded more slowly than themotor,and that
this effect was more pronounced in young animals.

In the combined electrophysiological and histﬁlogical study
published by Ip et al. ( 1977 ), it was observed that the establish~
ment of normal afferent terminals was dependent, to some extent, upon
the efferent reinnervation.

The observation that motor axons return faster than sensory axons,
after crush lesion, was confirmed by Brown & Butler ( 1976 ), who
were invariably able to record fusimotor activity from afferents,
during the early stages.of reinnervation.

The three studies of Huber ( 1900 ), Ip & Vrbova ( 197% ) and Brown
& Butler ( 1976 ) all indicate that, following nerve crush, the motor
reinnervation of épindles proceeds faster than the sensory.

Cut lesions provide a more difficult obstacle to reinnervation;
Barker & Young ( 1947 ) commented that some spindles might never be

reinnervated after nerve section. Brown & Butler ( 1976 ) also recorded that
recovery was more rapid and complete for both afferent and efferent axons
after crush than after section.

Thulin ( 1960 ) resectioned the nerve énd found that, in some cases,
gamma axons were never restored to spindles, and even when the cut - ends
of fhe nerve were tubulatéd, gamma axons were much later in fétu;ning
than the group Iaafferents. Homma ( 1969 ) also reported tﬂat,follow—
ing cut and suture §f the nerve, the gamma component is slower in
returning than the group Iaafferents.vThe'rgsults from both these
studies indicated that this could be a function of the diameter of the
axons concernéd, as alpha motorneufones and group Ia axons were
restored at similar timeé in both ‘cases, aﬁa éroup IT afferents were

found to return later, with the gamma component ( Homma, 1969 ).
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Nerve freeze has also been used to produce denervation and
reinnervation of spindles. Takano ( 1976 ) reported that, even
after 6 months, there was a total absence of gamma innerwvation,
though functional afferents were present from the end of the fourth
month. De Santis ( 1972 ) reported reinnervation, after nerve freeze,

by afferents, but motor innervation was not discussed.

The presence of aberrant motor axons

The first indication that muscle spindles might be reinnervated
by aberrant motor axons was given by Tello ( 1907 ). He suggested that
the presence of these axons, in the spindle, might be caused by the
regenerating motor axons entering an endoneurial tube which had prev-
iously contained a sensory axon.

More recent workers have produced a similar explanation for
some of their observations. Schr8der ( 1974 ) suggested that erroneous
alpha or beta innervation of intrafusal muscle fibres, by the ab-
errant_regeneration of nerve fibres, normally innervating extrafusai
fibres; could be the céuse of localised hypertrophy‘in rat muscle,
after reinnervation following nerve crush.

Histochemical abnormalities in reinnervated spindies have also
been explained by the‘péstulated existeﬁce of erronedﬁs connéqtions
from inappropriate motor axons ( Kucera, 1977b»). Physiological evi-
dence for such axons is provided by Brown &~Butler ( 1976 ), who
interpreted their observation that beta axons were not found as.
commonly after crush as after section, as implying that many of the
beta éxons arose as a resﬁlt of injury; i.é;bthe spindle is being
reinnervated by axons which,prior.to‘the lgsion, terminated eptirely
on extrafusal fibres. Histologicél e&idence to support this suggest—

ion has been provided by Barker & Boddy ( 1980 ).
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Specificity of reinnervation

Morphological étudies on reinnervated spindles have revealed that,
after nerve crush, regenerated sensory nerve terminals are only found
in the egquatorial region, and that motor nerve terminals are ohly
found in the poles ( Schr¥der, 1974 ). De Santis et al. ( 197 2) also
report that no motor terminals are found in the equatorial region of
muscle spindles following nerve freeze. These observations indicate
that the reinnervation of spindles is specific in so far as sensory
terminals and motor terminals are confined to the general areas that
they occupy in the normal spindle.

The fact that histochemical profiles of reinnervated intrafusal
fibres nearly always resume their normal appearance ( Kucera,1977a )
could be explained by the existence of a highly specific reinnervation
process, but a high resistance to metabolic conversion may also
provide an explanation for this observation.

Brown & Butler ( 1976 ) argue in favour of specificity of re-
innervation; the strongest evidence being that when gamma axons can
elicit an alteration in response on more thaqj;%ferent, it is almost
invariably the same alteration that occurs.in both cases, i.e. both
are dynamic or both are static. Brown & Buﬁler ( 1976 ) maintain thati
this observation, together with the fact that the characteristic
response patterns of reinnervated primary and secondary endings were
usually associated with axons whose conduction velocities were close
to those found in normal spindles in cats; indicates that’the reinn-~
ervation of spindles‘is a speéific processfvThere is, hbwe&ér,
little evidence from the morphological stqdiés, as to how precise

this specificity is.
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Concluding Remarks

It is intended'to»investigate the reinnervation process
using e'whole-muscle staiﬁing technique. This would allow the dis-
tribution of”nerﬁe_terminals to be assessed over both the intrafusal and
extrafusal fibres.

Previous work has indicated that motor axons return faster than
sensory axons after nerve crush, and this has led to claims that res-
toration of the primary ending is held back, in the absence of efferent
innervation.

There is also stfong evidence that the nature of the lesion has a
marked effect on the success of reinnervation. By studying spindles
at regular intervals after the different nerve lesions, it is hoped
to investigate these effeets.

There are observations in the literature which have been inter-
preted as indicating the innervation of the intrafusal bundle by
previously exclusively extrafusal metor axons. It is hoped that, by
using whole-mount preparations, the existence and identity of such
axons may be assessed. It is also possible that, by using this technique,
effects of denervation on spindles, such as the suggested splitting of
bag fibres, may be observed in relation to the innervation.

It is anticipated that, by being able to study the distribution of
the primary terminals to fhe intrafusal fibres, an explanation may be
found for the abnormalities in response found by Ip et al. ( 1977 )
and Brown & Butler ( 1976 ). | '

Another reason for this study is to investigate the specificity
of reinnervation of spindles, which has been suggested to be highly
specific, but there is little histological evidence in support of
the suggestion.

Before this study could proceed, a satisfactory staining method

had to be devised.
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CHAPTER TWO

STAINING TECHNIQUE

In a study the main purpose of which is to provide an overview
of muscle~receptor reinnervation, the histological technique adopted
would ideally furnish large numbers of muscle spindles and tendon
organs with their surrounding extrafusal fibres, so that the course
of reinnervating axons could be traced intramuscularly.

Techniques using thin sections and reconstruction have two main
drawbacks: firstly they are extremely laborious, and therefore would
not provide an adequate sample of spindles, and secondly, tracing.
very fine axons through consecutive sections would pose considerable
gifficulties.

Methods which employ thick sections or slices of muscle are more
feasible, but to be of use, the entire spindle, and any axons assoc—
iated with it, have to be within the plane of the section, a condition
which would only be obtained rarely.

The more satisfactory methods of whole-muscle staining and sub-
sequent removal of spindles and tendon organs by teasing, would allow
a more thorough analysis to be made.

The established methods which may be applied to whole-muscle
staining include Gold Chloride. Methylene Blue,”and the silver methods.
Other possibilities for this application are the mitochondrial stain
used by Ovalle ( 197] ) and those using H.R.P. techniques.

The Gold Chloride method of Gairns ( 19%0 ) has been used succ-
essfully for some years. However, compared to preparations obtained
with silver techniques, they have a very coarse appearance. Reinner=-
vated material was expected té display many very fine axons, and a

granular stain would not be satisfactory for these.
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Ovalle's stain for sensory terminals relies on the presence of
mitochondria within these terminals. This conditibn may still apply
in newly reinnervated material, but its use in this study is precluded .
by the fact that the motor innervation is not adequately differentiated
with this stain.

HeR.P. techniques may prove ideal for the staining of nerve term-
inals of spindles, however problems were anticipated, in that injection
into muscle would probably obscure many intrafusal endings, and the
application of H.R.P. to a regenerating nerve trunk may produce
equivocal results.

Methylene Blue can produce well-stained preparations, but a pilot
study indicated that a considerable investment of time would be reQu—
ired, both before its adoption and during its use.

As most of the histological studies of muscle spindles have been
performed using silver-stained preparations, it was decided to use
one of these.

The modified De Castro method of Barker & Ip ( 1963 ) has prod-
uced many well-stained spindles, but, prior to this study, the fail-
ure rate of staining, even of the motor component, was unacceptably
high; in fact hardly any adequately~stained spindles were being
produced .,

A consultation with Ip ( personal communicafion ) revealed that
he had on average a 50% success rate, using Barker & Ip's modification.
This was considerably higher than was being achieved, though even this
level was not satisfactory in a regeneration study, where the number
of animals per time period was strictly limited.

It was therefore decided that it was essential to devise a silver-
staining protocol which could be relied upon to supply sufficient

well-stained spindles and tendon organs.
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To this end it is pertinent to review the theories behind silver-

staining techniques.

1) Theoretical basis of silver staining

In chemical terms, there are three kinds of silver impregn-
ation ( Disbrey & Rack, 1970 ). In the first kind, used in the
von Kossa method for calcium salts ( 1901 ), the silver salt reacts
with a tissue component to produce an insoluble silver salt, which
» is then reduced to metallic silver by strong light. The second
kiﬁd of silver stain relies entirely on the strong reducing prop-
erties of the tissue, as in the Masson-Fontana method for melanin
( 1914 ).
| The third kind, of which the neurohistological methods are a
‘part, produces a deposit of metallic silver with the help of a red-
ucing agent, and it is the mechanism of these methods which will

be discussed.

a) Silver neurohistological methods

Since their inception by Krause ( 1843 ) silver.stains have
been notorious for their caprice, and, as a result, have been
the subject of numerous modifications, and several papers
reviewing the theory of the mechanism of their operation.

The early methods of Cajal and Golgi ( 1913 , 1870 ) were
developed for use in whole tissue, but subsequently most work
in this field has been concentrated on developing techniques
for use on sections. The problems involved in perfecting a teéh—
nique for sections are considerably less than those involved
in producing a uniform‘étain within a whole muscle, because
the thickness of the muscle must necessarily mean that the sol-

ution used in the procedures cannot reach its centre under
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the same conditions as those at the periphery. However a review
of the work performed on the mechanism of silver staining on
sections is relevant to the investigation of a whole-muscle
staining technique.

It was suggested even by early workers ( Liesegang, 1911 )
that successful silver staining relies on the formation of
silver nuclei. These are said to be formed during impregnation,
by reducing elements within the tissue, and on development, the
remaining reducible silver is deposited around these nucleil
making structures visible.

This idea was disputed by Cajal ( 1921, reported by Zon,
19329 ) who claimed that treating tissues with oxidising agents
that would react with such reducing elements, did not alter
the nature of the staining, but it has since been shown that
argyrophilic substances in nerve fibres are blocked by strong
oxidising agents ( Palmgren, 1948 ).

That tissues are capable of reducing silver solutions has
been confirmed by Samuel in two ways ( 1953b ). Firstly tissue:
elements were visible, due to deposited silver after prolonged
incubation, but without development; and secondly he showed
the presence of reduced silver in an impregnéted séction, by
removing unreduced silver through washing with a sodium sulph-
ite solution, and subsequently using a physical developer, of
the kind suggested by Pearson & O'Neill ( 1946 ) , to produce
differential staininge

Other workers have disputed the importance of such silver
nuclei. Zon ( 1939 ), although acknéwledging the presence of

reducing substances in tissues that might form silver nuclei,



concludes that they are only of secondary importance, as they
mist be highly protected by colloidal gels. This observation

itself is questioned by Wolman ( l955&8b)who maintains that

fixed tissue cannot display colloidal properties.

Silver ( 1942a) moreover argues that there is no specific
chemical reaction between silver ions and tissue elements. He
supports the hypothesis that the specificity of silver stain-
ing lies entirely in the development stage, but experiments
by Samuel ( 1953 ) have shown that the conditions of impregn-
ation do play an important role in determinig specificity.

Holmes ( 1943 ) claimed that nuclei of reduced silver
are formed in impregnated sections of formal-~fixed material,
but Peters ( 1955a) performed similar experiments and suggests
that the method employed by Holmes gave no true indication of
the presence of silver nuclei. |

Peters ( 1955a), hbwever, reports subsequent experiments
in which sections were impregnated, then washed and treated
with a physical déveloper, and he found a complete development
of stain, confirming similar observations by Samuel ( 1953%a).

Peters continued the experiments by placing non-impreg-
nated sections into the same physical developer and these
did not show any specific staining.

To recapitulate: the consensus of opinion from the exper-
imental studies of Samuel ( 1953a&b)Holmes ( 1943 ), Romanes
( 1950 ) and Peters ( 1955a-elis thaf nuclei of reduced silver
play an essential role in theldiffefential staining of tissues.
However, the existence of silver nuclei can only be aséumed

from indirect evidence,'as the size needed for a centre of
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deposition has been shown , from studies of the photographic
process, to be only a few atoms of silver.

There is another school of thought which suggests that
either silver nuclei are mot formed ( Silver,vl942 ), or they
are formed, but are not relevant to differential staining ( Zon,
1939 ). It may be possible that different éilver stains make
use of these different effects. It would of course be relevant
to establish whether the modified De Castré method relies on
the differential distribution of silver nuclei or not.

If the differential nature of the stain is determined by
the nuclei of reduced silver, then it is important to know
. the factors which affect their formation.

Using a physical developer and radioactive fracing, it has
been shown by Peters ( 1955¢) that the rate of formation increaées
with temperature, silver ion concentration and time, and that

“once formed, they are very stable., He also showed that the
best differentiation of nerve.fibres occurred when the pH of the

impregnating solution was 8, and that when pre~treated with
blocking agents, impregnated at low pH or impregnated for ldng
periods of time, the nuclei did not. éive a specific stain on
development. |

Thekmechanism of férmation of nuclei was also invéstigated
by Peters , but results were inconclusive. He suggests ( 1955a)
that if silver nuclei are formed by chemical reduction, then
aldehyde groups might be responsible, whereas, if nUCleusbform—
ation were by physical reductioﬁ, then silver would be feduced
by virtue of the redox potential existing in the tissue. Exper-

iments conducted by him ( 1955a) with blocking agents, which
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attack different end-groups of amino .acids, suggest a physical
reduction, as they produce an indiscriminate, but similar
effect.

Palmgren ( 1948 ), Holmes ( 1943 ) and Rowe & Hill ( 1948 )
agree that the selectivity of the stain depends on the fixa-
tive employed, which is interpreted by Peters ( 19553) as
evidence for physical reduction.

Fixatives that increase the reducing power of tissues are
formalin, chloral hydrate, pyridine and ammoniacal alcohol,

whereas ethyl alcohol alone decreases it ( Palmgren, 1948 ).

_i)" Reducible silver "

As well as forming nuclei within sections, it was hypoth-
esised by Liesegang ( 1911 ) that silver ions react with tissue
proteins, and that it is these which are reduced by thé develo-
per. This fraction of the silver is termed the " reducible
silver ".

Samuel ( 1953%a ) reasons - that on development, the ﬁH
of the reducing soiution affects both the silver-holding cap-
acity. of the section and the reduction potential of the reducer.
As the developer penetrates the section, there must be a fluct-
uation in pH associated with variable diffusion currents and
Samuel therefore concludes that the use of reducible silver
is an uncontrollable process. He advocates a method which relies
on physical development around siiver nuclei alone, affer the
removal of the non-reducible silver. He does, however, report
that the quantity of reducible silver depends on the proper-
ties of the sectiouns, the pH ofithe impregnating solution,

and on the time and temperature of impregnation.
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Peters ( 1955c¢) performed more comprehensive experiments to
study the impregnation process, and found that there was a rapid
increase in staining up to pH 9 and little staining below pH 7
when the sections are placed in a weak reducer. He suggests that,
as strong reducers can produce reduction when impregnation is
below pH 7, the combination of silver within the section inv-
olves some weak group rather than hydro§§l groups. However, during
these experiments, he uses intensity of staining as a criterion
of the amount of silver present, and, as this has been shown -
to depend on the distribution of silver nuclei, his results and
observations cannot be solely attributable to the " reducible "
fraction of the silver, but rather to the combined effects of
" reducible " and " reduced " silver.

By using acidified hydrogen sulphide solution ,to precipitate
silver sulphide in situ, it has been shown that the amount of
gilver combined with a section increases with the concentration
of the impregnating solution ( Peters, 1955c). This suggests an
equilibrium, and therefore that the combination of " reducible "
silver with the section is reversible, and that it is probably
due to a weak grouping of silver with proteins.

By blocking protein end-groups,. Peters attempted ( 1955a)
to show which amino acids were involved. The results indicated
that carbonyl groups may play a part in determining the specif-
icity of the stain, but that they are not responsible for the
general non-specific uptake of silver, which probably combines
with the imidazole group of histidine.

i1

Using radioactive silver Ag s Peters ( 1955¢) showed the

effects of pH, time, silver concentration and temperature of
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iﬁpregnation, to be gualitatively similar to those for the form~

ation of silver nuclei. However, the hydrogen sulphide experiment

demonstrated that the reducible fraction of silver is distributed

throughout a section, and therefore differentiation of the

stain from this fraction only takes place at the development

phase.

b) Development
It was considered by ILiesegang ( 1911 ) that the character-
istics and the distribution of the silver nuclei determine the
final specificity of the stain. Although it has been demonstrated
that the correct distribution of silver nucleil is essential for
differential staining, the final result must depend on the action .
of the reducing agent.
By examining the reduction of silver nitrate solutions under

a microscope using various reducers, the nature of precipitation
was examined ( Palmgren, 1948 )., Hydroquinone or metol produce
a uniformly distributed granular precipitate which is deposited
as the reducer spreads by diffusion. Pyrogallol also forms
granulated precipitates at first, but then grows in the form of
coiling threads, as silver ions are ‘evidenﬁly adsorbed and red-
uced at the ends of these threads. Palmgrenk( 1948 ) surmised
that this difference in the mode of precipitation may be due to
the speed at which the two reductions take place. He suggests
that, as nuclei are deposited throughout sections and only
preferentially on nerves, then selective staining can only take
place if the potential stain of the reducible silver were rem-
oved from other structures. His obser&aﬁions that an instant-

aneous reduction by hydroquinone, metol or pyrogallol results in
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a uniform staining of all tissue structures, corroborate this
suggestion, and lead to a theory of deposition as follows.

On treatment with a weak reducer, " reducible " silver is
deposited around silver nuclei. These are more concentrated
in nervous tissue, and, as the process is autocatalytic, the
difference between the deposition rate in non-nervous and
nervous tissue will become more marked. This will cause the
diffusion of reducible silver from the non-neural tissue to
the site of high deposition rate within the nerves. This pro-
cess would enhance the contrast between the nerves and other
tissues.

Using various reducers, Palmgren ( 1948 ) found that,
within certain limits, the selectivity was directly proport-
ional to the delay in the reduction. If the reduction is too
slow, however, then the reducibliixill diffuse out into the red-
ucing solution before deposition can take place, so a balance
has to be struck between the speed of reduction and the loss
of reducibiti@y diffusion.

A different view of the reduction process was .held by
Silver ( 1942 ) who explained the process of silver deposition
in terms of the colloidal properties of the silver solution. She
claimed that negatively charged micelles of silver are formed within
‘the solution, and that these micelles are caused to precipitate
by oppositely charged surfaces. Using electrophoresis, Silver
showed that silver micelles are invariably negatively charged, diff-
erent pHs making them more or less negative.

The charges on tissues will vary in their intensity according

to the iso~-electric points of the constituent proteins, and, by
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adjusting the pH at reduction, different tissues may be prefer-
entially stained.

Samuel ( 1953a) discussed Silver's hypothesis and reasoned
that, if it were true, then sections impregnated at different
pH levels, and rinsed and dried in an incubator before devel-
opment, should exhibit staining determined only by the pH and

the properties of the developer. He showed that this was not
the case, as there was a marked difference in staining between
sections impregnated at pH 7.4, and pH 8.8, even though they
had been washed and dried.

Zon ( 1939 ) discussed the physical chemistry of silver
stainihg. He considered that an essential feature of the staining
process is the deposition of silver. He favoured the theory that
deposition of silver is controlled by the protective action of the
colloids within the tissue. That is, that tissues which offer a
high degree of protection to silver ions combined with it, will
only be reduced by a strong reducing agent, whereas tissues which
offer only a low degree of protection will be reduced by weak
reducing agents. He suggests that the fixation process is probably
the most important variable in silver staining, as it can change
the protective power of the gels and also affect the ability of
the section to adsorb silver. But as was previously reported,
Wolman ( 1955 ) suggests that the proteins of fixed tissues are

denatured and cannot be considered to have colloidal properties.

¢) Summary

Silver staining depends on the successful differential
distribution of nuclei formed when silver solutions diffuse into

tissues. They are probably formed by physical reduction, and the
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factors which affect their formation are: the fixative; the
concentration’, - temperature and pH of the impregnating solution;
and the time spent in the impregnating bath.

Silver also reacts to form an unreduced fraction which is
also affected by the same factors, and which is probably react~-
ing with histidine in the tissue proteins. The distribution of
this reduciblejggxnon—selective, and the selectivity is governed
by the reduction.

If reduction occurs too yuickly, then the silver deposits
in situ; if the reduction occurs more slowly, then the staining
is selectivij but the slow speed must be balanced against the loss
of .reducible/g\by diffusion.

As the modified De Castro method of Barker & Ip has produced
adequately stained spindles in the past, this method will be
examined in the light of the theoretical work previously discuss-
ed, in order to examine how it may work and why it was not work-
ing. Passages in inverted commas are quoted verbatim from
Barker & Ip ( 1963 ).

Fixations

(i) " Fix muscle for 4=-6 days in freshly prepared chloral hydrate,

lg; 99% alcohol, 45 ml.; distilled water, 50 ml.; conc;
nitric acid, 1 ml. "
The use of hypnotics in fixatives ( chloral hydrate ) was
considered by De Castro to be efficacious in the staining
of nervous tissue, and it has subsequently been shown to
increase the reducing power of neuronal elements. Alcohol
has been shown to lessen the reducing power, but as the

method has worked previously,this is not sufficient to

negate the effects of the chloral hydrate. Nitric acid was
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(ii)

(iii)

(iv)

(v)

probably added to assist in the softening of the muscle.
However, the pH of the fixative is also likely to altef
the effect of the chloral hydrate and alcohol on the proteins.
The measurement and content of 1 ml., of nitric-acid could
lead to large deviations in the pH of the fixative solution.
This could be a source of unreliability of staining.
" Wash for 24 hours in running tap water."
Thié stage is presumably intended to remove unreacted compon-
ents of the fixative. Tap water is, however, in itself of
varying pH and ion content. These could interact with the tissue
and be another source of unreliability of staining.
" Place for 24=48 hours in 95% alcohol, 25 ml.; ammonia, 1 drop"
Ammoniacal alcohol has been shown to increase the reducing
power, The addition of 1 drop of ammonia ( 880 ) is again
potentially extremely variable in the effect it would have
upon the pH of the muscle, and would therefore affect the
deposition of silver nuclei ( and reducible silver in the next
stage.)
" Blot the surplus fluid, and incubate for 5 days in 1l.5%
silver nitrate, at 37° C. "
A conventﬁgl impregnation, with presumably sufficient time for
adequate formation of silver nuclel and reducible silver.
" Reduce for 2 days in freshly prepared hydroquinone, 2g;
25% formic acid, 100 ml. "
The modification of substituting formic acid for formal dehyde
in the reducer was introduced in order to obtain whole prep-
arations, because it was thought that the formic acid made
teasing easier.

This was a most unusual course of action, as it had been
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2)

previously by Holmes ( 1943 ) that hydroquinone is only
active in alkaline solution. To add a chemical which
nullifies the effect of the reducer, in order to make the
teasing process easier, could not be predicted to produce
a viable stain. In fact, Barker & Ip probably chanced
upon the effect that allowed their modification to work.
The presence of formic acid may indeed make the muscle easier
to tease, but its significance is far outweighed by its
effect upon the speed of reductién. This will be discussed
in detail.later,
(vi) " Rinse in distilled waterj clear and store in glycerine
before teasing. "
(vii) " Mount teased preparation in polyvinyl lactophenol; if
mounted in glycerine, ring coverslip immediately with pitch."
It was apparent that in at least four stages in the Barker & Ip
modification, uncontrolled variables were present which could ser-
iously alter the.efficacy of the stain. As the inherent variab-
ility within the method was so large, it was decided to standard-

ise it before any investigations were made.

Standardisation procedure

It was inevitable at this stage that the conditions chosen
would be somewhat arbitrary, but they were matched to the cond-
itions used in the Barker & Ip technique ( 1963 ).

a) Dissection procedure

Prior to this work it had been found that tissue removed
from animals which had been dead sometimes for many hours,

had produced some very finé preparations.
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b)

c)

d)

A time of £ hr. post mortem before dissection was adopted.
The animals were killed with an overdose of Sagatal, injected
intraperitoneally.

Position of muscle within solution

It was decided that each muscle should be suspended in sol-
ution to allow uniform penetration of reagents. The arrangement
eventually adopted is shown in Fig. 2.1.

The muscle is suspended by a fine nylon thread from a poly-
styrene label on which identification can be scratched. The label
is then hooked into a slot in a polypropylene ring. The polyprop-
ylene ring fits tightly into the neck of a screwtop glass jar,
and allows for the top to be positioned, reducing evaporation
and the possibility of contamination.

Ratio of volume of muscles to volume of solutions

By using identical screwtop glass jars, and the same set of
muscles from cats of similar weights, a relatively constant ratio

was obtained.

Glassware

Each jar contained only one kind of solution, to prevent the
possibility of contamination, and was thoroughly cleaned after
each usage.

The impregnation stage was performed in one of the usual
glass jars, but painted matt black on the outside, as this was
considered to be the only photosensitive stage.

Transfer of muscles between bottles was achieved by moving
the ring from which the muscles were suépended.

During all stages except wasﬁing and impregnation, the

bottles were placed in  shaking water baths at 18°C.
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Table 2.1

Analysis of water supplies to Durham.

OLD NEW
Fluoride 0.1 mg/1 0.6 mg/1 x6 up
Aluminium 1.0 mg/1 0.01mg/1 x100 down
Chloride 7.6 mg/1 15.7mg/1 x2 up
Manganese 0.1 mg/1 0.01mg/1 x10 down
Zinc 0.05mg/1 0.1 mg/1 x2 up
Hardness 25mg/1 65 mg/1 x3 up
Alkalinity | 23 mg/l 23 mg/l no change
Sulphate 23 mg/1 20 mg/1 X% up
pH 9.1 7.2




For the silver impregnation stage, the bottles were placed in
a shaking water bath, in the dark, at 37 C.

The " washing " stage presented a problem over standardis-
ation, The method as practised used tap water, cleaned by
passing it through a photographic filter, into a beaker in
which the muscles were lying. This had many inherent sources
of variation: the rate of flow of water; the chemical content of
the water; the uneven passage of water over the muscles.

To eliminate the first two variables, it was decided to use

a 30 litre aspirator to store the washing water, which could
then be finely controiled as to its chemical content and flow
rate.

The muscles were suspended in a large jar ( Fig. 2.2. )
which was itself placed in a sink of running cold water. This
was to keep the temperature of the jar down, as in the preliminary
runs, it had been noticed that muscles became too friable if
they were allowed to warm up to room temperature at this stage.

The obvious candidate for a standard washing solution was
distilled watér. This was tried for several runs, but without
success. Enquiries were made to the Water Board, and it trans-
pired that the water supply to Durham had changed since the
late 1960s when this silver method was known to work more succ—
essfully than today. An analysis of both past and present water
supplies was requested ( Table 2.1 ). Water was obtained from
the previous source and used for two runs. There was an improv-
ement in staining. Using this water was however not a practical
proposition, as it had to be collected some distance from Durham,
would still suffer fluctuations in content, and could not be

repeated elsewhere.
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A comparison of the two analyses was made, and the most
striking differences were the aluminium ion content and the pH
of the water ( Table 2.1 ).

To determine 1if either or both of these factors had any
effect on staining, three kinds of " artificial tap water were
tried:=
1) Solution of Aluminium Sulphate. lgm/5 litres
2) Distilled water made to a pH of 9.4 with saturated NaOH.

3) Solution of Aluminium Sulphate made to a pH of 9.4 with
saturated NaOH.

Of the three, Aluminium Sulphate made to pH 9.4 produced
the best results, and this was adopted as the standard " wash-
ing " solution.

The standardised chemical concentrations are based on Barker
& Ip's method as used in this laboratory. These and the

procedure for the standardised method are shown in the Appendix.

3) Investigations

Once the method had been standardised, it was possible to
investigate the individual steps in the staining process. 1t was
decided to start at the reduction stage and work backwards through
the method.

Previous workers with silver stains have used three basic meth~
ods of reduction. Samuel ( 1953 ) advocates the removal of reducible
silver, before a controlled physical development. This he claims
would make the reduction less subject to the variable diffusion
currents affecting the pH as the reducer penetrates. Though this
may work well on sections, whole muscle would nét lend itself to

this approach, as removal of the reducible silver would take many
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days of washing, and the physical developer would cause a very steep
gradient in the density of the staining between the centre and the
periphery of the muscle, and this would limit the number of adequ~
ately-stained spindles.

Another method of réduction uses a mixture of a silver solution
and a reducing agent without the removal of the reducible silver e.g.
that of Pearson & O'Neill ( 1946 ), whereas other methods of silver
staining rely on the presence of reducible silver alone, which is
then deposited around the silver nuclel formed during the impreg-
nation; the Barker & Ip method is one of these ( 1963 ).

Ags it is unlikely that there would be insufficient reducible

silver within a muscle that had been soaked in 1.5% AgNO, for 5

3
days, it was decided to maintain the method as one using reducible
silver. The first investigation was into the effect of different
lengths of time within the reducer, without changing the nature of
the reducing solution. The times chosen were 1, 6, 12, 24, 36 and
48 hours. The shorter periods of reduction produced extremely dark,
opaque muscle fibres which were difficult to tease, and no spindles
were found. For the time periods between 1 and 2 days, the extra-
fusal and intrafusal fibres had assumed the red and golden colours
which are present in well-stained preparations. After time periods
longer than this, the muscle fibres became more straw-coloured.
Nervous tissue did not stain satisfactorily during these runs,
but, using the colour of the muscle as an indicator, it was dec~-
ided that the optimum time was two days.

As mentioned previously, the use of hydroquinone with an acid
is an unusual combination as a reducer, An investigation was there-

fore instigated into the effects of the components of this reducer

and their interactions.
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The application of hydroquinone alone produced extremely dark,
opaque musclé fibres which were very difficult to tease. Hydroquinone
followed by formic acid also produced extremely dark muscles which
were very reéistant to lightening by further immersion in formic
acid. It was suggested by Palmgren ( 1948 ) that the contrast between
different tissues in silver staining, comes about by a process which
produces the Kotinsky effect in photography ( Mitchell, 1948 ).

That is, the reduction takes place sufficiently slowly , so that
areas of high silver nuclei density draw silver ions from surround-
ing low density tissues by diffusion down a concentration gradient,
as silver ions are being removed by reduction more quickly in the
regions of high silver nuclei density.

The results therefore indicate that hydroquinone alone was too
powerful as a reducing agent, and did not allow adequate differenti-
ation to take place. Formic acid by itself has the effect of clearing
the muscle, and removing excess stain, but does not cause different-
iation.

When used in a mixture with hydroquinone, formic acid lessens,
but does not abolish its power as a reducing agent, allowing differ-
entiation to take place. As speed of reduction is an important factor
in causing differentiation, a series of experiments,using the stand-
ard concentration of hydroquinone in different concentrations of
formic acid, were performed.

The concentrations used were 1, 5, 10, 20, and 25%. None of
the concentrations gave a better result than the 25%, the standard-
ised concentration.

Another reducing combination which has been used successfully

is a hydroquinone/ sodium sulphite mixture ( Holmes, 1943 ). This

—_ 50...



was tried in place of the standard reducer, using 12, 24 and 48
hours of reduction; none produced an improvement in the result.

Other reducers were tried, for example formalin and pyro-
gallol, but there was no alteration in the success of the stain-
ing.

It was concluded from these experiments that the lack of
success in the stain was not caused by a fault in the reducing
process, and that the most satisfactory reducer . for this stain-
ing method is hydroquinone in a solution of formic acid.

It had been observed during these experiments that areas
of teased muscle were stained differently in terms of intensity
and colours to others, and that well-stained spindles only came
from within one type of extrafusal staining. When a stained
muscle was sectioned transversely, it could be seen that these
differently stained areas were formed by concentric rings of
staining within the muscle, with the well-stained spindles
being confined to a relatively narrow, darkly-stained ring. This
differential staining could be due to the effect of the reducer
diffusing only a small distance into the muscle. To test this
hypothesis, a muscle was sectioned transversely after impregnation,
but before reduction, and the cut face was exposed to the reducing
solution. If no rings were formed on the cut facé, then it could
be inferred that their formation was due to  diffusion of the
reducer. However, the‘USual pattern of rings was present on this
cut face., This implies that the selectivity of staining, which
causes ring formation, is determined by a process prior to the
reduction procedure, and thereby contradicts the theories of Zon

and Silver ( 19%9 & 1942 ).
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Another factor which may be responsible for the formation of
these rings is the diffusion of the fixative into the muscle. In
order to test this possibility, a similar experiment to the prev-
ious one was performed. In this experiment, a muscle was sectioned
transversely after its immersion in fixative, and then processed
as usual with the cut face exposed to all solutions. Even after the
removal of superficial silver deposits, no rings were visible. This
implies that the critical stage in the formation of these rings
( and presumably thereby, the correct conditions for good staining
of muscle spindles ), was during the penetration of the impregnat-
ing silver solution.

It had also been found that the staining of axons and terminals
within the capsule of the spindle was frequently very poor, even
though the axons in the polar region were well-stained.

An hypothesis was devised to explain these two observations.

It assumes that the differential axonal staining : ' ., depends on
the pH as the impregnating solution reacts with the tissue; the
validity of this assumption being suggested by the previous work
an sections ( see Chapter Two = Theoretical basis of silver stainin

Prior to their immersion in the silver solution, the muscles
have been in ammoniacal alcohol at pH 9. On immersion in the impr-
egnating solution, the sequence of events in the muscle can be rep-
resented as in Fig. 2.3%a « That is that at some stage, every point
within the muscle passes through all pH values between 9 and 6.

As the quality of staining is not uniform throughout the muscle,
another factor must be acting in conjuction with this. The most
obvious candidate for this is the silver ion concentration. This

would follow a progression illustrated as follows:- ( Fig. 2.3b )
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If it were assumed that for a corre?t deposition of silver
nuclei and reducible silver, that the pH has to be at 7.5, while
the concentration of silver remains at 0.75% ', then the only
position on the radius of the muscle at which these conditions
obtain at the same time, is at D, which could be seen as a circle
on a transverse section.

The lack of staining within the spindle capsule would be exp-
lained if the capsule were considered to be a diffusion barrier.
This would mean that conditions within the capsule were lagging
behind extracapsular conditions, and frequently not reaching the
correct conditions for adequate staining. Such a hypothesis would
also account for the pfesence of the occasional well-stained cap-
sular region within a totally overstained muscle.

There are several possible approaches to solving the problem
of the diffusion of silver solutions.

1If the distance through which the silver solutions had to
diffuse were very short, e.g. less than 2mm,, then conditions of
impregnation could be under tighter control. This could be achiev-
by using thick sections, or thin muscles. The former option had
been rejected already for reasons outlined previously, and it
had already been decided to use the peroneal muscles. Another option
was to squash the peroneal muscles. Despite injections with hyalur-
onidase and sonication, muscles could not be relied upon to maintain
a flattened form.

Another technique would be to control the pH of the impregnat-
ing solution by the use of buffers. Experiments were performed
using silver solutions of varying pH, from 7 to 9, buffered using-

the borax/boric acid mixture suggested by Holmes ( 1948 ), at diff-
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erent concentrations of silver, but no examples of uniform staining
were found. Other experiments employing ammoniacal silver solutions
also failed to produce a uniform stain. It was therefore decided

to adopt an alternative approach.

If a diffusion barrier were placed around a muscle, then the
theoretical sequence of events shown in Fig. 2.4 could occur.

Such a barrier could have the effect of making conditions more even
throughout, and a larger volume of well-stained material would be
present throughout the whole muscle. This might also improve the
staining intracapsularly, as conditions inside the capsule might be
able to " keep up " with those which change more slowly in the extra-
capsular region.

In order to test this hypothesis, three diffusion barriers
were applied before immersion into the impregnating solution. These
were Collodion, Neobecutane, and 1% Agar gel.

The reduction process, though necessarily slow, in order to
produce differentiation, needs to progress as evenly as possible
throughout the muscle. The diffusion barriers were therefore removed
from the muscles prior to their immersion in the reducing solution.

All three diffusion barriers produced muséles Which yielded
large numbers of well-stained spindles, not only in the polar reg-
ions, but also in the equatorial region. These observations are
consistent with the predicted result, lending more credence to the
hypothetical mechanism of the stain proposed previously.

Agar gel was adopted into the standardised method, as it was

the easiest to remove, and relatively easy to apply.
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&) Concluding remarks

By investigating and standardising the procedure, adopting an
Aluminium Sulphate wash, and by introducing a diffusion barrier,

a protocol has been devised which is totally reliable in itg prod-
uction of well-stained extrafusal axons and extracapsular intrafusal
axoné from whole muscles. The staining of intracapsular axons‘is
also greatly improved.

This method has been used to produce all the specimens in this
study, and also in other subsequent studies of reinnervation. It
has produced well-stained spindles from cat, rabbit and rat whole
muscles (Plate 2.1 ).

Further developments were in progress, wherein muscles were
embedded in the walls of an agar cylinder, through which contra-
diffusing solutions of Ag and ammoniacal alcohol passed, and a pilot

study, using this technique, produced very encouraging results.
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CHAPTER THREE

THE CRUSH STUDY

EXPERIMENTAL DESIGN

Cat peroneal muscles were chosen for this study because this would
allow correlation of the histological findings with the physiological
results of Brown & Butler (1976 ). In addition, the normal innervation
of these muscles has been extensively studied ( Barker et al., 1979; Banks
et al., 1982 ), and the peroneal nerve, being positioned superficially as
it is at the knee, presents an ideal site for producing nerve lesions
while causing the minimum of distress to the animal.

It was decided not to use the crushing technique adopted by Brown &
Butler ( 1976 ). They crushed the nerve in three places, at 2mm intervals.
This could mean that the reinnervating axons were regenerating through
very different conditions. For example, if an axon was damaged at the most
proximal crush,it would have to traverse three sites of disruption caused
by crush and grow 4mm.further than an a#on damaged at the most distal
crush site, ' : : C which would have only
one crush site to cross.

Instead it was decided to crush the peroneal nerve twice, in the same
place, once from each side. This not only provides all the reinnervating
axons with the same distance, and same conditions through which to grow,
but also énsures that any irregularities in the forceps which might allow
some axons to escape crushing, would not be applied to the same part of
the nerve trunk.

The peroneal nerve was crushed in 12 adult cats ( av. wt. 2.2 kg )
with fine smooth-tipped watchmaker's forceps ( Inox 4 ), for a total
period of two minutes, one minute from each side ( for operating conditions
see Techniques ). The animals were killed at intervals from 3% to 37 weeks
later by an overdose of sodium pentabarbitone, and the peroneal muscles

were removed and processed for the production of teased, silver preparations.
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PRELIMINARY EXPERIMENTS

It is.an essential prerequisite to know that the method of crush
adopted produces total denervafion of muscle.spindles by myelinated axons.

Brown & Butler ( 1976 ) performed acute experiments on three animals
5 days after the crush, in which the peroneal nerve was stimulated prox-
imally to the site of the lesion. Although no contractions were observed,
it is unlikely that any contractions of intrafusal fibres in the centre
of the muscle, would be seen. However, histologically, uniform Wéllerian
degeneration was‘observed.b |

In order to check the efficécy of the operating technique in the
present study, an animal was killed one week after the crush opefation;
the nerve was processed for electron microscopy ( see Techniques ), and
the peroneal muscles from both operated and contralateral sides were proc-
essed for the production of teased, silver preparations. On examination
under E.M., there were no signs of any intact myelin sheaths, and axons
showed signs of degeneration ( Plate 3.1.B ). On teasing the muscles from
the operated side, no spindles containing myelinated axons could be found,
although presumed autonomic axons accompanying capillaries were seen. The
contralateral muscles, prqcessed in the same receptacles, showed well=-
stained axons of = totaliy normal appearance.

On the basis of these two results, it was concluded that the method
adopted for crushing the nerve produced total denervation of spindles,
and subsequent analysis has not prbduced one spindle of normal éppearance.

Rather than present the results in terms of days post operation,it
is clearly more relevant to know, from the point of view of comparing
results, how long the axons have entered and have been reinnervating the
ﬁuscle. For the purposes of this study this is termed the Reinnervation
Time ( ReTe ) ( Barker & Boddy, 1980 ). In order to calculate the Reinner-
vation Time for any time period after the operation, and for any of the

three peroneal muscles that were examined, it is necessary to
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know the rate at which the = fastest axons grow frorﬁ the site of

the lesion, and the time taken for the growing tips to start growing from
the lesion site, i.e. the"latent period" described by Gutman, Guttmann ,
Medawar and Young ( 1942 ),

Two experiments were conducted to calculate these values., The tibial
nerve was cruShed in two cats as described previously. One week later the
peroneal nerve was crushed at the usual position in both animals, After
another week, the animals were killed by an overdose of sodium pentabarbitone,
and both peroneal and tibial nerves were removed and processed to produce
silver-stained sections ( see Techniques ). On examination, the crush site
could be seen ( Plate 3.2.C ). The proximal and distal sides of the site
could be clearly differentiated; the proximal side showing the ordered
arrangement of myelinated axons, and the distal side showing characteristic
Wallerian degeneration ( Plates 3.2.A &B ).

To compensate for shrinkage, the lengths of nerve removed were measured
in situ, and again after processing, with cotton thread.

On examination of all the sections taken from any one nerve, the mosf
distal growing tip was identified ( Plate 3.2.D ), and the distance from
this to the crush site measured. This process was repeated on the remaining
three nerves. Another operator repeated the measurements to ensure validity
( Dr M. Saito ).

Knowing the time between operations, and the difference in distance'between'
the crush site and the most distal growth cone for the tibial and peroneal
nerves, it is possible to calculate the growth rate of the fastest growing
axons. The average growth rate was found to be 3,2 mm/day, and the
calculations from both animals were in close agreement,

As both the growth rate of axons, and the distance from the crush site
to the most distal growth cone are known, the "latent period" can be
calculated for the four nerves analysed, All four values were found to be in

close agreement, with an average of 5,8 days,

The distances from the crush site to the'points of nerve entry into the
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three peroneal muscles in &
for Peroneus longus ( PL ),
brevis ( PB ) respectively.
PL muscle 10 days after the
PB . The Reinnervation Time

subtraction of these values

2.2 kg cat were found to be 15, 26 and 43 mm
Peroneus digiti quinti ( PDQ ) and Peroneus

Hence the growing tips of axons are enﬁering
crush and at 14 days and 19 days for PDQ and
can then be calculated for each muscle_by

from the post-operative time,
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ANALYSIS

For the purposes of presenting the_results, it will be assumed that
axons which reinnervate spindles and produce terminals that are identif-
iable by virtue of their similarity in form and position to normal endings,
are axons which, prior to the lesion, had produced the normal terminals-
in question. For example, a large-diameter axon that innervates the spindle
in the equatorial region, producing regular spiralling around fhe intra—
fusal fibres, will be classified as a Ia axon formiﬁg a primary ending.

Whether or not this is a valid assumption will be discussed later.

1) Identification of intrafusal fibre type

Although it is tempting to use clues provided by the innervation,
( for example, the distribution of Py plates, or the difference in length
of regular spiralling in the primary ending ), to do so is to prejudge the
process of reinnervation. Therefore only non-neural indications will be
adopted.

The bag fibres and chain fibres are easy to differentiate by virtue
of the relative diameters alone, and by the disposition of the equatorial
nucleation.

There‘are two main criteria by which the identity of nuclear bag
fibres may be determined. The first is the difference in distribution of
elastic fibres around the poles; there are fewer and shorter elastic fibres
around the bag, fibre than around the bag2 ( Gladden, 1976 ). However,
this criterion can only be used when the elastic fibres have been diff-
erentially stained, and this does not always occur. The other criterion is
that bagl fibres are frequently excluded from the intrafusal bundle in the
equatorial region, and this dissociation is often detectable. Bagl fibres
are also usually shorter and thinner than ba_g2 fibres, but these differences

were seldom usefully discernible.
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2) Identification of nerve terminals

Adopting rigid criteria derived from normal spindles to identify

reinnervating terminals is to some extent pre-empting the study. How-

ever it is anticipated that endoneurial tubes will remain intact in the

crush study, so that axons will return to their original sites on the

spindle, and it is assumed that reinnervating axons will be identif-

iable on the basis of their resuming a form of termination recognisable

from its normal appearance. ~

What will follow is an outline of the features that were used to

identify restored terminals and reinnervating axons

a) Identification of sensory terminals

i) Primary endings

ii)

These are normally supplied by the thickest axon innervating
a spindle. Normally there is only one, but occasionally double
primaries are found. The Ia axon branches characteristically, and
forms regular spirals around the equatorial nucleation of the
intrafusal fibres.

Criteria used for identification of Ia axons and primary
terminals were as follows:
1) Largest axon supplying a spindle.
2) Characteristic branching on approaching the equatorial region.
3} Terminals distributed among the intrafusal bundle, in the

region of the equatorial nucleation.

Secondary endings

In the normal spindle, the secondary ending can be positioned
in any one of three positions, on either side of the primary
terminal. The supplying group II axon is normally thé second larg-
est axon to innervate the spindle, and it too undergoes branching,
and usually supplies all three types of intrafusal fibre ( Banks

et al., 1982 ).

There are two forms of the normal ending; annulo-spiral and
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flower spray.

Criteria for identification

1) In the case of S1 secondaries, the second largest axon supplying
the spindle, _ .

2) Characteristic branching to supply all three types of intrafusal
fibre,

3) Position of the terminals in the Sl’ S2 or S, positions,

3

b) Identification of motor terminals

The gamma innervation

In the normal spindle this exclusively fusimotor innervation is

represented by two forms.

i) Trail innervation

In the normal spindle, the trail ramifications are usually supplied
by more than one axon. Barker, Stacey and Adal ( 1970 ) report that
there were 2,6 myelinated axons per pole supplying trail endings, and
1.6 non-myelinated axons, when these are present. The terminals are
located intracapsularly and juxtaequatorially. i.e, mainly on the S2
region, but with extensions to the Sl and S3 regions. They may extend
over the entire polar region and be the only ending present. The form
of the trail ending is diffuse and multiterminal and can take the form
of simple brush-like tapers, hooks, knobs etc,, and they have
characteristically long preterminal axons. |

Criteria for identification

1) Diffuse multiterminal ramifications
2) Supplied by more than one axon,

3) Ramification centred about the S, position.
4) Long preterminal axons,

ii) The p, plate innervation

In the normal spindle these are characteristically supplied by

a single thick axon., They have an elongated shape with an average
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length of 72,9 pme They have knob-like axon terminals, and though
\
possessing a sole plate, there is no obvious Doyere eminence.

Criteria for identification

1) Length of plate at least 27 Pmo This is ti lower limit of the
normal range.

2) Relatively thick supplying axon.

3) The characteristic form of the ending.

N .
4) The absence of a Doyere eminence.

c) The skeletofusimotor ( beta ) innervation

i) The p;_plate

This is normally supplied by collateral branches of axons supplying
extrafusal endplates, and has a similar appearance, with the sub-
neural apparatus producing a pronounced-DoyEEe eminence,

The site of normal Py plates is usually very polar and the Suppl&ing
axon frequently branches from an intramuscular nerve trunk, rather |
than entering with the main spindle nerve trunk.

Criteria for identification

1) The plates may sometimes be seen to be supplied by collateral
branches of axons forming extrafusal endplates.

2) The form of the ending is likely to be similar to extrafusal
endplates,

3) A prominent Doyere eminence is often visible, _

4) The plate may be supplied by an axon entering the spindle other ;

than through the main nerve trunk, B
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NERVE DIAMETER MEASUREMENTS

The diameters of axons were measured using a Zeiss micrometer eye-
piece and a X 40 objective. Where remyiination had occurred, the
measurements were made at éhe three most proximal nodes, and the mean
value was calculated. Where remyelination had not occurred, three readings,
at 100 um intervals, were taken from the most prokimal part of the nerve.

The values obtained were converted into their equivalent diameters

in fresh material, by multiplying by a factor of 1.5 ( Stacey, 1969 ).

HYPERTNNERVATION

1) Motor terminals

Due to the large numbers of small-diameter axons present in the
poles of many reinnervated spindles, it is not often possible to trace
axons for long distances with any confidence. An ending was therefore
classified as hyperinnervated if it was supplied by more than one
axone

2) Sensory terminals

The larger diameter of the Ia and IT axons frequently allows
them to be traced back into the nerve trunks. This makes it poséible
to check if putative hyperinnerﬁated sensory terminals are, in fact
formea‘by branches of only one axon.

The distance which axons must remain separate before they are
classified as hyperinnervating, is arbitrary, and was taken as 800 pme
Terminals which were supplied by more than one axon were not classif-

ied as hyperinnervated if these axons could not be traced 800 pme



OBSERVATIONS AND RESULTS

Sensory Reinnervation

1) Restoration of primary endings

‘a) Overview of restoration

The earliest signs of reinnervation occur in muscle after 5 days
R.T. ( P.D.Q. ), the axons having an average diameter of 3.6 pm.
However the form of the innervation cannot be determined at this stag:

The remaining ten analysable capsules show no signs of
reinnervation by Ia axons at this stage.,

After 11 days R.T. ( P.L. ), 75% of spindles have received
reinnervation by Ia axons of average diameter 3.0 Fm, and the
percentage return stays approximately at this level until 53 days R.T.
The branching of the Ia axons can be seen, and.the terminals are
beginning to form,

There are two examples of the developing terminals being
distributed mainly to the presumed b2 fibres, with only a very small
contribution to the by and chain fibres, P1.3.3.C . shows such an
ending. |

Other spindles reveal that the‘reinnervation of chain fibres has
begun, ( Plate 3.3.A) but where this has occurred, both bag fibres
appear to be in at least as advancedba state of primary restoration
as the chain fibres. An example of bagl fibre reinnervation can be
seen in Plate 3.3B.The presence of the ring may indicate that,
already, abortive parts of the terminals are being resofbed.

Some of the spindles which lack innervation by Ia axons &t this

stage have other axons in the equatorial region. Of these some are
presumed to be sympathetic axons, ( Plate 3.4.4) Others are axons
which enter and leave the spindle without making any apparent contact

with the intrafusal bundle. ( Plate 3.4.B)

There are alsc examples of presumed motorbaxons which twist

around the intrafusal fibres in the equatorial region as they approach



their destinations in the poles; while others pass through without
such circumvolutions ( arrowed Plate 3.4.C ).

At 18 days R.T. the most well-formed primary ending shows
terminals on presumed bagl, bag2 and chain fibres ( Plate 3.5.A ).
However other spindles at this stage show only rudimentary endings
( Plate %.5.B ), and some still do not receive any innervation from
Ta axons.

At 25 days R.T. abnormalities in the restoration of the primaries
include the reinnervation of one of the bag fibres, whereas the
other bag fibre has no innervation, or, if present, it is only
rudimentary. Plate 3.6.A. illustrates such a spiﬁdle, where one of the
two presumed bag1 fibres present receives no terminals from the
primary ending, despite having well-formed terminals on the bag2 fibre
and on the chains. There are two such spindles which show this
abnormality. In another spindle, it is the bagl fibre innervation
which is well-restored, while the bag2 fibre is poorly developed.
There is one example where chain fibres only are excluded from the
primary ending, but there is another example where the chain fibres
are the only intrafusal fibres to receive innervation from the Ia axon.

Plate 3.7 shows two typical examples of primary endings after
25 days R.T. In Plate 3.7.A. separate bagl,bag2 and chain systems are
present, but no regularly-spaced spirals around the intrafusal fibres
can be seen. Plate 3.7.B. shows a primary in which two bag systems
are present, though neither of them is well-developed.

At 38 days R.T. the abnormalities mentioned before persist, and
there is one example of both bag fibres being excluded from the ending.
O£her spihdles now have a primary ending of more normal appearance
( Plate 3.8.4 ).

By 53 days R.T. all spindles have received innervation by Ia
axons, but even by 240 days R.T. ( Plates 3.9.B & 3.10.)where the

primary is well-developed, some abnormalities still occur.
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Days P.O. | Days R,T. | Muscle| % Return Mean axon diameter (pm) | Standard Deviation
( ) sample size ( ) no. of measurements .
19 5 PDQ 17 (6) - -
21 11 PL 75 (12) 3.0 (12) 0.2
28 18 PL 85 (20) 5.0 (27) 1.6
35 25 PL 70 (23) 5.4 (42) 1.1
Lo 39 PL 76 (17) 5.4'(18) 1.1
63 53 PL 100 (11) 5.4 (21) 0.9
84 74 PL 100 (14) 5.2 (24) 0.6
91 81 PL <100 (11) 5.1 (15) 0.7
112 102 PL 100 (19) h.5 (33) 0.7
140 130 PL 100 (20) 4,9 (30) 1.0
196 186 PL 100 (18) 4,0 (15) 0.8
217 198 PB 100 (9) 4.5 (27) 1.0
259 240 PB 100 (18) 4,8 (15) 0.4

SUPPLY OF Ia AXONS TO SPINDLES AFTER NERVE CRUSH.
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b) The rate of return

The % return of Ia axons is shown in Table 3,1 and Fig 3.1. The
earliest presence in a spindle capsule occurs after 5 days R.T.
( P.D.Q. ) and after 11 days R.T., 75% of spindles have received Ia
axons. The % of spindles reinnervated remains approximately at this
level until 53 days R.T., at which time all spindles are supplied,
Thereafter there is 100% reinnervation by Ia axons.

It is péssible to infer from this data that up to 25% of Ia axons
are‘suffering significantly greater damage during the crush procedure,

than the remaining 75%.

c) The diameter of Ia axons

The change in diameter of Ia axons with R.T. is shown in Table 3,1
and Fig, 3.1, The axons which were measured supply single primary
endings only, Myelination occurs between 39 and 53 days R.T.

It can be seen that at 11 days R.T., the mean axon diameter is
3.0 Fm, which increases to 5.0 pn at 18 days R.T,

Thereafter the diameter remains at over 5,0 Pm at 18 days R.T.
There is no drop in diameter between 39 and 53 days R.T., indicating
that any reforming, but indistinguishable,myelin sheath has not been
included in the earlier diameter measurements.

After 102 days R.T., the Ia axons have an average diameter of less

than 5.0 Pm, and this persists even at 240 days R.T.

d) Hyperinnervation

Most reinnervated primaries are supplied by a single Ia axon, whose
first branching is close to the equatorial region, However,examples of
hyperinnervation are seen, at times ranging from 39 to 240 days R.T..

There is a total of 7 examples of hyperinnervated primary endings. In

four of these there is one axon which is of comparable diameter to the

Ta axons supplying non-hyperinnervated spindles, This is accompanied by

-67_



up to three smaller diameter axons., ( Plate 3.11.C) The remaining
three examples are supplied by 2,3 and 4 axons all of a large diameter

( Plate 3,10 ).

Distribution of reinnervated primary endings to intrafusal muscle fibres

As has already been noted, the distribution of terminals to baél,
bagZ and chain Tibres shows some abnormalities,

Since it is recognised that different intrafusal muscle fibres
medigte différent parts of the spindle's responses, any discrepancies
in the distribution of the primary ending may account, in part, for
abnormalities in the physiological responses of reinnervated spindles,

To investigate this, bagl, bagz and chain fibres were scored
separately on a scale of zero to three; zero implying a complete absence
of innervation, and three implying a well-developed ending, normal in
appearance and extent,

On summating the scores within each time course, and then for all
analysable spindles after 53 days R.T., it becomes apparent that there
is no overall trend towards any one of the intrafusal muscle fibre types
having an increased or decreased contribution from the primary. The
only exception is during the early stages of reinnervation when bag
fibres.receive more innervation than - chain fibres, However,
individual spindles do show marked deficiencies in one or two of the
three fibre types at all times R.T. investigated.

The differences in the spiralling of the primary terminal ,around
the two kinds of intrafusal bag fibre which occur in the normal spindle,

can often be seen to be restored,

Abnormalities of reinnervation

A common abnormality in the form of the primary is the loose

spacing of the spirals in the ending, Where this occurs, the pitch to

diameter ratio is typically 1.4 ( Plate 3.6.B), as compared to the
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more usual form of ending whicﬁ has a ratio of 0,28, ( Plate 3.9.B)
The loose packing of spirals can also be seen in Plate 3.8.C.
Occasionally part of the primary ending terminates in a large
swelling, ( Plate 3.9.B) but the rest of the ending usually has a
relatively normal appearance,
Where such abnormalities are present, presumed motor axons, which

also terminate in spherical swellings, are usually found.

Position and extent of the primary ending

Most primary endings return to their normal position, centred
about the widest capsule diameter, and forming terminals around the
intrafusal muscle fibres in the regions of equatorial nucleation,

( Plate 3.8.B)

One example,however,forms an ending which is centred to one side
of the equatorial region, with the result that terminals are distribufed
mainly to the myotube region and more polar to this, while the region
of equatorial nucleation receives very little innervation. This may
however be caused by interaction with a presumed II axon which is
positioned in a more equatorial situation than is normal.

The normal primary ending occubies a length of about 300 Pm
( Barker 1974 ). The extent of reinnervated primary endings is similar
for well-restored endings. Though some occupy up to 400 Pm for a single

primary. Poorly restored primaries are usually of smaller extent.

Other axons in the equatarisl region

During the early periods of reinmervation ( 17-24 days ), presumed
motor axons which enter the equatorial region and terminate in swellings

are commone.

There are examples of seven such axons enteringthe equatorial
region, in the absence of a primary innervation, and forming spherical

and club-shaped terminations, ( Plates 3.12. A,B & C ).
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Others pass through the equator, having formed swellings, and
then pass on through to the poles., ( Plate3.13.B)

Pls,B.lj..A,:C&D‘ show examples of other axonal swellings from
presumed motor axons in the myotube and juxta-equatorial regions of

spindles,
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Mean axon diameter (pm)

Standard Deviation

pays F.O. | Days fLE. | Husele (%)R§;;§§e size ( ) no, of measurements
19 5 PDQ 17 (6) _ _
21 11 PL 18 (11) 2,7 (6) 0.2
28 18 PL 61 (18) 3.0 (39) 0.8
35 25 PL 69 (13) 3.2 (%4) 0.8
49 39 PL 76 (17) 3.5 (27) 0.9
‘63 53 PL 82 (11) 3.5 (27) 0.7
8 7l PL 83 (12) 2.8 (24) 0.6
91 81 PL 71 (7) 3.5 (9) 0.2
112 102 PL 64 (14) 3.8 (18) 1.0
140 130 PL 77 (9) 3.5 (9) 0.8
196 186 PL 75 (16) 2.5 (12) O.b
217 198 PB 71 (7) 2.3 (15) 0.6
259 240 PB 70 (10) 2.7 (6) 0.5

SUPPLY OF II AXONS TO SPINDLES AFTER NERVE CRUSH.
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2) Restoration of secondary endings

a) Rate of return

The results for the restoration of secondary endings are shown
in Table 3.2 and Fig. 3.2. |

It can be seen that, although the earliest II axons to return do
so at 5 days R.T., the same time as the first of the Ia axons, it takes
ti1l 20 days R.T. before the percentage of spindles receiving
reinnervation by II axons approaches its final level of approximately
70%, which is lower than the normal frequency of greater than 85%

( Barker 1974 ).

b) Diameter of II axons

The diameter of the earliest measurable axons is 2,7 Pm,
comparable to the diameter of Ia axons at this stage., Thereafter the
diameter increases to 3.8 Pm at 100 days R.T., but then diminishes
ti1l, at 240 days R.T., the average diameter is the same as it is at

11 dayS R.T, i.e. 207 P-mo

¢) Hyperinnervation

One instance of hyperinnervation involving one thin super-

numerary axon has been seemn,

d) The form of the ending

In the normal animal, secondary endings are described as being
more dispersed than the primary and as appearing as fine tendrils

forming a delicate tracery ( Barker 1974 ).

The most usual form of the ending is annulospiral, but a less
regular flower-spray ending occurs in approximately a third of cases.
Pls. 3.14 & '3.15show restored secondary endings, and it can be

seen that they regain the fine tendril-like appearance of the normal
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ending, but that they are very diffuse and lacking in elaboration.
Pl. 3.15.A. shows part of a well-stained, well-restored primary
ending, in addition to the secondary, indicating that the paucity in
the elaboration of the ending is actual rather than the result of a
deficiency in the staining.

Due to the very sparse spray-like nature of restored endings, it
has, in most cases, not been possible to determine, with any degree
of certainty, the distribution of the terminals to the intrafusal

fibres,

Position and extent of endings

As in normal spindles, most restored secondary endings occur in
the S1 position defined by Boyd ( 1962 ), but are much less extensive;
the largest occupy a length of about 200 pm, which is outside the

range of normal endings. ( 250 - 700 pm ) ( Plate 3.15.B )

Interactions with other axons

~ Secondary endings are usually restored in their normal posiiion,
either side of the equatorial nucleation, even in the absence of
reinnervation by Ia axons.

There is an example of a presumed II axon forming a terminal which
encroaches on the equatorial nucleation causing branches from a
presumed Ia axon to be rejected.

There is however another example where the primary ending has
been formed to one side of the equatorial nucleation forcing a presumed
II axon to abort in the S1 region,

Two examples have been noted where a branch from an Sl secondary,
lying to one side of the primary region, travels through the equator
and forms terminals in the other S1 position, In one case, the primary

terminals are present, and, in the other, the Ia axons have not arrived.
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Days P.O. Days R.T. Muscle No. poles examined| Mean number of axons
per pole,
X S.D.
21 11 PL 19 4,5 2.3
28 18 PL 36 6.9 3.4
35 25 PL 17 8.9 2.8
L9 39 PL 24 8.6 2,8
63 53 ) PL b 11.8 4,8
84 74 PL 2l 8.1 3.0
112 102 PL 10 11.9 2.7
140 130 PL 21 8.0 2.6
196 186 PL 24 8.5 2.7

SUPPLY OF MOTOR AXONS TO POLES OF PERONEUS LONGUS SPINDIES AFTER NERVE CRUSH.
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Motor Reinnervation

One of the effects of a nerve-crush injury is that the damaged axons
branch and send out several sprouts, To quantify the effect this has on:
the motor input of muscle spindles,Athe number of axons which terminate on
any one spindle pole was counted.

In many spindles the reinnervating axons have produced such chaotic and
complicated terminations that no realistic estimate can be made, The true
extent of hyperinnervation may therefore be greater than that indicated by
these measurements, The results are shown in Table 3.3.

In normal spindles from P,L., the meén number of motor axons is 4,08
( Barker,Stacey & Adal 1970 ), and this level is reached within 11 days R.T.
Thereafter the amount of motor innervation received reaches a level of between

two and three times normal, a level which does not diminish even after 240

days R.T.

Restoration of motor endings

The intrafusal Py plates are supplied by collateral branches of Beta
axons ( Barker, Stacey & Adal 1970 ). It is therfore of interest in assessing
the restoration of pq plates to know the state of reinnervation of extrafusal

endplates at the same interval R.T.

1) Restoration of extrafusal endplates

The first signs of extrafusal endplate reinnervation occur a£ 2 days
R.T.,‘but the first photogenic examples are seen at 11 days R.T. ( Pl.
3.16A-C ), where the axon sprout has arrived at the sole plate and has
started to branch, Pl. 3.16.H. shows the characteristic sole plate with
its nuclei in profile, receiving an axon after 11 days R.T.

With time, the extrafusal endplate reassumes its characteristic
formation ( Plate 3.16 D,E & G ).

No examples of hyperinnervated extrafusal endplates have been found,
The only abnormality is shown in Pl. 3.16.F, ,where the ending has clubbed
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Mean diameter of

Days P.O, Days R.T. Muscle | Mean diameter of Mean diameter of
axons supplying axons supplying axons supplying
P1 plates (pm) P2 plates (pm) Trail endings, (pm)
X n |S.D, X n {S.D. X n |S.D.
28 18 PL 1.2 5 10.51 1.2 4 }o.1 0.9 2 -
35 V25 PL 1.0 10 {0.3 1.1 1 - 2.4 8 {0.5
Lo 39 PL 1.5 11 {0.8 1.5 11 - 1.4 6 |0.6
63 53 PL 2.1 8 | 0.4 2.1 6 0.5 2.7 4 10.6
84 74 PL 1.8 12 |o0.5 1.8 7 10.5 2.0 8 | 0.4
112 102 PL 1.6 13 {0.9 1.7 11 |0.5 1.8 9 |o0.6
140 130 PL 1.4 {12 |0.3 | 1.7 6 |o.k 2.0 8 |0.3
196 186 PL 1.0 10 }0.2 1.5 5 ]o.4 1.5 6 0.4
217 198 PB 0.9 6 (0.1 1.3 7 10.2 1.2 4 0.3
259 2Lo PB 1.2 5 (0.4 2.2 2 1.0 3 10.05

- SUPPLY OF MOTOR AXONS TO SPINDLES AFTER NERVE CRUSH

¥°¢ 8Tamy



and hooked terminations, possibly indicating a degenerating endplate,

2) Restoration of Py plates

a)

Qverview of restoration

As extrafusal endplates start to be reinnervated at 2 days R.T., it
is probable that 12 plates will also be formed at this stage., However
the first signs of reinnervation of 12 plates occur at 5 days R.T. Pl.3
17.A. shows a pair of Py plates after 11 days R.T., in which the axon
has started to branch on the sole plate, Pl. 3.17.B, shows an endplate
in profile, at a similar stage of restoration,

Most 12 plates continue to mature in a similar way to extrafusal

endplates until at 102 days R.T., they have a normal appearance.

Diametér of beta axons

The change in diameter of beta axons supplying 12 plates can be
seen in Table 3.4, As is the case with Group II sensory axons, the
diameter increases over the first 100 days R.T., only to decrease to a

value similar to its first measurable size at 240 days R.T.

The usual pattern of restoration of p. endplates
o

The normal beta innervation of intrafusal fibres terminates, in the
majority of cases, in a single endplate, This is also seen in reinnervated
material, Pl. 3.18.B. shows an example of a well-restored 12 plate which
has a very similar appearance to the reinnervated extrafusal endplate
shown below it, (Plate 3.18.C. )

The collateral nature of Py innervation is confirmed by the example
shown in Pl. 3.18.A., where the extrafusal endplate ( e ), is supplied by
a branch of the axon ( ax ) which goes on to form a classical p, Plate on
a spindle ( sp ).

Some axons terminating in single endplates do not form the elaborate

ending shown in Pl. 3.18.B ( see Pl. 3.17 C & E ), Where it is possible
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to discern which intrafusal fibre has received the Py innervation, it is
usually the bagl fibre, as in the normal spindle,

Beta axons in normal spindles sometimes branch and produce two
adjacent Pl plates on thg same intrafusal muscle fibre, This form of
termination is usually restored to its normal appearance, ( Pl. 3.19. 4,

B & C ), though there are three examples of these paired P, plates being
distributed to different intrafusal fibres ( Pl. 3.17.F, ).

One example has been found where the axon supplying a typical
Y-shaped double 2] plate configuration, is accompanied by a much finer
axon which termiﬁates in a large irregular mass which is not on-the site
of the p, plates (Plate 3.20.F. ).

Groups of more than two 12 plates do occur in reinnervated material,
Pl. 3.21.A. shows a complex of three 2% plates, The upper two are supplied
by a single thick axon, but they are also visited by an axon which returns
up the supplying nerve trunk without making any contribution to the ending.
The lower ﬁlate is supplied by two fine axons, '

Pls. 3.21.B & C show examples of other multiple 15 terminals; Pl.3.
21.B. shows an example formed from a single‘axon, Pl. 3.21.C., an example

supplied by four axons.

Hyperinnervation

Hyperinnervation is a common abnormality, The most usual form occurs
when two axons of a similar diameter contribute terminals to the same
endplates, Pls. .3.22.4,B & C show examples of this form, ranging from 39
to 249 days R.T., indicating that resorbtion of supernumerary axons, if it -
occurs at all, may be a very slow process,

Sometimes one of the pair of axons is considerably smaller than the
other, Occasionally a second axon arrives at a sole plate and terminates

in spherical swellings ( Plate 3,20 D&E ), suggesting its non-acceptance

by the sole plate.

One example has been seen where the sole plate is reinnervated by



three separate axons ( Plate 3,17.E), all of which terminate in

spherical swellings,

v3) Restoration of p, plates

a) Overview of restoration

The earliest that by plates are seen is at 11 days R.T., i.e. six
days later than the Py plates. This may be due to difficulty in
distinguishing Py plates in the’ - early stages of their restoration., At
11 days R.T. the ending has a simple form, consisting mainly of tapers,
and this'frequentlj matures ihtova form easily reéognised as a normal
Py plate. f |

As with bl plates, the endings are distribUted ﬁainly to the bagi

fibres,

b) The diameter of gamma axons supplying D, plates.

The change in_diameter'bf‘gamma axons supplying pz plates can be
~seen in Table 3.4. At all intervals R.T. the average diameter is at
least ‘that of the beta axons supplying Py plates, and after 7 days, it

is always larger,

c) The length of p, plates

The average length of by plates which have resumed a normal . y~r;xzaf
appearance, is 67 Pm, but while the terminals are still elaborating, the

average length is considerably smaller, typically 4O,Fm.

d) Hyperinnervation

Again hyperinnervation is a common abnormality. Usually this
consists of a thick axon being shadowed by thinner axons, up to four in

number, which contribute to the ending ( P1. 3.23.D & E ),

e) Other abnormalities

Sometimes branching of the supplying axon occurs. PL 3.23 .F.. éhows
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the simplest form of this, where one branch is found near the endplate;
a form which does not occur in normal spindles, There are however

examples in which up to five branches are formed and contribute to the

plate, This does not happen normally. In some cases, thin accompanying
axons terminate in an axonal ball within the Py site itself,

Occasionally several axons of apparently independent origin, supply
a presumed s site ( Plate 3.24.A. ), The terminals formed in this case
are similar to the 5] endplates, suggesting possible innervation by Beta
axons. There is one example where some of the very fine axons, contrib-
uting to a P, site, have been found to originate from an axon supplying
a Py plate,

There is another example of a presumed P, site which is visited by
fine axons ( Plate 3.24.B), One of these terminates in a hook. The others
end in very fine tapers, apart from one thick axon which contributes é
fine branch to the P, site and then leaves.,

Ultraterminal fibres which run on from the end of a plate and
terminate in a ball of axoﬁlasm are sometimes seen in normal material, and

are certainly present in restored plates ( Plates 3.25A & B and 3.24.C ),

4) Trail terminals

Positive identification of trail endings is difficult: in the early
stages, as their form can easily be éonfused with those of other terminals,'
and in later stages because the juxtaequatorial region which they
innervate is frequently obscured by large numbers of axons.

The earliest presumed gamma axons forming trail terminals, are seen at
5 days R.T. At 11 days R.T. more elaborate trail ramifications have been
formed ( Plate 3.26.A,B & C )e Later\stages of reinnervation are shown in
Plate 3.27.A,B, C & D,
| Recurrent axons which emerge from the site of a trail ending, and

leave the spindle, are occasionally found in normal material, but are

fairly common in reinnervated spindles,
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Days P.O. | Days R.T. Muscle % of spindles having Mean diameter of

' "an invading axon. of invading axons(pm)
() sample size .

. X n S.D.

19 5 PDQ 0 (5) | - - -

21 11 PL 0 (12) — - -
28 18 PL 22 (18) 1.9 L 0.9
35 25 PL 29 (21) 2.4 5 0.4
Lo 39 | PL bl (16) 2.5 | 2 0.3
63 53 PL 31 (13) 3.0 L 0.6
84 7H PL 53 (15) 2.6 5 0.7
112 102 PL 55 (11) 1.8 7 0.7
140 130 PL 43 (14) 1.7 5 0.2
196 186 PL - 36 (11) 1.2 2 0.2
217 . 198 PB 5QCR) 1.0 3 0.1

259 2440 PB 41 (17) - - -

- INNERVATION OF SPINDLES BY PRESUMED MOTOR INVADING AXONS AFTER NERVE CRUSH
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Trail ramifications are seen to reinnervate mainly bagz and chain

fibres, but sometimes bagl‘fibres receive a contribution from the ending.

- 5) Visiting axons -

Examples of axons which enter the spindle and then leave it , having
.made terminations,‘have been noted from 18 to 240 days R.T.

Some of the formations these axons produce are shown inZRls;B.ZS,.29&.30
The occurrence of these axoﬁs has been calculated and is shown in Table 3,.5.
Théy reach thelr greatest incidence at 102 days R.T., and there is no marked
decrease after fhate

The only form of innervation that produces an axon which leaves the
spindle, having made a termination, is the trail ending. Any axoné therefore
which have formed trail-like endings before leaving the spindle, have not
been included in the quantification.

The nature of these axons will be discussed later,
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Days P.O. | Days R.T, Muscle Percentage return Mean diameter of

of Ib axons Tb axons (pm) -

() sample size. X n .| S.D.
21 2 PB o(1) - - -
19 5 PDQ 50(4) 3.3 | 2 | o005 |
28 18 PL 67(6) 51 | & | 0.8
35 25 PL 89(9) 6.0 | 3 0.5
‘63 53 PL 80(5) 2.9 2 0.1
84_ 7t PL 100(1) - - -
112 102 PL 80(10) 4,0 b 0.8
140 130 L 100(8) 29| 2 | ok
196 186 PL 100(2) 3.2 | 2 0.1

SUPPLY OF Ib AXONS TO’COLGI TENDON ORGANS AFTER NERVE CRUSH.
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Restoration of Golegi tendon organs

The presence of Ib axons inmervating tendon organs is first noted after
5 days RsT.,but, if the small sample at 74 days R.T.‘is ignored, 100%
restoration is only‘achievéd at 130 days R.T. ( Table 306 ); taking'longer
‘therefore than the Ia axons, | | |

The terminals aré restored to their normal appearance; There is only
one example of hyperinnervation‘when‘five afferents return io,produce a

normal-looking ending ( Plate 3.31').

Paciniform corpuscles

A total of four paciniform corpuscles has been found. Three of these
are innervated by a single axon ( average diameter’l.SPQ ( Plate 3.32 ).
One however is situated édjacent to a Golgi tendon organ, and is innervated
by a branch of a single axon, the other branch of which innervates the

tendon organ and forms there a normal spray of terminals.
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SUMMARY AND COMMENT

Extrafusal alpha motorneurones return to fhe muscle and form motoxr
endplates very quickly following nerve-crush, being seen after 2 days R.T.

In the muscle nerve these alpha motorneurones have a range of diameters
comparable to that of the‘Ia axons, but it is only after 11 days R.T. that
the return of Ia axons reaches a comparable 1é§el of reinnervation. The
skeletafusimotbr Py plates are established afﬂer 5-days R;T.,'When only 17%
of spindles recei&elia axons, and trail-like ramifications are present in |
the spindle poles. at the same early stages of reinhervation.

| These observétions.indicate that following nérveacrush, the sensory
innervation is slower in returning than the motor, Within the sensory
component, Ia axons return at a faster rate than II axons, as after 11 days
R.,T., the return of Ia axons has reached an interim level of effectively
100%, whereas that of the II axéns has only reached one third of its final
level, Within the motor component, the extrafusal motor fibres return first,
followed by skeletofusimotor axons and the gamma cbmpohent. In ihe case of
both motor and sensory axons, the larger diameter axons return more quickly
than the smaller,

It has been noted that the level of reimmervation by Ia axons reaches a
stable level of approximately 70% after 17 days R.T. This level is |
maintained until 53 days R.T., at which time all spindles receive innervation
by Ia axons, a condition which persists at all subsequent time intervals R.T.-
It would seem likely that the explanation for this occurrence is that a
proportion of axons and their supporting tissues within the peroneél nerve,
are sustaining significantly greater damage than the rest, and that this is
delaying their return. Certainly the form or extent of the damage is not
continuously variable,as the pattern of return is marked by a discrete
" second wave " rather than by a gradual increase in the return., An example of
such non-continuous damage would be a severance of the axon and its
endoneufial tube, which would be more 1ikely to happen in large diameter axons,
If this damage is a function of the diameter of the Ia axons, then other
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'large-diameter axons within the peroneal ﬁerve would also be affected.

In the case of the Ib axons the modal value fdr the distribution
~of diameters is smaller than fhat for Ia axons, and therefore.a smaller
" second wave " would Ee expected. It can be seen from Table 3.6 that,
althuogh the sample numbers ére small, there is a plateau of reinnerVation
between 18 and 53 days R.T; before 100%‘reinnefvation iskrestored.‘

Another population,df large~diameter axons‘in.the peroneal nerve are
the alpha motérnéurénes. Tt would not be possible to see a ".second wave "
‘of reinnervation ih the extrafusal fibres in this study, but it is possible
that fractured endoneurial tubes could pro#ide aﬁfexplanatiOn for the
observations of axons visiting spindles, making attemptS»atlendings, and‘
 subsequently leaving. The explanation wouid be as follows: fhe ehdoneufial
tubes of alpha motorneurones are ruptured and the axons themselves are
efféctively " cut ". The regenerating a#ons branch and some branches grow
down endoneurial tubes which lead them to the spiﬁdle, where they attempt
to form an endplate, and then go on to leave the spindle, and presumably
' eventually form an extrafusal endplate. Such axons have been termed " alpha
invaders " ( Barker & Boddy, 1'980 )e

If thesevalpha invaders make functional connections with the intra-
fusal fibres, then it might Be expected that the amountvof beta innervation
would increaée following nerve-cfush. |

As there are usually 6 or 7 intrafusal fibres which mediate the sfatic
response (bag2 and chains ), as compared to the usual one " which mediates
the dynamic response ( bagl ), then it might be expected that the =
" invading " axons would have a predominantly static effect. Brown &
Butlér "( 1976 ) have reported an increase in the beta static innervation
after nerve injury. After nerve section there are potentially more opport-

unities for these invading axons to reach spindles than is the case after

crush, and Brown & Butler ( 1976 ) also report that the increased static

beta innervation is more marked after cut than after crush. .
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The physiological investigatidﬁs of Ib, Vrbova & Westbury ( 1977 )
found that the dynamic component of the responses of reinnervated spindle
primariés was the first to be reétofed. Two éxplanations of this result
are either that the transduction mechanism of the primary ending matures
in such a way that the dynamic component of the response returns first;
or that the primary ending ié first restored on that part of the spindle.
which mediates the dynamic response, i.e. the bag1 fibre. The lack of
any consistent observation that the bagl fibre receives elaborated
terminals from the»primary ending before the other intrafusal fibres,
indicates that the former explanation is the more likely.

Support for this interpretation of the results of the present study
has been given by the studies of Scott ( 1982 ) and Hyde & Scott ( 1983 ),
who propose that the abnormal responses of reinnervated spindles are
caused by an increase in the pace-maker threshold which lowers as the ending
matures. | |

Hyperinnervation is present in all forms of reinnervated intrafusal
ending. However, its presence isvnoted even after the longest periods R.T.
This phenomenon may be due to the persistence of the branches formed at
the site of the injury, or to the usual branching of a supplying axon
occurring more proximally than normal. Another explanation is that branches
from one endoneurial tube are growing down another tube, with the original
axon still there. This may also contribute to the increased beta innervat-
ion described by Brown & Butler ( 1976 ).

The mechanism which eliminates polyneuronal and multiple neuronal
innervation in extrafusal fibres does not appear to operate intrafusally.
The diameters of axons reinnervating spindles-remain lower than

normal at all periods R.T. A relative differenoé in the diameters of Ia

and IT axons persists, but the overall reduced diameter makes the identif-
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ication of other axons by means of their diameter impossible. This is
consistent with the observations made by Brown & Butler ( 1976 ), Ip et
al. ( 1977 ) and Hyde &‘Scott ( 1983 )..

Brown & Butler ( 1976 ) cohcluded that spindle reinneriation wés.
a highly specific process. The results of this stﬁdy»indicate'that, in:
the majority of cases, both the primary and secondary endings are restored
on their original pdsitions on the spindie, and that the motor innervation
resumes its uéuél distribution,vThe'observationbthat a ‘Gélgi tendon organ
and a paciniform corpuscle share a common axon, howevef,vmay indicate
that there may not be a rigid specificity of axon function.

The féct that there are errors in the positioning of primary and
secondary terminals may indicate that site specificity possibiy diminisheé

with time, in the absence of the correct innervation.
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CHAPTER FOUR

SUPPLEMENTARY STUDIES
SECTION ONE: THE REINNERVATION OF MUSCLE SPINDLES AFTER NERVE SECTION

Introduction

'Following the crush study, in which regeneraﬁing axons.faCed little
difficulty'in réinnervatiﬁg muscle spindles, it was decided to conduct a series
of experiments in’Whichbthebreinnervation»could bé studied after nerve section.
This would provide a more sevére teét fér the specificity of reinnervation; It
wés aléo ahticipated that the latent period following_this operation would be
longer, so'that the length of time a spindle was léft without its corréct
ihnervation Wduld be greater, and any time-sensitive elements within the
Qonditions which cause site-specificity might become apparent. '

It was hypothesised froﬁ the previous study that the presenceIOf the
presumed alpha invaders might have been caused by the severance of endoneurial
tubes, In a situation where all the endoneurial tubes are severed, it might be
expected that the occurrence of such axons would increase, and if the teasing
strategy were altered to include more of the surrounding exfrafusal nuscle
fibres, it might be possible to identify a presumed alpha invader as an axon

which does eventually produce an extrafusal endplate,

Methods

So that correlation could be made with the crush study it was decided to
use peroneus longus muscle, and to cut the peroneal nerve-a£ the knee, 15 mm,

from the nerve entry to P.L.

As one of the purposes of this study is to provide histological
correlation with the studies of Brown and Butler ( 1976 ), and in the absence
of professional surgical expertise in nerve suturing, no attempt was made to
appose the cut ends of the nerve. This resulted in the stumps lying with a gap
of approximately lmm. between them.,

The right common peroneal nerve was cut at the knee using the usual

operating conditions ( see Techniques ), in six adult cats of average weight
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2.3 kg. The animals were killed at 5,6,8,10,12 and 30 weeks after the operation
with an overdose of sodium pentabarbitone, The peroneus longus muscles were
removed from both sides and processed for the production of teased, silver-

stained preparations ( see Techniques ). The muscles from the left-hand side

were used to check the efficacy of the staining.
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Axons present in spindles - + + - + +
Sample size 15 12 13 8. 9 15
Axons present in GTOs - o+ + - + +
No. of GTOs'receiving axons 0 L 8 0 5 8
Sample size 6 9 8 5 6 8
Extrafusal motor endplates restored - + + - + + ‘
Axons.present in nexve trunks - + + + + +
Weeks P.O, 5 6 8 10 12 30
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innervation by these large axons,

- One of these large axons ( diameter 3.5 o ) brancﬁes within the capsule
and terminates in the equatorial region of the spindle, in the form of thin
tapers disposed longitudinally upon the intrafusal buhdle. The other large-
diameter axon ( 4,0 pm ) enters a spindle, turns around, réturns to its point
of entry, then leaves without having branched or made anyvrecognisable
terminations.,

At eight weeks P.O.,‘out of a sample of thirteen spindles, five lack such
1arge-diém;tériaxons, while apdther five recéive them, and 3 of thesé branch
within the spindle, prdduéihg longitudinal tapering endings around the |
equatorial région; two of these produce branches which leave the spindle. de
spindles receive thick presumed Ib axons, which enter the spindle, then leave
without making any terminals ( Plate 4.3 A ); Fig. 4.1 shows one example where
the axon ( diameter 4.7 pun ) travels for nearly one millimetre along the
intrafusal bundle, only to turn around and leave without having branched or
‘made any terminals,

At 10 weeks P.O., no axons are present within spindles, but at 12 weeks P.O
six spindles out of a sample Qf nine are supplied Ey tﬁese large-diameter axons.
Théy all have the saﬁe basic " longitudinally—oriented " form of the ending, és '
described above, but three-at this stage form a fewvregular half-rings, similar
to the normal primary as well ( Plate 4.1 A & B ).Two which do not form such
spirals both produce at least one branch>which léaves the spindle, Small
bulbous terminations are sometimes seen in the equatorial region ( Plate 4.3 E ).

The remaining spindle is innervated in the equatorial region by two large
axons ( diameters 3.1 Pm and 3.2 Fm ); these approach the equatorial region
from opposite directions and there they adopt the longitudinally-oriented Torm
of termination, overlapping one another, but no signs of regular spirals can be
seen,

At 30 wéeks P.0.,, there are two examples in a sample of fifteen spindles,

where these large-diameter axons produce the regular spirals of the normal

primary ending, but these are still of very small extent and they occur in the
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OBSERVATTONS AND RESULTS

As can be seen from Table 4.1 , 10 weeks after the cut operation, no
nervés have retﬁrnedfto any spindlés or -Golgi tendon organs within the
" nmuscle, even though their presence has been observed after 6 weeks and 8 weeks
P.0. ( post operation ),

The contra-laﬁeral P.L. muscie'frOm the 10 week cut animal, reveals Wellf
stained spindles, indicéting tha# the observed absence of axons within spihdles
and tendon orgaﬁs is an actual OCCurrenqe rather than a defibiencj in |
staining.

This impliés that the cut operation does not provide a unifbrm‘envirOn-
ment for regenerating axons, presumably because of_the variability in the
success rate of the two cut faces of the nerve forming a unién. This means
that the reinnerﬁation process cannot be expressed in terms of Reinnervation
Time as in the crush study, and that results from any one animal are not
strictly comparable to any other, as the period during which the mﬁscle was
denervated ié-not known, Nevertheless it is still possible to describe the
jinnervation of spindles after cut injury, without being able to relate the

exact sequence of events.,

Sensory restoration

A great difficulty in analysing the restoration of sensory endings aftér
the cut lesion, is that the equatorial region is frequently obscured by a
tangle of very fine axons ( Plate 4.1 A,B,C & D Do Whén traceable, these‘axons
are often seen to turn around and cross the equatorial région several times
before, either leaving the spindle, or terminating in fine ‘tapers. On many

occasions this is the only form of innervation that is present in the
equatorial and juxta-equatorial regions.
Most of these axons are of very small diameter ( usually less than
1 Pm ) presumed sensory axons are identified in spindles after cut lesions,
by their comparatively large diameter ( Plate 4.2 D ), In 6 weeks P.0. material,

two spindles out of a sample of twelve can be identified as receiving
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innervation by these large axons.

One of these large axons ( diameter 3.5 pn ) brancﬁes within the capsule
and terminates in the equatorial region of the spindle, in the form of thin
tapers disposed longitudinally upon the intrafusal buhdleo The other’large-
diameter axon ( 4.0 pm ) enters a spindle, turns around, returns.fo its point
of entry, then leaves without having branched or mede anyvrecognisable
terminations. |

At eight weeks P.O.,-out of a sample of thirteen spindles, five lack such
large-diéﬁeter‘axons, while another five recelve them;vandAB of_thesé brahoh
within the spindle, producihg longitudinal tapering endings around the |
equatorial region; two of these produce branches which leave the spindle, de
.spindles receive thick presumed Ih axons, which énter the spindle, then leave
without making any terminals ( Plate 4.3 A ); Fig. 4.1 shows one example Wwhere
the axon ( diameter 4,7 Pm ) travels for nearly one millimetre along the |
intrafusal bundle, only to turn around and leave without having branchéd or
.made any terninals,

At 10 weeks P.O., no axons are present within spindles, but at 12 weeks P.O
six spindles out of a sample qf nine are supplied 5y these 1arge-diametef axons,’
Théy all have the same basic " longitudinally-oriented " form of the ending, as .
described above, but threebat this stage form a few regular half-rings, similér
to the normal primary as well ( Plate 4,1 A & B ).Two which do‘n§t form such
spirals both produce at least oné branch which 1éaves the spindle. Small
bulbous terminations are sometimes seen in the equatorial region ( Plate 4,3 °E ).

The remaining spindle is innervated in the equatorial region by two large
axons ( diameters 3.1 pm and 3.2 pn ); these approach the equatorial region
from opposite directions and there they adopt the longitudinally-oriented form
of termination, overlapping one another, but no signs of regular spirals can be
seen,

At 30 weeks P,O.,, there are two examples in a sample of fifteen spindles,

where these large-diameter axons produce the regular spirals of the normal

primary ending, but these are still of very small extent and they occur in the
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myotube region ( Plate 493 D ). There are four examples of a single large-
diameter axon branching and producing longitudinal tapering terminals, and a
further two examples of this formation that have a branch which leaves the
spindle’( Fig. 4.2 ).

One spindle receives a large-diameter axon which enters and ieaves the
spindle having travelled approximately 600 pm over the intrafusal bundle
towards the equator, without branching or formihg terminals ( Fig. 4.3 ).

Another eXample'§f a large~diameter axon is illustrated in Fig, 4.4 ,
where it enters é spindle in the equatorial region and branches ( a ). The
finer of the two. branches fravels approximatély 100 Pm‘along the‘intrafﬁsal..'
bundle, then di&ides again ( b ), one fork returning to the point of entry_and'
then going out of the spindle, the other travelling a further 100 Fm before.it
too turns and leaves the spindle. This occurs above the equgtorial nucleation.;
The thicker of the £wo original branches travels approximately 100 um before it
branches again ( ¢ ). This branch leaves the spindle, then travels in a polax
direction for a further 300 Fm before returning to the point where it split
from the original axon, whereupon it produces é small branch and leaves the
spindle again. The second of the original branches, after leaving tﬁe spindle,
divides twice more, and one of the resultant branches returnsvto the spindle
at (d ).

In the examples where regular spirals are produced by large axons, these
are all distributed to a bag fibre, as judged by the diameter of the Spirals,
but apart from that, the coursing axons and axon branches appear to be
distributed indiscriminately over the intxafusal bundle,

In those spindles examined where axons have been preseht, there has always
been a large ﬁumber of very fine axons in the equator., It is péssible that some
of these are branches of sensory axons and it is therefore impossible to
estimate the relative degree of innervation by such large-diameter axons, nor
is it possible to estimate hyperinnervation, if it is effected by very fine
branches, Hyperinnervation would énly be detected in a situation where all fhe

hyperinnervating axons are appreciably larger than the very fine ones in the
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equatorial region., Only one example of hyperimmnervation has in fact been found,

where the spindle is supplied by two large axons.,
One example has been seen in which terminals resembling those of secondary

endings are found in the Sl'position._These are formed from an axon 1,8 vain

diameter.
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Motor restoration

1)

Overview of restoration

In contrast to the highly neurotised picture of the equatorial region,
the poles of the muscle spindles are relatively poorly supplied by axons,
At 6,8,12 and 30 weeks P.O. features of reinnervation are seen,

At these stages, axons are seen terminating in_Swellings,‘frequently
paired ( Plate 4.3 C ) as well as in tapers. These axons often show
varicosities ( Plate 4.2 C ). Axons which enter the spindle'and'leave it
without‘having_branched, as well as those which héve-branched before

leaving, are present in.all spindles.

Restoration of extrafusal endplates and Py, plates

In 6 weeks P.O. material no extrafusal endplates can be recoghised. Thé
only axons which can be seen extrafusally are very fine, with varicosities,
Intrafusally, presumed P, sole plates are found, and where these receive
innervation, it is usually by a single fine axon which terminates in a
swelling., These supplying axons are also frequentlyvvaricose. One example
can be seen where one thick axon accompanied by several thin ones supplies
a single sole plate, but they all end in swellings. |

At 8 weeks P.0, extrafusal endplates are recognisable, taking the form -
of very fine axons which divide.to produce two or three tapers withih the
plate. ( see Plate 4.4 E ). One example occurs of an extrafﬁsal endplate
receiving innervation by two axons, both of which contribute to the ending.
Elongated club-shaped terminations can also be seen extrafusally ( Plate
4,4 ¢ ). Another of the extrafusal endplates produces rings and swellings
as well as an ultraterminal sprout ( Plate 4.4 A ). Most p, plates still
have a rudimentary form, usually ending in a swelling or in a simple branch
within the sole plate. No examples of hyperinnervation are found.

At the remaining stages of 12 and 30 weeks P.0., the extrafusal

endplates usually have more extensive ramifications within the sole plate,
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3)

4)

but there are examples where the endplate still has a rudimentary form ( see
Plate 4,4 F), The extrafusal ehdplates are almost exclusively supplied by
single axons., At 12 weeks Peoo, examples of large terminal swellings are
seen situated on extrafusal muscle fibres ( Plate 4.3 B ). Some»ekamples of
ultraterminal sprouting are brésent even at 30 weeks P,0, ( Plate 4.4 B ),
Usually Py plates are also restored with single axons, but the branbhing
within the endplate is poor, dnd the axon sometimes terminates in a swelling.
Where identification is possible, the Py plétes are restored on bag1 fibres,
Thfee ékamples of ultratefminal sprouting of a 1 piate onto an

adjacent extrafusal fibre can be seen ( Plate 4.4 D ),

Restoration of ngplates and trail endings

One elongated ( 46 pm ) plate~like ending occurs in 6 weeks P.O.
material, supplied by a single axon, but apart from this, the only other two
examples of presumed Py plates are found at 30 weeks P,0, ( aVerage’length o
L3 pm )s One of these is formed by an axon which has previously visited an
adjacent spindle without branching. Identification of the intrafusal fibre
type, on which the P, platé is formed, is not possible in any of these
examples,

The chaotic formations of axons in the juxta-equatorial region make
confident identification of trail endings in the cut study very difficult,
but trail-like configurations are preéent at 6,8,12 and BQ weeks P.O. Some-
times branches from these are seen to leave the spindle, Where.identifioation

is possible, trail endings are distributed mainly to chain fibres,

Invading axons

In all spindles where axons can be traced in their entirety, there are
examples of axons entering the spindle and leaving without making terminat-
ions., Some pass through the equatorial region, and others are confined

entirely to the poles,

Other axons entering the spindle, branch and produce terminations before
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one or more of the branches leave the spindle; some retrace their path up
the supplying nerve trunk and others leave viava different one ( Figs 4.5,
4,6, and 4a7 o |

" The form of one of these invading axons is shown in the examplev(‘Figg
4,8 ) where a single axon enters a spindle having divided, and one branch
forms‘tapering and bulbous terminations on the intrafusal bundle. The other
branches leave the spindle as a bundle,.and one of them goes to'an ad jacent
exfréfusal musclé fibre and forms an endplate, This axon is certainly of
motor origin and is probably an alpha invader,the existence of ﬁhich has

been postulated as a result of the crush study.

5) Restoration of Golgi tendon organs

Axons are present in four tendon organs out of nine, at 6 weeks Poo.,
and in all but one case in the 8,10 and 30 weeks P.0. material,

At both 6 and 8 weeks P.0O., the axons terminate in tapers, and it is
only at‘lz weeks P,0. that a normal appearance is resumed,

The only abnormality displayed is hyperinnervation; up to five‘axons
may contribute to the ending ( Plate 4,2 B ), The average is 2,3 axons per
Golgi tendon organ at 6 weeks P,0., 3.4 at 8 weeks, 3.5 at 12 weeks and 2.5

at 30 weeks P.O. However innervation by a single axon is still seen ( Plate

h,2 A)
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Summary and comment

large~diameter aXohs'comparable in size to the presumed Ia axons observed

in the crush study, are present in spindles from 6 to 30 weeks P,O, However not

one example has been noted of a recognisable primary énding.

This observation may have two interpretations: Firstly, ﬁoné‘of;these.largé-'
diameter axons were originaily Ia axons, and therefore were not capable of .
forming a primary ehding} or secondly, that after an extended period'of
denervation, the naturé of the intrafusal bundle is chaﬁged, either through the
prolonged lack of the apprdpriate inneivatidn, or.through'ihcorfect innervation
by alpha motdrneuronés° |

If the former explanation is true, then this argues in favbur of the
specificity of sensory axon function. It does however seem unlikely,  though not
impossible, that not one Ia axon has returned to a spindle, in.which case the
latter explanation may hold some validity., |

The example shown in Fig, 4.4 gives the impression of repeated attempts at
innervation, all of which are rejected., This may be a Ia axon which is
returning to the spindle, but is unable to elaborate an ending because of the
effects of prolonged denervation, |

The restoration of motor terminals to spindles is not impressive, there
being relatively few recognisable terminals.,

Ultra-terminal sprouting is a phenomenon which was not encountered in the
crush study, and was observed to occur from both extrafusal endplates and
intrafusal Py plates in this study. Extrafusal sprouting can be induced by
partial denervation, and its presence in this study, may indicate the rélatively
poor state of reinnervation.

Axons which enter the spindle and leave it, sometimes making terminations
first, are present in all analysable spiﬁdles. As was predicted from the crush

study, one of these axons is seen to form an extrafusal endplate — a presumed

alpha invader,
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% Return of Ib axons

() sample size

Presence of intrafusal

motor endings

Presence of

extrafusal endings

Weeks P,0 % Return of Ia axons

() sample size

3 o(14)

b 0(15)

5 0(13)

6 86» (14)

7 100(11)

8 100(11)

0(6)
0(6)
o(?)
100(6)
100(5)

100(8)

Supply of axons to PL muscle following ventral root crush and peroneal nerve crush
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SECTION TWO

THE REINNERVATION OF MUSCLE SPINDLES BY SENSORY AXONS IN THE ABSENCE OF

MOTOR INNERVATION

Introduction

One ofyfhe observations made by Ip, Vrbové and Westbury‘( 1977 ) was
that the restoration of sensory termihals is delayed in the absence of mofor
innervation, | | |

As the time course for the restoration of sensory and motor terminals
has been determined during the crush series of experiments,’if was decided
that this phenoménon should be investigated,

By crushing the appropriate ventral roots, it was calculated that
de-efferentation of peroneus longus could be achieved for 6 weeks., If the
peroneal nerve was crushed at the knee, then reinnervation of peroneus longus

by sensory nerves could start 10 days later,

Methods

A laminectomy was performed and the ventral roots of 16 - S2 crushed
for one minute with a pair of fine watch-maker's forceps ( see Téchniques )e
At the same time, the common peroneal nerve was crushed at the knee using the
usual procedure, The animals were killed at 3,4,5,6,7 and 8 weeks after the
operation, with aﬁ overdose of sodium pentabarbitone. The peroneus longus
muscles were removed and processed for the production of teased, silver-
stained preparations. The contralateral muscles were used as indicators for

the efficacy of the staining., The staining was of a high quality in all cases.

Observations and results

The results are summarised in Table 4.2,

In the crush study it was found that Ia axons start reinnervating

spindles after 15 days P.O.

At 2 weeks P.0O. in these experiments, no axons are visible either in

spindles, Golgi tendon organs or nerve trunks,

After 3 weeks P.0O., no axons are visible in spindles or Golgi tendon

— 94_



organs, but there are some fine axons visible in the nerve trunks ( see
Plate 4.5.D ),

At 4 and 5 weeks P.0, more axons are visible in the nerve trunks, Two
spindles recei#e innervation by fine axons ( Plate 4.5. E), but no terminals
are apparent. One example of a large-diameter axon ( 2.9 rm ) in a nerve ‘
trunk can be seen (. Plate 4.5. F ),

| At 6 weeké P.0, 12 spindles from a sample of 14 receive innervation by
presumed Ia axons ( average diameter 3.2 pm )e The form and disposition of
the terminals have a very noimal appearance, Regular spiralling is present
on bag,, bag, and chain fibres with a normal pitch/diameter ratio._The éndings
are all situated in the usual region, i.e. around the equatorial nucleation.
No examples of hyperinnervation can be seen., Secondary terminals have been
confidently identified on only two spindles and these are poorly elaborated.
The presence of motor innervation in the poles‘has not been detected, All the
Golgi tendon organs are now receiving innervation by Ib axons and most have
fully elaborated endings, though in some, the terminals are not complete.
After 7 weeks P.0. motor axons are seen both extrafusally, with the presence
of extrafusal endplates being apparent, and intrafusally,lwith Py plates
and trail-like ramifiéations being found., Golgi tendon organs now all ha&e_
an innervation of normal appearance. At 8 weeks P.O. spindles have resumed
a normal post~crush appearance, though there are fewer motor axons in the

pole than at the equivalent time interval in the crush study.

Summary and comment

Recognisable Ia axons are seen 6 weeks after the operation, whereas
after the nerve crush alone, they are first seen within P.L., 15 days after
the operation, which implies a delay of 27 days in the return of Ia axons in
the absence of efferent innervation. Theses two observations are however not
strictly comparable, as the trauma of the laminectomy may be detrimental to

the general state of health of the animal, resulting in a slower rate of

reinnervation. It is also possible that during these operations the vascular



supply to the sensory axons may have been impaired, which might also delay
the reinnervation rate.
What has been shown is that the elaboration of éensory terminals of
a normal appearance, both in nuscle spindles and in Golgi tendon organs, occurs
in the absence of motor innervation, though the rate of réturn of sensory -

axons has'been_reduced appreciably.
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SECTION THREE

THE REINNERVATTON OF MUSCLE SPINDLES IN THE ABSENCE OF SENSORY INNERVATION

Introduction

The ciush study revealed that a proportion of muscle spindles are
innervated bj axbns which are postulated to be alpha invaders. There was
however no proof as to the nature of these axons, though their presence does
provide an explanation for some phys1ologlcal results, It was also
hypothesised from this study that splndles may, in the absence of the correct
k1nnervat10n, lose'the»ablllty to produce spe01flc site reinmervation, |

It was decided to investigate the reinnervation of spindles in the
absence of the sensory innervation after ablation of the appropriate dorsal
root ganglia, If the hypothesis made on the basis of the crush study, that it
is the severance of the endoneurial tubes which produces the presumed alpha
invaders, is correct, then, were the peroneal nerve to be severed, production
of the alpha invaders would be expected to be maximised, facilitating their
analysis. It would also be possible to monitor changes, if any, in the
fusimotor innervation in the absence of the sensory innervation,

When this series of experiments was being planned, the results from the
cut series of experiments had not been analysed, and on the same rationale as
for the cut study, it was decided to leave the cut ends of the nerve |
unsutured,

In 7 adult cats, average ﬁeight 2.3 kg., a laminectomy was performed
under the usual conditions ( see Technigues ), and the dorsal root ganglia of
86 - L2 were removed, At the same time, the common peroneal nerve was cut at
the knee, at the position described in the previous section. The animals were
then killed at 5,6,8,9,10,12 and 13 weeks after the operation, with an |
overdose of sodium pentabarbitone. The peroneus longus muscles were removed
from both sides, and processed for the production of teased, silver-stained
preparations ( see Techniques ). The contralateral muscles were prbcessed in

the same receptacles as the muscles from the operated side to check for the

efficacy of the staining. In all cases the staining was of a high quality.



Weeks P.O. Axons visible Contralateral staining Tendon Organs No. of spindles.examined
on spindles receiving inmervation
() sample size

5 + + 0(6) 12

6 + + 0(5) 10

8 + + 0(8) 15

9 - + o(7) 9

10 - + o(7) L
(12 - + o(8) 13
13 - + 0(9) 13

The return of axons to PL muscle after deafferentation and nerve section
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Efficacy'of operations

The cut operation is self-evidently totally effective. To check that
deafferentation was complete, Golgi tendon orgahs from the P.L. muscle on
the operated side were removed and analysed. No inmervation was apparénﬁ in

the tendon organs examined,

Observations and results

The results from the cut study ( see previous section ) indicate that
leaving the cut ends of the nerve unsutured results in an unreproduqible
pattern of innérvation. It was intended that the cut study would provide the -
base-line against which the reimmervation in the absence of sensory axons-
could be aésessed, but the variable nature of the reinnervation following
this lesion has precluded this poséibility.

No large axons are visible on any spindles, nor are any sensory terminals,
confirming that the deafferentation had been complete., The patﬁern of
innervation is summarised in Table 4.3, |

Axons are present in spindles only during the first three periods of
restoration, i.e. 5,6 and 8 weeks, though axons are seen growing in nerve
trunks during the other periods of reimnervation ( Plate 4.5. B& C )

Where axons are present in spindies they frequently take up
longitudinally-oriented courses, without producing recognisable endings.

The motor reinnervation of deafferented‘spindles resembles the motor
reinnervation following cut alone ( see Section One ), in that it is
very sparse, On every spindle which could be analysed, axons are present that
enter and leave the spindle,sometimes attempting an ending. Only one example
of a presumed Py plate has been found ( Plate 4.5. A ). Three examples of
a Py plate have been found, and one produces an ultraterminal sprout.

Extrafusal endplates are very scarcely seen, and then only in the first
three time intervals. They have poorly developed branches within the sole plate,

There is one example of an extrafusal endplate with an ultraterminal sprout.
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Summary and comment

The results from this series of experiﬁents are for the most part
inconclusive, mainly because of the nafure of the cut lesion, but the nature
‘of the cut lesion had not béen established when the experiment was designed.
There are however certain observations which are worthy of commént° Thé first
is that there is a total‘@bsence from all the spindles and tendon organs
examined of lafge~diameter axons, This would confirm the identity of the
large~diameter axons observed in the cut series_of'experiments,_aé being

Sensory axons.

The presence of a D, plate in a muscle spindle at 8 weeks P.0., shows

that such terminals which are formed only on spindles, can be maintained . !
despite the prolonged absence of the Ia axoﬂo The presence of ultraterminal | |
sprouting in both extrafusal endplates and Pq plates corroborates the
observations made on material from the cut study.

No effective comment can be made on the long-term effect of deaffereﬁt-
ation, as it is known from the cut study, that the absence of axons

from the spindle after 9,10,12 and 13 weeks P.0, may be caused by the cut

operation alone,

As the hypothesis for the production of the presumed alpha invaders.in
the crush study, depends on the diameter of the axons in the mnuscle nerve,
it could be argued.that some of these formations might be due to sensory
axoné growing down the incorrect endoneurial tube.

The fact therefore that axons which éhow alpha~invader-like
configurations, are present in this study, adds corrobrative evidence

to the postulation that such axons in the crush study were originally

alpha motorneurones.
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SECTION FOUR: THE REINNERVATION OF 1USCLE SPINDLES AFTER NERVE FRERZE

Introduction

On analysis of the crush material, it was postulated that the injury had
caused some rupture of the endoneurial tubes which allowed some motor axons
to reinnervate spindles that had previously‘been exclusively extrafusai in their
distribution. The cut injury provided an opportunity for virtually ahy axon to
grow down any endoneurial tubé, but the restoration of terminals on nuscle
‘spindles following this lesion was poor, It was decided to use a iesion ﬁhich
would maintain the endoneurial tubes of the axons intact so as to provide the
ideal reinnervating conditions, and this would indicate whether the observations
made on crush material were attributable to endoneurial damage or not. |

Mira ( 1979 ) claims that freezing nerves produces an interruption of the
axon, but leaves the endoneurium intact, allowing axons to regenerate to their
original positions. |

The act of freezing however does not, per se, produce these conditions.

as Takano ( 1976 ) used freezing to produce an " alpha-muscle ". a condition
also occurring after cut and resection ( Thulin, 1960 ), from which it can be
inferred that gamma axons were presented with a gross obstacle to reinnervation .
after freeze; an observation inconsistent with Mira's findings.

The most probable explanation of this lies in the speed with which the
freeze took place. Takano ( 1976 ) produced the lesion by the application of
dry ice for protracted periods of up to five minutes., This would result in
relatively slow cooling and freezing of the nerve, Slow cooling produces large
ice crystals which could rupture the endoneurial tubes. Mira ( 1979 ), however,
used a 1iquid-nitrogeh cryode which was cooled by a pulse of liquid nitrogen
introduced under pressure. This produced an almost instantaneous freezing of
the nerve; It was decided to emulate Mira's method as closely as possible., His

equipment was however unobtainable in this country, so a different freezing

technique was devised, ( see Technigues )
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Methods

The common peroneal nerve was frozen at the knee in six adult cats,?;
( average wt. 2.1 kg. ) using the usual operating procedures, The animals were
killed after.7,16,28,35,42 and 56 days post operation, by an overdose of ;
sodium pentabé,rbitone° The peroneus longus muscle wés processed for the
production of teased, silver—stained preparations of muscle spindles and‘tendon'
organs.,

'Preliminary procedures

It was essential fo establish that fhe denervation produced by this
freeZing technique was complete, This was achieved in two ways,

One ahimal was killed seven days after the operation, On examinatioh bf
the muscle spindles and tendon organs from P.L., no axons could be seen within
the intramuscular nerve trunks, or within spindles or tendonlorgans;§Axons-in
the contralateral muscle processed in the same receptacles were well stained,
The animal killed after 16 days P.O. did not have axons present in spindles
either, though reinnervating axons were present in intramuscular nerve frﬁnks,
again indicating that thevdenervation produced by the freeze technique was
total., The other evidence comes from examining the peroneal nerve distal to
the injury. The nerves from the 4 and 6 week P.O. animals were prgcessed for

electron microscopy ( see Techniques ), and an examination revealed that thé'gff

f

myelin sheaths of the axons were all noticeably thinner when compared to T
normal axons, This is a featufe of reinnervating axons, For a comparison
between the normal and post-freeze sections of the peroneal nerve, see Plate
bo6,

The calculation of reinnervation time for the freeze lesion

Reinnervation time is defined as the number of days that the fastest
growing axons are calculated to have entered and been reinnervating a muscle,
As some axons were found to be present within the muscle after 16 days, it was

decided to calculate the days R.T. by subtracting 16 from the post-operative
time in days.

Analysis
The analysis used the same conventions as those adopted for the crush study.
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Days P.O. Days R.T. % Return Mean axon diameter(rnﬂ. Standard Deviation
() sample size () no. of measurements
7 - o(14) - -
16 - 0(17) - -
28 12 100(13) 3.5(30) 0.9
35 19 100(15) 5.4(27) 1.0
L2 26 100(13) 5.2(24) 0.7
56 - 81(11) 5.1(18) 0.9
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Obsexrvations and results

For reasons which will be discussed later, the observations made on the
8 week P,0. material will be presented separately. |

1) Restoration of primary endings

The results are summarised in Table 4.4,

a) Rate of return

The first time axons are seen in spindles is at 12 days R.T. At this
stage, all of the 13 analysable spindles receive innervation by Ia axons,
This is comparable to the time of 10 days R.T. taken by the’first‘wave of
Ia‘axonsbreturning invthe‘crush study. Thereafter, in both 19 and 26 days
R.T. material, all spindle capsules receive innervation by Ia axons,

b) Diameter of Ia axons

The diameter of the Ia axons is shown in Table 4.4, It can be seen that,
after 12 days R.T., the diameter of the axons is less at 3.5 Fm, than the
final thickness of over 5 Pm, but it is comparable to the value of 3.0 Fm,
which is the thickness of Ia axons at 10 days R.T, in the crush study.

¢) Hyperinnervation

No examples of hyperinnervation have been seen in the freeze material.

d) Distribution of endings to intrafusal fibres

The normal distribution of terminals to the different types of intra-
- fusal fibres is resumed even at 12 days R.T. No examples'can be Seen where
the primary ending does not supply any one kind of intrafusal fibre.

e) Form of the ending

The form of the ending resumes a normal appearance, Regular spirals .
have formed around the equatorial region and bag1 and bag2 fibres have
resumed the differences in the nature of their spiralling.

The average pitch/ diameter ratio is 0.3, and no examples of the high
value pitch/ diameter ratio spirals which are present in the crush study,

can be seen,
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f) Position and extent

The primary terminals are invariably restored over the equatorial
nucleation, and have~an,average length of 270 Pm,which is close to the
normal value of 300»,,1mo No examples have been seen where the primary

terminals extend into the S1 region,
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Standard Deviation

Days P.O. Days R.T. |% Return Mean axon diameter (Pm)
() sample size () no. of measurements
7 - o(14) - -
16 0 0(17) - -
28 12 33(12) 2,1(12) 0.3
35 19 60(15) 3.0(21) 0.8
b2 26 69(13) 3.4(27) 0.7
56 - 66(11) 2,0 0.7
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2) Restoration of secondary endings

a) Rate of return

f)

The results for thé restoration of secondary endings are shown in Table
b.s.

It can be seen that at 12 days R.T., one third of spindles are receiving
innervation by group II axons. This is approximately half the leQel of
reinnervation eventually achieved, and indicates that the group IT axons
are slower in returning £han the Ia axons after freeze, as the 1attér have

achieved 100% reinnervation at this stage.

Diameter of group II axons

The average diameter of group II axons at 12 days R.T., is 2,1 pm,
slightly lower than the reinnervating group II axons after crush at this
stage ( 2.7 o ), and also less than the values after 19 and 26 days R.T.
This is consistent with the observation that, at 12 days R.T., group II

axons are at an early stage of reinnervation.

Hyperinnervation

No examples of hyperinnervated secondary endings have been found.,

The form of the ending

Secondary endings resume their normal appearance, and both annulospiral
and flower-spray terminals are reformed,
In comparison to the crush study, the secondary endings are very well

restored,

Distribution of the endings

Restored secondary endings are distributed mainly to bagz fibres and

chain fibres, though a small contribution is alsc made to bagl fibres,

Position and extent

Restored secondary terminals are situated in the S1 position in the
majority of cases, though two examples are seen in the S2 position. They
are more extensive than in the crush study, having an average length of 260

Pm, though this is still low when compared to the normal range of 250-700Fm.
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g) Interactions with other axons

There are no examples of the secondary'or primary endings occupying
the site of the other, and causing rejection, nor are there any examples
of secondary endings sending branches through the equatorial region to
fofm more secondary terminals on the 51 position on the other side, In
fact, they have a totally normal appearance, apart from the diameter. of

the supplying axon.
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Days P.0, Days R,T. Mean diameter of Mean diameter of Mean diameter of
axons supplying axons supplying axons supplying
p, plates (pm) p, plates (jam) trail endings (pm)
X n | S.D. X n | S.D. X n s.D.
7 - - - - - - - - - -
16 0 - -] - - -] - - | - -
28 12 1.0 3 0.3 1.0 2 0.5 0.7 2 -
35 19 104 9 002 1"5 [i’ 005 100 8 O.L"
42 26 1.5 8 0.2 1.7 5 0.4 1.1 9 0.3
56 - 1.3 | 7 0.3 1.4 L | ok 1.9 6 0.4
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The motor innervation

1) Restoration of extrafusal motor endplates and p, plates.

The results for the restoration of motor endings after nerve freeze
are summarised in Table 4, 6.

At 12 days R.T., éxtrafusal endplates have resuﬁed a normal appearance.
No examples of hyperinnervation or abnormality are seen at this stage or
later,

Although the extrafusal endplates have resumed a normsl appearance at
12 days R.T., out of a saﬁple'of 24 poles, only threé presumed P, sole plates
are reinnervatéd,and these are poorly elaborated., At this stage, the ending
usually consists of a singie branch within the sole plate, Aftér 19 days R.T,
12 plates are more commonly seen, with their presence being noted on 9 out of
28 poles,

The endplate now has a more normal appearance with several branches
within the sole plate. Examples of the Y-shaped formation can now be seen. (see

Plate 4,7.C ) At 26 days R.T., they are noted on 8 out of 24 poles,

a) Diameter of axons

The diameter of axons supplying Py plates is shown in Table 4.6. It can
be seen that the earliest value at 1 um is lower than that at 19 and 26 days

R.T., indicating that,at 12 days R.T. innervation is in its early stages.

b) Hyperinnervation

No examples of hyperinnervation are seen,
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2) Restoration of D, plates

The results are summarised in Table 4, 6.

a) Rate of return

Recognisable pz_plates are not well-elaborated after 12 days R.T.,but
there are two examples of an early restoratibn. Thése are both elongated
plate-like endings, of average length 77 Fm, and theyiare each supplied by a
single axon, |

At 19 days R.T., the characteristic formvof the P, endplate has been
resumed ( see Plate 4,7 A ), and several examples of normal appearance are

seen at this stage and at 26 days R.T.

b) Diameter of axons supplying p. plates
[

As is the case with the axons supplying 12} plates, the diameter after 12
days R.T. is appreciably lower than that at the succeeding time intervals.
At both the subsequent time intervals, the average diameter of the axons.

supplying Py Plates is lower than that of those supplying P, plates.

c) Distribution of p. plates
&~

When the identity of the intrafusal fibre on which the P, plates are
formed, can be determined, these are seen to be bagl fibres., One P, plate
however is supplied by a branch of an axon, the other branch of which goes on
to form another P, plate on a different intxafusal fibrelto the first, ( see
Plate 4.7 D )

Examples are also seen, where Py plates are supplied by‘branches of axons,

the destination of whose other branch cannot be discerned. ( see Plate 4,7 B )

d) Abnormalities in p, plates

Apart from the abnormality in distribution noted previously, another

abnormality has been observed.

Tn one example, an ultraterminal sprout is formed ( not in itself an

abnormality ), but this sprout goes on to innervate a presumed 12 sole plate
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situated in a more polar region on the same intrafusal fibre (a bagl fibre ),
and forms an ending with a similar appearance to a p, plate, ( see Fig. 4.9 )

In another example of terminal sprouting, the sprout goes on to form a
‘brush~like terminal, similar to those seen in trail ramifications on an

adjacentAchaih fibre., Examples of terminal sprouting with the sprout ending

in the usual vesicular axonal swelling have also been seen,

%) Restoration of trail ramifications

The results are summarised in Table 4.6.

Trail-like ramifications can be seen in the juxta-equatoriél.fegidn after
12 days R.T., but only two can be confidently identified as a trail ending.
After 19 and 26 days R.T., trail endings have a normal position and
distribution, il.e. mainly to bag2 fibres and chains, and they are also normal
in apjearancea

The diameter of axons supplying trail ramifications follows the pattern
for the 124 and P, plates. At 12 days R.T., the diameter of the supplying axons
is 1Qwer than at subsequent time intervals, At each stage this is lower

than that of the axons supplying Pl and P, plates,

4)Visiting axons

Excluding recurrent axons from recognisable trail ramifications, axons
which enter the spindle only to leave it again, having made an attempt at an

ending have not been observed . Occasionally axons passing through spindles

without making endings are present.
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Days P.O. Days R.T. % Return Mean axon Standard Deviation
() sample size diameter (pm)
() sample size
7 - o(6) - -
16 0 o(7) - -
28 12 100(7) 3.0(9) 0.9
35 19 100(9) 3.6(21) 0.5
b2 26 100(9) 4,9(18) 0.6
56 - 100(8) 4.7(18) 0.7
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Golgl tendon organs
The results are summarised in Table 4,7,

1) Rate of return

By 12 days R.T., all tendon organs seen have received innervation by

Group Ib axons, and this is the situation after all subsequent time intervals,

2) Nature of the endings

All the tendon organs examined have terminals which are of an entirely

normal appearance,

z)Diameter of the axons

The diameter of the Group Ib axons increases from the initial low value
of 3.0 Pm.to b,9 pn at 26 days.R.T.

The lower value at 56 days P.O., is assumed tb be caused by the increased
damage due to the injury, in this one case , and it is also assumed that the

axons have been returned for a shorter time than in the 42 day material( P.0O. ).

4y Abnormalities

The 6nly abnormality in the reinnervation is that of hyperinnervation.
This is seen only in the 19 days R.T. material.

There are three examples in all, One is supplied by four very fine axons,
and the other two, by three very fine axons., In all cases, these very fine

axons contribute towards the terminations which have a normal appearance.
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Eight Weék‘Post_Freeze Material

As can be}seen from Table 4.4, only 81% of épindles have received

reinnervation by Ia axohs eight weeks after the freeze operation, This implies

- that the damage causéd_by the freeze injury in this one case, has greatly
exceeded that causedwat the other time intervals, as, even at 12 days R.T.,
there has been 100% return of Ia axons, and even the diameter of the Ia axons
which have returned after 8 weeks, are on average lower than that of those
restored at 19 and 26 days R.T. This means that comparison in terms of R.T.
cannot be made between the 8 weeks P,0., material and the remainder of the
freeze material,

The reason for the lack of return of 20% of the Ia axons is presumably
increased endoneurial damage caused by too extensive an area of freezing. The
level of damége is comparable to that caused by the crush injury, and may
provide additional information to the crush study, as at 56 days POO.,_sbindles
may have been deprived of innervation for longer than spindles during the

crush study, where the longest period of denervation confirmed was 48 days.

Sensory innervation

"1) Restoration of primary endings

Of the nine analysable capsules which receive innervation by Ia axons,
two produce primary terminals which have an entirely normal appearance,

distribution and position on the spindle,

There is one example of a single axon entering the equatorial region,
branching and terminating in axonal swellings ( Plate 4.9 A ).

Another spindle has two primary endings, one situated over the site of
equatorial nucleation, and the other offset to one side, distributed mainly to
a separate bundle, but extending into the Sl region so that it overlaps a
secondary terminal situated on the original intrafusal bundle. ( Plate 4.8 A )

- In another spindle one branch from the first branching ﬁode of the Ia
axon extends out into the S, region ( Plate 4.9 C ), where an axonal swelling

is made in close opposition to the secondary terminal, and a branch from this

returns to the primary region.
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2)

1

2) Restoration of p. plates
[y

One example is found, where a presumed secondary axon approaches the
equatorial region from a pole, makes a secondary ending in the Sl

position and one branch then grows through the equatorial region and forms

another Secondary ending in the other S. position. While passing over the

1
area of equatorial .nucleation however, it branches and supplies
rudimentary terminals, mainly to the chain fibres.( Fig. 4,10 )

In one example ( Plate 4.9 B ), one branch of thé Ta axon produces
terminals in the juxta-equatorial position.,

Another example has been observed, where the primary ending produces

only irregular half-ring formations ( Plate 4.8 B ).

Restoration of secondary endings

Apart from the example mentioned abofe, secondary endings, where
bresent, resume a normal position and distribution to the intrafusal fibres
( Plate 4.8 B ), although the average diameter of the axons is smaller than
for the other periods of the nerve freeze ( average diameter 2.0 jam in a

sample of 18 ).

Motor innervation

Restoration of extrafusal endplatesrand i} plates
All examples of extrafusal endplates have an entirely normal éppearanc
and there are no examples of either hyperinnervation or terminal sprouting. i
P1 plates can be identified in 6 out of a possible 29 poles, and are
distributed to bagl fibres, when it is possible to identify them.The
average diameter of the supplying axons is 1.3 Fm.

The form of the ending is usually normal, but there are two examples,

where there is only one branch within the plate. In one example, a " Y "

3

shaped formation has been formed, and the two plates are distributed to

different intrafusal fibres, one of which can be identified as a bagl fibref

No 18 plates can be Qonfideﬁtly identified,though there is one example
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of an elongated plate-liké ending, length 50 pm, in one spindle, This is
supplied by a single axon of diameter 1.9 Pm, but the intrafusal fibre, on

which it is situated can not be identified.

3)Restoration of trail endings

k)

Trail-like ramifications are present on all analysable poles, but

confident identification is not possible.

Invading axons

In contrast to the previous freeze material, each analysable spindle
receives fine axons which perform numerous tortuous convolutions, sometimes
producing endings before leaving the spindle, These formations are similar to

those seen in the cut and the crush studies,

Restoration of Golgl tendon organs

Six out of a sample of 8 Golgi tendon organs receive innervation by

presumed Tb axons. The terminals, where present, have an entirely normal

appearance,

Summary and comment

The spindles taken from the 5,6 and 7 week post-freéze muscles, indicate

. that the freeze lesion has produced the effect that was predicted by Mira

( 1976 ), i.e. there has been axonal interruption without endoneurial
disruption, This has been inferred from the observation that all spindles
receive innervation from Ia axons by the same time interval, i.e. there is no
first and second wave of reinnervation. There are also no signs of élpha
innervation, a condition which has been attributed to endoneurial rupture.
Sensory terminals are quickly restored to normality. The motor innerva-
tion is slower in returning, but the elaboration of the P, plates is complete

at much earlier times R.T. than in the crush study. Some abnormalities are

apparent in this freeze material.
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The example illustrated in Fig. 4.9 shows that the axon which has formed the
Py plate, is‘also capable of forming an ending on a Py sole plate, or that

the beta axon, which is forming the ending on the sole plate, is also |
capable of forming a I plate, presumably'qn'a P, site, This may indicate that
the form of the ending which reinnervating axons produce, is influenced by the
nature of that which they are innervating.

For reasons explained previously, it was interpreted that the freeze
lesion, in the one instance of the 8 weeks P.O. material, caused greater
damage than expected, resulting in potentially a longer period of time when
the muscle was denervated ( denervation time ) than had occurred in.the‘_
crush study.

The fact that a presumed secondary is beginning to form terminals around
the chain fibres in the region of equatorial nucleation, and that Ia axons are
beginning to form primary endings with branches elaborating terminals in the
Sl position, indicates that the mechanism which causes the site specificity
seen in the crush study is no longer operating adequately. This may be a

function of the denervation time.
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SECTION FIVE

THE REINNERVATION OF MUSCLE SPINDLES AND GOIGI TENDON ORGANS AFTER A

MINIMUM PERIOD OF DENERVATION

Introduction

The very poor sﬁccess rate of restoration of nerve terminals on spindles
in the cut series of experiments could have at least two explanations. The
firét is that very few, if any, of the axons are growing down their original
endoneurial tubes, so that a mis-match of axon and intrafusal substrate makes
elaboration of terminals impossible. The other is that during the period of
denervation, ranging from 6 weeks to 10 weeks in the cut study, the spindles
were atrophying or undergoing metabolic change, so that during the early
stages of any subsequent innervation there was insufficient site specificity
to cause elaboration.

To see if the denervation time does indeed produce an alteration in, for
exanple, the specificity of the reinnervation or the speed with which
reinnervation proceeds, two pilot experiments were devised,

The first was to crush the nerve at the muscle entry, which would provide
the minimum period of denervation, and the second was to crush the nerve
repeatedly, so that reinnervation was prevented for aperiod of 50 days.

Unfortunately the animal being used for the repeat crush stﬁdy died
following the last crush operation. So only the nerve entry crush study‘can

be presented here,

Method
In a single cat, the peroneal nerve was exposed and the branch supplying
peroneus longus was traced, then crushed at its point of entry into the

muscle. Three weeks later the muscle was removed and processed for the production

of teased,silver-stained preparations,

7
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1)

Observations and results

Sensory restoration

Primary restoration

Out of a sample of 17 analysable spindles all receive a Ia axon. There -

are no examples of hyperinnervated spindles.

a) Form of the ending

In the majority of spindles, the primary ending resumes a very normal
appearance, the only sign that they are reinnervated spindles being that the

diameter of the Ia axons is below normal and that they are not myelinated.

The average diameter of the Ia axons is 4.1.Pm.

There are regular spirals present around the equatorial nucleation, which
have a pitch/diameter ratio of 1, close to normal,

The terminals are distributed to bagl, bag2 and chain fibres, ( see Plate
4,10 A ) and it has often been possible to confirm that the characteristic

terminals distributed to bag1 & bag2 fibres have been restored.

2)Secondary restoration

In 11 spindles, secondary endings are very well restored, showing both

annulospiral and flower-spray endings. ( see Plate 4,10 B )

1)

Their extent is entirely that of the normal ending and they are also in

the Sl position. The average diameter of II axons is 3.5 o

Motor restoration

Extrafusal endplates and‘pl plates

Extrafusal endplates are restored to a normal appearance. No examples of

hyperinnervation or ultraterminal sprouting have been observed.

Intrafusally, P plates are observed on six spindles, All of these 1)
plates have a normal appearance, and where identification of bag fibre type

is possible, they are positioned on bagl fibres. The average diameter of the

supplying axons is 1.1 Pm.
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2) Restoration of p, plates

There are only twd examples of restored Py plates. Neither of these‘are
well-restored, with the branches within the plate ending in tapers rather
than in the usual swellings. |

The average length of the plates is 45}mu and they'are both supplied by
thin axons of average diameter 0.9/umg Identification of the intrafusal fibre

types which they supply cannot be made.,

3) Restoration of trail endings

Tréil-like ramifications are present in all spindles,'although the endings
are not well-developed which makes the analysis of the distribution of the
ramification difficult. Where this is possible, it is mainly the chain fibres
that are supplied. The average diameter of axons supplying trail-like

‘ramifications is 1,1 fmu

| 4) Invading axons

There are no examples of axons which enter the spindle and then leave.

Golgl tendon organs

A1l the Golgi tendon organs receive innervation by Ib axons. They all
produce terminals of normal appearance, The average diameter of the supplying

axons 1is 3.9/ﬂng There are no examples of hyperinnervation. There are 9 tendon

organs in all,

Summary and comment

If the same latent period and rate of regeneration, as calculated from
the crush study, apply to these experimental conditions, which does seem likely,
then it can be calculated that these muscle spindles and tendon organs are
being examined after 15 days R.T. The fact that all the analysable spindles

are receiving immervation by this stage, indicates that the endoneurial tubes

have remained intact after this crush operation, an observation borne out by
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the lack of invading axons. This implies that axons are returning to their
original sites of innervation., The restoration of sensory terminals in this

study is more advanced than at the equivalent periods R.T. in the crush study.

This might indiéate that the speed with which terminals are elaborated

depends on the period of time for which the spindles are denervated.
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CHAPTER FIVE

DISCUSSION

The identification of reinnervating neurones

As mentioned previously the rationale adopted for identifying
neurones was that of assuming that axons which formed terminals that
were identifiable by their similarity in form and position to normal
endings, had been axons which, prior to the lesion, formed the said
endings.

This assumption has been made implicitly in the previous studies
"of spindle reinnervation ( Ip, Vrbova & Westbury, 1977 , Barker &
Boddy, 1980 ); and it will now be examined in the light of the find-
ings presented in this study. The diameter of an axon is one parameter
which has been used to differentiate between motor and sensory axons
at the level of the spindle. This does not seem an unreasonable pract-
ice, as it has been shown that, in reinnervated nerve trunks, relative
differences in diameter between the different populations .of axons
are restored ( Devor & Govrinn-Lipman, 1979 ).

Evidence that differences in diameter between motor and sensory
axons at the spindle are restored is provided by the crush study, in
.which the axons.supplying the putative primary endings were invariably
the largest, as were the secondary endings the second largest. It might
however be argued that the diameter of the reinnervated axon; and the
terminals it produces, is influenced by the substrate which it inn-
ervates, and that the alleged Ia axons were not previously Ia axons
at all, but merely being induced to form a primary ending by their
presence on the primary site.

Evidence from the de-afferentation and cut studies ( Chapter 4,

Sections 1 and % ) would suggest that this hypothesis is not valid.

-119—



The results from the:cut study show that some GTOs are being success-
fully restored by large-diameter axons and thatflarge-diameter axons
are present in the muscle spindles ( thUgh not necessarily forming
recognisable endings for reasons to be discussed later ). The results
from the de-afferentation and cut study show that no GIOs are restored
nor are thefe any thick axons within the spindles. If motor axons
were capable of forming endings on sensory structures, then it would
be expected that tendon organs in the de-afferentation and cut study‘
would have some innervation. As noted previously, this is no£ the
case. The lack of lérge-diameter axons in the de-afferentation and
cut study suggests that large-diameter axons in reinnervated material
can be classified as sensory in origin. |

These two observations both indicate that thevlarge;diameter axons
are sensory in origin, and therefore, that the primaries, secondaries
and GTO endings, in short-term reinnervated material, are not formed by
way df induction by the substrate, from axons which were previously
motor in ofigin.

Although the putative inductive effect of the primary site does
‘not cause alteration in motor axons, it may be possible that a prev-
iously group II.sensory axon might be induced to form a primary ending
on the primary site and vice versa. This hypothesis is not consistent
with the obéervations made in the crush study ( Chapter 3 ), where it
has been seen that, during the period between the first and second ’
" waves " of Ia innervation ( to be discussed in greater detail ), the
region of the primary ending is not receiving any innervation, despite
the fact that II endings, tendon organs and the motor supply to the poles
are well-restored.‘This indicates that the region of primary innervation
will not, at this stage, accept any other form of innervation other

than Ta. In fact, there is evidence, provided by observations that
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fine axons entering the equatorial region terminate’in spherical loz-
enges, that attempts et innervation are being rejected. The fact that
a secendary terminal sends a branch across a vacant equatorial region,
without attempting to~fbrm an ending on that site, is further evi-
dence that only Ia axons are capable, at that stage of reinnervation
time, of formiﬁg terminals on a primary site.

The possibility of a previously Ia axon being induced to produce
a group II ending by a vacant secondary site ( possibly by sproutihg,
which will be diecﬁssed later ), is inconsistent with observafions made
in the crush study.

It was shown in Chapter 3 that the first " wave " of Ia innerve-
ation occurs earlier than the innervation by group II axons e.g. at
11 days R.T., 75% return for.Ia axons, 18% for group II axons, allowing
ample opportunity for Ia axons to innervate and elaborate on a second-
ary site. No examples of this were seen.

It could be argued that Ib axons might form endings on sensory sites
within the spindle and vice versa, but, if the miuscle spindle is capable
of discriminating between two forms of ending which can have a very
similar form, end occur on the same intrafusal bundle, separated only
by 10s of microns, i.e. primary and secondary, then it seems most un-
likely that an axon which normally forms an ending of different form
on a different substrate, and which normally responds to the opposite
physioclogical stimulus, would be capable of forming an ending on a
primary site, and for the same reasons, nor would a Ia or a secondary
on a GTO. This is consistent  with the observations made in the cut
study which showed that, although the terminals on some GIOs
were restored, there were none restored on primary sites.

The evidence presented thus far indicates that in reinnervated
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muscle spindles, after short periods of denervation, sensory axons are
.distinguishable from motor axons by virtue of.their diameter, and that

Ia axons alone re-establish primary endings, and that II axons alone
re-establish secondary endings, and there is also an indication that
group Ib axons and motor axons are not capable of forming primary endings.
This evidence suggests that the assumption is correct that axons which
formed terminals that were recognisable by their similarity in form

and position to normal endings, had been endings which, prior to the
lesion, formed the said endings.

The fact that a paciniform corpuscle and a GTO share the same axon
does not necessarily invalidate the hypothesis proposed. No endings are
elaborated within the corpuscle,so. any branch which grows into thev
corpuscle will appear to innervate it, but in fact may have no funct-

ional significance.

Specificity of sensory reinnervation

The sensory reinnervation of muscle spindles will: now be discussed
with regard to specificity. To facilitate this, differenf degrees of
specificity will first be defined. The most precise form is " original
terminal " specificity, i.e. the reinnervating axon is capable of rest-
oring a terminal only on the exact site that it had been innervating
prior to the lesion. A less precise form is " site-type " specificity,
l.e. the reinnervating axon is capable of restoring a terminal only on
an exact site where an axon of the same type had previously innervated.
For example, a Ia axon is capable of innervating any denervated spindle,
but only on the primary site.

It is difficult to prove " original terminal " specificity, as, in
the crush study, the majority of axons are returning, by virtue of

their intact endoneurial tube, to the same spindle anyway, and there
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is no means of knowing whether the escaped axons have returned to their
original spindles or not. The fact however that 100% reiﬁnervation is
achieved in a wave, rather than gradually, would militate égainst

" original terminal " specificity, as it would seem unlikely , though
not impossible, that the entire population of " escaped " axons could
find their target spindle within such a relatively short time.

The fact that, in the cut study, there are no well-restored prima-
ries, does not hecessarily argue in favour of " original terminal "
specificity, as time dependent factors in the mechanism of ending elab=-
oration, may be operating ( discussed later ). The fact however that
GTOs do produce reasonable endingg}ggginst " original terminal " spec-
ificity, és, given the circumstances through which the regenerating
axons have to grow, it would seem most unlikely that many GTOs could rec-
eive back their original axon.

If comparison is made with other regenerating afferent axons, then
it has been shown in the cat by Horch & Burgess ( 1980 ) that the axons
are not specific to their original site of innervation. Their observ-
ation is consistent with the hypothesis produced here. No mention is
made in the other studies of spindle reinnervation, of this form of
specificity.

The other form of specificity, that of " site-type ", will also be
discussed in relation to the sensory nerves.

As has been shown in Chapter 3, primary ( and secondary ) endings
are formed in their normal positions. It could be argued that the pre-
sence of primary terminals does not in itself indicate " site-type "
specificity, but shows that, as Ia axons are regenerating down their
original endoneurial tubes, then the first intrafusal structure they

encounter is the site where the normal ending is formed, and the ending
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is in fact elaborated there merely because it is the site of the
first encounter. This does not exclude the possibility that an ending
could be elaborated elsewhere on the bundle if the opportunity arose.
There are two indications that this is not the case. One is provided
by the sepondary sensory innervation. This is also restored to its
original position and extent, but formations are seen where a branch
of a secondary axon traverses the area of equatorial nucleation to
make another secoﬁdary ending at the opposite side of the equatorial
region, without any attempt being made to elaborate terminals in the
primary region.

This suggests, as mentioned previously. that either the group II
axon is not capable of forming endings a; the primary site, or that
the region of the primary ending does not provide any signal to the
nerve for the ending to elaborate, or that both occur. Findings from
8 week freeze material suggest that group II axons are in fact ultim=
ately capable of forming endings on the primary site ( after the
spindle has been denervated by group Ia axons for long periods ).
This observation implies that the substrate of innervation is causing
" site-type " specificity of innervation, after short periods of de-
nervation, only allowing Ia axons to elaborate on primary sites.

The same of course applies to group II axons.

The other indication that the observed correct reinnervation by
Ta axons is not just the effect of proximity of the correct part of
the intrafusal bundle to the end of the endoneurial tube, is that the
second " wave " of Ia innervation ( Chapter 3, page 67 ) is also res-
tored to‘the normal position on the intrafusal bundle. The hypothesis
formed to explain this observation suggested that the damage to approx-

imately 25% of the population of the Ia axons was significantly greater
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than to the rest. All the myelinated axons in the nerve trunk have
been shown to be dgmaged at the site of the lesion, so this probably
indicates that the extra damage causing the delay, is fo the support-
ing tissues within the nerve trunk, as it is known that the presence
of such tissues is of great importance in the successful regeneration
of nerves ( McMahan, Edgington & Kuffler, 1980).

It has Been shown by Strain & Olson ( 1975 ) that Laplace's law
can be applied to compression phenomeha within nerve trﬁnks. This states
that the tension in the wall of a cylinder is proportional to the diff-
erence between internal and external pressures and the radius of the
cylinder ( T = PX R ).

It is therefore more likely that for any applied pressure, the
endoneurial tubes of the larger axons, i.e. the Ia axons and the alpha
motorneurones, will be ruptured. Once ruptured, theopportunity will occur
for the axons to grow either down adjacent endoneurial tubes or outside
a pre-existing route altogether. That these both happen has been shown
by Haftek & Thomas ( 1968 ), in that they showed the merging of adjacent
endoneurial tubes at the site of the lesion and " escaped " axons ( Holmes
& Young, 1942 ) growing outside endoneurial tubes. These " escaped "
axons would necessarily take longer to return to the spindle and could
account for the second "wave'" of Ia innervation. The fact that all
spindles in the crush study receive Ia innervation indicates that even
when JTa axons do not have physical guidance, they will still only form
endings over the usual position. Hence the evidence provided by the
crush study is that there is " site-type " specificity for the posit-
ion of the primary ending.

The evidence presented so far indicates that " site-type " specif-

icity occurs for sensory axons. As the Ia axon is known to induce the
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formation of muscle spindles in development (lZelena, 1964, Zelena

& Soukoup, 1973, Milburn, 1973 ), it does not seem unreasonable that
the prolonged ab§ence of a Ia axon may result in such effects as the
diminution in"site-type" specificity. In the crush study, the intrafu-
sal bundle has been left without the influence of the Ia axon for a
maximum of 48'déys, and although " site-type " specificity is very
marked even afﬁer this period of denervation, there is one indication
that this form of spebificity is beginning to break down. This is the

example where a secondary ending in an S, position, is situated more

1
equatorially than usual, to the extent that a presumed Ia axon within
the periaxial space does not make a primary ending.

As was discussed in Chapter 4, the exact length of denervation
time in the cut study was impossible to determine, but the results
indicate that any spindles receiving innervation would have been denerva-
ted for at least 35 days, and possibly up to 70 days ( see Table 4.1 ).
No primary endings of a recognisable form were found in this study, the
best attempts being half-ring structures ( Plate 4.1 A & B ). One expl-
anation of this is that no Ia axons regenerated into any of the spindles
examined. This explanation seems unlikely as the crush study indicates
that Ta axons are capable of finding their target sites of innervation
( as are the extrafusal ( McMahan, Edgington & Kuffler, 1980 ), and
in the cut study itself, Golgi tendon organs, extrafusal motor end-
 plates and intrafusal motor endplates are successfully innervated, It
is more likely that at least some of the large-diameter axons seen
within the spindle capsules are Ia axons which are not forming endings.
The fact that Ib axons can produce endings of normal appearance after
the same periods of denervation suggests that the lack of primary end-

ings is not due to a failure in the ability of the Ia axon to elaborate
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an ending, but rather to the intrafusal bundle 1osing its ability to
interact with a Ia axon to produce a primary endiﬂg. This could be
due to the prolonged absence of Ié axons, gr to the innervation of the
intrafusal bundle by inappropriate motor axons, or to a combination of
the two.

If a spindle can lose the ability to induce a Ia axon to foym a
primary ending with time, then the interim period between total " site-
type " specificity and rejection, may be indicated by a breakdown‘in
" site-type " specificity, and by an increase in the time which it takes
a primarybending to elaborate, an index of which may be the size df the
Ta axon for a givenAperiod R.T. |

The sequence of evepts showing the effect of incregsing denervation
time is shgwn in Table 5.1,and this will be explained in the following
pafagraphs. It would appear , from the data presented in Table 5.2,
that over the period fron 6 to 16 days denervation‘time, thg_primary ‘
takes no longer to establish, as judged by thickness of the_axgn, but
the group II axons do appear to be taking longer with increasing dener-
vation time. This is the first indication of a breakdown of specificity
occurring after only 10 days R.T.

The first example of a breakdown in " site-type " specifigiﬁy is
showri in the crush material, and this spindle could have been denervated
for a maximum of 48 days.

The cut material could have been denervated for a period of from
35 days to 70 days. The 6 week P.O. material ( probably 35 days D.T. )
only had two large-diameter axons within the spindles; one was producing
longitudinally—oriented tapers over the primary site,and the other was
making no attempt at an ending and was prqbably a Ib axon. At 8 weeks

P.0., however ( approximately 49 days. D.T.) two examples of rejected Ia
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axons are seen, i.e. some branches from a large-diameter axon, which
‘produces longitudinally-oriented terminals over the primary region, grow
out of the 'spindle. These are seen at all subsequent time intervals in
the cut series of experiments until at 30 weeks P.0., a large-diameter
axon can be seen to have all its attempts at reinnervation rejecfed (
Fige 4.l. ). The 8 week freeze material could have been denervated for
up to 56 days, and there are examples indicating that " site-type "
specificity has broken down. In one example, the Ia axon is forming an
ending in such a way that it overlaﬁs into a secondary sité, and in an-
other spindle, the primary ending is being formed juxtaequatorially.

There are other indications from this material that " site—typev"
specificity is breaking down: a presumed secondary axon forms some end-
ings over the equatorial'nucleation between the two secqndgry»endings
which it aiso elaborates. In another example, branchés of a Ia axon form
terminals in the juxtaequatorial position, and in another spindle the
terminals of the primary consist of irregular half-ring formaﬁionsf The
lack of the normal form of endings could be another indication of the
loss of " site-type " specificity. This occurs in crush material after
48 days R.T.

To recapitulate: the observations from the studies reported»here
indicate that " original-terminal " specificity does not occur in the
sensory reinnervation of spindles, and this is consistent with the ob-
servations made on other regenerating sensory nerves ( Horch & Burgess,
1980 ).

A very precise " site-type " specificity does however appear to be
operating after short periods of denervation, This " site-type " specificity
seems to break down gradually over a period until at times after 50 days

R.T., reinnervating Ia axons are no longer induced to form primary
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endings of c normal appearance.

The fact that the lack of elaboratioclof primary endings may be
occurring at its earliest in theﬂcut study, might indicate that the
process of " site-type." specificity is breaking down more quickly
undcr the influence of alpha invaders.

The lack of " original-terminal " specificity and the presence of
a precise " site-type " specificity would seem to be the most effect-
ive arrangement for ensuring the most rapid functional recovery after
nerve injury.v |

It may be that the trophic effect of the Ta axon may be eventually
the cause of changes in the spindles that have rejected them, or have
only allowed poor»elaboration, s0 that a " normal " primary epdiﬁg may

be elaborated. This process may be occurring in Plate 4.1 A&B.

Sensory nerve sprouting

Two forms of sprouting could occur in regenerated Sensory nerves:
one at orinear the site of the injury, the other at or near. the terminal.
Sprouts occurring at the‘injury site have been shown to persict for long
periods ( Devor & Govrin-Lipman, 1979 ), and may account for scme of the
second " wave " of innervation of Ia axons, so that more than one spihdle
‘may be innervated by one Ia axon ( a situation known to exist in cat
jaw muscles ( Kato, Kawamura, & Morimoto, 1982 ) ). Sprouts which grow
down endoneurial tubes, if they persist, might give rise to double
primaries.

Sensory nerve sprouting at or near the terminal has been observed
in cutaneous nerves, and it is possible that such a phenomenon may occur
in regenerated Ia, Ib and group II axons. As there are strong indications
that in the early siages of denervation, " site-type " Specificity is
highly precise, sprouting of sensory nerves intrafusally would not be

expected and no such examples are seen. In the 8 week freeze material
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however there are examples of what could be interpreted as seénsory
nerve sprouting. Plate 4.9 B shows a nodal sprout onto an area sdjacent
to the primary, which forms an ending sﬁpplied to all the parts of the
intrafusél bundle. It might be argued that the absence of the secondafy
ending is causing sprouting to occur in the primary ending. |

Another example is seen in Plate 4,9 C. One explanation is that
after a prolonged period of denervation, the primary arrives back, elab-
orates and then produces a sprout onto an adjacent vacant secondary site.
The group II axon subséquently arrives and elaborates caﬁsing the Ia
sprout to-abort its‘attempt at innervation. Thus sprouting, if it occurs,
may be resorbed, as has been shown to happen in cutaneous nerveév( Jackson

& Diamond, 1981 ).

Specificity of motor reinnervation

The motor reinnervation of spindles will now be discussed. The
results will be examiﬁed to see if indications are present tpvshow that
alpha, beta and gamma motorneurones are capable of formipgAapy_other than
their original form of epding,and whether. these endings are formed on
their original substrate.

It has been established for some time that alpha motqrneurpnes are
capable of forming endplates on extrafusal muscle fibres whicﬁ they did
not originally innervate, and which were of a different histo¢hemical type
( Karpati & Engel, 1968 ). It is also known from the studies of.McMahan,
Edgingtoﬁ & Kuffler ( 1980 ) that extrafusal muscle fibres show a marked
site specificity , i.e. motor axons reinnervate extrafusal muscle fibres
preferentially at the sole plates left by the previous innervation. The
muscle spindle might therefore appear to provide reinnervating motor axons
with many opportunities for synapse formation, as in the normal state; it

has three types of motor ending, and the intrafusal muscle fibres receive
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multiterminal and polyneuronal innervation,.lf'the endoneurial tubes
have remained intact during the crush operation, and the information
from the sensory study indicated that the majority of them have, then it
might be expected thét the majority of reinnervated motor endings would
have a normal appearance, as they were being innervated by their orig-
inal axons. This was observed to be the caée, the main abnormality being.
hyperinnervation probably caused‘by sprouting at the site of the injury.
These éprouts may 'not_be eliminated and may serve only to decrease
marginally the cbndudtion velocity of the innervating axon.

There are howeﬁer examples of axons in the crush study that,.for
reasons outlined previously, were considered to haye been alpha.motor-
neurones prior to the crush ( " alpha invaders " ). Having entered‘a
spiﬁdle they may have been induced to branch by the ipfluence of adjacent
non-innervated sites of former intrafusal innervation. If these.axons
form functional terminals at these sites, or even if they form synapses
randomly over the bundle, then the effect would be to increase the num-
ber of beta axons with static effects on the response of the primary
ending ( Barker & Boddy, 1980 ). This interpretation of these observa-
tions suggests that there is no form of specificity of innérvation oper-
ating within a spindle which excludes previously alpha motorneurones
from forming functional connections.

There are observations which indicate that any motor axon may
elaborate endings on fusimotor sites, and that the ending they elabor-
ate may be influenced, not only by the‘original-function of the_axon;
but also by the nature of the site it is new innervating.

Plate 3.24 shows an example where five axons made p; or extrafusal

plate-like endings on a previously p2 site.
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The form of an ending being influenced by thé substrate is shown
in examples from the freeze study. Fig. 4.9 shows an axon forming a
normal P plate, with an ultra-terminal sprout which goes on to elaborate “
a pl-typerendplate on a prominent sole plate. Another example is present
where a P, plate produces a sprout which then ends in a brush-like ter-
minal characteristic of the trail innervation. Such observations imply
that the nature of the terminal in the motor innervation may not be a
reliable means of identification.

The only observation which could be interpreted as indicating>spec-
_ ificity ié the frequent presence of terminal swellings, which might be
considered to be axons being rejected by the substrate. There are how—
ever other explanations that do not require a mechanism of specificity
to operate: they may be caused by sensory axons or by the resorbtion of
supernumerary sprouts from motor axons, or they = may be part of the normal
turnover of endplates as described by Barker & Ip ( 1966 ). Hence the
evidence provided by this study does not indicate any specificity of
motor axon innervation, in fact the results point to a non-specificity
of reinnervation of motor axons to muscle spindles. Tha apparent specif-
icity of motor innervation in the crush study of Brown & Butler ( 1976 )
is prpbébly a function of the microarchitecture of the supporting tiss-

ues, and not of any inherent specificity of the axons themselves.

Motor nerve sprouting

The phenomenon of motor nerve sprouting has recently beenlreviewed
by Brown, Holland & Hopkins ( 1981 ). It can take two forms: that of
" nodal sprouting ", where collateral sprouts are formed at a node of
Ranvier, and" terminal sprouting ", where outgrowths occur from the nerve

terminals themselves. This is observed in partially denervated muscle
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and both types of sprout are observed to innervate denervated muscle fibres
and to become myelinated.

Nodal sprouting is thought to be induced by the presence of a
denervated endplate connected via a vacant perineurial sheath to a node
of Ranvier on an‘intact axon. It is reasoned that muscle in a denervated-
like state in some way stimulates sprout growth.

Although this work is not primarily concerned with extrafusal end-
plates, it is relevant to note that terminal sprouting of reinnervated
extrafusal motor endplates has been observed in bOth the experiments inv-
~olving the sectioning of the peroneal nerve.

Terminal sprouting is frequently discussed in the context of partiai
denervatidn experiments, wherein it is the remaining intact nerves which
are induced to sprout onto adjacent denervated fibres. In the nerve sec-
tion experiments, different conditions obtain ,in that all the muscle
fibres are denervated. The nature of the injury however was such that,
judging by the success of restoration of sensory endings, relatively few
axons were reinnervating the muscle. When these feﬁ axons succeeded in
reinnervating the extrafusal muscle fibres, then conditions of partial
denervation would be simulated and both nédal and terminal sprouting
might occur, although only examples of terminal sprouting .coﬁld'be con=-
fidently identified.

In the remaining experiments of this study, reinnervation was more
successful, and .no examples of terminal sprouting were seen. With the
presence of numerous sites of previous innervation on the iﬁtrafusal bun-
dle, it might be expected that sprouting of both types could be present.

In the crush study, Plate 3.23 F shows a P, plate with a confribute
ion being made by a nodal sprout. In the extrafusal nodal sprouting, it

appears to be the proximity of a vacant endplate on an adjacent fibre
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which stimulates sprouting; The fact that this sprout is innervating the
same terminal as its parent axon , may imply that the longé; Py plate
has emitted sufficient of the pwtative stimulus‘ﬁo induce nodal sprout-
ing, before the‘elaborating terminal either prevents any further rel-
ease. Or absorbs the released substan&e(s).

It is possible that sprouts produced in this manner may be‘retrac-
ted, and this could account for some of the vesicular axonal swellipgs
seen in the intrafusal motor terminals. Terminal sprouting 6nto adjacent
intfafusal fibres by axons which supply Py plates is seen in the cﬁt mat-
erial ( Plate 4.4 D ), and this would imply a paucity of denervation on
the adjacent intrafusal muscle fibres, which is consistent with the ob-~
servations made both extrafusally and intrafusally.

It is possible, as discussed previously, that new intrafusal muscle
fibres may be formed following denervation. These may also account for
the presence of Py sprouting , éé the "Y"-shaped farmation of 12 plates
on different intrafusal fibres may be the result of nodal sprouting.

The freeze material has axons which form b, plates, giving rise to.
ultra-terminal sprouts which go on to innervate vaéant sites. This
would indicate the ability of the intrafusal muscle fibre to have multi-
terminal innervation, so, in the case of muscle spindles, it is the pres-
ence of denervated sites of innervation rather than denervated muscle
in itself, that is the stimulus to sprouting. This is consistent with the
normal  inability of the spindle to rid itself of the multiterminal
innervation, in contrast to the extrafusal muscle fibre which can do s0.
This mechanism would ensure that the denervated spindles receive motor
innervation, but the fact that axons are capable of forming more than
one type of motor terminal would indicate a lack of " site-type " specif-

icity in the intrafusal motor innervation.
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Mechanisms of specificity

Work on regenerating motor axons following nerve section in the frog
( Letinsky, Fishbeck & McMahan, 1976, McMahan, Edgington and Kuffler,
1980 ), has shown that regenerating axons innervate extrafusal muscle
fibres at previous sites of innervation, and that this is due to regional
properties of the remaining basal lamina surrounding the muscle fibres.
The basal lamina is known to persist after denervation ( Sanes, Marshall
& McMahan, 1978 ). In the normal animal, the basal lamina runs between
the muscle fibre and the motor nerve in the synaptic cleft, but over the
sensory terminals, and is continuous with the Basal 1aminé in the‘endo-
neurial tubes ( Merillees, 1960, Barker, Stacey & Adal, 1970, Banker &
Girvin, 1971, Adal, 1969 ).

If an ideal type II injury were performed ( Sunderland,1978 ), where
endoneurial tubes and presumably their basal laminae remain intact, and
axons were allowed to reinnervate with the minimum delay, then the rapid
resumption of a near normal innervation ( Chapter 4, Section ) coﬁld
be explained purely in terms of the physical guidance providéd bj the
basal lamina, and . pérsisting regional differences within the basal
lamina.

It has been reported that the basal lamina can prevent sensory
axons from making contact with myotubes ( Zelena & Sobotkova, 1971 ) and
a shrinking denervated intrafusal fibre ( Schr8der, Kemme & Scholz,1979 )
with the consequent rearrangement of the basal lamina ( Sanes et al.,
1978 ) could prevent a regenerating sensory axon from elaborating an
ending, and this may be one explanation for the rejected afferents.

While being an important factor, the presence of the basal lamina
does not explain all the phenomena of reinnervation, in this or other

studies._Fbr example, motor endplates may be formed at other than the
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origihal site (Saito & Zacks, 1969,Frank et al,1975); collateral and termin%l
sprouting of motor nerves can occur ( Brown et al., 1981 ); and sprouting |
of sensory nerves ( Diamond, Cooper, Turner & McIntyre, 1976 ):vnone of
thesé phenomena could occur if fhe infilling of a basal lamina skeleton
was the only factor which influenced the form of the reinnervation.

It has been noted that secondary terminals can send axons across the
equatorial region, without the presence of a primary terminal, to form

endings on the other S, region. This might be explained by the diminution

1
of the intrafusal fibre which allows the sprouting axon fo grow under-
neath the basal lamina. In the crush study, no terminals were formed by
these axons over thé primary region, despite the féct that there was no-
physical barrier. In the 8 week post-freeze material such an axon does
produce terminals over the primary region. This would indicate that
sensory " site-typé " specificity is mediated by factors other than the
basal 1aminé, possibly bj trophic influences from the intrafusal fibre.

- The sensory sprouting in Plate ﬁ,? is another formation Whiéh
cannot be explained in terms of the basal lamina, but rather as sérouting
induced byban unoccupied site in the Ia site. It has been shown that, in
fhe absence of the Ia axon, regional histochemical differences diminish
( de Reuck et al., 1973 ) and such factors which cause " site-type "
specificity may also diminish.

It is also known that reinnervating alpha m&torneurones can alter
the histochemical type of the extrafusal muscle fibre they innervate,

and therefore presumed alpha invaders may cause a more rapid loss

of regional specificities, as noted previously.
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Intrafusal fibre splitting

The technigue used for staiﬁing and analysing spindles in this
study does not allow a complete anaiysis of the intrafusal bundle to
be made on man§~muséle spindleé. There are howeﬁer indications that an
increase in bagl fibres is occurring after denervation, and this increase
in the number of IMFs may well the explanation for some of the phenomena
seen in reinnervated spindles.

An example of such an indication is shown in Plate 3.6, where the
primary endingAis supplied to a bag2 fibre, a bagl fibre and several chain
fibres. There is however another bagl fibre which does not receive aﬁy
contribution from the ending. The lack of innerﬁation points to ﬁhis
fibre being formed.after the nerve lesion, as, whether it was creatednfrom
the splitting of a parent bagl fibre, or formed by the maturation of sat-
ellite cells, there would be no pre-existing pathway down which a regen-
erating Ia axon could grow to elaborate a new ending, thus leaving this
new fibre without primary innervation during the early stages of reinn-
ervation. The absence of innervation on this fibre would be unlikely to
make any difference to.the primaries' responses, as the original-bagl
fibre has received its innervation.

Such supernumerary bagl fibres which do not receive innervation are
present at periods uo to 53 days R.T. in the crush study. It cannot be
concluded from this that the new fibres do not receive innérvation.for
some time; as it may well be that bagl fibres continue to proliferate
after 3 months..

Secondary terminals do not reveal the preSence Qf supernumerary bagl
fibres, as they only make a small contribution, if any, to bagl fibres.
The motor innervation does however reveal certain features which may ind-

icate the presence of splitting intrafusal fibres. One is the abnormality
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of Py innervation when the "Y"~shaped formation occurs.

In normal cat hlndllmb muscle. splndles the two plates making up the
"Y'~shape are 1nvar1ably 81tuated on the same IMF ( Barker et al., 1970)
In the crush study, there are three examples where the two Py plates
making ub the configuration are distributed to separate_IMFs ( e.g. Plate
3.17 F ). This may have two explanations: The original fibre, probably
a bagl fibre, as most Py plates are distributed to bagl fibres, hae
split s6 as to produce two fibres.If the original fibre was innervated
by a "Y"-shaped pl conflguratlon, and the spllt caused ‘the orlglnal sole
plates to be separated onto the different flbres, then the relnnervatlng
beta axon'would resume its original configuration, but weuid now be inn-
ervating two separate fibres. However, it seems unlikely that the spiit
in bag1 fibres is going to separate  the two sole plates on man& occasions,
as they are usually positioned parallel to the longitudinal axis‘of the
IMF, This may account for the small number of observations. Another exp-
lanation is that the new bagl fibre is formed by the maturation of sat-
ellite cellss This fibre would not have any innervation. It has been shown
that partial denervation of extrafusal muscle fibres can produce‘sprouting,
both terminal and nodal, in the remaining nerves. The situation in a |
muscle spindle witl: a new intrafusal fibre is similar in that there is
a muscle fibre not receiving innervation, adjacent to one which does.

If the new fibre had been formed " de novo " then it would be expected
that terminal sprouting would occur. This was not‘observed in the crush
_study.

Nodal sprouting is however seen where a denervated endplate is close
to an intact nerve, and where there is a pathway between the nerve and the '
endplate. The "Y"-shaped configuration, previously discussed, is probably

formed by nodal sprouting. This would argue in favour of bagl fibre split-
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ting ( Kucera, 1977a) as the mechanism of IMF increase, as a denervated

endplate may be present on the "new" fibre, initiating the nodal sprout-
ing.

In a recent study of the éffects of denervation on rat muscle
spindles ( F. Diwan, personal communication ), it has been found that
supernumerary IMFs were present after the shortest periods of denerv-
ation that were investigated ( 21 days ). In contqut to the findings of
Kucera, all three types of IMF have been found to increase in number
either by splitting or by being formed "de novo'.

The evidence presented here indicates that bagl fibre splitting-
is the‘most likely cause of the formations which have been described in
Chapters. 3 & 4 of this’ study. However, this does not - imply that.
an increase in the number of bag2 or chain fibres doeé not occur in
Qat'muscle spindles, merely that no evidence for this.phenomenon has
been provided by this study.

Td summarise: it has been shown from work on the rat that IMF increase
occurs both during denervation and reinnervation ( see.Chapter 1). It is
“1ike1yﬂ, that such effects could ogcur in the cat, and that it is brought

about, in at least some instances, by bag, fibre splitting.
. 1 g

Growth rates of axons

The observations made during the crush study ( Chapter 3 ) show that
the group Ia sensory axons are slower in returning to the spindle than
the motor coﬁponent.‘This agrees with the observations made by Huber.(l900),
Ip et al.,(1973)and Brown & Butler ( 1976 ).

One interpretation of this ié that the growth rate of sensory nerves
is slower than that of motor axons.

However, previous work ( Gutman et al., 1941 ) did not indicate that

there was a significant difference between the growth rates. A more likely
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explanation is that, as the.érush lesion causes greater disruption to

the larger axons, the latent‘pefiod will be longer and. the site of the

lesion which they have to croéé, will be more disorganiéed. The smaller

motor axons will therefore have a "head" start over the Ia axons, and this

may be reflected in the early stageévof reinnervation., The fact that group

IT axons return slightly less quickly than group Ia axons may indicate

~ that the rate of growth of an axon is reléted to the axon diameter; and
that this ébservation is obscured in this particﬁlér study'by the diff-

erential nature of the lesion.

The rate of growth of axons in the two studies presented here which
used nerve section, is impoésible to assess due to the highly variable
results. This was presumably because of the success fate of axons crossing
the site of the lesion. Gutman et al. ( 1940 ) showed that the latent
period following a cut and suture operation in rabbit, did vary with " close-
ness of apposition " of the two stumps after the operatioﬁ. However, both
sensory and motor axons did succeed in reinnervating spindies~following
nerve section. Tello's ( 1907 ) observation that " the motor arborisation
is well-developed while sensory branches are still growing under fhe cép-
sule " cannof now be taken as an indication that sensory reinnervation
proceeds more slowly than motor, as his description of the sensory ending
could be that of any Ia axon reaching the spindle after approximately 50
days of denervation ( assuming this figure applies to rabbits )..

The resplts of these étudies do however agree with the observation that
the recovery was more rapid and complete for both afferent and efferent
axons after crush than after section ( Brbwn & Butler, 1976 ).

The apparent retardation in the growth rate of the sensory axons in
the ventral root crush and crush study ( Chapter 4, Section 3 ) could be

explained by the blood supply to the nerve trunk being damaged by the vent-
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ral root crush, or by the effect of the operationlon'the health of the
animal, or by both. It is known that the endoneurial blood vessels of
rodents beceme permeable to pfoteins in the presence of regenerating
axons ( Sparrow & Kiernam, 1981 ), and damage to the blood supply has
been suggested as the cause.of different rates of growth in regenerating
nerves ( Gutman et al., 1941 ).

No conclusion can however be drawn from the studies reported in this
work, as to whether the ability of axons to cross cut and resection
or cut and suture, is.a fuﬁction of axon diameter, as these conditione
were hot tried experimentally.

| Nerve freezing has been shown to have varying effects. on the éiffer—
ent size of axons. The nature of nerve freeze in this study was intendéd
to be as swift as possible, so that endoneurial damage would be minimised.'
In all but one animal. the lesion on which was unintentionally slightly
more extensive than the rest, this was perceived to be the case, as indic-
ated by the relatively well-formed terminals. The slightly longer denerv-
ation time, allowing metabolic changes, in conjunction with intact endo-
neurial tubes, may account for the presence of P, plates forming sprouts
which innervate other presumed previous motor sites: a phenomenon not
seen 1in the other parts of the study. This observation may point to some
specificity of motor innervation which is breeking down.

The laek of presumed alpha invaders or presumed afferent invaders is
also an indication that the freeze produced the intended lesion. The results
from the animal in 8'week freeze material also unintentionally confirmed
that the rate of freezing of nerves does alter the nature of the damage
to the nerve trunk.

There is only one obsefvation in these studies which indicates that

the growth rate of axons may be a function of their diameter; this is
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the relative slowness of group II reinnervation in the crush study. What
has been confirmed is that the nature of the lesion is a key factor in

determining the success of restoration of muscle spindles.

Reinnervatingvakons
| Hy?erinnervation has been seen commonly in reinnervated materiél,
and there is no indication from this study that many of these sprouts
are being resorbed during the time course‘of the experiments. Tt has been
known that nerve lesions can cause axons to produce up to six sprouts;
but it.has been demonstrated that on average only one sprput is main—
tained after the lesion ( Devor & Govrin-Lippmann. 1979 ).
_Extrafuséllmuscle fibres are capable of ridding themsélves of hyper~
innervation both during development ( Redfern, 1970 and Bagust, Lewis &
Westerman, 1973 j and after nerve lesions ( McArdle, 1975 ), and no examples
of exfrafusal hyperinnervation were seen in this Study,

Muscle spindles even in their normal state, do support polyneuronal
multiple innervation, so the maintenance of the hyperinhervation caused
by nerve lesions is not surprising. The finding that only one spfout
is maintained after nerve crush, but that hyperinnervation iq‘the.poles ié
80 marked, indiqates that much of the phenomenon is due to intramuséular
branching.

The diameter of identified reinnervating axons has been éhown.té be
very small whilé growing ( as indicated by the very small diameters of Ia
axons in the early stages of reinnervation ),but to thicken considerably
once the terminals are restored ( Fig. 3.1 and Table 3.1 ). This agrees
with the observations of Sanders & Whitteridge ( 1946 ) and those of
Aitken, Sharman & Young ( 1947 ).

For .the periods of time over which this study took place, the regen-

erated axon diameters were always lower than the normal levels. This is
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consistent with the resulté of Gutmann & Sanders { 194% ) who did not find
a return to normal diameters in the peripheral stump until 300 days P.O.
The studies of Ip, Vrbova & Westbury ( 1977 ) and of Brown & Butler

( 1976 ) produced results which are not incocsistent with this finding,

in that they.record a drop in the conduction velocity of the axons
supplying the intrafusal bundle,

Scott ( 1982 ) has confirmed that it is distal to the crush site
that the greatest reduction in CV takes place ( this agrees with the res-
ults of Craggs & Thohas ( 1961, 1964 ).

No values for the rate of growth of axons foilowing nerve crush
lesions in the cat were found in the literature. The rate célculated

’ iﬁ this sfudy of 3.2 mm per day was consistent with the histological
observations.

Previous estimates of regeneration rates following crpsh 1e$ions have
been made for the rét and fhe rabbit,and the rates do depend‘oﬁ‘how they
are measuréd. The values for rabbits range from 2.5 mm per day { Guitmann
et al.,1942 ) to 4.36 mm per day, and for rats, from 3.0 mm per day for
the majority of axons ( Forman & Berenberg, 1978 ) to 4.5 mm per day
( Berenberg, Forman, Wood, De Silva & Bemaree, 1977 ). The value of 3.2 mm
per day found in this study does not therefore seem unreasonable.

Valﬁes for the latent period following crush lesion range from 5.23
days to 21.6 days, in the rabbit ( Gutmann et al., 1942 ) and from 1.45
days to 3.2 days,in the rat ( Forman et al., 1978 ). The Valﬁe calculated

in this study of 5.8 days does not therefore seem improbable.

Reinnervated spindle morphology

The method adopted for teasing spindles frequently resulted in the

most distal part of the poles being damaged. This precluded making observ- '
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ationslas to the length éf reinnervated spindles, so no comment can be
passed on the observation by Arendt & Asmussen ( 1976b ), that spindles
show an increase in length following deneryatioh.

It is difficﬁlt to assess quantitativély any change in either the
size of the periaxial space, or in the thickness of the capsule, as the
capsule is séuashed to varying degreesy according to the amount of the
surrounding intrafusal muscle fibres, by the process df whole-mounting.
Nevertheless spindles without any periaxial space around the primary
restoration have beeén seen in 8 week post-freeze material. This is con-
sistent with the osservation made by Kucera ( 1980k). |

No aftempt has been made to guantify the number of épindles present -
in reinnervated muscles, but the number of analysable spindles is not
equivalent to the actual number of spindles present ,‘as they are some=-
times unavoidably lost or damaged in the teasing process, and therefore
cannot be considered analysable. The number of analysable spindles is
however at least 50% of the normal compleﬁent. This is not consistent with
the observations made by Arendt & Asmussen ( 19763), that the number of
spindles is reduced by up to 50% in muscles which have been denervated.

One eXplanation for the results of Arendt & Asmussen ( 1976a) may
be that the periaxial space of many spindles had been reduced to an

extent that they were missed in the counting procedure.

Comparison with previous studies

The obsefvations made from the deafferentation and nerve sectioﬁ
exﬁeriments ( Chapter 4, Section 2 ) would appear to contradict the
assertion made by Ip, Vrbova & Westbury ( 1977 ) that the afferent,eﬁding
does not elaborate normally in the absence of motor innervation. HoWever,
the hypothesis of " site-type " specificity breakdown, derived from this
'study, allows another interpretation of their observations. -

In their experiments, the ventral roots were sectioned, but it has
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been established ( Chapter 4, Section 2 ) that crushing the ventral
roots slows down the rate of regeneration of the remaining

sensory nerves. It is probable that sectioning the ventral roots

will delay the regeneration of the sensory axons for at least as

long. This would mean that the muscle spindles which are described, were
being innervated after an estimated 48 days D.T;' ( 6 days recovery,

27 days delay in growth time, 14 days growing time ). The exact date

at which axdns returned to spindles is not known, as the first sa@ple
was taken at 56 days. As has been demonstrated ( Table 5.1 ), by 48 days
DeTe, the ability of the primary site to interact with a Ia axon to prod-
uce a primary ending, has reduéed considerabiy.

Such an explanation would predict that the formations adopted by the
reinnervating Ia axons would be of similar form.to the spindles in the
cut and 8 week freeze studies ( Chapter 4, Sections 1 &-4.). In fact,
their figﬁre 1l.d shows‘a very close resemblance to Plate 4.9 A and their
figure l.e to Plate 4.9 A & B.

This explanation would be consistent with other observations which
they report. They noticed that some primaries regained a noréal appear-
ance while others did ﬁot. This is consistent with the reinnervation
occurring over a period when site-type specificity is beginning to break
downe.

They also noticed that the degree of restoration appeared to be inde-
pendent of the time after crush, again not inconsistent with the hyﬁothe-
sis of site-type specificity breakdown, as it has been .shown that abnorm
alities once formed can fersist for long periods. |

The examples of good sensory innervatioﬁ with poor intrafusal motor
innervation agree . with the proposed hypothesis too, but force the ass-
umption from the theory of Ip, Vrbova & Westbury ( 1977 ) that it is the
degree of extrafusal reinnervation which mediates the success of primary

restoration.
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The authors intefpret this as meaning that functional activity is need-
ed for normal primary elaboration. The oniy indication however that
this was the casé, would be if there was a correlation between the state
of the extrafusal endplate reinnervétion in the antagonist muscle, and
the state of restoration of the primaries. Th e extrafusal innervation
was however assessed in the muscles from which the spindles were taken,
and they would give a reliable index of the state of rginnervation

of the antagonist, as there is an indication that all the ventral roots
‘were not totally ablated ( " where section of the ventral roots was
more complete " ( Ip et al., 1977 ) ).

Another explanation of their observations is that, in those muscles
where ﬁhe motor innervation was successfully restored, this waS'dﬁe to
there being less damage caused at the site of the injury,and thereby
the sensory axons‘regenerating more quickly, reinnervating before the
site-type specificity had diminished.

The results from the previous study of Ip & Vrbova ( 1973 ) are
difficult to assess in terms of this hypothesis because no calculation
can be made to estimate the length of denervation time, and the fact
that both animals were kittens may involve other unknowﬁ factors.

Thérefore, although the sensory innervation may regenerate at a
slower rate than the motor, this study has shown that the observations
made by Ip et al. ( 1977 ) are capable of being explained in terms of
a theory other than theirs of the effects of the efferent innervation.

Brown & Butler ( 1976 ) commented that in a response to stretch
from reinnervated spindle primaries, some units fired only during the
dynamic phase of stretching. Similar observations were made by Ip, Vrbova
& West bury ( 1977 ), where they found that 66% of spindles showed ab-

normalities only in the maintained part of the response.
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It was suggested in the Brown & Butler study ( 1976 ) that abnormal
responses may be duéito early " incomplete " innervation, as abnormal
behaviour was commoner in animals examined eérly after the crush. Such
effects as described ﬁy both groups of workers might be caused by a
deficit in the innervation by the primary ending to the bag2 and chain
fibres. The crush study ( Chapter 3 ) has however shown that no comp-
onent of the intrafusal bundle is consistently innervated to the exclusion
of others. This impiies that the abnormalities in the responses are due
to some other effect.

The work of Scott ( 1982 ) and Hyde & Scott ( 1983 ) on the responses
of reinnervated spindles, has led them to conclude that the abnormalities
in the response are indeed due to an immature transduction mechanism.

They suggest that the ébnormalities can be accounted for by a substractive
reduction in the firing frequency. This is attributed by them to an
increase in the pace-maker threshold. As the ending matures, the thresh~
0ld drops and the response loses its abnormalities.

The arguments presented by Brown & Butler < 1976 ) to show that
there was some degree of specificity of innervation was, by their own
admission, not very strong. The results however of the studies presented
in this work do suggest strongly that the reinnervation of afferent
axons to spindles shows a marked site-type, and thus functionai specif—
icity, although not necessarily an original -terminal specificity.

The strongest evidence cited by Brown & Butler in favour of specif-
icity is based on their observations from the gamma innervation, namely
the consistency of static or dynamic response. The results from their
crush studies are only of preipheral interest in this respect, as regen-
eration down the original endoneurial tube does not provide a test for

specificity of innervation. This is not so in the case of the cut studies
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where any form of innervation is theoretically possible., In these exper-
iments, 11 out of a possible 15 gamma axons showed consistency of funct-
ion on more than one presumed spindle primary.

Thie. present study does not provide any compelling evidence for
rejecting Brown & Butler's ( 1976 ) hypothesis that static and dynamic
axons return to their original sites, but evidence has been found which

suggests that former P, and Py sites can be innervated by axons of a type

other than that with which they were originally innervated.

If motor nerve sprouting is induced indiscriminately within the
motor complement by vacant sites, and there is some evidence that this
occurs, then specificity of motor innervation is unlikely te occur.

The apparent inconsistency between this and the physiological study
of Brown & Butler ( 1976 ) may be explained by the possibility of " weak

‘innervation of inappropriate sites " not being detected.

mmThe hypothesis derived from the studiee presented here, that of
spindle eite—type specificity breakdown with absence of Ia”axens could
usefully be investigated further, by enlarging upon the pilot studies
described here, that is minimising the time of denervation and maximising
ite

It would elso be useful to observe spindles after very long periods
of reinnervation time following nerve crush and section, in order to see
if normal-looking primaries are ever restored.

Using these studies as a baseline, it would be possible to assess
the efficacy of different surgical techniques used in clinical nerve
repair,

By combining physiological recording with the staining technique
described here, it would be possible to look at the response and hist-
ology of one particular spindle. Any abnormalities in the responses may
be reflected in the histology and this could improve the understanding

of the normal function of the spindle in relation to its innervation.
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Summarz

This study has been the first to investigate both the sensory and
motor reinnervation of the muscle spindle and the reinnervation of GTO
organs, using a whole-mount method, in the terms of the now accepted
normal distribution of primaries, secondaries, Py plates, r, plates and
trail endings over the intrafusal bundle. This reinnervation - process
has been studied following the different lesions of crush:X%er?e freeze
and a pilot study of nerve entry crush. As expected, the naﬁure of the .
lesion greatly affected the success of restoration. |

The results of these studies indicate that assumptions made as to the
nature of axons forming recognisable endings, were correct. They also
indicate that for the sensory component, site-type specificity was |
effective after short periods of denervation, but there were indicat~
ions that original-terminal specificity did not operate.

If was found that site-type specificity broke down following prolonged
periods of denervation, and the process may be speeded up by the presenée
of alpha motorneurones on the intrafusal bundle.

This breakdown in site-type specificity could account for the observ-
ations made by Ip, Vrbova & Westbury ( 1977 ), from which they concluded
that sensory elaboration is dependent upon the state of motor innervation.

The fact that there is no consistent observation of a deficit in
primary elaboration to any one component of the intrafusal bundle, indic~
ates that the reported abnormalities of the response are not due to
errors in the distribution of the ending in the crush study. These may
be due to an immature transduction process, as abnormalities of response
decrease with time.

Some observations could indicate that sensory nerve sprouting is

occurringe.
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No compelling evidence has Eeen found to point to a specific innerv-
ation by the motor component, and iﬁ fact there aré indications that
this is not the case.

Evidence has been presented to explain the increased beta-static
innervation ( alpha invaders ), found in material from both crush and
section experiments.

Both intrafusal and extrafusal motor nerve sprouting have been rep-
orted,and evidence has been put forward which indicates that intrafusal
muscle fibres, in particular bagl fibres, may split following denerv-
ation.

This work has provided the results against which expefiments devised
-to assess the efficacy of surgical procedures can be measured. It has
also provided the means by which the spindles involved in these

experiments can be stained.
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APPENDIX



TECHNIQUES.

a) Holmes Silver,

The calculations of Growth Rates, Reorganization Time and Reinnervation
as defined in Chapter 4,1 were determined from longitudinal sections
of nerves stained using the Holmes Silver technique

as follows,

1) Lengths of nerve containing the operation site were removed and
fixed in Bouin fluid, and left for 2 days.

2) The nerves were dehydfated tﬁrough alcohols and vacuum-embedded
in Carbowax,

3) Longitudinal sections of the nerve were taken on a
microtome, 3§Nthick.

4) Sections were dried on to albumen-coated slides.

5) The sections were then stained using the Holmes technique, and

countergtained " using Gold Chloride,

6) The sections were then examined for Growth cones, and measurements

were taken.using a micrometer eye piece,

For details of experimental design, see Chapter 4.1,
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b) Freeze equipment.

The nerve-freeze experiments were performed in order to produce a

nerve injury which did not damage the endoneurial tubes, The
ideal freeze injury would be of very limited extent, so that scar
tissue would be minimised, and applied very quickly so that large
ice crystals would not rupture the endoneurial tubeg.

The cryogenic apparatus supplied by Kryospray consisted of
a stainless steel cylinder that contained liquid nitrogen. When
sealed the evaporating nitrogen caused an increase in pressure that
forced liquid nitrogen into a cryode when a valve was operated,
The cryodes supplied were not capable of producing a narrow
linear injury because they had very large diametéf endpieces, and
a special cryode was constucted to meet these requirements,

It consisted of copper "microbore “tubing, one end of which
was formed into a narrow vertical probe which could be inserted
underneath a nerve and used io withdraw the nerve from underlying
tissues. This procedure allowed minimum damage to the surrounding
tissues, and froze the nerve only in a very narrow band. The
liquid nitrogen was let through the cryode by operating the
valve on the stainless steel cannister. When the nerve was seen
to be frozen across its width, the supply of liquid nitrogen
was switched off, and the cryode with the nerve still adhering
was lowered onto the muscles beneath to speed melting. When the
nerve was no longer frozen to the cryode, the latter was withdrawn

carefully., See Fig.A.l.
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¢) Anaesthetic box,

Operations were initially carried out using Sagatal (May & Baker)
anaesthesia, However some problems were encountered concerned with
induction and recovery. To make the operative procedure more reliable
it was decided to adopt Halothane (Fluothane ICI) as the anaesthetic,
This was usually used after a very low initial dose of Sagatal.

A Fluotec Mark 2 calibrated vaporizer (Cyprane Ltd,) was used with
95% oxygen and 5% CQ, gas mixture,

However a recent D,H.S.S. report on the use of Halothane in
operating theatres declared that exposure to Halothane was a potential »
health hazard.

It was decided to construct a scavanging system to remove the excess
Halothane. This consisted of a perspex box,(Figs. A.2&3) One face of
the box was located by grooves which allowed it to be withdrawn, At
the lower edge of this piece was a semi-circular aperture., The
animal was positioned with its head in the box, and held by lowering
the side so that the aperture sealed around the animal's neck. This
piece could be replaced by another with a different size of aperture
to accommodate a different size of animal,

On the opposite wall of the box was the inlet valve, This took the
form of a hinged flap of perspex, (Figs. A.2&3)The valve would only
operate when there was negative pressure within the box, ensuring
that no Fluothane could escape, and it also gave an immediate
visual indication that the extraction system was in operation,

The top of the box was permanently fixed, It had two hoies in it

one for the extraction pipe and the other for the anaesthetic gas.
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The tubing for the anaesthetic gas was connected to the vaporiéer and
led to a mask that was placed over the animal's head inside the box.The
tubing for the extracted gases was connected to another box., This
contained.a Secomak 574 fan (Secomak Air Products Ltd.).

The fan box had a sealed exhaust tube leading outside the operating
theatre, The tube from the anaesthetic box was fixed through one side of
the fan box, but not directly to the fan input. the opposite side of the
fan box was patent and positioned next to the evaporator,(Figs.A.2&3 )

As the anaesthetic box worked by virtue of the negative pressure within
it, as opposed to a high current of air alone, the extra volume that the
fan could move was accommodated by the open side of the fan box acting as
a scavenging system around the vaporizer, This also allowed the fan to
work at its most effective rate.

The anaesthetic gas was administered as required, and when this method was

used no animals were lost as a result of anaesthesia,
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a) Plastic embedding,

Nerves taken for plastic embedding were treated as follows,

Fixation: The tissue was removed and placed immediately
in the fixative outlined below, in a refrigerator,
The fixative was changed after one hour, and

again after two hours, and then left overnight.

5mls 25% Gluteraldehyde

25mls 0.2M Cacodylate

20mls Distilled water
Wash: The nerve was washed for half an hour in

0.1 Cacodylate,

Post-fixation: The tissue was postfixed in the following

solution for two hours in the refrigerator.

25ml 4% Osmium
25ml 0.2M Cacodylate
Wash: Washing took place for 30 minutes with two

changes of solution,

25ml 0.2 M Cacodylate
25ml Distilled water
Dehydration: The material was dehydrated through a series of

alcoholss 70%, 80%, 90%, 95%, Absolute, with
three changes at each stage, and for a total of

15 minutes at each concentration,
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Embedding: The nerves were then embedded in Araldite

using the following procedure,

25ml Propylene Oxide |
' 30 minutes with two changes
25m1 Absolute Alcohol

50ml Propylene Oxide 30 minutes with three changes

25ml Propylene Oxide
30 minutes
25ml Araldite

Araldite Two changes before the
addition of accelerator and
o
curing in a 45 C oven

overnight.
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e) Electron Microscopy.

Tissue embedded in Araldite was sectioned on a Reichert U 2

ultramicrotome, Sections l/dthiCk were examined under a light

microscope, having been stained with a 1% solution of toluidine
blue in 1% borax, Subsequently sections :» 100nm were taken for
E.M. They were double stained with uranyl acetate followed by
lead citrate and examined with an AEI 801 electron microscope,
at an accelerating voltage of 60,000 V., and photographed on

Kodak 4489 E.M. film.

f) Photography.

Silver preparations were photographed on a Zeiss Ultraphot

using either Ilford 120 HP4 or Kodak 35mm Pan F, film,

g) Tracing,

The tracing of axons within the spindle was achieved by two
methods, The first of these was to create a montage from
photomicrographs of the relevant area before transferring the
course of the axons onto polyester film.The second method was
to use a Nikon microscope upon which was mounted a Hitachi
T.V. camera; the microscope image being relayed to a 9" black
and white monitor.A sheet of perspex was piaced in front of the
screen, and the image traced onto pol&ester.film'Which was
subsequently arranged into a montage. This arrangement avoided

the conventional photographic process altogether.
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}Q Silver Staining,
The technique finally adopted for the silver staining of whole

preparations is outlined below,

Method:

1) Animals are killed‘wiih an intraperitoneally injected overdose
of Pentobarbitone sodium (Sagatal, May & Baker).

2) Dissection is started within three quarters of an hour post mortem,

3) Muscles are attached by nylon thread to polystyrene labels, and
suspended from a polypropylene ring, This ring fits into the
neck of a 500ml screw~top bottle, so that the muscles hang freely
in the contents of the bottle, while allowing the bottle top to be
screwed in place., The muscles are moved between stages by transferring
the ring to the different bottles. |

L) Muscles are fixed for a minimum period of five days., Further
fixation does not improve the staining, but may cause the muscle
to disintegrate during subsequent stages.

Fixative:

10g chloral hydrate
L450ml 95% alcohol
500ml1 distilled water

Adjust to pH 1.7 with conc. HNO3 (10ml)
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5)

6)

7)

Wash the muscles for 24h at the rate of one litre per
hour. Keep the washing bottle cool with running tap
water.
Washing solution:
30 litres distilled water
6g AL, (804)3
Adjust to pH 9 with saturated NaOH.
Place for 30h in Ammoniacal alcohol:
To 95% alcohol add 880 Ammonia until pH 9
is reached.
Coat with agar:
Dissolve 10gm of agar in one litre of distilled
water, Bring to the boil. As the solution cools
(<50 °C ), dip the muscles repeatedly into it
until a layer of agar approximately 2mm thick

surrounds each muscle. Leave to gele.

8) Incubate at 37 °C for 7 days in .1.5% silver nitrate in a

shaking water bath in the dark.

9) Remove the agar coat with paper tissues.

10) Reduce for 48h.

Reducer:

20gm Quinol
250m1 98-~100% Formic acid

750ml Distilled water

11) Rinse in Distilled water.
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12) Place in glycerine for a minimum peridd of two days.

Change the glycerine at least twice.

i) Teasing.

After softening in glycerine muscles were £eased under an Olympus
dissecting microscope, by compressing them beneath a glass slide
and subsequently dissecting and removing muscle spindles and
tendon organs with a pair of mounted syringe needles,

The preparations were completed by mounting them in glycerine on
glass slides under circular coverslips and then ringing thém with

tar,

j) Operating procedure

A1l operations were performed aseptically. Thé animals were
anaesthetized with an initial intra—peritqneal injection of sodium
pentabarbitone ( Sagatal: May & Baker Ltd. ; 4Omg /kg ), and
were then maintained under Halothane. |

After the operatlon, the skin was stitched with surgical silk
and the wound dusted with antl-blotlc powder and sealed W1th

Nobecutane.
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