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Abstract.

After nerve=crush injury to a muscle nerve the afferent and
efferent axons regenerate and reinnervate their peripheral targets.,
This process has been examined in the muscle spindles of +the percnsus
brevis muscle of the cat hindlimb. Following reimmervation there was
a rapid restoration of the ending structure vhich clearly demonstrated
the presence of a poverful guidance system enabling a high degree of
specificity in the reimmervation process.

Although the sensory endings never achieved the full complexity
and extent of innervation that characterises the endings of normal
spindles, the process of reinmervation was highly successful and the
specicifity of reinnervation is explained in terms of physical guide
ance hy the basal laminae of the endoneurial tubes and the muscle
fibres.

During the early stages of recovery the spindles responded
abnormally to ramp=and-=hold stretch, often only firing during the
rising phase of the ramp. As recovery progressed, so the responses
became more normal and this pattern is explained in terms of a
gradual reduction in the threshold of the pacemaker site.

Variation of the denexvation period showed that an the whole
the muscle spindle is resistant to denervation atrophy for at least
seven veeks, After all the denervation periods the regenerated end-
ings were fully functional and there was only a slight trend towards
slower recovery with increasing denervation period. The morphological
appearance of the endings showed a reduction in the regional spece
ificity of reinnervation which is attributed to shrinkage of the
intrafusal Tihres alloving axons to grow between the basal lamina

and the muscle fibre,
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INTRODUCTION




L. lwsele Spindle Structure.

The mammalian muscle spindle is & complex mechanorsceptor

incated in striated muscle, usually lying between and in parallel

jo
I

with the fascicull of the muscle. The muscle spindle consists
o small tundle of intrafusal muscle fibres which are enclosed for
much of their length in a fibrous cellular capsule. At 1ts ext-
remities this capsule is closely applied to the intrafusal fibres,
but swells in the equatorial region to encompass a large periaxial
space.

The muscle spindle has a rich motor and sensory innervation,
each fibre being innervated by a number of different afferent and
efferent axons,

Mumerous excellent reviews of the structure and physiolory
of the muscle spindle hzv~ bzen published in the last decade (Matt-
hers,1972519%051981; Barker,1¢74; Hunt,1974;1978; Taporte,1978; Kenn-
edy,Poopele & Quick,1980); therefore I will only deal in depth with
those features of the receptor that are of relevance to this study.

1.7 The Intrafusal fibres,

Banks, Harker & Stacey (1977b) performed a detailed histo=
chemical and ultrastructural study of the intrafusal filbres which
resulted in the full categorisation of the intrafusal fibre types
which vere designated bagl, bag, and chain (Ovalle & Smith,1972).

The chain fibres are the smallest of the intrafusal filres
(Boyd, 19623 Barker,Banks,Harker,Milburn & Stacey,1976a) and there
is usually a number of these fitres present in the cat svindle,
the aversge being four in tenuissimus spindles (Barker,fmonet-
Dénand , Harker, Jami & Iaporte,1976b) and six in peroneus tertius

(Harker, Jami, laporte & Petit,1977).
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structurally and histochemically the chains are the most
homogeneous of the intrafusal fibres possessing an M line through-
out and staining fairly consistently for glycogen (P4S}, ATP'ase and
P'ase (Banks et al,1977b; Barker et al,1976a).

The bag, is usually larger than the chains (Barker et al,
19763} and there is usually only one per spindle, although examples
of two and very rarely three, have been reported (Barker et al,
1976a; Banks,Barker & Stacey,1979;1982).

Both the ultrastructure and histochemistry of the bagl
change on moving from the equatorial region to the poles. Barker
et al (1976a) divided the spindle into three regions: the A region,
which extends from the equator to the end of the periaxial spaces
the B region, which is that part of the poles enclosed by the cap=
sule; and the C region, wnich is extracapsular,

At the equator the myofibrils are only present round the
periphery of the bagl, the core being taken up by the 'bag’® of
nuclei (Barker et al,1976a; Banks et al,1977b; Kucera,Dorovini-

Zis & Fngel,1978) from which the filre derives its name (Barker,1948).
Within the capsule the M line is absent or appears as a faint dou=-
ble M line (Barker et al,1976a), a normal M line only being present

in the C region. P'ase, acid pre-incubated ATP'ase and PAS histo-
chemical stains all increase in intensity on moving from the equ=
ator to the poles (Banks et al,1977b; Kucera et al,1978). The polar
regions of the bag1 fibre are also characterised by a lack of ela=
stic fibress these are associated with the bagz fibre (Gladden,

1976 ).

The bagz fibre is the largest of the intrafusal fibres
(Banks et al,l@??ﬁ) and is usually single although rare examples

of spindles with two bag? fibres have been reported (Banks et al,




1979). Ultrastructurally it has a double M line appearance equat-
orially, the change to a single M line usually occurring at the A/B
transition (Barker et al,1976a;Banks et al,1977b).

As with the other fibres the equatorial region is the
least histochemically reactive part of the fibre (Ovalle & Smith,
19721, although the increase in stain intensity on moving towards
the poles iz less marked than in the ba.g1 (Banks et al,1977b).

The extreme polar regions of the bag2 are marked by the
prominent elastic fibres, which are absent from the bagl, and which
may reflect a difference in the connective tissue linkages of the

two filtres with the extrafusal fitres (Gladden,1976).

1.3 The Afferent Innervation.

The sensory innervation of the cat muscle spindle usually
consists of a single primary ending either alone or with one or
more secondary endings which terminate on the intrafusal fibres in
the equatorial and juxta—-equatorial regions, respectively, Banks et
al (1982) examined the afferent innervation of spindles from a num-

ber of different muscles of the cat hindlimb, and they reported that

(V)

in peroneus brevis (PB), of the spindle capsules containing all three
types of intrafusal fibre, 8.5% of the spindles had a primary end-
ing only; 44.7% had one primary and one secondary and 25% had a
primary and two secondaries. Only 4% of spindles showed a double
primary ending. In the case of the bzc capsules, which are present

as the second capsule of a tandem spindle (Banks et al,197931932),

93% of those examined were innervated by a primary afferent alone.




14, The Primary Ending.

The primary afferent is a large axon having a diameter of
12-22pm in the nerve trunk (Adal & Barker 1962 thereby brineing
1t within the group I range (Lloyd,1943).0n approaching the
spindle the Ta afferent divides to produce two or three first-order
branches (Banks,Barker & Stacey,1977a:1979;1982) which further
divide such that all the intrafusal fibres are innervated (Boyd,
1062 Cooper & Daniel,1963),

The annulospiral appearance described by Ruffini (1898)
is characteristic of the primary innervation. Banks et al (1982)
have analysed the innervation of the different intrafusal fibres
and found that the different muscle fibres can be identified by
the appearance of the primary innervation. The chain fibres are
identifiable by the small spirals associated with their relatively
small circumference (Boyd,1962). On the bag, fibre the terminals
tend to be close together with a region of irregular arrays at
either end. On the bag2 fibres tha terminals are wider apart with
less irregularity (Banks et al,1982).

Banks et a1(1977331979;1982) also examined the distribut-
ion of the branches of the Ia axon to the different intrafusal
fibres. In the case of PB, 58% of the primaries showed a fully
segregated distribution (i.e. the bag, fibre was innervated by a
first=order branch separate from that supplying the bag2 and chains).
In the case of mixed distributions (42%), the bag, shared a first-
order branch with the chains, or the bagZ, or both.

At the ultrastructural level the terminals on the bags
and chains appear to be similar, with the endings lying in shallow

grooves formed by the lips of the sarcolemma partly overlying the




terminals (Landon, 1966; Adal,1969). The basement membrane of the
intrafusal fibres also covers the terminals of the ending (Merr-
illees,1960).

In certain areas the chain fibres are closely apposed, and
in the equatorial region sensory cross-terminals can occur such
that a given sensory terminal can innervate two 'paired' chain
fibres (Adal,196Q; Scalzi & Price,1971;1972; Banks et al,1982).
This provides anatomical support for the physiological observ-

ations of the chain fibres acting as a unit (Boyd,1976b).

1.5 The Secondary Ending.

The secondary endings are supplied by group I1 afferents
having smaller diameters than the group I axons, lying within the
range 4=12pm in the nerve trunk (Hunt,1954). Closer to the spindle
there is a marked degree oi overlap between the Ia and II axon
diameters (Adal & Barker,1962; Boyd & Davey,1968). This overlap
is even more pronounced if one compares the bzc primary axonal
diameters with those of the secondaries (Banks et al,1979).

The secondary afferents innervate the regions of the intra-
fusal fibres adjacent to the primary emding (Boyd,1962). Boyd
(1962) divided the regions adjacent to the primary into a series of

[}
[l

zones each 400um long, amd classified the secondaries as 51’ o
S?u ete. according to their position.

The distribution of the secondaries is different to that
of the primaries in that, although 68% of secondaries shov a
blbgc distribution (Banks et 2l,1982), the chains have a much more
extensive innervation than do the bags (Boyd,1962; Cooper & Daniel,

1963), and the bagl fibres usually have about half as much innerv-

ation as do the bag, fibres (Banks et al,1979:1982). The analysis of




physiological data appears to indicate that the bag2 innervation
that is present makes little or no contribution to the overall
response pattern of the secondary (Appelberg,Bessou & iaporte,
1966s Boyd,198la), and a segregated distribution of the first-order
branches is rare (Banks et al,1982).

As with the primary, the secondary ending is often char-
acterised by the annulospiral appearance (Barker,1948), although
some also end in sprays (Ruffini,1898; Barker & Ip,1960).

1.6 The Efferent Innervation.

The intrafusal muscle fibwes receive a motor innervation
from two classes of efferent axon, the gamma () and beta (B) eff-
erents, The ¥ efferents are small diameter myelinated axons conduct~
ing in the range 15-55m/sec (Kuffler,Hunt & Quilliam,1951). These
efferents were first studiz’ by Leksell (1945) who demonstrated that
they probably had no action on the extrafusal fihres, Their exc-
lusively fusimotor action was subsequently confirmed by Kuffler et
al (1951).

The ﬁ efferents are larger myelinated axons conducting in
the range 39-92m/sec, although the majority are between 45-75m/sec
(Emonetngnand,Jami & Iaporte,1975; Emonet-Dénand & laporte,1975).
These efferents, unlike the ¥ axons, branch to innervate both the
intrafusal and extrafusal muscle fihres (Bessou,Emonet=Dénand &
Laporte,1965).

1.7 The Gamma Efferent Innervation.

The ¥ efferents are divided physiologically into two main
groups, static and dynamic (Matthews,1962), on the basis of their
effects on the primary afferent response. These static and dynamic
¥ axons terminate in two very different types of ending termed

trail and P, plate, respectively (Barker,Stacey & Adal,1970;




Barker,Emonetngnand,LaportepProske & Stacey,1973; Barker et al,
1976a,b).

The distribution of these static and dynamic efferents
on the different intrafusals has been the cauge of much contro-~
versy during the last decade (Boyd,198la,b). The results of a
number of studies from different laboratories with the use of a
variety of techniques have indicated that the & dynamic ( Zé) axons
innervate the bagl fibres (terminating in P, plates) almost exclus-
jvely, and the J static ( XS) efferents innervate the chains, the
bag, or both intrafusal fitre types (terminating in the trail
endings) (Brown & Butler,1973;1975; Barker et al,1976b (glycogen-
depletion technique)s Barker,Bessou,Jankowska,Paggs & Stacey,1978
(injection of activated fitres with Procion Yellow dye); Bessou &
Pag;s,1975; Boyd,Gladde .. "=¥William & Ward,1977a (direct observation
of contractions elicited by stimulation of single axons)). The
only remaining controversy concerned the presence of 3; termin-
ations on the bagl fitre. This arose as a result of conflicting
evidence from the techniques employed. The glycogen=depletion
technique indicated that in tenuissimus up to 50% of spindles
(Brown & Butler,1973; Barker et al,1976b) and 38% of spindles in
PB had Jé inmmervation on the bag, fibre (Emonet«Dgﬁand,Jami,Lap=
orte & Tankov,1980), However, Boyd et al (1977a) observed no
activation of the bagl fibre by X; axons and maintained that the
Zé axons only innervated the bag2 and chain fibres,

As a result of detailed analysis of teased, silver prepar-
ations (Barker & Stacey,1981) it has been agreed that xé termin-
ations are uncommon on the bagl fibre. The usual situation there-~

fore is that the xé axons innervate the bag, fibre and the a’s

axons innervate the bag? and chain fibres,



1.3 The Beta Innervation.

The[? efferent innervation has also been dividel physiolo=
zically into static and dynamic groupings (Barker,Emonet»Dénand,
Harker,Jami & laporte,1977: Banks,Barker,Bessou,Pag;s & Stacey,
1978; Harker,Jami, laporte & Petit,1977),

The use of degeneration experiments has indicated that
the ﬁ collaterals terminate in the 12 plates (Barker et al,1970;
Barker,Emonetannand,Laporte & Stacey,1980), the ﬁh efferents inn-
ervating the bagl fibres (Barker et a1,1977) and the‘BS efferents
innervating the chains (predominantly the long chain fibres
(Harker et al,1977; Jami,Llan-Couton,Malmgren & Petit,1978;1979)),

1.9 Motor-endplate Structure.

Barker (1966) described two types of intrafusal plate
ending which were termed p, and p, (Barker,1967). The p; plate is
derived from the collateral branch of the/B skeleto=fusimotor eff-~
erent (see above). The[g collaterals usually terminate as a single
plate or group of plates closely adjacent on the same intrafusal
fibtre (Barker et al,1970). The plates thus proiuced quite closely
resemble the extrafusal motor endplates, being compressed and
having a nuclear sole-plate which also shows a Doygfe eminence
(Barker et al,1970), The mean plate length is about 33um (Barker,
EmonetmDéﬁand,Iaporte & Stacey,1979).

The p, plate (innervated by the 5& axons ) is an elongated
structure, some 73um in length on average, produced by a ramifi-
cation of the preterminal axon (Barker et al,l1970,. The endplate
is characterised hy a number of knob=1like terminals lying in
shallow depressions on the sole=plate and there is no Doygfe
eminence (Adal & Barker,1967; Barker et al,1970).

The trail ending is innervated by the bg axon which

hranches at the terminal and preterminal nodes to produce a number




of small ramifications (Barker,1968). A single Y efferent may
branch proximally to the spindle to innervate more than one
spindle (Barker,1968; Barker et al,1976a; Emone‘t«Dgnand,Laporte,
Matthews & Petit,1977) and it may hranch intra-capsularly to
innervate both poles of a spindle (Barker,1968; Barker et al,

1970),
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2.1 The Afferent Response.

In 1933, B.H.C, Matthews successfully split a muscle nerve
Lo make the first recordings from a single muscle=spindle afferent,
Ye dezcribed four types of ending, two of which (Al and A2 he
helievel to originate from the muscle spindle, He attributed the
lov=threshold response, which paused during muscle contraction, to the
flower~spray ending and the higher threshold, less dynamic, response
+o the annulospiral ending. Subsequent studies have shown that
both the Al and A2 responses are probably those of the annulo=
spiral ending,

Hunt (1954) correlated the afferent responses with the
conduction velocities of the afferents. He separated the Ja and
1T afferentsarbitrarily 2t 72m/sec conduction velocity, at the
point corresponding with the trough in the bimodal distribution of
conduction velocities (this division is comparable with an axon
diameter of 12pm by Hursh's conversion factor (Hursh,1939)) and
described both endings as being slowly adapting, the primaries
having a lower threshold. later, Matthews (1963 ) proposed that aff-
erents conducting at above 80 or below 60m/sec could be classified
as la or II, respectively, but that more definitive criteria were
needed to distinguish between the more intermediate afferents,
Cooper (1961) examined the responses of the afferents to constant
velocity stretch and demonstrated the classical difference in dyn-
amic sensitivity between the two types of ending, which was quant-
ified for the ramp-and<hold stretch in terms of the ‘'dynamic response’
(Jansen & Matthews,1962); subsequently the term °'dynamic index’ was
introduced (Crowe & Matthews,1964a) which was defined as the diff-
erence between the firing rates at the peak of the stretch and at

half a second into the hold phase,
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The use of the instantaneous frequency display (Jansen &
Matthews, 1062 ) and the instantaneous frequencygram (Bessou,laporte &
Pagss,1068a ) enabled the production of records in which the diff-
erence ovetween the two {ypes of afferent are more lmmediately
obvious.

7.2 The Primary Response,

The typical response of the primary afferent to the ramp-
and=hold stretch in de-efferented preparations often consists of
an ‘initial burst’ at the start of the ramp followed by a rapid
increase in firing up to the peak of the ramp. At the start of the
hold phase there is a rapid drop in firing rate followed by a more
gradual decline until a new steady level is reached. At the release
of the siretch the afizrent ceases firing completely as the spindle
is unloaded, and then the tonic firing level is gradually restored
(see Matthews,1972; Hunt,1974).

The initial burst is usually only present in de-=efferented
preparations (Jansen & Matthews,1962) and can be abolished by
rapid repetitive stretching (Hunt & Ottoson,1976). Hunt & Ottoson
(1976 ) attributed it to a static frictional force, probably pro-
duced by the presence of cross-hridges in the intrafusal fibres
which greatly increase the short=range stiffness of the fibres,
thereby initially transferring a large proportion of the mechanical
displacement to the sensory region (see also Brown,Goodwin & Matt—
hews,1969; Matthews,1972).

The increase in firing frequency of the Ia is dependent on
the rate and amplitude of the stretch applied. However, the res-
ponse is proportional to the amplitude of the stretch for mov-

ements of only a fraction of a millimetre before a transition in
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sensitivity occurs and the response becomes non=linear (Matthews &
Stein,1969; Hunt & Ottoson,1975; Hasan & Houk;1975b). The linear
portion of the response is the portion associated with the period
of initial stiffness of the intrafusal fibres (Hasan & Houk,l@?ﬁh)n

Working with isolated spindles, Poppele, Kenneiy & Quick
(1979) have shown that the stiffness of the sensory region does
not change with changing spindle length, but that the stiffness
of the polar regions increases non-linearly. This is probably
associated with the paucity of myofibrils in the equatorial reg=
ion (Barker et al,1976a; Poppele et al,1979). Further, Poppele et al
(1979) demonstrated that the primary sensitivity (within certain
physiological limits) was proportional to the strain (AL/L) of
the sensory region, therefore any non-linearities in the resp-
onse must be due to the non=linearities associated with the move=
ments of the polar (myofibrillar) regions of the intrafusal fibres.
Recently, Poppele & Quick (1981) have made accurate measurements of
the changes in stiffness of the bagl myofibrillar regions and the
sensory region during slow ramps. The results of these measurements
indicate the occurrence of a stretch-induced contraction of the
bagl which is initiated after the siretch has reached a certain
threshold, The effect of such a contraction would be to introduce a
delayed amplification of the length changes, thereby possibly
accounting for the marked dynamic sensitivity of the primary end-
ing.

EmonetaDg}xand9 laporte & Tristant (1980) examined the resp-
onses of Ia and II endings to slow ramp stretches with small amplit-
ude triangular stretches superimposed, During the ramp, the peak-=
to=peak response of the primaries to the triangular stretches

increased in amplitude at a progressively increasing rate. These
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results can be interpreted in the light of the studies by Poppele
et al (1979;1981) in that during the slow stretches the nolar
regions hecome progressively stiffer and therefore an increasing
proportion of the small stretches is transmitted to the zensory
region.

Tumerous attempts have been made to construct an accurate
model for the primary response to the velocity phase of the ramp.
Matthews (1964) experimented with some simple models inveolving
springs and dash-pots to recreate the elastic and viscous elements
of the intrafusal fibres. Andersson (Lennerstrand,1963a )
developed a series of mathematical expressions for the 'slow' and
‘quick' elements of the Ia response. Hasan & Houk (1975a,b) der-
ived further expressions for the non-linearity of the dynamic resp-
onse and more recently Houk, Rymer & Crago (198la,b) found that the
dynamic response was approximately proportionzl to the strvetch vele
ocity raised to the 0.3 power. An accurate approximation could be
achieved by combining the VO'3 term with a linear length=dependent
term,

At the peak of the stretch the primary ending shows a
rapid drop in firing rate (Lippold,Nicholls & Redfearn,1960) before
gradually decreasing to a steady level during the hold phase,

Smith (1966) observed a slow creep in the 'slow® bag fibre (the
bag, ) following the peak of the ramp. This has been attributed to
some ‘give’ in the polar regions of the bagl fibre, possibly ass-
ociated with the lack of elastic filwes (Boyd,1976b; Gladden,1976).
The observation of a stretch-induced contraction of the bagl
(Poppele & Quick,1981) would allow the creep to be explained in
terms of a relaxation of the contraction occurring once the stim=

unlus of increasing stretch was removed. The time course of the
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creep is comparable with the slow drop in firing level (Boyd,l@?égg
Boyd & Ward,1975; Boyd,Gladden & Ward,1977b;1981). In fact Boyd et
21 (2081), on the basis of measurements of the extension of the
sensory region of the baglgproposed that the firing rate of the
primary at any point during the ramp stretch closely reflects the
depree of extension of the spirals on the bag1 fitre.

The fast drop in firing rate which occurs at the peak of
the ramp is too rapid to be explained in terms of mechanical ‘give'
(Husmark & Ottoson,1971a,bs Boyd,Gladden,McWilliam & &ard,1977§).
Further, if the velocity of the stretch is increased the fast drop
takes the firing rate below the final static level, this drop then
being termed the post—=dynamic undershoot (Hunt & Ottoson,1975).
This undershoot is attributed to ionic mechanisms (Husmark & Otte
oson9197lg,g) possibly as u result of a voltage=dependent increase
in potassium conductance (Hunt,Wilkinson & Fukami,1978),

At the release of the ramp there is a drop in firing rate as
the receptor is unloaded; depending on the rate of release and the
extent of the original stretch this drop may be characterised by a
post-release undershoot (Hunt & Ottoson,1975)again attributed to a
transient hyperpolarisation as a result of K conductance changes
(Hunt et al,1978), although measurements of spindle tension do
also indicate a small undershoot on release (Hunt & Ottoson,1975).

2.3 The Secondary Response,

The secondary ending is characteristically less sensitive to
the velocity component of the ramp and overall has a higher thresh-
old to stretching (Cooper,1961; Bessou & Laporte,1961; Jansen &
Matthews,1962; Matthews,1963; Lennerstrand,1968a). The secondary
usually shows no initial burst (Matthews,;1963) and responds more

smoothly to the rising phase of the ramp. At the peak of the ramp
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any pause in firing is small and during the hold phase there is much
less adaptation than is shown by the primary (Matthews,1972: Hunt,
1974 ). The linear portion of the response to stretch is greater for
the secondary than for the primary (Matthews & Siein, 1069},

Many of these differences in response characteristics may
be a result of the different position of the secondary ending on
the intrafusal fibres as compared with the primary. The secondary
ending lies juxta-equatorially and is mainly distributed over the
chain fibres (Boyd,1962; Cooper & Daniel,1963; Banks et 21,1082).

The chain fibres are more homogeneous along their length
than the bag fibres (Bankset al,1977b) and the juxta-equatorial
positioning of the secondary innervation means that the bag innerv-
ation is on a region of the fibres having a higher proportion of
myofibrils than the equatorial region and therefore is closer in
nature to the polar regions. As a result one would expect the sec-
ondary to display fewer non-linearities in its pattern of response,
especially in the case of 82 or S3 secondaries which lie distal to
the equator (Boyd,1962) and tend to show less distribution onto
the bag fibres (Banks et 21,1982). There is some indication that
this is the case (Poppele,1981; Hasan & Houk,1975a).

The secondary-ending response is usually characterised by
an absence of the post=dynamic undershoot and only a relatively
small post-release undershoot (Hunt & Ottoson,1975).

2.4 Fusimotor Stimulation.

Stimilation of fusimotor and skeleto-fusimotor efferent
axons causes the intrafusal filres to contract, thereby trans-
ferring a range of mechanical stimuli to the sensory region,
depending on which intrafusal filres are contracting and whether

the contraction is restricted to one pole or if both are active,




16

Stimulation of Gamma Efferents.

¥uffler, Hunt & Quilliam (1951) demonstrated that stimul-
ation of a single ¥ efferent increased the discharge of spindle
afferents in the absence of extrafusal muscle contraction. Matthews
(1662 divided the ¥ efferents into two groups, the ¥ static and
J dynamic efferents on the basis of their effects on the vrimary aff-
erent response. Subsequent work has shown that this classific~
ation may be too broad since it covers a whole range of inter=
mediate effects (Emonet=Dg£and et al,1977); however, it is still
a very useful initial division of the gamma ponulations assoc-
iate” with the recent agreement on a selective pattern of innerv-
ation of the intrafusal fitres.

2.5 Gamma Dynamic Stimulation.

The Xa efferents terminate in the P, motor endplates which
are almost exclusively restricted to the ba,g1 fibre., Bessou & Paégs
(1972 ) measured the intracellular potentials evoked by 7& stimul-
ation and observed that there was no propagated action potential
in response to the stimulation. Previously Bessou, lLaporte & Paégs
(19682) had reported that there was no, or only a very small, incr-
ease in the Ia afferent discharge in response to single B& shocks
and that the response to repetitive stimuli had a slow, smooth
rising phase and also a prolonged relaxation phase on cessation
of stimulation,

These findings were substantiated by the direct observation
studies of Bessou & Paggs (1975) and Boyd and co-workers (Boyd,
1976a.,b; Boyd et a1919773)which showed that the bagl fibre contracts
slowly in response to repetitive bé stimulation and this is ref-
lected in its modulation of the Ia discharge.

When a muscle is stretched during )h stimulation the
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dynamic response is greatly increased (Matthews,1962; Crowe &
Matthews,lQéhg; Boyd,lQSli) due to the contraction stiffening the
voles and also potentiating the stretch-=induced contraction, there-
by transferring a greater proportion of the mechanical displacement
to the sensory region (Boyd,198la).

Following the ramp the rapid fall in firing still persists
(Crowe & Matthews,1964a: lennerstrand & Thoden,1968a), but the slow
adaptation is much more marked. This is associated with the greatly
pronounced mechanical creep observed during Xd stimulation (Boyd,
1976b; Boyd et al,1977a; Poppele & Quick,1981),

Throughout the whole cycle, Xa stimulation increases the
absolute firing rate, even when the muscle is relaxed, as well as
greatly increasing the dynamic index and dynamic sensitivity when
outside the linear range (Hulliger,Matthews & Noth,1977; Crowe &
Matthews,196la; Lennerstrand & Thoden,1968a; Boyd,1981a).

Gamma, dynamic stimulation has little effect on the responses
of the secondary endings (Appelberg et al,1966; Boyd,198la). This
is in part probably associated with the limited innervation of the

bag., fibre by the secondary terminals and the relative scarcity of

1
secondaries showing a segregated distribution of their first-
order branches (Banks et 21,197931982).

Where bagl contraction does affect the II response, there is
not necessarily an increase in the dynamic sensitivity, and any

such change is usually masked by an increase in the length sens-

itivity (Durkovic & Preston,1974; Boyd,1981a).

2.6 Gamma Static Stimulation.

The Xg efferents terminating in trail endings innervate
the bag, or the chain filres, or both (section 1.7).

As with the bag1 fitre, the bag? shows distinct foci of
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smooth contraction (Bessou & Paggé,1975; Boyd,1976a,b; Boyd et al,
19772 ) and does not usually respond to single stimuli (Boyd,1976a,b)
although Bessou & Pag;s (1975) observed very small twitches in
response to single shocks. The contraction of the bag? fibrs is

much stronger and more rapid than that of the bag1 and there is
usually no creep associated with the end of the velocity comp-

onent of the stretch (Boyd,1976b; Boyd et al,1977a).

Activation of the bag2 fibre greatly increases the back=
ground discharge (although there is also more marked adaptation
of the response), and during the ramp the dynamic index is red-
uced even though the absolute firing level is elevated., The
length sensitivity, when corrected for the adaptation, is also
reduced or unchanged (Boyd,1981a).

As with the bagl fivre, contraction of the bag2 fibre alone
has 1ittle effect on the response of the secondaries, the overall
firing being elevated with little change in the dynamic or length
sensitivities (Jami,lan=Couton & Petit,1980; Boyd,1981la). Again,
this is probably associated with the predominance of II termin-
ations on the chains rather than on the bag fibres (Boyd,1962;
Banks et al,1979;1982).

The nuclear-chain fibres are often activated as a group
(3mith,1966; Bessou & Pagés, 19753 Boyd,1976b; Boyd et al,1977a) and
display rapid, twitch-like contractions, The fusion frequency of
the contractions is relatively high, so that up to 60Hz stimulation
the contractions will induce 1:1 driving of the primary ending
(Brown,Crowe & Matthews,1965; Boyd,1976b; Boyd et al,1977a).

This drivimg completely maskg: any alterations in receptor sense
itivity, and even at higher stimulation frequencies the primary

discharge is highly irregular,making measurements of the dependence
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of the response on the dynamic and length components of the ramp
difficult (Boyd,1981a),
The secondary ending is rarely driven by activation of
1.

the chain fibres and, as with activation of the bag, fibre, the
<

dynamic sensitivity is reduced while the length sensitivity is
often increased (Jami & Petit,1973;1981; Jami et al,19730; Boyd,
19815). Jami et al (1980), using the glycogen=depletion technique,
demonstrated that only those Xs axons that innervated severai, if
not all, of the chain fibres in one or both pcoles had a marked
effect on the II response. Those that activated the bag2 alone,
or the bag2 and one or two chain fibres had little effect on the
IT response to ramp stretch,

Emonet~Denand et al (1977) sub-divided the ¥ efferents
into six classes ranging from 'pure’ dynamic action (category I)
to'pure’ static (category VI) with the intermediate groups appare-
ntly showing some admixture of static and dynamic characteristics
which they interpreted in terms of non-selective innervation.

EmonetnDénand et al (1977) proposed that categories III-
V involve? some degree of dynamic modification of the static resp-
onse, However, following the recent histological analyses of Barker
& Stacey (1981) and Banks (1981), which revealed only a small prop-
ortion of spindles having trail innervation on the bag1 (17% in
PB and 8% in tenuissimus (Barker & Stacey,1981)), it seems unlikely
that 38% of the responses could be due to non-selective innervation
as vas proposed by Emonet=Dgnand et al (1977) on the basis of the
physiology and the glycogen-depletion studies (Brown & Butler,1973;
1975 Barker et a1,1976£)°Emonethgnand et a1(1977) also reported
that 23% of the predominantly dynamic category al=zo displayed some

static involvement (their category IT). laporte (1979) examined the
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group II dynamic axons and proposed that their effect was not due
to Xd innervation of the bag2 or chain filbres, but rather to the
vroximity of the contraction site to the equatorial resgion and the
relative strength cf the contraction.

L more probable explanation for the variations in‘Xé effects
is likely to be found in a predominantly selective innervation
with the group II1 effects representing the small proportion of
a/s axons that innervate the bagl fibre (Banks,Barker & Stacey,1081).
Catesories IV, V and VI could be attributed to }é areas that inn-
ervate various combinations of either one or both poles of the bag2

or the chain fitres or both (Barker & Stacey,1981).

2.7 Beta Skeleto=fusimotor Stimulation.

The co-activation of extrafusal muscle fibres along with
the intrafusal fibres byyﬁ)efferents for a long time masked the
augmentation of the afferent response due to the intrafusal-fibre
contraction. Bessou, Emonet—Dg;and & laporte (196331965, provided
the first clear evidence of the presence of skeleto=fusimotor axons.
Viorking on the first deep lumbrical muscles they demonstrated that
the stimulation of certain « axons at frequencies well above the
fusion frequency of the extrafusal muscle fibres progressively
increased the dynamic response of the spindle primary ending. This
increased response was also observed when the extrafusal contraction
was blocked by gallamine triethiodide.

Subsequent studies have shown that the,g innervation is
very common in some muscles, some 70% of PB spindles being innerv-
ated kw,@ axons (EmonetaDghand & Iaporte,1975) and that there are
both static and dynamic ﬂ efferents (Emonet=Dgnand,Jami & Laporte,
1975; Harker et al,1977; Jami et al,1978;1979; Jami,Murthy & Petit,

1982),
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Beta dynamic axons innervate the bagl fibre almost exclus-~
ively (Barker et al,1977) and, as such, produce effects on the Ia
response equivalent to those of the Ué efferents. Beta static
erents similarly produce effects cgquivalent to the Jé axons
(Jami,urthy & Petit,1980; 1982). Use of the glycogen-depletion
technique indicates that these Xg axons mainly innervate the chains,
especially the long chain fitres (Harker et al,1977; Jami et al,
1973; Banks, 10871,

2.3 Generation of the Afferent Response.

The mechanism of sensory transduction in the muscle spindle
is very much open to debate., The only hypotheses at present are
purely speculative owing to the lack of hard evidence from experi-~
ments. These hypotheses are based on a system of changes in ionic
permeability of the terminal membranes couplei to some form of
stretch deformation, which could be simple stretching, or flatten-
ing,or shearing.

The ionic processes resulting from this deformation are
also open to question., Hunt et al (1978), working on decapsulated
mammalian spindles, showed that Nat was the principal carrier of
current associated with the receptor potential. In the absence of
Na+, ca’ could partially compensate, but the application of Ca++
blockers in the presence of normal Na concentrations had no effect
on the intra-cellular potentials recorded from the afferent axon.

The role of Ca++ conductivity in the response is at present
also open to debate. Hunt et al (1978) showed that Na' was the
principal current-carrying ion and could maintain the full resp-=
onse in the absence of Ca'' mobility. Ito and co=workers (Ito &
Komatsu,1979;1980; Ito,Komatsu & Kaneko,1980: Ito,Komatsu & Kat-

suta,1931) propose a key role for Ca++ in the frog spindle in
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that application of Ca++ blockers suppressed all the responses to
stretch. The ionic model they propose involves both T P
apikes, the yUa++ changes producing the receptor potential which
drives the pacemakers (Ito et al,1980),

The post-dynamic and post=release undershoots are aszoce
jated with hyperpolarisation of the terminals by increased gk
(Hunt et al,1978) apparently by a voltage-dependent coupliing, such
that the greater the velocity and amplitude of stretch, the greater
are the undershoots, Ito, Komatsu, Kaneko & Katsuta (19R81) also
propose a rols for the gK+ changes which are dependent on the cat’
concentrations and which determine the degree of variability in the
discharge of the frog spindle.

The mechanism of combination of receptor potentials to
produce the final afferent response is another area for debate.

The Ia axon of the primary ending branches at least once and usually
several times before the individual branches iose thelr myelin
(Banks et al,1977a3 19795 1982 ). Quick, Kennedy & Poppele (19%0) used

a ferric ferrocyanide cytochemical stain to show that all the hemi-~
nodes and some of the preterminal nodes are potential sites of

spike generation.

The results of fusimotor stimulation experiments have
provided substantial indirect evidence for the presence of a
number of pacemaker sites (Crowe & Matthews,1964a,b; Hulliger,
Matthews & Noth,1977), especially given the apparent occlusion of
one pacemaker by increase’ activity in another (Hulliger & Noth,
1979).

In the frog spindle, analysis of the firing patterns and

the arrangement of the myelinated branches has also led to the

hypothesis that spikes are produced in several of the hranches,
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spike trains then interacting at higher-order nodes (Broken-
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on of abortive spikes in some branches further substantiztes
these theories (Tto,1969; Ito0,1976; Ito & Ito,iG76) in that it

rovides evidence that not all the spikes that are generzted are

ko)

actually provagated into the parent axon.
A branch point central to the pacemakers has a kevy role

in the production of the final afferent response. ¥hen an actic

ol

potential arrives at the branch point there is effectively a step
increase in diameter due to the larger diameter of the parent axon,
plus the diameter of the other branch (or branches). Depending on
the relative diameters and the recent history of activity in
the axons, the spike may be wropagated orthodromically in the main
axon and antidromically in the other branch. Another possibility
is that it may fail completely as a result of the low safety-
factor associated with the increase in membrane area, or it may
propagate down the branch and not in the main axon, or vice versa
(Bagles & Purple,1974; Goldstein,1978: Goldstein & Rall,1974).
Assuming the action potential is propagated into both parts
then the antidromic spike may either invade the pacemaker, there-
by resetting it: or collide with an orthodromic spike in the tranch.
Due to the very short distances involved, such a collision is
likely to result in the resetting of both encoders (Eagles &
Purple,1974 ). The third possibility is that collision . will occur
without resetting either encoder. In all cases the faster firing
pacemaker is likely to occlude the activity of the slower one,
The results of Hulliger & Woth (1979) demonstrate the occlusion of
the dynamic pacemaker by the static and thus provide support for

some combilnation of these alternatives,
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If the spike in one branch falls to provagate vast the
branch point, the resultant sub=threshold current would depolarise

the membrane and hence, for a specific period, enhance the likeli-

hood of provpagation of an impulse ascending in the other branch,

p
If one assumes a system of multiple pacemakers with inter=-

rains at at least one node, then it becomes

ot

action ol soike
apperent that the branching pattern of the afferent is important

termining the characteristics of the response =zhown by that
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particular afferent. In a fully segregatel Ia ending (i.e. at

the first-order branch point, one branch innervates the bagl
exclusivelyand the other one innervates the bagz and chains)

at the firste-order branch site there would be interactions between
the 'static' train of svikes and the 'dynamic® train. Given such
a situation it is possible to envisage occlusion of the dynamic
response by the static and vice versa. Hulliger & Noth (1979),
however, did not observe any occlusion of the static by the dyn-
amic response and therefore they proposed a ﬁodel in which there
is a group of pacemakers in parallel in each of the first (or
second j order branches that feed to a common pacemaker at the
main branch point, This final pacemaker may, at certain times

of activity, achieve dominance over the lower-order pacemakers
and thus modify the simple pattern of spike train interaction.

If one assumes a non=segregated branching pattern the picture
becomes far more difficult to analyse, the response pattern being
dependent on the degree of mixing of static and dynamic inputs
prior to the zecond or first-order pacemakers and on the position
of the initial encoder sites which integrate the receptor pot-

entials.
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3.1 Response to Nerve Injury.

Al: peripheral axons have the potential for regeneration
foltoving injury, provided that the cell body is undamaged (Kiernan,
107841970 ), and the processes of degeneration and regeneraticn have
heen studied extensively (Young,1942; Guth,1956; Mira,l079; Graf-
stein & MceQuarrie,1978; Sunderland,1973; Selzer,1930Q; and others?,

The brief description of the processes of degen~rriion
and regeneration that follows isbased mainly on the material
contained in the above reviews,

3,2 Nerve Degeneration.

The first changes following injury to a peripheral nerve
axon occur after about 24 hours., Distal to the site of the injury
there is a focal swelling of the axon accompanied by fragmentation
of the endoplasmic reticulum which mark the first stages of ¥Wall-
erian degeneration., COver the next iwo or three days the mitoch-
ondria swell and the axon takes on a varicose appearance with
discontimiities appearing between the focal swellings.

Although the degenerative changes of the myelin sheath
apparently lag behind those of the axon, within two minutes of
the injury the myelin retracts from the nodes of Ranvier and there
is an increase in the number of Schmidt-Lanterman incisures. Sub-
sequently the myelin lamellae loosen and the myelin fragments,
producing characteristic rows of ovoids which are pinched off at
the incisures. The sequence of myelin degeneration 1s well advan-
ced by 36 to 43 hours after the injury.

The Schwann cells proliferate and, with the invading macro-
phages, phagocytose the axon and myelin debris., The Schwann cells

become organised into longitudinal arrays termed Bands of Bﬁngner.
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Proximal to the injury site there are re
of the zavon, althoush these are not nearly so scvere zs those
distal to the lesion, extending for a few centimetres at the rmost
ant more usually being confined to a few millimetres adjzcent to
the lesion, There is some reduction in diameter and retrogrdde dis—
ruption of the myelin sheath with concommittant 3Schwann cell vrolif-
eration,

The cell body usually shows marked changes in response to
injury of its axon, many of which are attribute’i to changes in
preparation for the process of regeneration. The cell body swells,
the nucleus moves towards the periphery and the HNissl substance
hreaks up and becomes dispersed, giving rise to the chromatolytic
appearance. There is alco an increase in RNA synthesis with a
subsequent increase in protein synthesis and also 1ipid production,

Alterations also occur in the relationship of presynaptic
terminals with the cell body, many of these withdrawing contact,
and in some cases the functional integrity of other neurcns trans-
synaptic to the injured cell may be impaired,

3.3 Nerve Regeneration,

The onset and velocity of regeneration is dependent on the
severity of the lesion, but there is usually some evidence of
sprouting of the proximal tip after 24 hours. Because of the ret-
rograde axonal degeneration, the initial period of growth occurs
proximal to the lesion in a segment of relatively undamagel endo-=
neurial tube, However, once the axon tip arrives at the injury
site its progress is impeded by the vresence of scar tissue in a
quantity dependent on the type of injury.

Sunderland (1978) divided the regenerative process into

four periods:-~
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1/ The initial delay- the time to the onset of axon ~rowth

and for the axon tip to reach the injury site.

2/ The scar delay- the time for the axon to traverse the

injury site.

3/ The growth period- the time for the axon to reach its

peripheral target.

L4/ The period of functional recovery- the time for the axon

to re-establish functional connexions.

Quterswth occurs by the production of a growth cone at the
axon tip with fine extensions called filopodia extending from the
tip that apparently progress by amoeboid movements. 3prouting also
occurs at the nodes of Ranvier preterminal to the axon stump.
Cutgrowth 1s greatly facilitated if the axon grows down a pre=
existing endoneurial tube and thus, in crush injuries where most
of the tubes remain intact, recovery is swifter than after nerve
section. Axons may also grow down between the tubes if their own
tubes have been sectioned (Cabaud,Rodkey & McCarrell,1980).

The Schwann cells proliferate in response to the injury and
become organised into longitudinal bands (Bands of Bungner) which
provide a degree of orientation of the axon towards the opening
of the endoneurial tube (if severed).

Remyelination occurs some seven days after the commencement
of outgrowth following nerve crush, but takes longer after section,
and the first nodes appear after some fourteen days.

3.4 Rates of Regeneration After Nerve Crush.

A mumber of different methods has been used to measure the
rate of regeneration and the resulis vary according to the method
employed. Growth rates are also affected by the age, condition

and species of the animal, and also to a Jlesser extent on the nerve
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injured nd the distance of the injury from the periphery.

One of the first, and still widely used, technigues for
zscertaining the rate of regeneration is based on the histologe
ical identification of the axon tips below the injury zits and
measuring their rate of advance (Cajal,1928; Guimann,Guttmann,

Modawar £ Young,1942; Barker & Boddy,1930).

In Han the rate of advance can be measured by marking ths
advance of the Tinel sign (Sunderland & Bradley,l952'. In cther
mammals the same effect can be achieved by exposing the nerve in
a lightly anaesthetised animal and noting the most distal point
at which pinching the nerve elicits a withdrawal reflex {CGutmann
et al, 1942).

there lesions have heen made in cutaneous nerve it is
possible to measure regeneration by the reduction in the area of
analgesiz., This method will, however, give different resulits to
the others since reinnervation of a target organ is a complex
process and so the rate 1s likely to be slower than for direct
growth (Gutmann et al,1942). The situation may also be complicated
by the sprouting of intact axons which can invade the denervated
area and thereby alter the reinnervation pattern (Livingston,l947).
Recently, though, there has been some evidence to show that syrout-
ing of cutaneous axons does not in fact occur (Devor,Schonfeld,
Seltzer & %¥all,1979; Horch,1981), Gutmann et al (1942) similarly
measured the rate of functional completion by monitoring the return
T the toe=spread reflex in the rabbit after nerve crush.

Recently, a number of studies has employe:. the use of radio-
actively labelled amino acids which are transported axonally and
incorporated in the axon tips, such as tritiated proline (Forman

& Berenberg,1973), or tritiated leucine (Bisby,1978:1979).




These methods have a great advantage in that as well as

providing information about the advance of the fastest growing
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axons, they also mark the position of the mzin body of egen~
erating axons (Forman & Berenberg,1973 .

ATter nerve crush of the rat sciatic nerve rorman & Beren-

~

berg (1077} measured the positions of the leading wave and the
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main body of axons and found that they were advancing at 4.4 and
3.0mm/day, respectively. Using the pinch test an overall rate of
2,99mm/day was recorded (Forman,Wood & De S5ilva,1973 .

In the case of the cat after nerve crush, Konorski & lub-
inska (1946) measured growth rates of 4.0 and 4.8mm/day for the
peroneal and radial nerves, respectively, using the pinch technique.
Barker & Boddy (1980) recorded a rate of advance of B.me/day
after an initial delay of 5.3days for the cat common peroneal

nerve.

3.5 Factors Affecting Regeneration.

At the site of the injury the extent of the trauma is a
key factor in determining the time of onset and the quality of
regeneration. If the endoneurial tube remains intact ( as is theor-
etically the case with a crush injury (Sunderland,1978)) then the
disruplive effects of scarring and the problems for the groving
axon of negotiating the course from its original endoneurial
tube to an open tube distal to the lesion are minimised. Also the
effects of shrinkage of the distal tube, which occurs if it rem=
ains empty for any period (Sunderland & Bradley,1950) are reduced,
thereby improving the conditions for maturation of the axon.

Even after nerve crush there is evidence of substantial
branching of the damaged axons (Shawe,1955), but it appears that

in the majority of cases the parent axon will only support one




branch, the others degenerating over a period of 150 days {following
the injury (Gutmann & Sanders,1943; Devor & GovrineLinpmann, 1979a;
Hoxch & Lisney,l@%lg). After nerve section a number o these
branches may persist (Bsslen,1960; Fullerton & 5illiath,1o473:

Horch & Lisney,lgﬁli). Since in practice a perfect crush is not
possible, and some of the endoneurial tubes are always sevarad
(Gutmann & Young,1944), the possibility must be entertaines of

the persistence of a small number of multiple sprouts in the

distal segment of a crushed nerve.

The restoration of functional connexions with the periph-
eral target is of great importance for the maturation of the reg-
enerating axon (Sanders & Young,l946), although the restoration of
the appropriate connexicns is not essential (Aitken,1949:; Aitken,

Sharman & Young,1947).

3.6 Properties of Regenerated Axons.

Following a crush injury, the fibre diameter decreases
proximally to the lesion (Gutmann & 3anders,1943). This is due to
a reduction in axon diameter accompanied by a slight increase in
myelin sheath thickness (Sanders,l948). After 300 days the myelin
sheaths are still larger than normal and the axon diameters have
recovered to a great extent (Sanders,l1948).

In the distal stump of rabbits Gutmann & Sanders (1943)
observed that the fibres recovered their normal diameters after a
year, and Sanders (1948) reported that the myelin sheaths were thick-
er than normal. In contrast, Schroder (1972) found that in rats and
dogs, even after a year, the distal axons were only 95% and 82%
of their normal diameters, respectively, and the myelin sheaths
were 79% and 57%, respectively, of normal. Cragg & Thomas (1964)
also reported a slight reduction in filwe diameter a year after

nerve crush.
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In normal nerve Tibres the inter-node distances tend to
be largest in the thickest axons and to dscrease towards the peri-
phery (Quick,Kennely & Donaldson,1979 ;. This could be due to the
3chwann cell belng stretched as growth of the zanimal nroceeds
(Iubi ka,1052), Following regeneration, all the inter-nndal
(Vizoso & Young,194R' and this
length is independent of axon diameter (Jacobs & Cavanach,lG69),

A reduction in conduction velocity (CV) is characteristic

[

of regenerated axons, Sanders & Whitteridge (1946) cbserved that
in the rabbit CV's did not return to normal till 400500 days
post-crush in the distal segment, but were increase: by un.to

10% of normal proximally. In contrast, Crage & Thomas (1964)

reported that after 16 months the CV's in the distal segment of
rabbit peroneal nerves were only 75% of normal and in the proximal
segment they were 30% of normal after 150 days, but had recovered
to normal after 200 days. Erlanger & Schoepfler (1946), working

on the phrenic nerve of cats, found that after a year the CV's had
recovered to only 62% of normal. Horch & Iisney (1981a) alsc work-
ing on cats reported that after nerve crush, near-normal CV's

were restored after 6 months; however, even after 18 months foll-
owing nerve section the CV's were only 5% of normal.

Some of these changes in CV may be associated with the
reductions in fibre diameter. However, as can be seen, they can
persist after the diameters have apparently recovered to their
normal size, and the ratio of axon dlameter to myelin thickness
is also nearly normal (Sanders,i948). The reduction in inter-
node distance is not considered to be a major factor in causing
thene reductions in €V (Crage & Thomas,196131964; Jacobs &

Cavanarh,1069: Schroder,1972). Schroder (1972 ) proposed that




these reducticns are attributable tc a reduction in nyelin thick-

ness which he observed, but which was not reported in previous
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As there tends to be a proportional restor:

~

diameter {Sanders & Young,l044) so also the CV's recover vrop-

=

ortionally such that the fastest conducting axons, given =qual
conditions for regeneration, give rise to the fastest conducting
sprouts (Devor & Govrin=Lippmann,l979E),

During the early stages when the myelin sheath and rowon-~

1

erated axon are relatively thin, the safety-factor for spik

o

transmission is very low. A spike propagating orthodromically in
an afferent axon will pass through a number of regions which,
because of their geometrv, may act as filters.

The fine regeneratel axon will act as a low-pass filter
since the refractory period varies inversely with filre gsize
(Paintal,1967) (always assuming that the ability to conduct
spikes has been restored ). Thulin (1962) reported a thrse-to-
five fold increase in the absolute refractory period in regen-
erated axons which nersisted for up to 44 weeks after the lesion.
The site of the lesion will also act as a site of low safety-
factor for transmission. This is because there is a pronounced
increase in axon diameter on going from the regenerated portion
to the parent axon (Waxman,1980). This increase is further pro-
nounced if more than one axon sprout persists. Any such step
increase in the area of membrane to be depolarised reduces the
probability of normal spike transmission (Goldstein,1978; Gold-
stein & Rall,1974; Spiro,Yarom & Parnas,1976:; Parnas,Hochstein &

Parnas,1976; Smith,1930a,b).
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4.7 Specificity of Helnnervation of Target Structures.

The problem of the degree of specificity of innervation
and reinnervation of target tissues and organs has veen uander
examination for a long time with evidence favouring both saliact
and non=selective patterns of reinnervation,

Tn 1917, Elsberg attempted to demonsirate that when the
originzl and a foreign nerve were made available for the reinnerve
ation of a muscle, the original nerve always predominated. veiss &
Hoag (1946), in experiments in which the two nerves were given more
equal opportunities to reinnervate the target tissue, found thzat
on average there was no preference for the oxriginal compared with
the foreign nerve, In the individual cases, though, one or other
nerve always strongly predominated, which indicated that which
ever nerve arrived first at the distal stump blocked the growth
of the other one,

Bernstein & Guth (1961) provided further evidence for non-
selectivity of reinnervation after nerve section or crush by a
comparison of the ratio of functional innervation of the soleus
and plantaris muscles by the I4 and 15 spinal roots before and
after injury. In normal rats, the contraction produced by stimul-
ation of 4 relative to L5 is significantly greater in plantaris
than in soleus. Following reinnervation, no such difference was
observable for either type of injury.

Normal extrafusal muscle fibres are arranged in a checker=
board pattern of different histochemical types depending on their
motor innervation, and they can be classified according to thelr
ATP'ase, P'ase and succinate dehydrogenase activities (Stein &
Padykula,1962; De Heuck,Van Der bkecken & Rroels,1973). Following

reinnervation after nerve section the arrangement is changed such
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that fihres having the same histochemical properties tend to be
grouped together (Karpati & Engel,1968; De Reuck et al,1973),
Purther evidence against selective reinnervation is provided by
the fact that the variation in size of the reinnervate- notor
units is much larger than in control muscles (Xugelbers, Mis*rom &
Abbruzzesse,1970; Bagust & Lewis,1974).

Despite these findings there is strong evidence favouring
a degree of specificity, and that is in the reinnervation »f the
original motor endplates by the returning axons. Thiz has been
demonstrated in the frog (Miledi,1960; Dennis & Miledi,l;?&g) and
in rabbits (Bennett,McLachlan & Taylor,1973).

In the case of specialised sense organs there is also
evidence for a more selective process of reinnervation, especially
after nerve crush. Studizs on the reinnervation of cutaneous
sense organs indicate that after crush or cut regenerating
afferents retain their original functional specificities either by
reimmervating, or reforring the same type of receptor as they
originally innervated (Burgess & Horch,1973; Burgess,English,
Horch & Stensaas,1974; Horch,1979; Horch & Burgess,1980; Dykes &
Terzis,1979; Terzis & Dykes,1980).

There is also apparently minimal change in the central
synaptic organisation to indicate a change in sensory modality
(Horch, 1276), although the retraction and reformation of central
synaptic connexions must allow a certain degree of plasticity
(Horch & Burgess,1980; Horch & Lisneyv1981§). After nerve section

there iz evidence of much greater reorganisation of central pro-
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than after crush (Brushart & Mesulam,1930; Brushart,

0

Jection

Henry & Mesulam,1981).




Mapping of the afferent receptive fields and cutancous

receptor distributions before and after injury shows that following

nerve crush the nattern is restored guite accurately; howsver,

aTter nsrve section the pattern is markeily changed (Burgess =t
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provide evidenace that the

axons regenerating after nerve crush are mainly confined to their

original endoneurial tubes which act as a guidance system (Sunder-

1land,1973), After nerve section, the chances of an aron snterin
| Bt 14

- o)

it

[#]
o]

riginal tube zre very slim and this is reflected in the
reduction of selectivity of reinnervation which can lead to
faulty localisation and mis-representation of stimuli (Horch &

Burgess, 1980; Hallin,Yiesenfeld & Lindblom,1931),




4,1 Morphological and Histological Effects of Denervation of the

Muscle Spindle.

The effects of short periods of denervation on the sross
morphology of the muscle spindle are relatively slish®. uven after
three months of denervation, De Reuck et al (1973) reported ne
icant change in the mean diameter of the intrafusal fibres,
althoush Kubota et al (Kubota,Sato,Masegi,Kaboyashi & Shishido,
1978) recorded a reduction in intrafusal diameter dov to helf
normal size and Schroder, Kemme & Scholz (1979) obscrved a red-
uction in the mean transverse area. Arendt & Asmussen (1976a,b)
also reported an increase in the length of the spindle along witih
some atrophy of the chain filwres., After more prolonged periods of
denervation marked atronhy and degenerative changes become app-
arent (Tower,1932; Swash & Fox,1974;: Schriyder et al,1979).

One of the most striking effects of denervation is the
increase in the number of the intrafusal muscle fibres in the
spindle (Schroder,1974a; Schroder et al,1979; Arendt & Asmussen,
1976b; Kucera,1977a). These apparently arise either by a matur-
ation of satellite cells (Schroder,1974a) or by splitting of an
intrafusal fibre (Schréder,lQ?@g; Kucera,1977§). This occurs very
rarely with the chain fibwres (Arendt & Asmussen,1976b), but is
quite common with the bagl (Kucerapl977§). The new filre usually
runs from the juxta-equatorial region to the poles and only rarely
enters the sensory regions (Kucera,1977a). Schroder (1974a) found
such an increase in the intrafusal fibre population in 20% of
reinnervated rat spindles.

At the ultrastructural level the effects of denervation

on the intrafusal fibres are slight over the first three months,
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with a decrease in the number of mitochondria and an increase
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the number of intrafusal nuclei. Thers is also an lncrease in
number of Schwann cells and in the quantity of connective Tissue
within the capsule (Schroder,1974a; Schroder et 21,1972Y. ithin
five to seven days of denervation the surface of the intrafunal
Tibres becomes irresular with numerous undulations (Schroder et
21,157%; Xubota et al,1978).

The histochemical effects of short=term denervation are
more marked with reductions in ATP'ase, F'ase and ouccinate de-
hydrogenase activities occurring within two weeks of dencrvation
(De Reuck et al,1973). Histochemically the intrafusal fibres resp-
ond to denervation in the same way as the extrafusal fibres (De
Reuck et 21,1973) as compared with their relative resistance to
structural change (De heuck et al,1973; Arendt & Asmussen,1976a,bs
Schroder et al,1979).

4,2 Reinnervation.

The process of afferent and efferent reinnervation arrests
the atrophy and degeneration of the muscle spindle, although
most of the morphological and ultrastructural changes to the
intrafusal fibres persist (Schroder,1974a; Schroder et al,l979;
Arendt & Asmussen,1976a,b; Kucera,1977a). Since after crush injury
the denervation period is likely to be relatively short (in the
experiments to be described the longest denervation period was
50 days ), then any structural changes are minimised by the early
return of the nerve supply.

ATter reinnervation the majority of the intrafusal fihres
show a return to their normal histochemical profiles, although

occasional abnormalities occur. These tend to be localised in an




individual Libre with the rest of the fibre appearing normal,
Ao cuch these may be due to the local effaects of reinnervation

by an inappropriste motor axon (Kucera,1977b).

t.3 Restoration of the Motor and Sensory Endings.

In 1970, Huber reported observations on the cagzmiheraticn
and regensration of rabbit motor and sensory endingz after nerve
crush and reported that both could be restored completely., Subseqg-
uently, Tello (1907) carried out a similar study of spindle reinnerv.
ation after nerve section in the rabbit and he deseribed in sreat
detail the courses of the regenerating motor and sensory axons
leading to their relocation on the intrafusal fibres. As well as
observing apparent abnormalities in the endings prdaduced, he also
observe a number of axons which entered the spindle capsule and
left again without making 2n ending. These axons proceeded to
form a motor endplate on one of the extrafusal fibres,

Ip & Vrbove, (1973) found that the motor reinnervation
proceeded more rapidly than the sensory reinnervation after nerve
crush in kittens such that by the time the efferent innervation
was almost fully restored, the afferent innervation was still
very noor. Ip, Vrbova & Westbury (1977 ) further demonstrated
that successful restoration of the sensory endings is strongly
dependent on the prior restoration of the efferent supply. This
vias shown by sectioning the ventral rcots at the same time as
the peripheral lesion was produced, Under these conditions the
sensory endings failed to achieve a near=normal configuration,

iventual, though slow, restoration of the sensory endings
in the rat was reportel by Zhenevskaya & Umnova (1965) after

crush with the axons ramifying to produce progrezsively richer
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innervation which results in an apparently normal or neai=normsl
sensoxry innervation,

In contrast to these observations, Barker & Boddy (1950
found that even ) —eeks after nerve crush all the recconerated
primary endings were defective to some extent, one of the most
common abnormalities being for one or other of the bag fitres
receive very little, and sometimes no, innervation.
all the secondary endings examined were alsc abnormal.

Barker & Boddy (1980) also examined the motor endings
and observed that the Py plates are the first to achieve a rec~
ognisable appearance followed by the P, and trail endings, All
the motor endings appeared to be restored on the same fibre types
as in the normal spindle, the only marked abnormality being a
degree of hyperinnervation {(this may also occur with the sensory
endings ).

Barker & Boddy confirmesd Tello's (1977, observation of
motor axons which course through the spindle and leave to produce
extrafusal cndplates (Barker & Boddy,1930)., In some instances
they noted that these visiting axons made abberrant connexions
with the intrafusal filres en route and they termed these axons
' o invaders”'.

Daspite the abnormalities that have been revortel, the
over-riding feature of the reinnervation of the nmuscle spindle
after nerve-crush injury is the high degree of specficity , with
the majority of Ia axons only terminating in the equatorial reg-
ions, IT arons making their endings Jjuxta-equatorially and the

motor axons reinnervating their original fibre types (Barker &

Boddy, 1980,
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At the ultrastructural level certain abnormalities occur
in the organisation of the sensory terminals. Schroder (1974Db)
described these as consisting of a) an alteration in the nature of
the contact between the terminals and the intrafusal fiores with
some endings only making contact in small areas, the cther regions
being separated by intervening basement membrane. b)) conermalities
in the shape and structure of the terminal, possibly due to the
surface irregularities of the intrafusal fitres which occour as
a result of denervation (Schroder et al,1979; Kubot: ~% 21,1073},
c) abnormal associations between the terminals and the 3chwann
cells, with the Schwann cell processes being closely applisd to
the nerve terminals.

The motor endings examined by Schroder (1974b) appeared
to be normal although Schwann cell rrocesses associated with the
endings were more numerous than in the controls. These observations
were, hovever, made 24 months after the lesion; there are no
descriptions of the endings at earlier times.

4.4 Responses of Reinnervated Spindles.

Thulin (1960) excised a 10mm portion of the tibial nerve
in cats and allowed regeneration to proceed for up to 30 weeks,
The subsequent experiments indicated that the spindle afferents
achieved functional connexions at about the same time as the skel=-
eto-motor efferents, but the small gamma efferents were markedly

delayed. Thirty months after nerve section, Bessou, Ilaporte &

s}

ages (1966) located functional primary endines which could be
activated by ¥ stimulavion.
Homma (1969 ) also reported that the Ia and ef axons achieved

Tunctional connexions at the same time after section and suture




of the tibial nerve in cats. After freezing the sciatic nerve in
cats with dry ice, Takano (1976) found that the afferent responses

from the triceps surae muscles were rare before four months had

-

elapsed and he could find no evidence of restoration of the camnma
innervatiorn.

In contrast to these results Ip et al (1977 ) reporfed

that sensory roinncrvation could not proceed successfully without

ol

rior reinnervation of the intrafusal fibres by the ¥ axons.
Seventy-three days after section of the medial popliteal nerve
combined with a ventral root section in cats, they fould that 66%
of the spindle afferents that they isolated from the soleus muscle
displayed abnormal responses, these being characterised by a
rapid adaptation or total failure of firing during the hold

vhase of a ramp-and-hold stretch. Similar increased adaptation
rates were observed by Fukami (1972) during the early stages of
reinnervation of snake spindles after nerve crush or section,

and also in the responses of afferents in new-born kittens
(3koglund, 1960 ), ’
Brown & Butler (19?6) carried out a more detalled study

of the physiology of reinnervated cat spindles, During the early
stages of recovery after nerve crush (up to six weeks ), although
the majority of the functional afferents responded normzlly,
some abnormal afferents were recorded, these becoming less pre-
valent as recovery vrogressed. Brown & Butler (1976) attributed
such abnormalities to incomplete reinnervation which was rect-
ified if the animal was allowed longer to recover,

As was stated by Ip et al (1977, the most common abnorm-
ality involved a lack of the normal response during the hold phase

(Brown & Butler,1976; Fukami,1972; Hyde & Scott,1981). These
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abnormal afferents can, however, be activated by J fusimotor
stimulation and then show apparently normal patterns of response
(Hyde & 3cott,1931).

Brown & Butler (1976) isolated a number of fusimotor and
skeleto-fusimotor axons and found that where an efferent innervated
more than one spindle its static or dynamic nature was consistent
for each spindle. As with the histological findings (Ip & Vrbova,
1973: Ip et al,1977; Barker & Boddy,1980), these results indicate
a very high degree of selectivity in the restoration of the aff.
erent and efferent endings, this being especially true after
nmwecmmm

Brown & Butler (1976) also observed an imcrease in the
number of‘ﬁ axons, especially after nerve section, which could
be attributed to abnormal ranching of axons at the site of the
lesion. These extra axons were predominantly static in nature,
which is the probable case if these E axons represent the & inv=
aders described by Barker & Boddy (1980) as a motor axon making
random, aberrant endings on the intrafusal fibres would be more
likely to land on a fibre having a static action.

4.5 The Present Study.

The studies to be described were designed to examine in
greater detail the functional and morphological characteristics
of the reinnervated muscle spindles ana to attempt to evaluate
the effects of different periods of denervation on the quality
of recovery after nerve-crush injury.

The system under examination was the cat peroneus lLrevis

muscle with its muscle nerve. This system was selected for a

number of reasons:-
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1/ A great deal is already known about the norm=i siructure

)
1

i the ver-

and function of cat peroneus brevis rmuscle spindles an

o]

oneal system has been use’ in some of the previous siudies on
reinnervation {Brown & Butler,1976; Barker & Boddy,1930) although
most of the work was on peronsus longus rather than hrevis, For

this study brevis was chosen in preference to longus becauss there

5

greater length of muscle nerve available for the studies

e

involving crushing at different sites.

2/ Injury to the peroneus brevis muscle nerve or even *o
the common peroneal nerve has little adverse effect on the mobility
of the animal.

3/ The common peroneal nerve and brevis muscle nerve are
easily accessible over much of their lengths, thereby minimising
the amount of dissection irnvolved in the initial operations and
so reducing the risk of damage to other muscles, disruption of
the blood supply or excessive scarring.

The crush injury is defined as a second degree injury

Sunderland,1973) in which the axon is severed but the endoneurial
tubes and structures of the nerve trunk including the blood supply
are preserved. This type of injury should therefore allow the
greatest possible specificity in the restoration of the connex-
ions with the peripheral targets (see sections 3.7 & 4.2). Because
of this the crush injury forms a useful starting point for studies
to examine the effectiveness of different nerve repair techniques;
the muscle spindle being an ideal subject for such studies because
it has both motor and sensory innervation.

Because recovery is relatively swift after nerve crush

compared vith more drastic injuries, a further series of experiments




vas performed to examine the effects of different periods of den-
arvation on the recovery. The original crush site was mid-way

zlong the common peroneal nerve (selected because it was the most
2asily accessible of all the sites) so some variation in ihe denerv
ation period was achieved by crushing closer or further from the
mizcle, The increased denervation period achieved by the latter pro-
cedure was limited by the maximum length of the common peroneal nerve
which, half=way up the thigh, joins with the tibial nexve to form

the seiatic nerve. Crushes of the sciatic nerve were not employed
because the sciatic is much larger in cross section than the common
peroneal and so total severance of all the axons might not always
have been achieved. Also, injury to the sciatic nerve would have
affected a much greater rmonortion of the limbk musculature, Instead,
therefore, the common peroneal nerve was crushed and, after a given
period, recrushed. Although this procedure also incroduces other
factors such as the increased probability of some axons being cut
rather than crushed, damage to the supporting structures of the
nerve and an alteration in the cell body response to the lesion,
these were considered to be less critical than the effects of
crushing the sciatic nerve,

The physiological and histological study of reinnervated
spindles was concentrated on examination of the sensory endings,
mzinly the primary endings. The motor irmervation vas only looked
at in a superficial fashion to ascertain its presence and the

general restoration of motor functions,
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5.1 The Initial Operations,

The experiments were performed on adult cats having an
average vwelight of 2.2kg. The animals were anaesthetised «1th an

intra=peritoneal injection of sodium pentobarbitone (3ags
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& Baker Ltd; 45mg/kg) which was supplemented with halo
othane: 3.P.) administered orally as required to maintain the
animal in an areflexic state, All the initial operations were
performed under aseptic conditions,

5,2 Common reroneal Nerve Crush.

The common peroneal nerve of the left hindlimb was exposed
and crushed at the knee, approximately 4mm above the point where
it passes through the lateral head of gastrocnemius muscle. This
site was selected because it entailed the minimum of dissection,
thereby reducing the risi of scar tissue adversely affecting rec-
overy, and also because it could always be located accurately.

The nerve was crushed between the tips of a pair of spec-
ially ground fine forceps, the same palr being usei for all the
operations. The technique was the same as that employed by Barker
& Boddy (1980), the nerve being crushed for one minute from each
side. The effectiveness of this technique has been demonstrated
histologically (A.Boddy, personal communication) and physiolog=
ically in that after the shortest recovery periods (20 days)
peroneus brevis muscle could not be made to twitch by stimulation
of the muscle nerve at 20 times the threshold of o{ skeleto-motor
axons in control animals and no functional afferents could be
located in the dorsal root filaments.

nfter the operation the skin was stitched with surgical

s1lk, the area of the incision was dusted with anti-biotic powder
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and then sealed with plastic skin (Nobecutane: Astra lnemisais Tid.

5.7 HNerve-entry Crush.

In order to examine the effect that the pericd of denervat-
ion has on the quality of reinnervation, the crush cveration uos
performed at different sites along the nerve., For the nerve-eniry
crush onerations (the NEC experiments) a small incision wns made

mid-way along the calf of the hindlimb, and soleus, perona

{

longus (PL) and tibialis anterior muscles were separsied o mxn-
ose the superficial peroneal nerve., The muscular hranch Lo per..
oneus brevis (PB) and peroneus tertius (PT) was dissecte frae
from the surrounding tissues and crushed approximetely 2mm distal
to its point of separation from the superficial peroneal nerve.
The same crush technique was employed as for crushing the common
peroneal nerve,

5.1t Delayed Return Lxperiments.

An increased period of densrvation was achieved in two
different ways. The first approach was to crush the common per-
oneal nerve at the knee (as in 5.2) and then repeat the procedure
at weekly or fortnightly intervals, crushing at the same point
each time, thereby retarding the progress of regeneration (the
RC experiments ).

The alternative method was to crush the common peroneal
nerve more proximally (the TC experiments). A longitudinal inc-
ision was made mid-=way down the thigh and the bhiceps femoris
muscle was retracted to expose the nerve which was crushe? just
distal to its point of separation from the tibial nerve. Lesions

at more proximal sites were nol employel since these would have

N\

involved crushing the sciatic nerve (see section 4.5).

/


http://approx.ima.tely
http://ma.de

=
~2

5.5 Measurements of Reinnervation Time.

Heasurements of the regeneration rates of the axons have
been obtained by histological means (Barker & 3oddy,1937) and
ugsed to calculate the time taken for the zxonz to grow fronm
crush site to the muscle, Using these measurements it is -ossinle
to compare the results obtained from crushing the nerve =2t difi-
erent sites and from repeating the crush operations.

Barker & Boddy (1930) reported that after = r=orzanis

time of 5.0 days the fastest growing axons advanced zi a rate of
3.2mm/day. The average distance from the normal crush site (2t

the knee) to PB was 5lmm, so the fastest growing axons would have
taken approximately 22 days to reach the muscle.

In the case of the MNEC experiments (nerve-entry crush), the
crush site was 39mm closer to PB than vas the normal site; there-
fore,given the same regeneration rates, the fastest growing axons
would only take 10 days to reach the muscle. The more proximal site
was 75mm from the muscle and so the fastest growing axons would
take 29 days to reach the muscle.

From these measurements one can calculate the 'Reinnervation
Time' (RT) which was defined by Barker & Boddy (1930) as being ‘the
time that the fastest-growing axons are calculated to have entered
and been reinnervating the muscle®. All times will be given in
terms of days postecrush (days PC) and days reinnervation time
(days RT).

5.6 Acute Txperiments.

~

The animals were allowed to recover Tor periods of °7 to
b
140 days after the injury before an acute experiment was performed

to assess the extent of reinnervation.
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The animais were anaesthetised with an intra~peritoeonez?

injection of Sagntal and the relevant skin surfaces vers shavad,

w

! L

The trachea vas cannulated to allow forced ventilation skou

(

TrOVe Necessary,

The left carotid artery was cammulated and connectad to
a pressure transducer to provide continuous monitoring of the
blood pressure and heart rate, The arterial cannulzs wnz Fi1
with a solutlon of heparin (lOpg/ml) in 0.9% saline to prevent

clotting. The radial vein of the right forearm was zlso cannmulated

8

to permit injection of supplementary doses of Sagatal (6mg/ml)
as required to maintain the depth of anaesthesia throughout the
experiment.

The operated hindlimb was extensively denervated to leave
only the muscle nerve to PB intact. This was achieved via incis-
ions at three levels:=

1/ In the groin the femoral nerve and hranches of the
obturator nerve were sectloned.

2/ On the lateral side of the hip the gluteal and cordo-
femoralis muscles were reflected and denervated and pyriformis
was removed allowing access to the sciatic nerve and 1ts branches
innervating the deeper muscles of the hip region. The tail was
denervated by blunt dissection and the caudal=femoral cutaneous
nerve was sectioned. The muscular branch to the hamstrings and
the Tranch to tenuissimus were also sectioned.

3/ An incision was made in the lateral surface of the
lower hindlimb from the dorsal venous arch up to the knee. The

tibial and sural nerves were sectioned close to the point of
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separation from the common peroneal nerve, The branches to axt=-

ensor disitorum longus, PIL, PL and tiblalis anterior were sectioned

{—

as also were the deep peroneal nerve and the supsrficial peronesl
nerve distal to the branch to 7B.

The effectiveness of the denervation was testel Wy shimul-~
ating the sciatic nerve and watching for contraciions accurring

in muscies other than PB,

The tendon of PB was cleared to 1ts insertion i the foct

H

and the maximum physioclogical length of the muzcle in situ war
ascertained by flexion of the foot, This length was marked by 2
thread vhich was tied to the tendon in line with one fixed to the
lateral surface of the malleolus, The tendon was then cut and
clipped directly to the shaft of an electromagnetic puller (Ling
Dynamic systems, V201) nozitioned so as to pull the muscle along
its normal path and so that a ramp stretch of 1,8mm amplitude
brought the muscle up to its maximum length. The average physiol-
ogical rnge of muscle movement was 4.lmm from being slack to
full extension, so at the chosen resting length (1.8mm short of
the maximum length) the muscle was maintained under a reasonable
degree of tension.

In the case of two of the 26 day animals, at the time of
the crush operation, an incision was made over the ankle and the
maximum length and range of movement were measured and marked with
nylon thread as described above., This was done to attempt to
confirm that no changes in muscle length or range of muscle move-
ment occurred as a result of denervation. Unfortunately, in both
cases the insertion of the stitches induced the formation of
ti

excessive amounts of scar tissue which completely obscured the
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h

stitches and alsc greatly restricted the movements of the ilzndons

1

around the malleolus, so no valid results were obtaine .,
A lumbar laminectomy was performed from 31 to Z+ ang
L7 and S1 dorsal roots were freed from the nerve cord, zlong with

the ventral roots, and cut as Far centrally as possible,

The skin flaps over the cord and leg muscles iere raised

ct+

o form pools which were filled with warm mineral oil and main-
. 0. s .
tained at 37°C with radiant heat. The core temperaturs cf the

mal was maintained at 37—3800 by a heating blanket {(Zaling)

e

an
controlled by a rectal probe.

5.8 Recording irocedures,

The L7 and 31 dorsal roots were sub=3divided on 2 black
glass plate to produce filaments containing functionally single
afferents whose responses were recorded via extra~cellular plat-
imum electrodes. Conduction latency measurements vere made by stim-
ulating the muscle nerve and recording the orthodromic afferent

impulse in the dorsal root. The length of the nerve was measured

in =it

in

P

1 post mortem,

AfTerents were identified as originating from muscle spin=
dles on the basis of their response to ramp-and-hold stretch and
by their characteristic pause and rebound to muscle twitch, In
the majority of cases it was also possible to distinguish between
primary and secondary afferents by their responses to the ramp
and their relative conduction velocities (this was not the case
for the shorter recovery periods).

wmplitude at velocities

By

The ramps employed were of 1,3mm

-

of 2.5, 5 and 10mm/sec with a hold of 1 or 3 seconds,
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5,9 Gamma Stimulation,

In a number of experiments the L7 ventral root was sinil-
arly divided to produce functionally single ¥ efferents, These

vere stimulated a2t 70 or 100Hz while recoxding the responses of

4
]

the spindle afferents. Yhen an effect was observed the & axon was

FIpRaK}
STATLC

1

N - A~
CLal33lIied as

Y dynamic on the basis of its effects on

e
v
(o]

the peak and hold phase firing rates of the afferent to ramp-

Y

and=hold stretch (Crowe & Matthews,l964a; Boyd et al,ioV7z ).

5,10 Humbers of Animals Used,

Trenty~six animals were used in the main series of expe
eriments (the IS series) plus five unoperated controls, A further
fourteen vere used in the fusimotor stimulation experiments plus

three unoperated controisz, The nunbers of experiments are shown

below:=

Time (d PC) 21 26 33 4o A7 61 75 96 140 controls
Passive 2 2 2 1 3 2 Ly 8 2 5

¥ mxpts - - - 2 5 1 2 4 - 3

A total of 14 animals were used in the MNiC experiments;-

Time (d PC) 15 19 26 33 40

A further ten animals were used for the delayed return
experiments with two animals at each time period, A small number of
animals were involved in experiments which were not successful
and these have not been included in the figures given above,

5.11 Histological Stalning procedure.

At the termination of the experiments the PB muscle was
removed from the les and processed for silver staining using =

modification by A.Boddy & #,Diwan (personal communication) of the
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The Histology of Reinnervated Muscle Spindles.

6.1 General Observations.

The silver stain has proved highly capricious throughout
this and other studies despite numerous attempts to improve it.
The variations on the basic technique employed for most of this
study usually impregnated the efferent innervation successfully,
but the staining of the afferents was very variable, As a result,
the amount of raw data obtained for the different recovery periocds
was variable and interpretation of the appearance of the endings
had to be tempered by an assessment of the quality of the stain-
ing. In spite of these conditions a great deal of valuable data did
emerge from the histological analyses and this will be used to
complement the results of the physiology (given in subsequent
chapters) in an attempt to derive an overall picture of the pro-
cess of reinnervation,

During the early stages of recovery there was a rapid
improvement in the histological appearance of the spindles, but
after about 40 days post-crush there was little overall change in
the extent or quality of the reinnervation. All the endings, both
afferent and efferent, developed into their characteristic config-
urations: however, at no time was there any difficulty in recogn-
ising spindles that had been reinnervated. In every case the sen-
sory endings failed to achieve the degree of complexity and org=-
anisation that is typical of normal afferent endings.

The main features that stand ocut from these results are
the high degrees of specificity of reinnervation of the endings.
In all cases the primary endings were confined to the nuclear bag

and myotube regions of the intrafusal fibres (the P region) as
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is the case for normal primary endings. Similarly, the secondaries
were located on the adjacent regions of the intrafussl fibres in
the 5., 39 andgrarely, S,3 regions (see section 1.5, 212 the motor

axons terminated in the volar regions. where an axon was mis=

placed and made contact with the intrafusal fibres in the wrong

Pl
o]

region it was apparently incapable of forming a recognisable ené-

o

ing in that region.

6.2 The Primary Bnding.

At 20 days PC (=2 days RT) none of the spindles examiner
had a primary ending, indeed, at this stage only one or two
spindles had any innervation at all and this was in the form of
very fine motor axons in the polar regions that had not as yet
produced any recognisable endings. Numerous fine axons were visible
in the intra-muscular nerve trunk, though these, of course, could
not be identified.

The first reinnervation by primary axons was observed at
26 days PC (4 days RT). All the axons were still relatively fine
and of the four spindles that were reasonably stained only two had
primary endings and both of these were very incomplete (Figs. 1, 2,
Plate 1). In Fig, 1 the only part of the ending that has been
formed is a spiral around one of the chain fibres. fig. 3 (Plate 1)
shows part of the equatorial region of a spindle at 26 days PC
which lacked a Ia axon. The group of axons that is visible coursed
through from one pole to the other and these are presumably motor
in origin. Cne axon, also from one of the poles, can be seen ent-
ering the equatorial region and then turning back towards the pole
from which it came,.

By 33 days PC (11 days RT) the majority of the spindles



Table 1.
The proportions (%) of spindles lacking a primary ending

after each of the recovery periods in the NS study.

B Time Time % of spindles Total
(days PC) (days RT) with no Ia examined

26 L 50,0 I

33 11 22.2 13

40 18 33.3 30

iy 25 11.1 # 27

61 39 0.0 25

75 53 0.0 60

96 74 3.6 28

140 118 | 5.2 19




The numbers of fully restored primary endings after each
of the recovery periods compared with those that failed to re-
innervate one or more intrafusal fibre types., Cnly those capsules

that contained chain fibres and one bagl and cne bag, are included,

2
Time Time bybye by oF bye
(days PC) (days RT) endings endings

33 11 11 0
40 18 23 0
L7 25 21 1
61 39 19 0
75 53 SH P
96 7L 15 2
140 118 2 2
Totals 145 3
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were innervated by primary afferents (Table 1) and many of these
Awere relatively well restored (Figs. 4, 5, Plate 2' with some
terminals on all the intrafusal fibre types (Table 2 ).

From 33 days PC onwards almost all spindles examined hald
a primary ending (Table 1). Of 205 spindles examined 33-147 days
post-crush [11-11% days RT), only 10 (4.9%) lacked a primary ending,
Most of these uninnervated spindles were found during the early
recovery periods up to and including 47 days PC (25 days RT).
Cver this initial period some 13% of spindles lacked a primary
ending, whereas from 61 days PC (39 days RT, onwards this figure
dropped to 1.5A. This drop in the number of uninnervated spindles
after 47 days PC (25 days RT) corresponds with the timing of the
second wave of reinnervation described by Barker & Boddy (1980),
which they attributed to ihz lzte return of those afferents whose
endoneurial tubes were severed by the crush operation, It is quite
likely that the small proportion of spindles still lacking pri-
mary innervation after the return of the second wave would remain
permanently uninnervated,

During the early stages of recovery many of the endings
were characterised by the incompleteness of the annulospiral
formations. In the endings shown in Figs. 5 and 6 (Plate 2) a
number of the terminals on the bag fibres are only partly formed
giving rise to an irregular appearance, These irregular portions
of the endings should be distinguished from the peripheral reg-
ions of the bag endings which are often irregular in appearance
in normal primary endings (Figs. 41, 42, Plate 14; Figs. 43, 44,
Plate 15). Similar irregular areas, often characterised by small
terminal swellings were common features of the regenerated end-

ings (Figs. 8, 9, Plate 3). As recovery progressed the endings
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were rapidly completed so that by 4C days PC (18 days RT) the form-
ations were complete (Figs. 15, 16, Plate 5! whereas the periph-
eral irregularities were still present throughout recovery (Fig.
16, Plate 5; Fig. 32, Plate 11).

fter each of the recovery pericds there was

w

vert wide
range of primary-ending configurations from those which were
fairly close to normal svindles (Plates 14, 15) in appearance,
such as those in Fig. 4 (Plate 2, 33 days PC)j; Figs. 15, 16 {Plate
5, 40 days PC); Fig. 23 (Plate 8, 47 days PC); PFigs. 32, 33 (Plate
11, 75 days PC) and Fig. 36 (Plate 12, 96 days PC,, to those which
show poor restoration and sometimes marked abnormalities (Figs. 7,

8, 11, Plate 2; Figs. 17, 18, Plate 6; Fig. 21, Plate 7; Pigs, 24,

.

25, Plate 3; Figs. 27, 2¢, Plate 93 Fig. 37, Plate 12 and Fig. 38,
Plate 13, ith a whole ranre of intermediate conditions. The plates
are arranger chronologically to provide a picture of the range of
ending configurations at each time period.

In some cases the range of quaiity of reinnervation could
be associated with the location of the spindles within the muscle,
There would inevitably have been a difference in the length of
time spindles at the proximal end of the muscle had been reinnervated

compared with those at the distal end purely as a result of

the time taken for the axons to grow from one end of the muscle to
the other. This would only have been of importance during the very
early stages of reinnervation when the four days, or so, taken by
the axons to reach the distal part of the muscle from the point

of nerve entry would noticeably delay the reinnervation of the
distal spindles compared with those situate: more proximally,

Provided the primary axon made contact with the intrafusal

bundle in the equatorial region it almost always reinnervated all
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the intrafusal fibre types to some extent (Table 2). Of the 153
endings in blbzc capsules that were analysed, only in 2 cases (5.2%)
did the primary afferent fail to reinnervate all three itypes of
fibre. These endings reinnervated one of the bags and the chain
fibres, the other bag fibre remaining uninnervated (Ffig. 29, Plate
9: Fig. 37, Plate 12).

It was impossible to determine whether all the chain fibhres
of a given spindle had been reinnervated, so the assessment was made
on the basis of observation of terminals on at least one chain fibre.
It was often possible to distinguish between the bagl and bag2 fibres.,
This could be done on the basis of the presence of elastic fibres
around the extreme polar regions, dissociation of the fibres at the
equatorial region, the tyoe of motor innervation present in the poles
and the distribution of secondary endings. The two latter criteria
are dependent on the assumption of a specific restoration of the
endings, but where all the criteria have bheen available these have
been in agreement and there is evidence to support such an assumption.

The data given in Table 2 show that there was no time-
dependent reduction in the proportion of endings failing to reinnerw
ate a bag fibre, such as might indicate that these endings had
been analysed while growth was in progress and before the ter-
minals had reached one of the fibres. Indeed, as can be seen from
Table 2, most of these incomplete endings occurred in preparations
after the longer recovery periods after the return of the second
wave of reinnexrvation. There 1s no evidence of there having been
a sequential process of reinnervation, The Ia axon branches at
least once before reaching the intrafusal fibre bundle and each

of the individuval branches would probably reinnervate the different
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fibres simultaneously. Thus, even at the very early stages (Plates
2, 3, 5, 6), where there is a recognisable ending, all the fibre
types have been reinnervated to some extent,

Hyperinnervation of the spindle by Iz axons was noted in 2
rmumber of instances (Fig. 7, Plate 3; Fig. 18, Flate 6; Fig. 30,
Plate 10; Fig. 39, Plate 13). This is defined as being the reinn-
ervation of the P region by several Ia axons contained within the
same endoneurial tube, which can be traced back, as separate axons,
for at least 1000um (1mm) from the centre of the P region. As such,
hyperinnervation can be distinguished from double primary innerv-
ation where two separate primaries innervate one spindle capsule
(Fig. 19, Plate 6). Double primary innervation occurs in some L,4%
of normal spindles (Banks et al,1982) whereas hyperinnervation is
unique to the regenerated condition. The other difference between
a hyperinnervated spindle and one with a double primary is that the
hyperinnervating axons tend to innervate separate muscle fibres and
rarely branch; together, therefore, fhey produce a single fairly
typical primary ending (Fig. 18, Plate 6). The two primary axons
of the double primary each form a complete primary ending and,
although there is often some overlap, the two endings mainly lie
ad jacent to each other (Fig. 19, Plate 6).

The data given in Table 3 show that hyperinnervation is
relatively uncommon; overall some 12.4% of blbzc capsules were
hyperinnervated. Further, there is no indication of a time-depend-
ent trend in the proportions of hyperinnervated spindles.

There might have been inaccuracies in the assessment of the
frequency of hyperinnervation because of the possibility of the
spindle nexrve branch being broken during teasing distal to the first.

order branch point. This is most likely to occur where the branch




primary region

Table 3.

The frequency of occurrence of hyperinnervation of the

further details,

al

ter each of the recovery periods., See text for

Time C No. of Ia axons. Totals % occurrence
(Days RT) | 1 2 3 L B
L ' 2 0 0 0 2 0.0
11 12 1 0 0 13 7.7
18 22 b 1 0 27 18.5
25 21 0 0 0 21 0,0
39 21 1 1 1 24 12.5
53 39 5 1 0 4s 13.3
74 21 ; 0 O 23 8.7
118 14 0 L 0 18 22,2
Totals 148 13 7 1 169 12.4




Figure 45, Histograms showing the distributions of the distances
(um) from the first branching node to the centre on the primary
innervation for normal and regenerated primary axons. There is

no significant difference between the two populations (P> 0.0l

Student's 't°' test).
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Table 4,

The mean number of bands visible on the nuclear-bag fibres

in the ¢ region after each recovery veriod.

Time Time Mean no. Zange Total no.
’ v e\ Tim ~ o 4 e} - ol
{Tmys PU (Days PC) of bands of bag fivre

2 17 e 2.12 2

23 1l 0.9 2=l

40 17 7.5 2«20 23

140 112 6.0 1-9 5

Controls 14,0 5=27 42




Table 5.

The mean lengths (um) of the primary endings after each

of the recovery periods. The means are given with their standard

errors,

Time Time Mean length of Range No, of
(days PC) (days RT) ending (um) (pm ) endings

33 11 248,6 + 17.3 148=333 12

40 18 258.6 + 14.9 90-438 24

Ly 25 288.7 + 15.6 171-462 23

61 39 269.9 + 10.1 171-333 18

75 53 276.8 + 13.3 181-438 26

96 7l 256.3 + 12.3 133-338 20

140 118 287,55 + 21.2 219-390 6

Controls 314,83 + 11.6 166-476 33
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point was far removed from the spindle. To minimise the risk of
over-estimation of the frequency of hyperinnervation, spindles were
only regarded as belng hyperinnervated if the axons could be traced
back for at least 1200um withour any sign of the first-crder branch
point., Conversely, absence of hyperinnervation was only recorded
Tor spindles where the branch point was located; if the axon was
broken close to the spindle, distal to the first-order branch point,
then no result was recorded.

The distance between the first branching node and the centre
of the primary innervation was measured in both operated and nor-
mal animals. The distributions of these distances are shown in the
histograms of Fig..45 and there is no significant difference bet-
ween the two populations (F3» 0,05, Student's 't' test)., Cnly 11%
of the regenerated and 5.7% o the normal axons had first-order
branch points more than 600um from the equatorizl region and this
provides evidence for the figures for the occurrence of hyperinn-
ervation being of the right order.

At no stage did any of the primary endings achieve the com=-
plexity or extent of innervation that characterises the appearance
of normal spindles (Plates 14, 15)., One of the most easily recogn-
isable deficiencies was in the extent of the regular annulospiral
terminals on the bag fibres of reinnervated spindles. The numbers
of spirals and rings produced by the primary afferent on the bag
fibres were counted and the results are given in Table 4 (the number
of spirals and rings was determined by counting the number of bands
of the axon terminals visible on one (usually the upper) surface of
the muscle fibres). For all the recovery periods the number of bands
is markedly lower than in normal spindles and, except for the initial

period of development of the ending, there is no trend towards an
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increase in the complexity of the innervation with increasing
time,

The mean length of the primary endings was also ascertained
by measiwring the length of the intrafusal {ibres bearing primary inne
ervation from one extreme end to the other (Table 5). There is a
slight reduction in the length of the emdings in the reinnervated
spindles compared with the controls, although after two of the rec=
overy periods (47 and 140 days PC) the mean ending length is not
significantly different from that in normal spindles., Again, there
is no clear trend towards a larger ending with increasing recovery
period.

fiven some of the endings that appear to be extremely well
restored such as those shown in Figs., 15 and 16 (Plate 5) and Fig,
23 (Plate 8) are all less extensively innervated than the average
normal spindle. The primary in Fig. 15 formed 20 bands on the bag2
but only 4 on the bag, ; similarly, the spindle in Fig. 16 has 16
bands on the bag2 but only 5 on the bagl and the primary shown in

Fig. 23 supplied 9 bands to the bag, and 6 to the bag,. The best

1
reinnervated of all the spindle primary regions to be found in this
study is that shown in Fig. 36 (Plate 12) in which the bag, has
13 bands and the bagz has 12. In contrast, the average normal pri-
mary forms 12.8 bands on the bag, and 15.3 on the bag, (Table &),
The feature that is apparent from the results given in
Tables 4 and 5 and from examining the spindles in chronological
order is that the ending is reconstituted very rapidly after the
initial contact of the Ia axon with the intrafusal fibres. At 20
days PC there were no spindles with primary innervation; by 26 days
PC (4 days RT) the first primary axons had made contact and had

started forming endings (Plate 1), while by 33 days PC (11 days RT)
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most of the endings were apparently approaching completion (Plates
Z, 3) with 1ittle sign of any further increase in the extent of
the primary imnervation (Tables 4, 5).

In a number of instances the equatorial region was invaded
by axons which, from their inability to form endings and their
route into the equatorial region, were presumably motor in origin.
This invasion took two forms. In the first case, branches of fusim-
otor axons from the polar regions could invade the equatorial reg-
ion, These either appeared to terminate in large ball=like =+<llings
(Fig. 21, Plate 7) or, more commonly, they traversed the sensory
region to the other pole. Such crossings of the equatorial region
by preterminal fusimotor axons ~are also reasonably common in the
normal material and these axons sometimes form swellings en route
which are termed vesicular axonic swellings (Barker et al,1970).
Occasionally, as in Fig., 3 (Plate 1) the axon would enter the equat-
orial region and then double back returning towards the same pole.

In the absence of a primary axon the Ia endoneurial tube
often contained one or more axons tihich entered the primary region,
Some of these axons formed large ball-like swellings in the primary
region (Fig. 20, Plate 7) similar in form to those produced by the
fusimotor axons. Others failed to make any terminations and left
the spindle elither via the poles or by the same nerve trunk in
which they had arrived (Figs. 13, 14, Plate 4; Fig. 22, Plate 7).

Occasionally the primary axon itself formed swellings within
the mrimary region. An example of such an ending is shown in Fig. 24
(Plate 8). All the branches have formed some spirals on the intra-
fusal fibres and one branch also produced a ball=like swelling with

the branch then continuing on from the swelling.
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The branches of the primary axons always appeared to be
confined within the primary region indicating some degree of reg-
ional specificity which vrevented them from entering the secondary
zones, Jhere part of the primsry did encroach upon the =, regions
it either petered out after attempbing to form some sort of ending
(Fig, 25, Plate 3, or the hranch entered the S, region and then
turnei back to the primary region to terminate normally (¥Fig. 38,

Plate 13).

6.3 The Secondary inding.

The secondary afferents, like the primaries, succeeded in
reinnervating the spindles to form easily recognisable endings
within the normal regions. The first secondaries arrived back at
about the same time as tre first primaries, althoush on the whole
they tended to regenerate more slowly and the time span for the
restoration of the II population was longer than that for the pri-
maries., This is expressed in terms of the mean number of second-
aries per blbzc capsule and the proportion of spindles lacking
secondary innervation (Table 6). Despite the slight trend of
increasing secondary reinnervation, the mean number of secondaries
per spindle was consistently lower than that for normal spindles.
Much of this reduction is evident in the greater proportion of
spindles with only primary innervation and also fewer spindles
showing miltiple secondary innervation. (Table 6),.

Because the secondary ending is normally fairly irregular
in appearance (Plates, 14, 15), often with little or none of the
regular terminations characteristic of the primary, it was diffi=
cult to assess the quality of reinnervation, In the main, however,
even the best restored of the secondaries appeared to be less well

developed than normal secondaries as can be seen by comparison
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of those shown in Fig, 28 (Plate 9), Figs, 30 and 31 (Plate 10),
Fig., 3 (Plate 11) and Figs. 38 and 41 (Plate 13) with the normal
secondaries shown in Plates 14 and 15.

Most of these well-restored secondaries were observed after
the longer recovery periods (47 days PC onwards). During the ear-
lier stages the endings were poorly developed and often only term-
inated on the chains and one bag fibkre (Figs. 7, 8, 10, Plate 3;
Fig. 12, Plate 4). The distributions of the terminals of 5,
secondaries to the different intrafusal fibre types were examined
and compared with those of normal spindles (Table 7). Despite the
paucity of data, certain trends are apparent, namely that during
the early recovery periods up to 61 days PC (39 days RT) a much
greater proportion of the S1 secondaries terminated on one hag
(usually the bagz) and the chain fihres, or on the chain fihres
alone, than is normally the case. From 75 days PC (53 days RT)
onvards the pattern changed with many more of the S1 secondaries
supplying all three fibre types. I'ven so, the proportion of regen-
erated II afferents forming blbzo endings never achieved the levels
seen in normal spindles.

A number of secondaries produced branches that invaded
the primary region (Table 8). These branches either terminated
in the primary region without forming an ending (sometimes a small
ball-like termination was visible which could have represented a
growth cone) (Fig. 12, Plate 4; Fig, 28, Plate 9) or, more comm-
only, they traversed the primary region and terminated in the S1
region of the opposite pole, sometimes producing a small ending
(Fig. 15, Plate 5; I'ig. 27; Plate 9; Fig. 31, Plate 10).

In almost every spindle where this secondary invasion was

observed the spindle had been reinnervated by a primary axon, so



this phenomeno: cannot be attributed to the absence of primary

innervation. Further, in a mumber of cases the S, region on the far

1
side of the equator was already occupled by a secondary afferent
(Table 8).

As can be seen from Table 8, the numbers of secondaries pro=-
ducing such branches increased with increasing recovery time which
indicates that the II afferents in question were still growing for
much of even the longest recovery periods, It is noteworthy that
these branches are unique to the regenerated condition, never having
been reportedi in normal spindles (see, for example, Banks et al,
1982).

6.4 pfferent Reinnervation.

A detailed anaiy=is of the efferent reinnervation was not
attempted in this study. General observations indicated that the
motor endings were present after all the recovery periods, even
prior to the return of the sensory axons. All three types of motor
ending: Py Dy (Figs. 47 to 52, Plate 163 Figs. 53, 54, Plate 17)
and trail (Figs. 62 to 65, Plate 18) were observed, although during
the early stages they were undeveloped and difficult to identify,
After longer recovery periods thelr appearance was very close to
that of normal intrafusal motor endings (Figs. 51, 52, Plate 163
Figs. 53, 54, Plate 17; Figs. 63, 64, 65, Plate 18). Skeletomotor
( ¢) endplates were also observed after all the recovery periods on
the extrafusal fibres and these also achieved near-normal appeaX-=

ance as recovery orogressed,



Plate 1.

Photographs of the equatorial regions of teased, silver
preparations of PB muscle spindles 26 days after the nerve=crush
injury (4 days RT). Abbreviations: Ia, primary axon; ¢ sp., primary
ending spirals on the chain fibres; dev.t.s., developing terminal
system; eq.reg.,, equatorial region; if.m.f., intrafusal muscle
fibress mot.ax., motor axons; per.sp., periaxial space; lst tr,.n.,
first branching node of the sensory axon.

Figure 1. The primary axon has only just made contact »ith the
intrafusal fibres in the equatorial region and only part of the
ending has been formed, consisting of a spiral round one of the
chain fibres. The equatorial region can be identified, in the abs-
ence of the primary innervation, by the periaxial space and the
presence of the "bags' of nuclei in the nuclear-bag fibres (not

in focus in this figure).

Figure 2. As with Fig, 1, the Ia axon has only just made contact
with the intrafusal fibres and the terminal systems are in the
earliest stages of development.

Figure 3. There is no sensory axon in the equatorial region. A
number of presumed motor axons course through part of the region
from thelower to the upper poles. One motor axon (mot.ax.) enters
the equatorial region from the lower pole and doubles back without

attempting to form an ending.







Plate 2.

Photographs of silver preparations at 33 days PC (11 days RT).
Abbreviations: b ts., bag terminal system; i.t., irregular termin-
ations; P, primary ending; t.e., terminal expansions, Other abbrev=-
ijations as for Plate 1.

Figure 4. A well-restored primary ending. The bottom nuclear-

bag fibre is invested with distinct annulospirals and complete rings .
characteristic of a bag terminal system. Its relative size also
indicates that it is a bag fibre, though it was not possible to
identify it as a bagl or bagz. The peripheral portions of the end=
ing are irregular as occurs in normal spindles (Plates 14, 15),
although in this spindle the region of irregularity is quite
extensive,

Figure 5. Both bag fibres are innervated and are supplied by
separate first=order branches of the Ia axon., It was not possible
to distinguish betvween the two bag fibres. The innervation of the
lover bag is not complete: the arrous mark some of the rings

that are not fully developed.

Figure 6. A high=pover photograph of the right-hand half of the
primary shown in Fig. 5. A number of small swellings, or terminal
expansions,are visible on the tips of the terminals. These exp-—
ansions are also common in normal primary endings, especially in

the peripheral irregular regions.







Plate 3.

Photographs of silver-stained primary and secondary endings
at 33 days PC (11 days RT). Abbreviations: Ia(x2), a hyperinnerv-
ated primary with two axons in the same endoneurial tube; II,
secondary axong b1 the bagl intrafusal fibres b2, the bag2 fibres
¢, a chain fibre; Sl, the secondary ending adjacenf to the primary.
Other abbreviations as for Plates 1 and 2.

Figure 7. An instance of hyperinnervation of the primary region;
the two axons were traced back 1225um and remained separate, though
within the same tube (at this point the axons were btwoken as a
result of the teasing). The primary ending shows a lack of organ-
isation with very little spiralling., The II axon terminates close
to the primary ending and produces only a very limited ending
mainly confined to the chain fibres.

Figure 8. The bagl and bagz fibres vere identified by their

motor innervation in the polar regions (see section 6.2). The bagl
is sparsely immervated, receiving only tvo spirals (b1 Sp. ). A well=
developed system of spiralling is visible on one of the chain fibres
in the upper part of the primary ending. The S1 secondary innervate
ion (partly out of focus here) is very limited in extent.

Figure 9. A high=power view of the lower extremities of the pri-
mary ending in Fig. 8 to show the terminal expansions and incomp=
lete spirals characteristic of the ends of primary endings.

Figure 10. A developing secondary ending; the arrow marks the
only recognisable terminal yet formed.

Figure 11, A poorly-developed primary ending with very sparse
terminations on the intrafusal muscle fibres; despite this, all

three fibre types are innervated to some extent,







Plate 4,
Silver-stained muscle=spindle equatorial regions at 33 days
PC (11 days RT). Abbreviations: Ia tube, the endoneurial tube
normally containing the Ia axon. Other abhreviations as for pre-
vious plated.
Figure 12. The secondary ending produces terminals in the bag2 and

chain fibres in the S, region and then enters the primary region

1
passing the bag2 primary texrminals as shown by the arrow. It sub-
sequently terminated in a ball=like swelling near the centre of
the primary ending (not shown here).

Figure 13, There is no Ia axon in evidence in the equatorial
region. The Ia tube conatins a number of fine axons which enter
the equatorial region and disperse, growing towards the poles,

On this basis they are presumed to be motor axons.

Figure 14, As with Fig. 13, the Ia tube contains a number of
fine axons vhich, like the one marked with the arrow, proceed

tovards the poles of the spindle and are therefore assumed to be

motor in origin.







Plate 5.
Silver-stained primary endings of muscle spindles 40 days

‘after nerve-crush injury (18 days RT). Abbreviations as for
revious plates,

Figure 15. A very well-restored primary ending with well-devel-
oped terminal systems on all the intrafusal fibre types. The bagl
innervation is relatively sparse with only four well=formed bands,
The four arrows mark the path of an S1 secondary terminal branch
which originated in the lower pole (marked Sl) and courses through
the primary region to terminate in the upper Sl region (not shown
here).

Figure 16. Another very well-restored primary ending with well-
developed terminal systems on all the fibre types. As with the
ending in Fig. 15, the bagl innervation is relatively limited

compared with that of the bag2 fibre,







Plate 6.

Photographs of poorly=developed or abnormal primary endings
at 4odays PC (18 days RT). Abbreviations as for previous plates.
Figure 17. The Ia axon produces a series of irregular terminals
on the intrafusal fibres towards the periphery of the equatorial
region; the central region is apparently lacking any innervation.
Figure 18, There are two Ia awxons in the primary tube which
contribute to the primary ending. The axons were still separate
1450pm from the ending. The innervation is very limited and poorly
organised, although terminals are visible on all fibre types.
Figure 19, In comparison with Fig. 18, this is an example of a
double primary ending. The two Ia axons (Ia1 and Iaz) are contained
in separate endoneurial tubes and form endings which, although they
overlap slightly, are clearly distinct as compared with the end-
ing shown in Fig. 18. This spindle was also innervated by two S1

secondaries (not shown here), one either side of the primary

region. Both were poorly developed.,

The two primaries were identified as such ( as opposed to

one of them being an S, secondary) on the basis of the form of

1

the endings, both of which consisted of a central region of reg-

ular banding on the bag filtres bounded by irregular regions,







Plate 7.
Photbgraphs of primary regions which have been invaded by

foreign axons (presumably motor) from different sources. These
spindles were observed in the sample at 40 days PC (18 days RT).
Abbreviations: l.a.s., large axonic swelling. Cther abbreviations

as for previous plates.

Figure 20. There is no Ia present in the equatorial region. The
only axon is a presumed motor axon which entered the spindle via the
route normally taken by the Ia. This axon failed to branch and formed
the large ball-=like swelling in the centre of the equatorial region.
Figure 21. The primary axon produces a very sparse, disorganised
innervation of the intrafusal fibres. Some motor axons from the poles
have invaded the region and are seen to terminate in large axonic
swellings.

Figure 22, The Ia tube contained a single axon (presumably motor)
which can be seen entering the equatorial region, whereupon it
doubles back and leaves the spindle via the same nerve trunk. It
gives rise to some fine tranches but none of these attempt to form

an ending.







Plate 8.

Photographs of silver-stained primary endings at 47 days PC
(25 days RT). Abbreviations as for previous plates.
Figure 23. The primary ending is very well restored with well=
developed terminal systems on all the intrafusal fibre types.
Both bag fibres show extensive innervation. The bag2 has a long
region of irregular innervation at.one end.
Figure 24, The Ia axon produces a very small ending (only 175pm
in length). There is very little banding, much of the ending
consisting of irregular terminations. The spirals that are present
on one of the bag fibres terminate in a large ball-=1ike swelling
as indicated by the arrow.
Figure 25. There is a well-formed terminal system on the bag1
fibre which is separated into two portions with a gap in the
middle. The bag2 lies beneath the bagl and is not visible in the
photograph but it too was well innervated. One branch of the
primary (arrowed) encroaches on the edge of the S, region where
it peters out after attempting to make an ending.
Figure 26. The primary innervation is well restored though of
limited extent. The bag1 fibre is innervated by two first-order
branches which are distinct from the one that supplies the bagz

and chains.







Plate 9.
Photographs of primary end secondary endings at 47 days PC

(25 days RT), showing some of the abnormalities of reinnervation
observed at this time. Abhreviations as for previous plates.
Figure 27. The primary ending is mainly irregular with few
regular spirals. The secondary ending innervates the bag2 and
chain fibres in the upper pole and produces a‘branch (arrowed)
that traverses the primary region to terminate in the lower S1
region.

Figure 28. There is no primary axon present in this spindle,
the secondary axon produces some terminals in the S1 region and
also invades the primary region but does not give rise to any
terminals.,

Figure 29. The primary innervation consists solely of a number
of spirals on one of the chain fitres with a single terminal

on a bag fitre. None of the other intrafusal fibres is innervated.







Plate 10,

Photographs of silver-stained primary and secondary endings
at 61 days PC (39 days RT) and 75 days PC (53 days RT). Abbrev-
iations as for previous plates.

Figure 30. This spindle, examined 61 days after the crush injury '
is hyperinnervated by five Ia axons contained within a single Ia
endoneurial tube. The axons were traced back 1500um and were still
clearly separate at this point. The intrafusal fibres are well
reinnervated and each fibre type is supplied by a separate axon
which does not give branches to any other fibre type. The secon-
daiy ending also innervates all three fibre types and, although

it closely approaches the primary ending, does not overlap with
it.

Figure 31. This is an example of a reasonably well=reinnervated
spindle at 75 days PC (53 days RT). The primary axon has reinne
ervated all three fibre types, although only to a limited extent.
The secondary axon in the lower S1 region forms endings only on
the chain fibres. One branch (arrowed) traverses the primary

region and peters out in the upper S, region.

1







Plate 11.
Photographs of primary and secondary endings at 75 days PC.
(53 déys RT)., Abbreviations as for previous plates.
Figure 32. The primary ending is well reinnervated with extens-
ive terminal systems on all three types of intrafusal fibre,
Numerous terminal expansions are in evidence on the outer terminals

on the lower bag filre., The S, secondary is well restored and

1
is mainly restricted to the chain fibres.

Figure 33. Another example of a reasonably well-restored primary
ending, although the right-hand bag fibre is only sparsely innerv-
ated.

Figure 4. A photograph of a well=restored secondary ending. All

three fibre types are reinnervated, but it was not possible to

distinguish between the bag fibres.







Plate 12,

Photographs of silver-stained primary endings at 96 days
PC (74 days RT). Abbreviations as for previous plates.
Figure 35. A reasonably well-restored primary ending with
regular terminations on both bag filres,
Figure ., A very well=restored, near normal=locking primary
with extensive reinnervation of both bag filbres, the bagl having
13 bands and the bagz 12. The bagl fitre primary innervation was
segregated from that to the ba.g2 and chains.
Figure . An example of an abnormal primary which fails to

supply any innervation to the bagl fitre.







Plate 13.
Photographs of silver—stained primary and secondary emdings

after 140 days of recovery (118 days RT). Abbreviations as for
previous plates,

Figure 38. This primary ending is poorly restored, the main
feature being the large tranch (arrowed) which encroaches upon

the 1imit of the S, region and then turns back to ard in the P

1

region. The S, secondary is relatively well restored.

1l
Figure 39. An example of hyperinnervation by three primary axons
each of which contributes to the overall configuration of the
primary ending.

Figure 40. A well-restored secondary ending mainly confined to
the-chains and one bag fibre; the right-hand bag fibre passes

through without being innervated.







Plate 14.

Silver-stained preparations of normal primary and second=
ary endings from the FB muscle of an unoperated animal, Abbreve
iations as for previous plates.

Figure 41, A normal primary ending with a long region of regular
annulospiral innervation on each of the intrafusal fibres. The
bagl has 12 bands and the bag2 has 15, The section of regular
ending is bounded at either end by an irregular region which is
more extensive on the bagl than on the bagz fibré.

Figure 42. A primary and S1 secondary endings from an unoperated
animal. The bagl fibre lies apart from the bag2 and chain filres
and is innervated by a separate first-order tranch of the Ia axon.
The bag, has 13 bands and the bag, has 14. The S, secondary
innervates all the intrafusal fibres but is distributed mainly

on the ba.g2 and chain fibres.







Plate 15.

Photographs of silver-stained primary and secondéry
endings from normal PB muscle spindles. Abbreviations as for
previous plates,

Figure 43. A primary ending with S, and S, secondary endings.
The primary axon supplies 8 bands to each of the bag filwes.

The S1 secondary innervates all the intrafusal fibres, although

the bag1 only receives one small branch. The S2 secondary is
distributed only to the bag2 and chain fitres.,
Figure 44. A very extensively-innervated primary region and

an S1 secondary ending. The bagl has 13 bands and the bagz has

22. The S, secondary innervates all the intrafusal fibres but

1
is mainly confined to the bag2 and chain fihres,







Plate 16.
Photographs of silver=stained intrafusal hotor endplate
in chronological order of recovery.
Figure 46, A developing motor endplate at 26 days PC (4 days RT);
because of the very limited state of development of the reiﬁnerv=
ation of the spindle it was not possible to identify either the
type of the motor ending or on what muscle it was lying.

Figures 47, 48 and 49. Devoloping motor endplates at 33 days PC

(11 days RT). Identification of the motor endplate type was not
possible.

Figure 50. A p, plate on a bag, fibre at 40 days PC (18 days RT).
Note the Doy;re eminence.

Figure 51. A p, plate on a bag, fibre at 75 days PC (53 days RT).
Figure 52. A double 12 plate on a bagl fitre at 75 days PC (53 days
RT). Two motor axons (possibly branches of the same axon, unfort-

unately the axons were broken) each form a P, ending.







Plate 17.

Photographs of silver=-stained motor endings after different
recovery periods.
Figure . A 12} plate on the bag1 fibre of a normal_spindle.
Figure 54. A P, plate on the bagl fibre of a normal spindle.
Figure . Developing extrafusal ( & skeletomotor) innervation
after 26 days of recovery (4 days RT).

Figures 56 and 57. Developing of motor endplates on extrafusal

muscle fibres at 33 days PC (11 days RT).

Figures 58 and 59. Alpha motor endplates at 40 days PC (18 days
RT).

Figure 60. An o extrafusal motor endplate at 47 days PC (25
days RT).

Figure 61. A normal o motor endplate. Note the concentration of

nuclei under the terminals.







) Plate 18.

Photographs of silver=stained trail endings in reinnervated
and normal muscle spindles.
Figure 62, Trial innervation on the chain fibres and a little on'
the bag, fibre of a spindle at 75 days PC (53 days RT).
Figure 63. Trail innervation at 140 days PC (118 days RT).
Figure 64, A high-power photograph of the trail innervation on
a chain fibre at 140 days PC (118 days RT). The concentrations of
nuclei under the terminals are clearly visible.
Figure 65. An example of trail innervation in a normal spindle.
The innervation is mainly confined to the chains with a small

branch to the bag2 fibre.
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The Physiology of Reinnervated Muscle Spindles,

7.1 General Observations.

The first afferent responses were recorded after 26 days
recovery (4 days RT), although at this time the majority of the
afferents that could be stimulated in the muscle nerve were unresp-
onsive to muscle stretch whichindicates that they had yet to ach=-
jeve functional comnexions with the intrafusal fibres. This corr-
esponds with the physiological findings of Brown & Butler (1976)
and the histological observations of chapter 6 that the first Ia
axons arrived in the spindle capsule at about 4=5 days RT.

Previous to this, at 20 days post-crush (=2 days RT) no
Qé%rect responses were observed to stimulation of the muscle nerve
at up to 20 times the threshold of control or axons, which demon~
strates that all the afferents had degenerated after the crush
injury.

It should always be borne in mind when examining the res-
ults of the physiological experiments given below that they rep-
resent a sample of the population of functional units present at
that time and, further, it must be assumed that a small proportion
of the afferents never regenerate successfully to reinnervate the
spindles. After the first recovery periods relatively few afferents
were isolated in each preparation which indicates that a high prop-
ortion of the afferents had yet to achieve functional connexions
and this continued until the return of the second wave of reinn-
ervation (section 6.2, 7.3). After the return of the second wave
there would still have been a residual population of uninnervated
spindles.

During the early stages, up to 47 days PC (25 days RT),

there were far fewer secondaries than primaries isolated in the
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dorsal root (of those units that could be identified as Ia or II);
after the longer recovery periods the ratios became more even ind=
icating that the secondaries probably regenerate more 516WIy. In
all the samples, however, including the controls, fewer secondar=-
ies weYe isolated than primaries. This is because the sampling
technique was slightly biased against secondaries since, having
small axons, they are more likely to be damaged during splitting
and also the signals are of smaller amplitude and therefore more
likely to be missed.

Overall the results show a trend of increasing recovery
of normal function with increasing time after the injury.

7.2 Conduction Velocities.

The conduction velocity (CV) distributions of the afferent
and efferent populations are indicative of the progress of regen-
eration at any given period. As the time allowed for recovery wvas
increased, so the CV distributions approached normality (Figs. 66,
67). This gradual increase in CV corresponds with the increasing
axonal diameter and myelin thickness of the regenerating axons.

As the stimulating electrodes were placed distal to the
crush site (Fig. 68), the CV measurements cover two régions of the
nerve: the proximal portion over which the CV is only slightly
reduced (see the NEC experiments) and the distal portion between
the crush site and the stimulating electrodes over which there is
a marked reduction in CV.

The CV distribution of the afferent population from the
unoperated controls is distinctly bimodal with a trough at 50-
60m/sec (Fig. 66). This is associated with the separation of the
spindle afferent population into primary and secondary afferents

(section 2.1). After recovery from the nerve crush, this bimodality
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is no longer obvious as a result of an increase in the overlap
between the Ia and II afferents. This occurs because of variations
in the delay time at the crush site and in the regeneration rate of
the individual axons. This increased overlap made it impossible to
distinguish between Ia and II afferents on the basis of CV measure-
ments alone. In most cases, though, where firm identification was
possible on the basis of the response characteristics, it was found
thét the II afferents in the regenerated nerves conducted more
slowly than did the primaries.,

At 26 days PG (4 days RT) the mean afferent CV was 23.4m/sec
+ 1,68 (S.E. of mean) compared with 69.5m/sec + 2.21 for the un-
operated controls., At 4 days RT the fastest afferent isolated con-
ducted at only 35.9m/sec compared with 104.5m/sec in the control
sample.

With increasing recovery time there was a steady increase
in the afferent CV's (Fig. 66). Thus at 33 days PC (il days RT)
the mean CV was 41.2m/sec + 1.24 and by 40 days PC (18 days RT) it
had risen to 47.4m/sec + 1.85 with a range of 25,7-66.1m/sec. At
47 days PC (25 days RT) there was a slight drop in the mean CV to
4l . 2m/sec + 1.26 with an increase in the proportion of afferents
conducting at the lower velocities such that the range had exp-
anded to 14,5-68.2m/sec. This increase in the numbers of small-
diameter axons is probably associated with the second wave of re-
innervation that occurred at 25 days RT (section 6.2).

After 47 days PC (25 days RT) there was a continued ine-
rease in the mean CV's although this slowed down after the longer
recovery periods. At 61 days PC (39 days RT) the mean CV was
50.1m/sec + 2.01 and at 75 days PC (53 days RT) it was 55.5m/sec

+ 2.5%4. This increase continued up to 96 days PC (74 days RT)




Figure 66. The distributions of conduction velocity of the control
and regenerated spindle afferent populations. The times are given in
terms of days post=crush. The CV's were obtained from measurements
of the time taken for the action potentials to travel from the stime
ulating electrodes distal to the lesion to the recording electrodes
on the dorsal root filaments. The length of nerve between these

points was measured in situ at the end of the experiment.
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Figure 67. Histograms of the CV°’s of control and regenerated
efferent axons., Measurements are as for Fig. 66. The bimodal dis-

tribution of each population marks the separation of the ¥ and

(plus B ) sub-populations,
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Mgure 68, A comparison of the spindle afferent CV's over two
sections of the nerve, 4. zrrangement of the stimulating and rec-
ording electredes in relation to the crush site and the muscle.
The length of nerve over which the measurements were made for the
histograms in Figs. 66 and 67 is that marked 'a'. B, histograms
of the afferent (V's over nerve lengths 'a’ (CVl} and 'b’ (CVZ)

at 33 days PC. C, the same measurements made at 47 days PC,
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when the mean CV was 61.3m/sec + 1.63, however, by 140 days PC (118
days RT) it had only risen to 63.3m/sec + 2.47, Neither of these last
two results is significantly different from the CV's of the afferent
population in the unoperated controls (P < 0.05, Student's *'t' test)
which had a mean of 69.5m/sec + 2.21.

Although there was no significant difference between the CV's
at 96 and 140 days PC and those of the controls, the fastest cond-
ucting regenerated afferents still conducted much slower than the
fastest control afferents, At 61 days PC the fastest afferent con-
ducted at 80.4m/sec, at 96 days PC it conducted at 80.7m/sec and
at 140 days PC the fastest afferent had a CV of 82.5m/sec compared
with 104.5m/sec in the controls. Thus it seems unlikely that the
regenerated afferents would ever achieve the full range of cond-
uction velocities,

As recovery progressed the greatest changes in CV occurred
over the distal portion of the nexrve between the crush site and the
muscle (i.e. over the regenerated portion of the nerve). Fig. 68
shows the CV measurements over two sections of the nerve (CV1 and
CVZ) at 33 (11 daye RT) and 47 days PC (25 days RT) for the afferent
populations. At 33 days PC, the mean of CV, was b.5m/sec + 0.24
which was 13% of CV, (34.2m/sec + 0.96). By 47 days PC, cv, (13.4m/sec
+ 0.74) had risen to 33% of CV, (40.lm/sec + 1.40),

Fig. 67 shows the CV distributions of the efferent popul-
ations and the same trends are observable as for the afferents,

The distinct bimodality of the distributions marks the separation
of the ot ( and B ) from the ¥ sub-populations of the muscle nerve.

7.3 Classification of Responses.

A number of abnormally responding afferents was observed,

especially durins the early recovery periods. These abnormal
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afferents were characterised by a total or partial failure to main-
tain firing during the hold phase of the ramp=and=hold stretches. In
order to provide a convenient means of assessing recovery, the aff-
erents have been classified into four classes on the basis of the
degree of abnormality shown, and examples of their responses to a
smm/sec ramp stretch are shown in Figs. 69, 70, 71, 72 and 73.
Because of the nature of these abnormalities it was often difficult
to distinguish between primary and secondary afferents (. especially
in the more extreme cases), Since it was found that, where firm
identifications could be made, both afferents showed these abnorm-
alities, they will be considered together for the purposes of class-
ification of their responses.

The class 1 afferents (Fig. 69) respond only to the velocity
phase of the ramp and never have a background discharge., At the end
of the stretch these afferents fall silent and show no response to
the hold phase. As such they may appear similar to tendon organs,
except that many give an initial burst at the start of the ramp and
they all fire during the relaxation phase of a muscle twitch, re-
maining silent during the contraction itself. These class 1 aff=-
erents can also be identified by their response to intra=venous
injections of succinylcholine ( section 7.5).

Fig. 70 shows the class 2 afferents, These respond to the
velocity component of the ramp and also fire for some, but not all,
of the hold phase, sometimes displaying an irregular series of
spikes which subside over three seconds, Three seconds was chosen
as the arbitrary hold-phase firing period to differentiate between
the class 2 and class 3 units (see below) since it was found that
the majority of units that maintained firing for more than three
seconds of the hold phase would still be firing after twenty sec-

onds of maintained stretch,
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The class 3 afferents (Fig. 71) display an apparently nor-
mal response pattern to the ramp-and=hold stretch, maintaining fir-
ing throughout the hold phase. The distinguishing feature is the
lack of any background discharge at the resting length of the muscle.
A few such units were also observed in the unoperated control animals
at the resting length of the muscle but they represent a much smaller
proportion of the population than in even the longest term operated
animals (Table 9).

Fig. 72 shows the responses of the class 4 units which are
sufficiently similar to the control units (Fig. 73) to be described
as afferents that have recovered to normal function. As such, they
display a resting discharge at the resting length of the muscle
and fire throughout the ramp=andshold stretch. For further comp-
arison, two examples of each class of unit are shown in Fig. 74.

Because it might be expected that some of these responses
(especially the class 3) could be dependent on muscle length, a
control experiment was performed on an unoperated animal in which
the resting length of the muscle was varied in an attempt to re-
create some of the abnormal patterns of response. Eight primaries
and seven secondaries were tested with ramp=and=hold stretches
starting from a range of resting lengths, The initial length was
the standard resting length used in all the experiments (1.8mm short
of the maximum physiological length) down to a length 4mm short of
this, at which point the muscle was totally slack and part of the
ramp stretch was taken up with straightening the muscle.

All the primaries showed responses similar to the class 4
units (i.e. they had a backeround discharge and fired throughout the
ramp-and-hold stretch) at the normal resting length and six main- -

tained these full responses irrespective of the muscle length (Fig. 75)
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(following each change of resting length two minutes was allowed to
elapse before testing to allow the spindle to reset to the new muscle
length). Two primary endings did lose their tonic discharge and be-
came similar to the class 3 units but this only occurred when the
muscle was held at a length 2.5mm short of the resting length nor-
mally used. Since this was 4,3mm short of the maximum physiological
length, then the muscle would not have been under any appreciable
tension (the average maximum range of movement in situ was 4.1lmm).

The tonic discharge of the secondaries was more dependent
on the muscle length. Six of the seven secondaries had a background
discharge at the normal resting length but three of these became
similar to class 3 units when the resting length was reduced by
more than 1lmm (Fig, 76). Whatever the resting length the endings
always fired throughout the hold phase so the class 1 and 2 resp-
onses could not be recreated by varying the resting length in normal
muscles. In the case of some units, it is apparent that the class
3/4 separation could be dependent on the length of the muscle. Even
with these, however, the resting length had to be reduced by more
than 1lmm to create this effect (i.e. by some 25% of the maximum
range of movement of the muscle). It therefore seems most improb-
able that any variations in the range of movement occurring as a
result of the denervation, or any small errors in the technique
employed to measure the muscle length,could account for the abnor=
mal responses that were observed.

As was also found by Brown & Butler (1976), the proportion
of abnormal afferents was greatest during the early recovery periods.
In this study, by 96 days PC (74 days RT), 79.7% of afferents resp-
onded normally to the ramp stretch, being classified as class 3 or

L (60.9% and 18.8%, respectively) (Table 9). By 140 days PC




M, Four examples of the instantaneous frequency records
generated by class 1 afferents in response to a ramp-and-=hold

stretch of 1.8mm amplitude at 5mm/sec with a hold of 1lsec (all the
stretches are similar for subsequent figures unless stated otherwise).
The CV's of the afferents were:-= A, 44.5m/sec. B, 60.3m/sec. C,
55.6m/sec, D, 45,6m/sec,
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Pigure 70. Records of four class 2 afferents. Ramps as for Fig.
69. Afferent (V'ss= A, 55m/sec. B, 46.8m/sec. C, 44.5m/sec.

D, 52.3m/sec.
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Figure 71. Records of four class 3 afferents. A and B are pri-
maries, C and D are secondaries, Afferent CV's:= 4, 51.9m/sec.

B, 44,5m/sec. C, 23.4m/sec. D, 25.5m/sec.
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Figure 72, Records of four class 4 afferents. A and B are sec-
ondaries, C and D are primaries, Afferent CV's:= A, 25.5m/sec.

B, 17.8m/sec. C, 34.6m/sec. D, 51.0m/sec.
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Figure 73, Records of the responses of four control afferents from
unoperated animals to ramp-and=hold stretch. A and C are primaries,
B and D are secondaries. Afferent CV's:= A, 73m/sec. B, 47.5m/sec.

¢, 76m/sec, D, 25m/sec.
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Table O.
The proportions (as a percentage of the total population)

of the four classes of regenerated spindle afferent after different
reriods of regeneration. The recovery times are given in terms of
days PC and days RT, In this and subsequent tables the data for

primary and secondary units have been combined.

Time Time Afferent classes Total no.

(days PC) (days RT)| 1 2 3 L in sample
26 L 7.0 62,0 27.5 3.5 29
33 11 13.0 50,0 16.5 20.5 54
Lo 18 2.8 L8.5 32.5 16.2 37
by 25 18.5 29.2 b2.5 9.8 113
61 39 10.6 15.0 59.5 14.9 Lo
75 53 13.6 b.5 63.6 18.3 Ly
97 8L 1.5 18.8 60.9 18.8 69
140 118 0.0 2.6 18.4 79.0 38
Controls 0.0 0.0 10.2 89.8 89




Figure 74. Two examples of each class of afferent response to
passive stretch, A, class 1 afferents. B, class 2 afferents. C,

class 3 afferents. D, class 4 afferents.
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Figure 75, Effects of varying the resting length on the responses
of a class 4 control primary afferent to ramp-and-=hold stretch, The
ramp was 1.8mm in amplitude »ith a velocity of 5mm/sec and a hold
of 1sec. The initial resting length (r.l.) was taken to be the
length of the muscle 1.8mm short of the maximum physiological
length; for subsequent stretches the resting length was reduced

by 0.5 or 1mm as indicated on the figure., A period of 2 minutes

was allowed to elapse to allow the spindle to reset in between

each change of resting length.
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Pigure 76. The effect of varying the resting length on the

responses of a class 4 type control secondary to passive ramp-

and=hold stretch. Procedure as for Fig. 75.
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Figure 77. Histograms showing the CV distributions of the four
classes of afferent over all the recovery periocds compared with

the control populations from unoperated animals.
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(118 days RT) the proportion of class 4 afferents had risen to 79%
compared with 89.8% in the controls.

At 47 days PC (25 days RT) there was a marked increase in
the proportion of class 1 afferents compared with 40 days PC (18
days RT) (Table 9). This higher level persisted for the 61 (39 days
RT) and 75 (53 days RT) day recovery periods before dropping to
zero, This could be due to the delayed return of that proportion
of afferents whose endoneurial tubes were cut during the crush op-
ertaion and which constitute a second wave of reinnervation of the
msucle spindles.

Fig. 77 shows the CV distributions of the different aff-
erent classes for all the regeneration periods. There is no sig=
nificant difference between the CV disfributions of any of the
classes which indicates that the axons of the more abnormal aff-
erents were at an equivalent stage of regeneration as those of the
more normal units.

7.4 Fusimotor Stimulation.

Functional ¥ fusimotor axons could be found at every stage
of recovery and all the classes of afferent, even the most abnormal
could be activated by bg and )& stimulation,

Figs. 78, 79, 80 and 86 show examples of each class of aff-
erent responding to passive stretch and to KS stimulation at 100Hz
applied during the ramp stretch. In unoperated animals 3; stimulation
increases the background and hold=phase firing of both primary and
secondary afferents with a reduction in the dynamic index (Fig. 81
section 2.6). The same holds for the class 3 and 4 regenerated aff-
erents (Figs. 80, 86). Gamma static activation of a class 1 afferent
restores the static sensitivity (Fig. 78) so that it fires through-

out the hold phase and often displays a background discharge at
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the resting length of the muscle. It also causes the class 2 aff=
erents to maintain firing during the hold phase (Fig. 79).

Stimulation of }; efferents had the same effects on the
dynamic indices of both the control and regenerates primary afferents
irrespective of the degree of abﬁormality shown. The unoperated con-
trols had a mean dynamic index (DI) of 49,3imp/sec + 4.5 (S.E. of
mean) for a 5mm/sec stretch which was reduced to 29.3imp/sec + 4,29
when Xs efferents were stimulated at 100 Hz during the ramp-and-
hold stretch. The class 2 regenerated afferents had a mean DI of
43.7imp/sec + 3.95 for the passive stretch, which was reduced to
32.05imp/sec + 4,81 during ¥ stimulation. Similarly the class 3
afferents had mean DI's of 41.75imp/sec + 4.49 for the passive
stretch and 28, 5imp/sec + 3.21 during U; stimulation. Similar comp-
arisons could not be made for the class 1 afferents as they did not
fire during the hold phase of the passive ramp stretch and therefore
it was not possible to measure the DI's.

Stimulation of X& axons causes the ba.g1 fibre to contract
(section 2,5), This contraction evokes a large increase in the dyn-
amic response of the primary ending and smaller increases in the
resting and hold~phase firing (Fig. 85). For all the classes of
regenerated afferent Xa stimulation greatly elevated the dynamic
response to the ramp stretch (Figs. 82, 83, 84, 86).

During }a stimulation the class 1 and 2 primary afferents
were caused to fire during the hold phase as well as during the
stretch itself, Some also displayed a resting discharge (rigs. 82,
83), The hold phase firing rate decayed with a time course of 0.5=
2sec vwhich is comparable to the time course of 0.5=2.5sec reported
by Boyd et al (Boyd, 19763 198la; Boyd,Gladden & YWard,1977;1981)

for the mechanical creep of the bmgl fibre duriry 5& stimulation,
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In control spindles‘z{d stimulation greatly increases the
dynamic response as quantified by the dynamic index. The mean DI
of the control primaries to passive stretch was 49.3imp/sec + 4.5,
which was increased to 109.6imp/sec + 15.39 during Xd stimulation
at 100Hz. 3imilar increases were noted for the regenerated afferents.
The class 7 units had a mean DI of 43,7imp/sec + 3.95 to passive
stretch which was elevated to 91.3imp/sec + 8.06 by'Xd stimulation
and the mean passive DI of the class 3 afferents which was 41.7imp/~
sec + 4.49 was raised to 96.8imp/sec + 12.38.

The effects of both Xg and Ka stimulation therefore were
very consistent in both normal and reinnervated spindles, the alt-
erations in DI being very similar irrespective of the type of aff-
erent being examined. For further comparison of these effects Fig.
86 shows the responses of a class 1 primary and a class 4 primary
to passive ramp stretch and to stimulation of Xs and 3& efferents
during the ramp stretch.

During the early recovery periods (up to 61 days PC) some
gamma axons were isolated whose activation of a sensory ending
failed rapidly during stimulation. This failure resulted in a
bursting discharge owing to the irregular contractions of the intra-
fusal fibres (Fig. 87). This could be caused by conduction failure
in the regenerated axon close to its termination where it is very
fine and therefore has a low safety=factor for conduction, or to
failure of neuromuscular transmission, After resting the axon for
two minutes, impulse transmission was sustained for longer periods
than if the gap between stimulation sequences was only ten seconds,
Also, the onset of transmission failure could be accelerated by
increasing the stimulus frequency (special care was taken with
such axons to ensure that they were fully isolated from any & axons

which might have produced a somewhat similar effect),




Figure 280 The responses of two class 1 afferents to Zg stimule
ation during a ramp-and=hold stretch., A, responses to passive

stretch, the same ramp stretch was used as for the previous fig-
ures, B, responses toa’s stimulation at 100Hz. Stimulation was

commenced O.4sec before the start of the ramp and was maintained
for the full duration of the record. Afferent CV's (from left to
right )= 68.9m/sec and 55.8m/sec. the corresponding ¥ CV's were

22.9m/sec and 17.9m/sec, respectively.
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Figure 79. Responses of two class 2 primary afferents to E;

ol

stimulation. Recording procedure as for Fig. 78.

Afferent CV'ss~ 59.1m/sec and 54,0m/sec.

Yo CV'si= 11.9m/sec and 24.73m/sec.
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Figure 80, Responses of two class 3 units, a secondary and a
primary to ¥ s stimulation. Procedures as for Fig. 78.
Afferent CV's := 38.2m/sec and 77.0m/sec.

b/s CV'ss= 15.9m/sec and 20.1m/sec.
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Figure 81, Responses of a primary and a secondary control aff-
erents to Xs stimulation at 100Hz, as for previous figures.
Afferent CV's:= 100m/sec 2nd 35.7m/sec.

¥ OV'ss= 24, 0m/sec and 35m/sec.
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Figure 82, The effect of'Xd stimulation at 100Hz on the reponses
to ramp-and<hold stretch of two class 1 primary afferents. A,
passive ramp stretch. B, ramp stretch with Xd stimulation at 100
Hz. Stimulation procedure as for Fig. 78.

Afferent CV's:~ 71.5m/sec and 42,3m/sec.

¥4 OVise= 27.5m/sec and 20.9m/sec.
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Figure 8;2. Responses of two class 2 primary afferents to )y q
stimulation at 100Hz,
Afferent CV°ss= 62,1m/sec and 45.4m/sec.

L ALTE 21.3m/sec and 14,2m/sec.
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Figure 84, Responses of two class 3 primary afferents to ¥ 4
stimulation.
Afferent CV's:~ 62.0m/sec and 66.1m/sec.

Ud CV's:= 25.9m/sec and 19.7m/sec.




58S ¢ Z " Q0 9o8sg z 1 0
- n . 0o - : : 0
s\:»,.l.n.{... \ﬂ..«r 0§ e ye
hag W oo . ook
- Fost L 0S|
w/
-00¢ 9 . L 002
J8s ¢ l w 0 9J8sg z [ 0
L 2 0 © ; : 0
o .-3}}\ ~l. | om . I Om
* ; .
- 00l A Lool
-0SL VvV L 0G|

(08s/dwy) Aouanbaug



Figure 85. Responses of two control primary afferents from un-
operated animals to ¥ q stimulation at 100Hz.
Afferent CV's:~ 95.2m/sec and 86.1m/sec.

Y 4 OV'se= 35.7m/sec and 33.5m/sec.
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Figure 86. A comparison of the responses of a class 1 and a class
4 regenerated primary afferents to fusimotor stimulation.

A, passive ramp stretch. 2, ¥ _ stimulation at 100Hz. C, Xd
stimulation at 100Hz. Stimulation procedures as for Fig., 78.
Afferent CV's:- 57.1m/sec and 82.2m/sec.

Y OV'se= 22.2m/sec and 31.2m/sec.

Y4 CV'si= 26.3m/sec and 33.5m/sec.
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Figure 87. Failure of a.?fs axon to maintain secure contraction
of fhe intrafusal filres. A, response to passive stretch of a
class 3 primary afferent. B, ramp stretch with ‘o/s stimulation
at 100Hz after resting the ¥ axon for 2 minutes. C, recorded
after B with only a 10sec break between stimulation sequences,

Afferent CV:= 59.1m/sec.

Yg OVs= 18.9m/sec.
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Figure 88. Confirmation of the static nature of a regenerated
JS axon by its effect on two class 3 primaries. A, responses of
the two primaries to passive stretch. B, responses of the two
primaries to stretch during stimulation of the same K; axon at
100Hz,

Afferent CV's:= 68.9m/sec and 56.7m/sec.

¥g CVi= 22.9m/sec.
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Table 10.

General data on the ¥ fusimotor stimulation experiments.

The upper half shows the numbers of each class of afferent that

were activated by either ¥ or 6& axons or both. The lower half

shows the total numbers of each type of X’axon tested and the

numbers of axons that had their actions confirmed on more than

one spindle.

Unit Total no. No. of No. of No. driven
class of units., Y o axons )ﬂi axons by both,

1 12 12 6 b

2 25 30 13 10

3 48 64 16 7

b 5 9 3 1
Controls 15 2l 11 7
Regenerated No. of X axons | No. of ¥axons | No. of Y axons

axons tested. driving 2 units| driving 3 units,
Gamma static 91 13 6
Gamma dynamic 26 3 4
Control axons
Gamma. static 21 2 0
Gamma, dynamic 7 1 1
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A number of both"ﬂs and Za axons were isolated which had
an effect on more than one spindle (Table 10). Nineteen Bé and
severlﬁd regenerated efferents had their actions confirmed on more
thanone afferent ending. No examples were found of a gamma axon
having mixed effects (i.e. acting like a dynamic axon in one spindle
and a static in another). Fig. 88 shows an example of two class 3
primaries isolated at 47 days PC (25 days RT) which were both act=
ivated by stimulation of the same Ké efferent.

7.5 Effects of Succinylcholine.

Suceinylcholine (Sch) is a depolarising drug which produces
a sustained contraction of the intrafusal fibres (Smith,1966; Rack
& Westbury,1966; Dutia,1980), thereby increasing the primary and
secondary discharge rates. The effect on the primary is especially
marked, being similar to the effects of strong dynamic fusimotor
stimulation (Rack & Westbury,1966; Dutia,1980).

The effects of an intra=venous injection of Sch (BDH;
0.125mg/kg) on the response to ramp stretch of a class 1 afferent
are shown in Fig. 89.Z%Zzycontraction of the bag, fibre (which has
a lower threshold to Sch than the other fitres (Dutia,1980)) eli-
cited a marked increase in the peak firing rate and a concommitant
elevation of excitation during the hold phase. As the effects of
the drug subsided, so the primary returned to being a class 1
unit. If the responses shown in Fig. 89 are compared with those
in Fig. 82, the similarity between the effects of }é stimulation
and Sch can be seen.

7.6 Firing Rates.

Comparison of the responses of the regenerated with the
control afferents to passive stretch (figs. 69, 70, 71, 72, 73, 74)

indicates that the regenerated afferents (especially the class 1
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units) display a reduced response to the ramp-and=hold stretch,

The distributions of the peak firing rate (PFR's) (i.e. the
firing rate at the end of the velocity phase of the ramp) of the
four classes of afferent to passive stretch at 10mm/sec are shown
in Fig, 90 and compared with the control data. The PFR's of the class
1 and 2 afferents are significantly lower than those of the controls
(P< 0,01, Student's 't' test). There is no significant difference
between the PFR's of the class 4 and the control afferents.

The mean PFR of the class 1 afferents is 64.3imp/sec + 5.9
(S.E. of mean) compared with 137.6imp/sec + 4,48 for the controls
(Table 11). The mean firing rate of the controls 0.5sec into the
hold phase is 69.4imp/sec + 2.28, a reduction of 68.2imp/sec from
the PFR (this reduction is the value of the dynamic index). A comp-
arable subtractive reduction in the firing rates of the class 1
afferents could account for the lack of a static response. The data
given in Table 11 also shows that the dynamic indices are roughly
consistent for all the classes with primaries and secondaries
considered together and also for the primaries taken separately
(this could only be done for the class 3 and 4 units and the cone-
trols because of the nature of the abnormalities of the class 1 and
2 afferents which made it difficult to distinguish between pri=
maries and secondaries).

The data for the PFR's is also expressed in terms of the
time after the injury in Fig. 91 and Table 12, After the first three
recovery periods there was a wide dispersion of the data (Fig. 91)
with a small proportion of units firing at very high rates to the
passive stretch (see section 9.5). In the unoperated animals 6.5%
of the afferents reached a peak firing rate in excess of 200imp/sec.

At 26 days PC (4 days RT) 34.5% of the afferents fired at more than
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200imp/sec. By 33 days PC (11 days RT) this proportion had dropped
to 3,7%, The effect of these highly responsive afferents on the mean
PFR's can be seen in Table 12. At 26 days PC the mean PFR was 174.5
imp/sec + 16,8 (note the large standard error ),which is,in fact,
significantly higher than that of the normal afferents (137.6imp/sec
+ 4,48y P < 0,05, Student’s 't' test).

There was a progressive decline in the mean PFR's up to 47
days PC (25 days RT),which is associated almost entirely with a
reduction in the number of highly responsive units as can be seen
from Fig. 91, with 1little change occurring in the responses of the
main bulk of units, From 47 to 75 days PC the range of responses
was remarkably constant, as were the mean PFR's (Table 12) and then
there was a gradual increase in firing rate towards the control
levels. Excluding the data for 26 days PC (4 days RT) all the mean
PFR's are significantly lower than those of normal units (P< 0,002,
Student's 't' test),except at 140 days when there is no significant
difference,

7.7 Following Capacity.

The ability of the regenerated afferent axons to carry
high-frequency trains of action potentials was examined in two ani=
mals at 33 days PC (11 days RT).. This period was chosen because there
was a high proportion of class 1 units in the afferent population
and the axons were still relatively fine without the stimulus thr-
eshold being excessively high over the distal regions of the reg-
enerated segment. The muscle nerve was stimulated for 2sec at each
of a range of frequencies close to its point of entry into FB. A
total of ten afferents was tested; four of these were class 1 units,
four class 2 units and two were class 3,

All the afferents followed the stimulation for frequencies
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of up to 150Hz and six of them followed at frequencies of up to
300Hz (inculding two of the class 1 afferents). The inability to
follow at 200Hz could be partially rectified by raising the stimulus
intensity to five times threshold (these axons being relatively fine
the threshold for single shocks was well above that for normal axons
anyway and the stimulus was set at three times threshold for the
first stages of the following test) such that all the afferents then
successfully transmitted the spike trains at frequencies up to 200
Hz without any sign of conduction block or of any spikes dropping

out,




Figure 82. The effects of an intra=venous injection of Sch
(0.125mg/keg) on the responses of a class 1 primary afferent to
ramp-and=hold stretch. The time, in seconds, after the injection

is given for each record,
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Figure 90. Histograms of the peak firing rates (PFR's) of the
four classes of regenerated afferent compared with the control
afferents. The firing rales were measured at the end of the vel-=

ocity phase of a 10mm/sec ramp stretch of 1.8mm amplitude.
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Table 11.

The mean peak and held firing rates for passive stretch

of the four classes of afferent with their standard errors.

Except where stated, data for primaries and secondaries have been

combined., The figures for the primaries alone are only for those

primaries that were definitely identified on the basis of CV and

response pattern.

Fiase Tiz?l (imgigec) (img§:ec) ngzzic
1 by 64.3 + 5.90 0.0 < 64.3
2 72 100.3 + 6.06 33.4 + 1.89° 66.8
3 105 107.1 + 4.4 Lot + 1,78 57.7
3 (Ta's) 84 99.5 + 4,06 42,2 + 1.84 57.3
L 75 129.5 + 4.45 63.8 + 2,61 65.7
4 (Ia’'s) 40 134.1 + 6.22 65.9 + 3.90 68.2
Controls 87 137.6 + 4.48 69.4 + 2,28 68.2
¢ (Ia's) 59 1.1 + 4,76 64.1 + 2,45 77.0

@ Not all the class 2 units fired for 0.5sec of the hold

phase and these units have been excluded from the data given here,




Figure 91, Histograms of the PFR's of the afferent populations

at given times after the crush operation compared with the controls.
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Table 12.
The mean peak firing rates (PFR's) with their standard

errors for the afferent populations after different periods of

recovery,

(dzirgem ) (dﬁ’;‘em ) Nﬁx}ifc’i (mg?gec )
26 4 26 174.5 + 16.80
33 11 L6 107.5 + 7.74
4o 18 3 115.1 + 7.68
L7 25 85 88.7 + 3.70
61 39 38 88.8 + 5.31
75 53 36 88.9 + 5.21
96 7 63 102.2 + 5.49

140 118 g 135.0 + 5.59
Controls 87 137.6 + 4.48
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The Histology of Muscle Spindles Reinnervated After Short-term

Denervation.,

8.1 General Observations.

Following crush injury close to the muscle (NEC), the reg-
eneration and subsequent restoration of both sensory and motor end-
ings was rapid and successful., By 9 days RT most of the endings
appeared nearly complete, although the restoration of the second-
aries lagged slightly behind that of the primaries. As with the NS
series (chapter 6), no spindles were found which had been reinnerv-
ated by sensory axons without motor endings also being present,
although the reverse condition was observed in a small proportion
of each sample.

8.2 The Primaxy Ending.

The first primary endings were in evidence by 15 days PC
(5 days RT) although at this time most of the spindles lacked
sensory innervation. By 19 days PC (9 days RT) almost all of the
spindles had been reinnervated by a primary afferent (Table 13),
many of them showing a high quality of restoration. Throughout
the subsequent recovery periods a small proportion of spindles
lacked Ia reinnervation (Table 13). There was no indication of a
second wave of reinnervation. This might have been expected at
about 26 days RT (section 6.2), although its apparent absence could

be a result of the small size of the samples.

By 9 days RT nearly all of the primary axons that had reinn-

ervated the spindles had produced well=restored endings, some examples

of which are shown in Figs. 92, 93 (Plate 19) and Figs. 96, 97
(Plate 20), In each of the endings shown in these figures all the
fibres have been reinnervated and all the bag fibwes show regular

banding. This pattern of successful restoration was observed in
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the great majority of spindles observed at this time (Tables 14,
15, 16). A few Ia's were observed in spindles located at the distal
end of the muscle which had not yet developed endings as the axons
apparently had yet to make contact with the intrafusal muscle fitres
although they had, in some cases, divided into first-order branches.
The majority of endings examined after longer periods of
recovery (of which examples are shown in Plates 22-24) show a sim-
ilar high quality of restoration although at each time period there
were some abnormal endings (for example Figs. 108, 109, Plate 24),
In every spindle where a primary ending had been formed. all three
types of intrafusal fibre were reinnervated to some extent (Table
14) and most of the bag fibres showed at least 3 bands, the average
being 7-8 bands compared wiith 14 in normal PB spindles (Table 15).
The formation of the endings was very rapid and after 19
days PC (9 days RT) there was little apparent improvement in the
quality of reinnervation over the subsequent periods (Tables 15,
16) so that the endings never achieved the same length or comp-
lexity of innervation displayed by normal endings. Thus at 19
days PC (9 days RT) the average length of the primary endings was
265,7ym + 13.3 and at 40 days PC (30 days RT) it was unchanged at
257.6pm + 24,3 (Table 16) compared with a mean length of 314.8um
+ 11,6 for the normal primary endings. Similarly, the average
number of bands on the bag fitres was 8.8 at 19 days PC {5 days RT)
and 8.5 at 40 days PC (30 days RT) compared with 14,01 bands supp=
lied by the normal primary axons (Table 15). Even the best restored
of the primary endings showed fewer bands than the average for the
normal endings. The primary shown in Fig. 93 (Plate 19) has 8 bands
on the bag1 and 16 on the bagzg of the primaries shown in Plate 21,

the one in Fig. 99 has 10 bands on one bag filre but only 3 on




Table 13.

The numbers of spindles lacking primary innervation after

the nerve-entry crush (NEC series).

Time (days PC) 19 26 33 1o
Time (days RT) 9 16 23 30
No. of spindles

examined, 8 21 8 15

Ne, of spindles

with no Ia. 3 2 0 1

% of indl

;iih igl?a s 7.8 9.5 0.0 6.6
Table 14,

The distribution of terminals of the Ia afferent axon

to the different fibre types (NEC series).

Time (days PC) 19 26 33 Lo
Time (days RT) 9 16 23 30
No. of b,b,c 32 14 8 9
. 172
endings
No..of be 0 o 0 0
endings
Total no. of 32 14 8 9
endings.




Table 15.

The mean number of bands visible on the bag fibres after

different periods of recovery from nerve-entry crush (NEC series).

Time Time Mean no. Range Total no.
(days PC) (days RT)| of bands of bag fibres
19 9 8.8 2=17 35
26 16 6.7 2=14 22
33 23 7.2 3=12 12
Lo 30 8.5 3=13 10
Controls 4,01 5=27 87

The mean length of the primary endings restored after

the nerve-entry crush injury (NEC).

(dg:epc ) (dzir:eRT ) Me: gdiigngt()rjmgf R?;lnﬁﬁ g ﬁéiﬁgs
19 9 265.7 + 13.3 176405 22
26 16 252,0 + 18.6 100-376 15
33 23 246.8 + 23.5 124<333 7
4o 30 257.6 + 24.3 153~343 10

Controls 314.8 + 11.6 166=476 33
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the other; and in Fig. 100 the primary supplies 11 bands to the
bagl and 12 to the bagz.

Hyperinnervation by more than one Ia axon was only obs-
erved in 3 spindles (&4.7%) out of a total sample of 63 primary
endings., Two of these were in the sample at 16 days PC and one at
26 days PC (16 days RT) but, as with the NS series (section 6.2),
there is probably no relationshipbetween the occurrence of hyper-
innervation and the length of the recovery period.

A few abnormal patterns of reinnervation of the P region
were observed. One such, after 40 days recovery (30 days RT) is
shown in Fig, 109 (Plate 24). A number of fine axons are enclosed
in the Ia tube and enter the primary region together. Some of the
axons leave the region in favour of the poles and are presumably
motor in origin. A few others attempt to form endings in the region
and some faint spirals are visible round the intrafusal fibres, all
of which receive some form of termination although the overall re-
storation is very poor.

Motor invasion of the primary region was also observed in
other spindles both in the presence (Fig. 99, Plate 21) and absence
(Fig. 103, Plate 22) of the primary ending. In each case the axons
either terminate in swellings (Fig. 99, Plate 21) or leave the
region without forming an ending (Fig. 103, Plate 22). There was

never any invasion of the 3. or more polar regions by branches of

1
the primary ending.

8.3 The Secondary Ending.

The first secondary endings were present at 15 days PC
(5 days RT) having arrived back at about the same time as the first
primaries. By 19 days PC (9 days RT) most of the secondaries had

returned and successfully reinnervated the intrafusal fibres
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(Fig. 98, Plate 20). The number of secondaries per spindle never
reached the levels found in normal PB spindles (Table 17). This was
due to a persistently greater proportion of spindles having no
secondaxry innervation and a reduction in the number of spindles
innervated by more than one secondary.

At 19 days PC (9 days RT) a relatively high proportion of
the S, secondaries had reinnervated only the chains (16%)
compared with 0.4% in normal spindles (Table 18). There was also

a greater proportion of S, secondaries innervating the chains

1
and one bag fibwe compared with the controls (28% compared with
17,8%). This was also noted in the NS study and possibly reflects
a relatively slow rate of ending restoration by the secondaries.
After the subsequent reccvery periods the proportions of S1 sec=
ondaries innervating all three fibre types rose to near-normal
levels (Table 18).

Most of the secondaries were well restored (Fig. 98, Plate
20s Fig. 99, Plate 21; Fig. 104, Plate 23) although a few appar-
ently abnormal endings occurred in each sample (Fig. 105, Plate 23).
Invasion of the P region by branches of the S1 secondaries occurred
in 11% (out of a total sample of 36 endings) of spindles with the
majority of these occurring at 23 and 30 days RT.

8.4 Motor Reinnervation.

All the spindles examined from 15 days PC (5 days RT) one
wards were reinnervated by efferent axons and in every case the
motor endings, both intrafusal and extrafusal, were rapidly restored

to near normality (Figs. 94, 95, Plate 19).
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Table 18.

The distrivution of terminals of Sl secondaries to the
different fibre types after regeneration following a nerve-
entry crush injury (NEC series). The frequency of occurrence of
each type of secondary ending is expressed as a percentage of
the total number of S1 secondaries at that time. The control
data was taken from Babks et al (1982),

Time Time b15,¢ by oroyeconly Tongiay no. of
(days PC) (days RT)| endings endings endings secondaries

19 9 56.0 28,0 16.0 25

26 16 71.4 28.6 0.0 7

33 23 100.9 0,0 0.0 5

Lo 30 65,7 33.2 0.0 3
Controls 81.8 17.8 0.4 253




Plate 19.
Photographs of silver-stained muscle-=spindle preparations

at 19 days PC (9 days RT) after a nerve-entry crush (NEC series).
Abbreviations as for previous plates.

Figure 92. A well-restored primary ending at 9 days RT. All the
intrafusal fibres are reinnervated:; the bagl has 5 bands on it
and the bag, has 6. The overall configuration of the primary is
fully restored with a central region of regular annulospiral end-
ing on the bags bounded by irregular sections and extensive regular
spiralling on the chains,

Figure 93. The primary afferent has produced extensive innerv-
ation on all the intrafusal fibres with 8 bands on the bagl and
15 on the bagz. As with Fig. 92, the overall configuration of the
ending is clearly restored.

Figure 94, A reinnervated P, plate motor ending on a bagl fibre,
All the motor endings were well restored by this time,

Figure 95. A double Py plate. One axon entersd the pole from the
intra~muscular nerve trunk and branched to form these two plates
on the ba.g1 fibre. Note the concentrations of nuclei beneath the

axon terminals.







Plate 20,
Photographs of silver-stained primary and secondary endings
19 days (9 days RT) after a nerve-entry crush injury (NEC series).
Abbreviations as for previous plates,
Figure 96. A well-restored primary ending with extensive reinn-
ervation of all the intrafusal fibres. A number of expansions

occur on the tips of the terminals. The S, secondary is less well

1
restored and probably only innervates the chains., One branch of
the secondary (arrowed) approaches the P region but does not over-
lap with the primary.

Figure 97. A small but well-reinnervated primary with terminals
on all fibres. The left-hand bag fibre (b ts.) has 11 bands and
the right-hand one (out of focus here) has 9.

FPigure 98. A well-restored blbzc secondary ending showing some

spiral terminations.







Plate 21.
Silver—stained primary and secondary endings at 26 days PC
(16 days RT) after nerve-entry crush (NEC series). Abbreviations
as for previous plates.
Pigure 99. A well=developed primary ending with extensive spir-
alling on the chain fibres. One bag fibtre has 10 bands but the

other has only three. The S, secondary in the lower pole is well

1
restored with terminals on all the fibres. In the upper pole some
small motor axons enter the P region and form ball=like swellings
(arrowed ).

Figure 100, A high-power photograph of a very well=restored

primary ending. Extensive, regular innervation is evident on all

the intrafusal fibres.







Plate 22,
Photographs of silver-stained primary and secondary endings
at 26 days PC (16 days RT) in the NEC series. Abbreviations as for
previous plates,
Figure ]01. A well-restored primary ending with regular innervation
on all the fibre types. The S1 secondary is well developed but only
innervates the bagz and chain fibres. The bagl

terminations, the axons associated with it being fusimotor in origin.

is free of secondary

Figure 102, All fibre types are reinnervated by the Ia axon although

rascr

the chain innervation is limited. The S1 secondary supplies terminals
to all the fibres and approaches, but does not overlap the edge of

the primary ending.

Figure 103. There is no > —ary present, the only axon in the
equatorial region came from the lower pole and is presumably motor

in origin. In the S, region it gives off a hranch that terminates

1
in a small expansion (arrowed ), the rest of the axon carries on
into the P region giving off a few branches which also do not form

any recognisable endings. Towards the centre of the P region the

axon doubles back and returns to leave the spindle via the lower

polej.f,é,camé@w %,M_z (o @annonrs.







Plate 23.
Photographs of silver=stained primary and secondary endings

at 26 (16 days RT) and 33 (23 days RT) days PC in the NEC series,
Abbreviations as for previous plates.

Figure 104, Examples of S

g and S, secondary endings at 26 days PC.

1
The S, secondary only supplies terminals to the bag? and chains,

The 5, has only reinnervated the chains. In both caszs some spirals

“

are visible,

Figure 105, A poorly=restored 3, secondary at 33 days PC (23 days

1

RT). There are few recognisable terminations, with most of the
branches ending in the large axonic swellings.,
Figure 106. A well-restored primary ending with regular innerv-

ation on all the fibre=. A “wanch (arrowed) of the left 35, sec~-

1
ondary enters the P region and crosses it (out of focus here) to

~

terminate in the opposite 5¢ pole,







Plate 24,
Silver-stained primary endings after 40 days recovery

(30 days RT) following a nerve-entry crush injury (NEC series).
Abhreviations as for previous plates.
Figure 107. An example of a spindle with three nuclzar-bag filres.
All the fibtres are well reinnervateds it was not possible to dis-
tinguish between the bag fibres.
Figure 108, A fairly irregular primary ending with numerous
expansions on the ends of the terminals.,
Figure 109, An abnormally reinnervated spindle. The Ia tube
contains a number of small axons most of which leave the equatorial
region for the poles, Some of the branches, however, form a few
spirals around the intrn:s2) filres. Unfortunately these have
not stained very well but it is possible to see some terminations

on each fibre type.







The Histology of Muscle Spindles Reinnervated After long-term

Tenervation.

5.5 General Observations.

5
post
]

is experimental series includes two types of crush op-
eration; (i) a proximal crush at the point of separation of the
tibial nerve from the common peroneal (the TC series; and (ii) the
repeat crush experiments (the RC series) in which the crush operat-
ion was performed at the knee (as in the NS series) and then rep-
eated once or twice after intervals of 7 or 14 days. Unfortunately,
although a complete set of physiological results was obtained ( see
chapter 9), the staining of the material from this series was gen-
erally very poor and so the sample sizes are low.

The overall imprezsion derived from the histological ana-
lysis is that as the period of denervation increased there was a
comparable increase in the degree of disorganisation shown by the
endings. Bven after 50 days denervation (50 days D), however, many
of the endings were restored successfully and even the most dis-
organised endings were still recognisable,

8.6 The Primary fEnding,

The capricious nature of the stain in this series prevented
assessment of the proportion of spindles lacking sensory innervation,
so only those spindles that had visible innervation were analysed.

A total of 7 spindles were analysable from the TC study; these had
been denervated for 29 days and were examined at 32 days RT ( the
spindles in the NS study were denervated for 22 days). A further 7
spindles were analysable from the repeat crush study; these had also
been denervated for 29 days and were examined at 39 days RT. Thirty-
eight spindles were also examined from the double=repeat crush
series and these had been denervated for 50 days and were examined

at 39 days RT.
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After 29 days D at 32 and 39 days RT all the primary aff-
erents had reinnervated all the intrafusal fibre +types to some
extent, albeit sparsely in some cases (Fig. 111, Plate 25). After
50 days D, 2 out of 35 primaries (5.7%) failed to reinnervate one
of the bag filres.

After 29 days D all the primary endings showed some degree
of disorganisation, often with the terminals dispersed irregularly
on some, if not all, of the intrafusal fibres (Figs. 110-112, Plate
25: Pig. 113, Plate 26), The degree of disorganisation was greatly
increased after 50 days D with many of the endings showing little,
or no, regular annulospiral innervation (Figs. 116-122, Plates 27=-
29). On 56 bag fibres which showed some banding, the mean number of
bands was 5.5 (with a rarze of 1=12); a further 8 bag fibres,
although bearing some terminals showed no annulospiral innervation
at all (Fig. 123).

Of 24 primary endings examined at 50 days D, 8 produced
branches that invaded the neighbouring Sl regions. Some of these
attempted some form of ending and then turned back into the P
region (Fig. 117, Plate 27; Fig. 120, Plate 29 ), whereas others

formed endings in the S. region (Fig. 118, Plate 28) or showed

1
signs of traversing the S1 region completely (Fig. 123). These
abnormalities were unique to the 50 days D material, the only
fairly similar observation being that of a Ia axon a* 118 days RT
(22 days D) in the NS series which produced a branch that entered
the S1 region and then turned back without attempting to form an
ending (Fig. 38, Plate 13).

Despite the abnormalities displayed as a result of the
increased denervation period, the physical dimensions of the pri-

mary endings still remained fairly consistent (Table 19). The

apparent increase in average length of the endings after 50 days D




Table 19,
The mean lengths of the primary endings (with their stand-

ard errors) after different periods of denervation and reinnerve

< e

ation,
Time Exptl. Time Mean length of Range Total no. of
(days D) series (days RT) endings (pm) (pm) endings,
10 NEC 30 257.6 + 24.3 153-343 10
22 HS 39 269.9 + 10.1 171=333 18
29 TC 32 309.0 + 30.5 176=1i37 7
29 RC 39 227.4 + 12.1 200-281 7
50 RC 39 326.8 + 14.5 190=500 32
Controls 314.8 + 11.6 166=476 33
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is probably due to the presence in the sample of those endings that
invaded the Sl regions, The measurements were made on the basis of
the presence of terminals, so for an ending such as that shown in
Fig. 120 (Plate 29), where the invading branches did not form an
ending within the S1 region, the measurement only covers that length
of the intrafusal filwres bearing terminals.

Hyperinnervation of the primary region was noted although,
as with the NS and NEC series, it was fairly uncommon. It was absent
from the 14 spindles denervated for 21 days but, occurred in 5 out

of 21 (23.8%) spindles after 50 days D.

8.7 The Secondary Ending.

The secondary endings reinnervated the spindles in about
the same numbers as in *hz @ and NEC studies despite the increased
periods of denervation. After 29 days D there were 0.7 and 1.0
secondaries per spindle (at 32 and 39 days RT, respectively) and
after 50 days D there were 0.97 secondary endings per spindle,

The quality of restoration of the endings was very poor.
After 50 days D, of 15 5, secondaries only 2 (13.3%) innervated all
three fibre typesy; 6 (40%) innervated the chains and one bag filre
and 7 (46.7%) innervated the chains only.Even after only 29 days D
the secondary restoration was very poor in every case with only a
few irregular terminals being formed (Figs. 114, 115, Plate 26;
Fig. 117, Plate 27). Overlap with the primary innervation was
common after 29 days D (Fig. 117, Plate 27) and 50 days D (Fie.
119, Plate 28; Pig. 123), where of 24 S; secondaries examined, 9
(37.5%) produced branches that invaded the P region.

8.8 Motor Reinnervation,

The restoration of the motor endings appeared little aff=

ected by the increased periods of denervation. As with the previous
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studies, all the spindles that had been reinnervated by sensory
axons were also reinnervated by motor axons which gave rise to
well=restored and fully recognisable Pys Py and trall endings. In
some spindles, though, there was evidence of disorganisation of the
motor innervation in that numerous axons could be traced coursing
through the poles and doubling back on themselves,

8.9 Comparison of the Effects of Different Periods of Denervation.

The experimental series that have been described covered a
range of denervation periods from 10 to 50 days. The spindles that
had been denervated for the shortest time generally showed the best
restoration of the sensory innervation although there was not much
difference between the NEC (10 days D) and the NS (22 days D) series
in terms of the speed or guality of reinnervation.

In both series the first primary axons reached the spindles
by 45 days RT and by 9-11 days RT most of the spindles examined
had primary endings, though there were fewer uninnervated spindles
in the NEC (Table 13) than in the NS samples (Table 1) until after
the return of the second wave of reinnervation at about 25 days RT
in the NS study.

In every spindle examined in the NEC study, provided the
primary axon had made contact in the}P region, there was successful
reinnervation of all the filtwre types (Table 14). The same was true
in the NS series over the same recovery periods (up to 30 days RT)
with one exception (Table 2). After this time some primary endings
wvere observed that féiled to reinnervate one of the bag fibres
(the NEC study was not contimed over these longer time periods).
The quality of restoration in the two series also appears to be
equivalent in terms of the number of terminal bands on the bag

fitres (Tables 4, 15) and the overall length of the primary ending
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(Tables 5, 16). Hyperinnervation of the P region, though, was more
common in the NS series where 12% of spindles showed hyperinnervation
than in the NEC series where only 4.7% of spindles were hyperinnerv-
ated, There was a further increase in hyperinnervation after 50 days
denervation when 23.8% of the spindles were hyperinnervated.

The restoration of the primary endings after longer periods
of denervation showed increasing degrees of disorganisation and a
reduction in the marked regional specificities shown in the NEC and
NS series, Although there was no increase in the proportion of
primaries failing to reinnervate all the intrafusal fibtres in either
the TC (proximal-site crush) or RC (repeated crush) studies compared
with the NS series, there was less regular innervation and fewer
bands were visible around the bag fibres after 50 days D than after
22 days D. The main difference between the spindles reinnervated
after 50 days D and those reinnervated after shorter denervation
periods was the breakdown, in some cases, of the regional rest-
rictions on the disposition of primary axon terminals on the intra-
fusal fibres. Thus some primary endings were found in which branches

of the Ia afferent entered the S, region and formed some sort of

1

ending well within the S, region.

1

The pattern of restoration of the secondary endings showed
similar trends to that of the primary, with little difference bet-
ween those on spindles that had been denervated for 10 or 22 days.
There was,however, a small difference in the rate of restoration in
that although in both cases the secondaries arrived back at the same
time (in both cases the first II's returned to the spindle at about
5 days RT) the secondaries in the NEC series were more rapid in

their reinnervation of all the fibre typés than were the NS sec=

ondaries (Tables 7, 18). After longer periods of denervation there
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was an increase in the proportion of Sl secondaries that did not

reinnervate all the intrafusal fibre types and also in the prop-

ortion of S1 secondaries that invaded the primary region.




Plate 25.

Photographs of silver-stained primary endings after recovery
from a proximal nerve-crush injury ( at the point of separation of
the common percneal nerve from the tibial: the TC series). Time
scales:- 61 days PC, 25 days RT, 29 days D. Abbreviations as for
previous plates,

Figure 110, A reasonably well-restored primary ending with the
chains extensively reinnervated. The bag innervation is mainly
irregular with the bagl receiving only five distinct bands and
the bag2 only two,

Pigure 111. A poorly restored, irregular primary ending with
minimal visible banding on any fibre, although all fibre types
have some innervation,

Fipure 112, This spindle shows fairly extensive, but poorly org-
anised, primary innervation. There is some regular innervation
of the bag fibres but 1little on the chains., There are several

expansions on the axon terminals.







Photogravhs of sillver-stained p inary and secondary endirgs
after provimal necve 1 jury (TC series). Time scales:- 61 days PC,
25 days R7, 29 days D. Ablreviations as for previous vlates.

Figure 113 A very evtendd primary e ding which is largely

irregular with 1it%le banding on any filiwre type.

Figure 114,  An 9 secondaxry which gives very limited innervation
to the intrafusal fibres. The bagl shows no reinnervation.

Figure 115. Another S1 secondary which also only innervates the

bag2 and chain fibres and these with only a few terminals.







Plate 27,

Silver-stained primary and secondary endings at 39 days RT
after repeated crushing of the nerve (RC series) to give a denerv-
ation period of 50 days. Ablreviations as for previous plates.
Figure 116. An abnormal primary ending which, although extensive,
produces little regular innervation on any of the intrafusal fibres,
The regular bands that are visible are restricted to the periphery
of the ending, the central region being irregular.

Mgure 117, A poorly-organised primary ending with 1ittle regular

fad

banding. One branch (arrowed) enters the S, region and overlaps

1

with the S1 secondary innervation (which was poorly cestored )

before turning back into the P region. En route it gives off small

terminals which end in *xJ1-=11ike expansions.







Plate 28,

Silver-stained primary endings at 39 days RT after 50 days
denervation (RC series). Abhreviations as for previous plates,
Figure 118, A relatively well-restored primary ending with 7 bands
on each of the bag fibwes. One branch (arrowed) leaves the P region

fa)

and invades the lower S, region where it forms some irregular

terminals on the chain fitwres,
Figure 119. The primary ending is mainly irregular and disorganised
but does supply terminals to all the intrafusal fihres. The S1

secondary is also poorly organised and there is a long region

where it overlaps with the lower end of the primary ending.







Plate 29,
Photographs of silver-stained primary endings at 30 days RT

after 50 days denervation (RC series). Abbreviations as for pre-
vious plates.

Figure 120, All the fibres are reinnervated by the primary but
only the chain filwes show regular banding, the rest of the ending
being irregular. One hranch leaves the P region and then doubles
back to produce terminals on the chain fibres,

Figure 121. A well-restored primary with regular spirals on both
bag fibres (9 on the bag, and 10 on the bagz) bounded by more
irregular regions,

Figure 122. The primary ending shows good restoration, though the

ending is relatively sm="",







Figure 123. A camera lucida drawing of a silver preparation of

a primary and secondary endings at 39 days RT after 50 days den-
ervation (RC series). There appears to have been almost a complete
treakdown of the regional sr2cificity with branches of the pri-
mary invading both Sl regions and branches of the S1 secondary
invading the P region. The only spiral endings produced by the
primary lie on the chain fibres, all the other wranches run in
parallel with the intrafusal fibres with little obvinus attempt

at forming endings.
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9.1 Muscle=spindle Physiology After Reinnervation Fcllowing Different

Periods of Denervation,

A number of procedures was employed to examine the effect
that the period of denervation has on the quality of reinnervation
(sections 5.2=5.4). Using these procedures the effects of denervat-
ion and subsequent reinnervation periods were examined physiolog-

ically over the following time periods:-=

Expt'l Denervation Reinnervation
series period (Days D) period (days RT).
NEC 10 530
NS 22 4-118
TC 29 25=32
RC 29=50 39

9.2 The NEC series Afferent Conduction Velocities.

The first responsive units were found at 5 days RT but they
were sufficiently rare to make it impractical to try to record a
significant number for analysis.,

The CV's of the functional afferents from 19-40 days PC
(9n30 days RT) are shown in Fig., 124. Because the lesion was made
very close to the muscle the stimulating electrodes on the muscle=
nerve were placed central to the injury site. These CV histograms,
therefore, cannot be compared with those from the other series of
experiments because the measurements were only made over the pro-
ximal segment of the nerve.

The histograms in Fig. 124 show that over the proximal
segment there was initially only a small reduction in the afferent
CV's., At 19 days PC (9 days RT) and 26 days PC (16 days RT) the

mean CV's were 64.7m/sec + 2.48 and 69.7m/sec + 3.36, respectively,




Figure 124, The conduction velocities of regenerated primary and
secondary muscle-spindle afferents after increasing periods of
recovery following a nerve-entry nerve-crush injury (NEC series).
The times are given in termz of days PC and the spindles were
denervated for about ten days, Because the injury site was close

to the muscle the stimulating electrodes had to be placed on the
muscle~nerve central to the lesion and so the CV measurements

are for the proximal segment of the nerve only.
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compared with a mean of 69.5m/sec + 2.21 for the afferents from the
unoperated control animals. Over the subsequent recovery periods
there was a reduction in the afferent CV's (Fig. 124). At 33 (23
days RT) and 40 days PC (30 days RT) the mean CV's were 55.6m/sec
+ 1.92 and 56.2m/sec + 2.26, respectively, these being signific-
antly different from the controls (P < 0.001, Student's 't' test).
This trend of falling CV's is the reverse of that occurring in the
distal segment of the nerve (Fig. 66).

9.3 Response Classification.

The proportions of the four classes of afferent response in
the afferent populations after the different recovery periods are
given in Table 20. It is apparent that recovery of class 4 char-
acteristics was a relatively rapid process so that by 30 days RT
there were no class 1 or class 2 units in the sample and 58.7% of
the afferents were class 4 in nature. Even at 9 days RT, 41.1% of
the afferents were class 4.

At 25 days RT there was a large increase in the proportion
of class 1 and 2 afferents in the population. This is similar to
the increase in class 1 and 2 units observed at 25 days RT in the
NS series and reflects the return of the second wave of reinnerve-
ation, The second wave was not evident from the histological ana-
lysis of the NEC material (section 8.2) but this absence was pro-
bably due to the relatively small size of the sample examined at
this period.

Comparison of the proportions of abnormally responding
afferents in the NS and NEC series after corresponding reinnerve
ation times shows that the NEC afferents recovered normal function

much more rapidly (Tables 9, 20). Although the first functional

o



Table 20,

3
D
i
]
Q

portion of the four classes of

from

regenerated spindie
the nerve-eniry

after different periods of recovery. The

provorticns are expressed as a percentage of the total popujation,

Days Days Classes of afferent , Yo, of
rC RT 1 2 3 o units
19 2 3.3 19.2 35.9 .1 78
26 16 0.0 8.5 574 3,1 Ly
33 23 18.4 12.8 43,73 27.5 119
a0 30 0,0 0.0 41,3 58,7 6%
Sontrols 0.0 0.0 10,2 86.43 89




The mean peak and held firing rates (imp/sec) of +the NEC

series afferents with their standard errors for a 10mm/sec ramp

stretch.

Table 21.

Class  Total PFR HFR Dynamic
no. index
1 23 65.1 + 11.9 0.0 >65.1
2 32 119.9 + 12.4 25.4 + 3.94 93.7
3 126 114.3 + 6.38 43.9 + 1.92 70.4
b 115 129.5 + 5.93 59.2 + 2.17 70.3
Controls 87 137.6 + 4.48 69.4 + 2.28 68.2
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afferents were observed at about 4 days RT in both cases, by 30
days RT in the NEC series 58.7% of afferents were class 4 in nat-
ure compared with 14.9% at 39 days RT after crushing at the knee
{(the NS series). Whereas the class 1 afferents were absent from the
NEC populations by 30 days RT, they were still present in the NS
study at 84 days RT.

9.4 Fusimotor Stimulation,

'S
In two experiments at 9 days RT in the NEC serieslfunctional

Y axons were isolated and tested against the afferent units. As
with the NS series, both Xs and 5& axons were jisolated and app-
eared to function normally, as far as normal function can be inf=
erred from their effects on the afferent responses. All classes
of afferent were activaied by ¥ axons and no ¥ axons were isolated
that had different effects on afferents from different spindles.

9.5 Firing Rates.

The mean peak {PFR) and held (HFR) firing rates of the four
classes of afferent in the NEC series are given in Table 21 and
can be comparei with those from the NS series (Table 11). There is
a marked similarity between the average firing rates of the corresp-
onding afferent classes from the iwo populations and at no point
is there any significant difference between the corresponding
classes,

The NEC afferents also show the same consistency in the
dynamic indices of the different classes of afferent. There is,
however, some variation with the class 2 units which have a DI of
93.7imp/sec compared with 70.4 and 70.3imp/sec for the class 3
and 4 units, respectively. This variation is attributable to the

presence of a greater proportion of highly dynamic units than were
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present in the NS populations at the equivalent periods. The results
given in Table 21 also give greater weighting to these units since
the last recordings were made at 30 days RT rather than allowing
recovery to continue for up to 118 days RT as in the NS series.

The data is expressed in the form of a histogram (Fig. 125)
which can be compared with Fig. 90 for the NS series (note the
different scales). In both series of experiments there were some
extremely dynamic units, some of which reached PFR's of about
400imp/sec (Fig. 125). Two class 4 units that fired at more than
400imp/sec had dynamic indices of 290 and 255imp/sec compared with
the average index for class 4 afferents of 70.3imp/sec (Table 21).

The majority of these highly dynamic units were found
during the early stages ~f recovery and disappeared guite rapidly
from the afferent populations (Figs. 91, 126). The presence of
such units in the population greatly elevates tha mean PFR's
(Table 22), so that at 9 days RT in the NEC series the mean PFR
was 177.0 + 10,04 compared with 137.6 + 4.48 for the controls.
Despite the large standard errors associated with such a wide dis-
persal of data points, there is a significant difference between
these two populations (P< 0,002, Student's 't' test).

In the control animals only 6.5% of the afferents reached
a PFR in excess of 200imp/sec for a 10mm/sec ramp stretch. In the
NEC experiments, at 9 days RT, 35% of afferents exceeded this
figure and at 4 days RT in the NS series 34.5% fired at more than
200imp/sec, though by 11 days RT this had dropped to 8.7%. At 16
days RT only 10.6% of the NEC afferents still exceeded 200imp/sec
at the peak of the ramp.

Gamma static axons were isolated which activated several

of these highly dynamic afferents and the responses obtained
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were characteristic of Bs activation; no 5& axons were found that
would affect the responses of these units.

The response records to ramps of three velocities (2.5, 3,
and 10mm/sec) for two of these highly dynamic afferents are shown
in Fig. 127. Both these units display a clear break in firing at
the peak of the two faster ramps. Although this break was«not
universal for this type of unit, it was very common, especially
for those that reached very high firing rates.

The break for unit B (Fig. 127) occuré immediately after the
peak of the ramp, at the same time as the normal post-dynamic
undershoot of a primary ending (Fig. 73). Unit A shows a different
response in that the treak occurs before the peak of the ramp is
reached., The PFR of Uri® A for the slow ramps was 255imp/sec and
this is the peak reached in the two faster ramps as well, with
firing apparently being cut off at this point in both cases. This
is very different from the greatly increased response of Unit B
to increased ramp velocity.

As recovery progressed there was a reductinon in the excit-
ability of the highly dynamic units leading to a corresponding
reduction in the mean firing rates (Table 22). This decline foll-
oved the same time course as in the NS series (Table 12) so that
at about 25 days RT (the time of arrival of the second wave) the
mean PFR's of both populations reached their lowest point, being
83.7imp/sec + 3.67 and 88,7imp/sec + 3.7 for the NEC and NS series,
respectively. The PFR’s of the NS series remained al this level
till after 53 days RTg the firing rates of the NEC afferents,
however, showed an immediate recovery back towards normal levels.

Thus the spindles of the NEC series that were denervated

for only 10 days appeared to recover to normal function, both in




Figure 125, The peak firing rates (PFR's) of the four classes of
afferent present in the afferent populations over the complete
range of recovery periods zfier nerve-entry crush injury (NEC
series). The ramp velocity was 10mm/sec. Data for primary and

secondaxry afferents has been combined,
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Table 22,
The mean peak firing rates (imp/sec) of the NZC regenerated
afferents after different periods of recovery. The data for primary

and secondary afferents has been combined.

Days Days PFR No. of
PC RT units
19 9 177.0 + 10.1 77
26 16 111.1 + 8.35 L7
33 23 83.7 + 3.67 107
40 30 106.8 + 4.79 63 g
Controls 137.6 + 4.48 87




Figure 126, The peak firing rates (PFR's) of regenerated primary
and secondary afferents after different recovery in the HEC series
of experiments. The recovery times are given in days PC. Ramp

velocity was IOmm/sec and data for primary and secondary afferents

‘have been combined.
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Figure 127. The instantaneous frequency records of two highly
dynamic muscle-spindle afferents from the NEC series, The ramps
were applied at three velocities:= 2.5, 5 and IOmm/sng the stretch

was 1,8mm in amplitude with a hold of lsec before *he release.
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terms of classification of their responses and in their peak
firing rates, substantially faster than those of the NS series
that were denervated for 22 days.

9,6 Conduction Velocities of Delayed=return Afferents.

The afferent CV distributions following recovery from the
longer periods of denervation are shown in Figs. 128 (RC series)
and 129 (TC series). All the mean CV's are significantly different
from the normal controls (P < 0,001, Student®’s 't' test). There is,
however, no significant difference between the CV distributions of
the NS series and those of even the longest denervation periocds
after comparable periods of reinnervation, although there is a
very slight progressive decrease in the CVis of the repeat-crush
afferents with increasinz denervation time (Fig. 128). At 39 days
RT after 22 days denervation (the NS series) the mean afferent CV
was 50.6m/sec + 2.0 (S.E. of mean); after 29 days D (at 39 days RT)
the mean CV was 48.5m/sec + 1.8; the mean CV for 36 days D was
46.7m/sec + 2.1 and for 50 days D it was 44,8m/sec + 2.52. Alth-
ough these differences are not significant, the trend appears to
be consistent,

In the case of the TC series (Fig. 129) there is a signif-
icant difference (P < 0.001, Student's 't' test) between the aff-
erent CV's after 22 (NS) and 29 (TC) days D with a reinnervation
time of 25 days in each case. This is attributable to the incr-
eased length of the distal segment of the nerve in the TC series
because the crush was carried out at a more proximal site (in the
NS series some 13% of the total nerve length used for CV measure-
ments was distal to the crush site, whereas for the TC series
it was 25%). At 32 days RT (29 days D) the TC afferents showed

the expected increase in mean CV compared with 25 days RT

]
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(36.7n/sec + 1.52 and 33.8m/sec + 1,31, respectively, This can be
compared with 44, 1m/sec + 1.27 for 25 days RT (22 days D) for the
NS series).

9.7 Response Classification,

The proportions of the four classes of regenerated afferent
unit in the afferent populations after the different periods of
denervation are given in Table 23. For the purposes of comparison
the results are quoted both in terms of the denervation periods
(days D) and of the recovery periods ( days RT).

After the 23-25 days RT periods there is no marked difference
between the spindles that have been denervated for 10, 22 or 29
days, although if anything, the afferents in the NS series (22
days D) appear to be the slowest to recover, with fewer class 4
units than both the TC and NEC series and more class 1 units than
the TC population (29 days D).

After the 30-32 days RT periods the more rapid recovery
shown by the NEC afferents becomes apparent compared with the TC
afferents which have progressed more slowly.

At 39 days RT the most striking feature is the apparent
absence of any adverse effects as a result of increasing the den-
ervation periods from 22 to 50 days. In the RC series there is a
slight trend towards slower recovery with increasing denervation
time which is apparent in the increase in numbers of class 1 units;
however, the NS afferents after only 22 days would appear to be
the slowest to recover.

9.8 Firing Rates.

The mean peak firing rates (PFR's) are.given in Table 24

in terms of denervation and reinnervation periods and the data is

presented in histogram form in Figs. 130, 131. The striking feature
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of these results is their close similarity despite the variations
in denervation time. The only results that show any difference are
those of the A#EC series which show an increase in the mean PFR's
at 30 days RT, This marks their more rapid recovery of normal
function compared with the afferents of the WS and longer den-
ervation series.

Any adverse effects due to the increased periods of denerv-
ation after 22 days are nearly negligible as faxr as the amplitude
of the response to a given mechanical stimulus is concerned. There
is a very small trend towards lower PFR's in the RC series (Table
24) but the difference is not significant, as is also evident from

the histograms in Fig. 131.




Figure 128. The conduction velocities of regenerated spindle
afferents after different periods of denervation (days D), ach-
jeved by repetition of the crush injury (the RC series), compared
with the data from the NS series (22 days D) and from the unop-
erated control afferents. All the recordings of the regenerated

afferents for this figure were made at 39 days RT.
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Figure 129. The conduction velocities of regenerated spindle
afferents after recovery from different periods of denervation,
achieved by making the lesion more proximally (the TC series),
compared with the data from the NS series and the unoperated
controls, Note that because the lesion of the two 29 days D
populations was made more proximally this increased the ratio
of distal segment : proximal segment over the length of nerve

used for these measurements.
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Table 23.
The proportions (expressed as a percentage of the total

population) of the four classes of regenerated afferent in the

populations after different periods of denervation.

Days Expt'l | Days Classes of Afferent Total no.
s} series RT 1 2 3 4 of units,
10 NEC 23 18.4 12.8 41.3 27.5 109
22 NS 25 18.5 29.2 b2.5 9.8 113
29 TC 25 10.5 30.5 41.9 17.4 86
10 NEC 30 0.0 0.0 41,3 58.7 63
29 TC 32 5.1 21.5 58.2 15.2 79
22 NS 39 1.6 15.0 59.5 4.9 b7
29 RC 39 1.3 10,1 78.5 10.1 79
36 RC 39 2.7 9.6 75.4 12.3 73
50 RC 39 7.9 13.2 53.9 25,0 76




Table 24,

The mean peak firing rates (imp/sec) of the regenerated

afferents after different periods of denervation and reinnervation.
The means are given with their standard errors.

Days Expt'l Days PFR Total no.
D series RT of units
10 NEC 22 83.7 + 3.67 107
22 N3 25 88.7 + 3.70 85
29 TC 25 91.2 + 6,00 86
10 NEC 30 106.8 + 4.79 63
29 TC 32 96.7 + 4.38 79
22 NS 20 : 88.8 + 5.31 38
29 RC 39 89.7 + 3.40 79
36 RC 39 86.6 + 3.53 73
50 RC 39 83.8 + 3.86 76




Figure 130. The mean peak firing rates (PFR's) of the primary
and secondary afferents after different periocds of denervation
and reinnervation in the ¥S (22 days D) and TC series. Ramp

velocity was 10mm/sec.
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Figure 131. The mean peak firing rates (PFR's) of the primary
and secondary afferents at 39 days RT after different periods

of denervation (days D) in the IS and RC series of experiments,

Ramp velocity was 10mm/sec.
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Restoration of the Structure of the Sensory Ending.

.1 General Observations.,

The histological and physiological results described in
chapters 6 and 7 from the NS series reveal a pattern of success—
ful reinnervation by both the sensory znd motor axons. There app=
ears to have been a high degree of specificity in the reinnervation
process both in the guidance of the regenerating axons back to the
correct sites and in the formation of the endings,which often app-—
eared quite similar to those found in normal spindles. The results
of this accurate reinnervation are reflected in the restoration of
the near-normal function of the endings.

2 Primary-ending Structure.

The earliest examnles of primary endings were observed at
4 days RT which is in close agreement with the findings of Barker
& Boddy (1980). As they and Ip & Vrbova (1973) observed, this was
after the return of the efferent axons which is surprising in that
there is evidence that large=diameter axons regenerate faster than
smaller ones (Thulin,1960; Homma,1969; Wall & Devor,1978).

There is some evidence that sensory axons are more adversely
affected by nerve injury and atrophy more rapidly than motor axons
(Gutmann & Holubar,l949; Hoffer,Stein & Gordon,1979; Hoffer, Gordon
& Stein,1980)., Huber (1900) reported that motor axons both degen=
erated and regenerated faster than sensory axons. In contrast, a
number of authors have reported that there is no difference in the
rates of regeneration (Gutmann et al,1942; Homma,1969; Bisby, 1979),
although Bisby (1979) did suggest that there might be differences
in the modes of regeneration of the two types of axon, Even if
there are slight differences in regeneration rate it seems unlikely
that these could account for the earlier return éf the relatively

small X’fusimotor axons,




The apparent dependence of successful Ia restoration on
the prior reinnervation of the spindle by the ¥ axons (Ip & Vrbové:
1973; Ip et al,1977) is also surprising in that in development the
Ia is the first axon to make contact with the developing myotubes
and plays a key role in the differentiation of the intrafusal
muscie Tibres (4elenn, 19643 Zelena & Soukup,1973; Milburn,1973).
some evidence has been presented suggesting that after certain
types of injury the primary axons do return before the ¥ axons
(Thulin,1960 (resection of part of the nerve); Takano,1976 (freez~
ing of the nerve with dry ice); Homma,1969 (nerve section and sut-
ure)). All these latter injuries, hovwever, are far more traumatic
than simple crush and therefore inevitably result in greater dis-
ruption of the regeneration process.

Most of the Ia axons reach the spindle between 0 and 18
days RT, with the arrival of the second wave at about 25 days RT
(Tables 1, 9). Barker & Boddy (1980) attributed the second wave of
reinmervation to the delayed return of that proportion of afferents
whose endoneurial tubes were severed during the crush operation
and which therefore had to traverse a region of scar tissue to
reach the distal opening of the tube, Severance of some of the
tubes would also account for the failure of some axons to return,
since these might fail to locate the distal part of their original
endoneurial tube and thus would not be directed back to the muscle.

Once the axons make contact with the intrafusal fibres the
formation of the ending proceeds very rapidly. There is no evidence
of a sequential formation of the endings on the different fibre
types; the results given in Table 2 indicate that all the fibres
are reinnervated at about the same time. This is not surprising as

the Ia axon hranches at least once before making contact with the
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intrafusal fibres, so the individual branches would presumably
land on different fibres and commence forming an ending at about
the same time.

The ending is formed within a few days of the axons making
contact and after this period there is little further growtih
(Tables 4, 5) despite the fact that the endings generally have
fewer bands and some are shorter than normal primary endings.
During the period of restoration it appears that the terminals
grov longitudinally along the fibres and produce the helical
spiral formations, the rings are produced from some of these
longitudinal hranches towards the periphery of the ending and
are formed after the branch is complete. During the early stages
there was a greater provoriion of incomplete rings than were
observed later on (Figs. 5, 6, Plate 2).

The endings examined had nearly always achieved a final
configuration similar to that of normal spindles, characterised
by central regions of regular bahding on the bag fibres bounded
by irregular terminations. The chains showed mainly regular spir-
alling (Pigs. 4144, Plates 14, 15; Figs. 15, 16, Plate 5). This
suggests that there is a powerful guidance system controlling the
growth of the axon terminals to produce this pattern of reinnerve
ation, That the system is not perfect is evident from the poorly
restored endings that were observed in every population of spindles
and also from the reduction in the number of bands visible in even
the best restored of the endings (Table 15). The average length
of the endings was also reduced (Table 16), although this reduct-
ion was not always significant and probably reflects the presence
in each sample of some poorly restored endings rather than a

consistent reduction in the length of all the endings.
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Almost without exception the primary endings examined dis-
vlayed some degree of abnormality that identified them as regen-
erated endings,and this agrees with the observaticn of Barker &
Boddy (1980) and also with the observations of ultrastructural
abnormalities (Schr&der,lQ?@E), These findings are, to a certain
extent,in conflict with those of Ip et al {1977) who stated that
'most of the sensory endings of spindles that had only their per-
ipheral nerves crushed had a normal appearance'. It should be
borne in mind, however, that in their study they wesre comparing
these endings with the much more abnormal endings produced as a
result of chronic de-efferentation combined with the nerve crush
and therefore they were working with a different code of reference.

In a small propor*ion of spindles the primary afferent
failed to reinnervate all the intrafusal fibre types. The majority
of such incompletely reinnervated spindles were noted after the
longer periods of recovery from 75 days PC (53 days RT).onwards
(Table 2). In every case the uninnervated fibre was a bag fibre
so the primary innervated either the bag19 or the bag2 and the
chains. No spindles were found which completely lacked chain-
fibre innervation; however, it was not possible to ascertain
whether all the chain fibres had been reinnervated in every spindle.
Also it was not possible to identify the bagl and bag2 fibres
sufficiently frequently to determine whether either fibre was
more likely to he missed by the primary axon. Even if both bag
fibres were reinnervated it was quite common for one bag fibre to
receive relatively few bands (Figs. 15, 16, Plate 5) as was also
observed by Barker & Boddy (1980).

Most of the incomplete primary endings were observed in

spindles after the longer recovery periods, This suggests that
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these migﬁt be spindles whose primary axons were delayed in regen-
sration such that when the afferent did return, not all the intra-
fusal fibres were receptive to the developing terminzls. This might
be an intermediate stage in the development of a total inability

of the Ila to reinnervate the intrafusal fibres as can occur after
nerve section (A.Boddy, personal communication). This proposal,
however, is not borne out by the findings of the delayed-=return
experiments (Chapter 8) since even after 50 days derervation almost
all of the regenerating primaries reinnervated all the intrafusal
fibres, The other possibilty is that these primaries are not

axons that originally'innervated.blbzc capsules but could, for

example, be primary axons from b,c capsules that, as a result of

2
endoneurial tube severarr=, entered the wrong endcneurial tubes
and were guided to the wrong primary regions.

Where hyperinnervation occurred the restoration of the ending
vas as good as that effected by primaries whose first-order branch
point was close to the spindle (Fig. 13, Plate 6; Fig. 30, Plate 10;
Fig. 39, Plate 13). In every case the axons were traced back as far
as possible and hyperinnervation was not presumed if they could
not be traced for at least 1000um, thereby minimisirg the risk
of the axons having been broken Jjust distal to the branch point.

The individual axons contained within the endoneurial tubes often
did not Tranch and were therefore restricted to reinnervating one
fibre type in the spindle. This suggests that these axons do in
fact represent the branches of a single parent axon which has
branched at a point far removed from the spindle. The alternative
hypothesis is that these axons are indeed the regeneraterd sprouts
of two separate parent axons which, because of endoneurial tube

severance at the crush site, have by chance both entéred the same




103

distal tube., This is unlikely for two reasons: firstly, it is
improbable that sprouts belonging to two separate Ia axons would
happen to enter the same endeneurial tube and, seconily, if they
vere sprouts of separate Ia axons then each might be more likely
to attempt to form a complete ending, as occurs with the double
primary endings (Fig., 19, Plate 6) rather than being restricted
to one fibre types as was often the case.

If it is assumed that these axons represent the branches
of a single Ia axon that has Wranches at a very distant point it
seems likely that this point would be removed from any trophic
influences of the spindle that might induce btranching. The most
probable site would therefore be the crush site itself., If this
is so then it might be *hat, despite the evidence to the contrary
from other sources (Gutmann & Sanders,l943; Devor & Govrin-Lippmamm,
1979b; Horch & Lisney,198la), in a small proportion of cases the
parent axons are capahle of supporting more than one axon sprout
at the crush site., Alternatively, the occurrences of hyperinnerv-
ation could be the result of severance of the axon and its endo=-
neurial tube leading to more than one sprout being maintained
(and assuming that the sprouts are successful in locating the same
distal tube) as has been noted after the transection of cutaneous
nerves (Horch,1976; Horch & Lisney,198la; Burgess & Horch,1973).
In either case the occurrence of hyperinnervation would be ind-
ependent of the recovery time and would probably be dependent on
the inevitable variations in the force with which the crush was
effected, Therefore the occurrence of hyperinnervation is probably
representative of the degree of disruption produced at the crush
site. Barker & Boddy (1980) as well as observing primary hyper-
innervationgalso reported its occurrence in some secondary and

motor endings.
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10.3 Secondary-ending Structure,

The restoration of the secondary endings after nerve=crush
injury appears on the whole to be successful, as was also found by
Barker & Boddy (1980). As with the primary, however, all the endings
displayed some degree of abnormality, the main features being a
reduction in the complexity and extent of the reinnervate:i endings
compared with the normal secondary endings.

The secondary axons generally regenerated more slowly than
the primaries and the emdings took longer to achieve full restor-
ation (Tables 6, 7). This is in line with the results of other
authors which show that the rate of regeneration is, at least in
part, dependent on the size of the parent axon (Thulin,1960;
Takano,1976 ) and also tt-* the onset of sprouting is dependent on
axon diameter (Devor & Govrin-Lippmann,1979a).

The results also indicate that fewer secondary axons regen=
erate successfully compared with the primaries (Tables 1, 6) since
there was an increase in the number of spindles without secondary
innervation, whereas almost all of the spindles were reinnervated
by primary axons (after the return of the second wave). There
was also a reduction in the number of spindles showing multiple
secondary innervation. This, again could be related to the size
of the axons such that the larger sensory axons might be more
likely to regenerate successfully.,

The distributions of the S1 secondaries to the different
intrafusal fibres, as given in Table 7, show that proportionally
fewer of the S1 secondaries reinnervate all three fibre types
compared with normal secondaries. Until 75 days PC (53 days RT)
the proportion of blbzc secondaries was much lower than in normal

spindles, the distribution becoming nearer to the normal situation
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over the subsequent recovery periods. Although confident identif-
ication of the bagl and bagz fidbres was not always possible, it

was apparent that the majority of the secondaries that were dist-
rivuted to only one bag fibre and the chains did, in fact, innerv-
ate the ba,g2 rather than the bagl. The finding that the ba.g1 fitre

was most likely to be uninnervated and that there vere no 3. sec-

1
ondaries that failed to reinnervate the chains is a reflection of

the normal distribution of S, secondary terminals to the different

1
intrafusal fibres. Thus, in normal spindles the chains are the most
extensively innervated and the bagl usually receives the least
innervation or, in 17.8% of spindles, is not innervated at all
(Banks et al,1982).

The relatively sl-w., sequential process of reimmervation by
the secondaries is different from the more rapid, nearly simult-
aneous process displayed by the primaries., These differences could
be related to the different branching patterns of the two afferents,
The primary axon divides at the first hranching node to produce two
or three first-order branches (Banks et al,1977; 19793 1982) one
of which often innervates only the bagl fibre while the others
innervate the bag2 and chain fibres, Bach of these myelinated bra-
nches usually further sub=divides before giving rise at the hemi-
nodes to the unmyelinated pre=terminal axons which innexrvate the
muscle fibres. In contrast, the pre=terminal axons that produce
the secondary endings may be derived from both the hemi-nodes and
the permltimate nodes and a segregation of the first-order branches
(i.e. one branch supplying the bagl alone, the other the bagz and
chains) is comparatively rare,only occurring in 22.7% of Sl second=

aries as opposed to 58% (Banks et al,1982) of peroneus brevis

primary endings. These differences in the derivation of the
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pre=terminal axons in the two types of ending could explain the
nore sequential process of reinnervation displayed by the second-
ary afferents (especially if combined with a slower rate of regen-
eration) given the chronological differences in the formation of

the pre-terminal axons.

10,4, Specificity of Reinnervation.

The results of both the histology and physiology indicate a
very high degree of specificity of reinnervation after nerve-=
crush injury, as was also observed by Brown & Butler (1976) and
Barker & Boddy (1980). This specificity is evident for both the
sensory and motor axons in that each type of ending was reformed
in its original region. Thus the primary axons entered the spindle
capsule and made direct contact with the intrafusal fibres in the
P region, usually without any sign of ‘searching' for the correct
site (Figs. 4, 5, Plate 2). In the rare event of terminal ranches
approaching the S1 region, these either doubled back into the P
region (Fig. 38, Plate 13) or failed to produce an ending (Fig. 25,
Plate 8). Similarly, the branches of secondary or motor axons that
encroached upon the P region either coursed through the region
(Fig. 3 Plate 1; Fig. 15, Plate 5) or formed large ball-like swell-
ings (Figs. 20, 21 Plate 7). Further evidence for specificity comes
from the finding that J axons whichreinnervated more than one spindle
retained their functional characteristies in all the spindles they

innervated (Table 10; see also Table 1 of Brown & Butler,1976).

McMahan et al {letinsky,Fishbeck & McMahan,1976; Sanes,
Marshall & McMahan,1978; McMahan,Edgington & Kuffler,1980a; Mc-
Mahan,Sargent ,Rubin & Burden,1980b) and Miledi (1960) have shown

that, in the frog, motor axons regenerating after nerve section
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reinnervate their original sites on the extrafusal muscle fibres
(this has also been demonstrated in the rabbit (Bennett et al,1973)).
They have further demonstrated that this is due to the regional
specificities of the basal lamina of the muscle fibres. This lamina
is resistant to degeneration and can persist for at least five

veeks in the absence of both the nerve and the muscle fitwe (Sanes,
Marshall & McMahan,1978).

In normal muscle spindles the basal lamina (which lines the
endoneurial tube) of the mobor axons is fused with that of the
muscle fibre, the lamina of the muscle fibre being continuous in
the synaptic cleft between the axoplasm and the underlying muscle
cells (Merillees,1960; Barker et al,1970; Banker & Girvin,1971).
The relationship between the sensory terminals and the intrafusal
fibres is different in that the terminals are applied directly to
the muscle surface, lying in shallow grooves (Adal,1969 )with the
basal lamina running over the terminals and being continuous with
that of the endoneurial tube of the axon (Merrillees,1960; Banker
& Girvin,1971). Given the persistence of both the basal lamina of
the muscle fibre after denervation (Sanes et al,1978: McMahan et
a1,19802) and that of the nerve, despite degeneration of the axon
(Thomas,1964; Haftek & Thomas,1968), it seems probabls that, after
a crush injury, most of the axons will not only be guided back to
the spindles they originally innervated, but also back to their
original sites on the intrafusal fitres. The restoration of the
somatotopic organisation of cutaneous afferents after nerve crush
lends support to this hypothesis (Burgess et al,1974: Horch,1979;
Horch & Burgess,1980; Dykes & Terzis,1979).

If one assumes that each type of axon has a unique
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relationship with the underlying intrafusal muscle fibre, which is
probable given the different natures of the different motor and
sensory axoﬂs and the regional variations of the intrafusal fibres,
then it is likely that the intrafusal basal laminse are specific
for the different types of axon, This could account for the observ-
ation that when the regenerating efferent axons tranch and invade
other regions of the spindle they are apparently unable to form
endings within those regions,

The distribution of the sensory axons is also likely to
be limited physically by the basal lamina of the intrafusal fibres
because the terminals lie beneath the lamina. Thus, in regions
vhere there have not previously been sensory endings the basal
Jamina would be closely =pniled to the surface of the muscle fibres
and so it would be unlikely that the terminals of a sensory axon
could establish an ending.

Despite some minor abnormalities, in each case the restor-
ation of the primary ending was very accurate. Even if there were
fewer terminal bands than normal (Table 4) the overall length of
the ending was usually only marginally reduced (Table 5) and the
characteristic form of the ending was often fully restored. This
accuracy would thus be the result of the persistence of the basal
lamina which would maintain the shape of the original ending so
the regenerating axon terminals would simply follow the original
paths. The absence of portions of the ending (Fig. 25, Plate 8)
or of some of the banding could be due to the failure of the
returning axon to branch at all the branch points of the basal
lamina tracks.

Schroder (1974b) reported that after nerve crush in the rat

some of the sensory terminals were separated from the intrafusal
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filres by intervening processes of basal lamina., Sanes et al (1978)
observed that when a muscle fibre shrinks as a result of denervation
atrpphy the basal lamina folds and new lamina is produced which cuts
off the folds. This could also occur to seal off some of the sect-
ions that previously contained a sesnory ending. It is also possible
that, in the absence of a sensory axon, the lamina of the muscle
fire would grow across the surface of the fitre and close off the
route of access of the sensory axon. Therefore if the return of

the sensory axon were sufficiently delayed it might become imposse
ible for it to reinnervate the muscle fibres. The absence of muscle
spindles in regenerated muscles of the rat has been attributed to
the persistence of the old, or formation of new, basal laminae
around the myotubes prev-nting the sensory axons from establishing
the contact required to promote myotube differentiation (Zelena &
Sobotkova,1971).

The main question raised by this scheme for highly specific
reinnervation is why, after nerve crush, there is not a similar
restoration of original connexions between the regen:rating or axons
and the extrafusal muscle fibres (Karpati & Engel,1968; Kugelberg
et al,1970; De Reuck et al,1973; Bagust & Lewis,1974). One possible
explanation is that the o¢ axons do regenerate down their original
tubes and return to an original muscle fibre (presumably the most
proximal one). At this point, the trophic effects »f the neighb=
ouring denervated muscle fibres could induce collateral sprouting
by the axons so that they would reinnervate the block of fibres
around the muscle fibre with which they first made contact. There
is some evidence for this type of reinnervation in that following

reinnervation, muscle fibres of the same histochemical type are
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clumped together rather than distributed in mosaic fashion through-
out the muscle (Dubowitz,1967; Kugelberg et al,1970; De Reuck et al,
1973), Cross-union experiments have further demonstrated that the
reinnervating o axons can change the nature of the fibres they
reinnervate (Buller,Eccles & Eccles,1960; Dubowitz,1967 ), which
indicates that the extrafusal fibres do not maintain their integrity
to the same extent as the intrafusal fibtres (De Reuck et al,1973).

1n,5. Invasion of the Primaxy Region.

Invasion of the P region took three forms:=- (i) a foreign
axon could enter the region via the Ia endoneurial tube in the abs-
ence of the primary (Figs. 13, 14, Plate 4; Figs. 20, 22, Plate 7);
(i1) a motor axon from the poles, travelling in parallel with the
intrafusal fibwes could enter the P region (Fig. 3, Plate 1; Fig.

21, Plate 7)s (iii) a branch of an S, secondary could invade the P

1
region (Fig, 12, Plate 4; Fig. 15, Plate 5; Fig. 27, Plate 9; Fig.
31, Plate 10).

The foreign axons that entered the P region via the Ia tube
either formed large ball=like swellings (Fig. 20, Plate 7) or left
the region for the poles (Figs. 13, 14, Plate 4; Fig, 22, Plate 7)
and were presumably motor in origin. Some of these axons, especially
the large diameter axons (Fig. 20, Plate 7) could represent the o<
invaders described by Barker & Boddy (1980). These are o< axons
which, as a result of the endoneurial tubes being severed, enter
the wrong tube and grow down into the spindle where they may att-
empt to form an ending if they arrive in the polar regions. If they
travel down a Ia tube then they will presumably be guided beneath
the basal lamina of the muscle fibres. Once there they would be

incapable of forming an ending because motor endings are formed
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applie” to tthpuscle fibre. The progress of the axon may well then
be impeded, if not totally prevented. It 1s possible that the axon

4

shown in #i~, 20 is an example of this condition, the large axonic
swelling in this case representing the damming up of the axoplasm
(see Yieiss,1944; his Fig. 1). The fine axons that have been observed
leaving the P region might be small enough to grow beneath the lam=
ina where it has become slightly separated from the underlying
muscle fibre as a result of atrophy.

Motor axons coursing through the P region from one pole to
the other are also common features of the normal spindle (Barker
et al,1970) and are usually the branches of fusimotor axons. It is
also quite common for these axons to produce axonic swellings as
they pass through these rerions{see Figs. 23-25, Plate 61 of Barker
et al,197%),0r they may terminate in such swellings in the sensory
regions, Barker et al (1970) suggested that these swellings rep-
resent attempis to form synaptic contzcts vwhich are inhibited by
the different regional specificity of the sensory region compared
with the poles.

Invasion of the primary region by branches of the secondary
axons is unique to the regenerated condition and becomes more pre-
valent with increasing recovery time (section 6.3, indicating a
continuing growth process. The apparent end of such axon branches

is to Torm an ending in the 3, region of the opposite pole, irr-

1
espective of whether there was an S1 secondary already present or
not (Table 8, It is presumed that these branches must be able to
grovw beneath the basal lamina to reach the opposite pole, so
again this depends on there having been some atrophic reduction

in intrafusal fibre diameter to allow their passage.

This abnormality shows that the physical guidance system
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of the basal lamina of the endoneurial tubes and muscle fibres is
not the only operative system for directing the axons. There is
substantial evidence for trophic factors produced by denervated
extrafusal muscle ~hich guide the regenerating axens and, in partly
denervated muscle, provide a stimulus for the formation of collat-
eral sprouts (Diamond,Cooper,Turner & MacIntyre,1976; Brown, Holl-
and & Horkins,1981), It is probable that similar factors are rel-
eased by the intrafusal fitres lacking motor or sensory innervation.
Thus in a spindle that was originally innervated by two S1 second=
aries, if one should regenerate before the other it would be poss-
ible that the first one back would respond to the trophic factors

emitted by the still=denervated 3, region of the opposite pole.

1
These factors would induce the formation of a sprout which would

grow towards that S, region and possibly form an ending there

1
despite (in some cases) the subsequent return of the S1 secondary
that originally innervated that region.

There is also evidence For regional chemical specificities
in that, although both the motor axons and the secondary axons
were able to grow through the P region, neither were able to form
recognisable endings there. This shows that the P region is highly
specific for Ia axons since secondary sensory axons, also growing

beneath the basal lamina were unable to form endings in the pri-

mary region,
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The Restoration of Muscle-spindle Function,

1 General Observations.

All the physiological results presented for the NS series
(Chapter 7) indicate a process of continuous improvement in the
functioning of the sensory units, from the early stages of abnormal
responses, to the restoration of apparently normal response patt-
erns and the attainment of near-normal axonal conduction velocities
for hoth the afferents and efferents.

The gamma efferents apparently functioned normally through-
out (except for some early on which were unable to maintain the
contraction of the intrafusal muscle fibres), although such normality
of function can only be inferred from their effects on the afferent
responses, These results 2l1lso provide evidence to confirm the histo-
logical observations (section 6.4) that the ¥ axons certainly re-
form their connexions with the intrafusal fibres at least as early
as the first sensory axons., At no point was there any evidence of
a lack of specificity in the restoration of the gamma endings on

the different types of intrafusal fibre.

.2 Afferent Conduction Velocities,

The progressive increase in both the afferent and efferent
CV's during recovery agrees with the results of many other authors
(Sanders & Whitteridge,1946; Cragg & Thomas,1961;1964; Horch &
Lisney,198la; and others) all of whom observed that distal to the
crush site the axons never achieved a full return to normal con-
duction velocities. The results described in section 7.2 are for
measurements of CV over a length of nerve comprising portions of
both the distal and the proximal segments, By 140 davs PC (118

days RT) the mean CV's had recovered to near-normality (Fig. 66).
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Overall there was evidence of a proportional restoration of
the CV's with the primary afferent axons conducting faster than the
secondary group and the & efferent axons conducting faster than the
J sroup, This is also in agreement with the findings of other
authors (Devor & Govrin-Lipmann,1979b) and with the histological
analyses that shov 2 proportional restoration of the fibre diam-
eters (Sanders & Young,1944),

3 Possible Sites of Generation of the Abnormal Responses,

A range of responses was described for the regenersted aff-
erents (section 7.3) from those units that only responded to the
velocity phase of the ramp through an intermediate series to those
units that responded within the normal range.

Afferents showing only the phasic portion of the response
to ramp stretch (the class 1 units) have been recorded from reinn-
ervated cat spindles by a number of workers (Brown & Butlex,1976:
Ip et al,1977; Hyde & Scott,1981) and also from reinnervated snake
spindles (Fukami,1972). Such responses were also racorded during
development (Skoglund,1960). Phasic responses and elevated stimulus
thresholds were also reported from cutaneous receptors during the
early stages of reinnervation (Burgess & Horch,1973; Dykes &
Terzis,1979; Terzis & Dykes,1980),

There has been a number of suggestions as to the cause of
these abnormal responses., Fig., 132 illustrates the proposed sites at
which such abnormalities might be generated. The possible causes
are as followsi-

A/ Failure of secure impulse transmission at the crush
site or along the fine resenerated sensory axon and its pre-

terminal branches.




Figure 132, A schematic diagram of a muscle spindle and its.
primary axon. The asterisks mark the possible sites of generation
of abnormalities in the response patterns. These are: 1/ The

crush site., 2/ The regenerated axon. 3/ The pacemaker site. 4/

The axon terminals.
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B/ Incomplete reinnervation of the intrafusal muscle filres.

¢/ Failure of the sensory terminalsto form secure attach-
ments to the underlying muscle fibres leading to slippage.

D/ A reduction in, or rapid adaptation of the receptor pot-
ential possibly as a result of changes in the ilonic conductance
properties of the terminal membranes.

E/ An increase in the threshold of the pacemaker site.

A/ Failure of Impulse Transmission.

Both the regenerated axon and the crush site are regions
having a low safety=factor for spike transmission and therefore
they could act as low-pass filters (section 3.6) thereby modifying
the afferent response.

The capacity of ihe rogenerated axons (including those of
class 1 units) to follow stimulation at frequencies of up to
. 200Hz without conduction block after only a relatively short rec-
overy period (33 days PC) indicates that the axons themselves are
unlikely to be the cause of the abnormalities since the majority
of class 1 units never exceeded lOOimp/sec in response to passive
ramp stretch. Further, the ability of the axons to transmit high
frequency spike trains during fusimotor stimulation is conclusive
evidence that impulse conduction is not a limiting factor. The
only occasion where conduction failure might be influenciﬁg the
response pattern was during the transmission of the very high fre-
quency spike trains generated by the highly dynamic units (section
9.5),especially when they appear to reach a cut-ofipeak frequency
as illustrated by the unit in Fig. 127.

B/ Incomplete Reinnervation.

The possibility that incomplete reinnervation might be the
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underlying cause of the phasic-only responses was postulated by
Brown & Butler (1976),and was given further support by Barker &
Boddy (1987) who observed that the most common abnormality in the
restoration of the primary ending was for one or other of the bag
fibres to receive very few terminals and sometimes none at all.

In this study only 5.2% of primaries failed to reinnervate
all three types of muscle fibre (Table 2) although it was more
common for one bag fibre to receive only one or two terminals
(Table 4) while the other bag and the chains were well innervated,
However, the incompletely restored emdings were only present after
the longer recovery periods and showed no signs of improvement
whereas the abnormally responding units were isolated early on
and became increasingly rwsxre. Moreover, stimulation of Xs and Ua
efferents restored the hold phase and background discharges of
even the most abnormally responding afferents and gave rise to
response patterns similaxr to those of normal primaries under the
same conditions (Fig. 86). The restoration of the static response
of a class 1 ending by Xs stimulation indicates that the bag2 or
the chains, or both,must have been reinnervated by the regener-
ating primary afferent even though this was not evident from the
responses to passive stretch alone.

Brown & Butler (1976) and Ip et al (1977) also suggested
that the lack of a functional efferent innervation might be a
factor in reducing the ability of the afferent axons to reform
fully functional connexions with the intrafusal fibres. The ana-
lysis of the silver=stained spindles from the experimental animals
shows that in every spindle vhere a primary was present motor
reinnervation had also occurred, These motor axons were fully
functional even in those spindles whose afferents generated the most

abnormal resnonses.
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¢/ Terminal Slippage.

Mechanical slippage of loosely attached sensory terminals
could result in a greatly increased rate of adaptation of the resp-
onse in z manner similar to the effect of the mechanical creep of
the bagl fibtre (Boyd et al,1977b; 1981 ). Schroder's (1974b) obs-
ervations of abnormalities in the contaét relationship between the
afferent terminals and the muscle fibres, where portions of the
basal lamina of the muscle can be interposed between the terminals
and the muscle (section 4,2) lend some support to this theory.

Fukami (1972) tested for terminal slippage in reinnervated
snake spindles by examining the responses to mechanical and elect-
rical stimuli. He observed that spimdles which showed a phasic-~
only response to the ramp stretch gave a similar response to ext-
ernally applied electric current indicating that the abnormality
was not mechanical in origin. This also militates ageinst the
possibility of some alteration in the mechanical properties of
the intrafusal fibres being resvonsible.

If terminal slippage occurred, it would also be expected to
manifest itself in the response to fusimotor stimulation and de=
polarisation by Sch, which was not the case.

D/ Reduction or Adaptation of the Receptor Potential.

Comparison of the responses of class 1 and class 4 regen=
erated afferents (Fig. 74) shows that the peak firing rates of
the class 1 afferents at the end of the velocity phase of the
stretch are markedly less than those generated by the class &
afferents for an equivalent stimulus. This reduction in firing
rates is further illustrated in Fig. 90 and Table 11, The data
given in Table 11 also show that there is an increase in the

hold-phase firing (where present) as the units recover from being
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class 1 to class 4 in nature.

These figures indicate that the abnormal responses are
associated with a decrease in the amplitude of the response to
a given mechanical stimulus. This lowered response could be att-
ributed to a change in the ionic conductance of the terminal mem-
branes thereby leading to a reduced receptor potential. Such a
change might occur as a result of a relative scarcity of funct-
ional Na@ channels (or possibly Ca++ channels) during the early
stages of recovery leading to a reduction in the current flow,
Such a reduction in the receptor potential was proposed by Fukami
& Ridge (1971) as one possible explanation for the increased
adaptation observed in the responses of denervated snake spindles.

As both the peak and hold-phase firing rates increase as
recovery progresses, the difference between them (the dynamic
index )remains roughly constant (Table 11). If the abnormal responses
occurred as a result of a lowering of the receptor potential due
to the inability of the terminal membranes to sustain the normal
receptor potential and to carry the normal levels of current flow,
then the effect would be one of a proportional reduction in the
response. If this vere so, the dynamic index of a class 2 unit
would be proportionally less than that of a class 4 unit,which
was not the case (Table 11).

Another possibility is the presence of a rapid time-dep—
endent change in the conductance characteristics of the terminal
membranes. Fukami (1972) demonstrated that there was a rapid
adaptation of the response to stretch of reinnervated snake
spindles, which he attributed to the electrical properties of the
terminnl membranes. He further proposed that this effect was

related to that observed by Fukami & Ridee (1971) during the
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degeneration of function of snake spindles as a result of denerv-
ation,

Such an adaptation of the receptor potential is unlikely to
be the cause of the reduced peak firing rates because the shapes
of the instantaneous frequency records of the class 1, 2, and 3
units for the velocity phase of the stretch are similar to those
of the class 4 and normal control units (Fig. 74).

Adaptation of the response could account for some of the
responses shown by class 2 units (Fig. 70) where the firing ceases
during the hold phase of the stretch. Even here, though, it seems
unlikely to be a major factor because normal primaries show an
adaptation of the response during the first few seconds of the
hold phase associated with the mechanical creep of the bagl fibtre
(Boyd et al,1977b; 1981) and any marked increase in the adaptation
would lead to an increase in the dynamic index. Further, during
Xg stimulation the responses of class 1 and 2 affereﬁts (Figs.
78, 79) show 1little if any of the adaptation that would be exp-
ected if it was the result of adaptation of the receptor potential.

E/ Increase in Pacemaker Threshold.

The abnormal responses appear to be associated with a
reduction in the amplitude of the response to all phases of the
ramp-and=hold stretch, probably with little, if any, contribution
from an increased rate of adaptation (of either electrical or
mechanical origins).

Fig. 133 illustrates the effects of an increased pacemaker
threshold on the response of a normal primary ending. Fig. 133A
shows the instantaneous frequency record of a normal primary
afferent, Superimposed on this picture are three lines to represent

the effects of an lncreased pacemaker threshold., If the threshold




Figure 133. A scheme to explain the abnormal primary-ending responses
in terms of an increased pacemaker threshold. A, the instantaneous
frequency record of a typical primary ending in resronse to a ramp=-
and=hold stretch. Superimposed on this are threevbase-lines to

show the effect of raising the pacemaker threshold on the resp~

onse pattern gvoked by the stretch. B, a response pattern similar

to that of a class 1 unit created by raising the pacemaker thr-

eshold to base-line 1, C, a class 2 unit response, being that

part of the primary response in A lying above base-line 2. D, a

class 3 unit response created by raising the thresheld to base=~

line 3.
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is set at 1line 1, then the response that vould be observed consists
of that part of the record lying above line 1. This is illustirated

class 1

{

in FiFp, 1723B. The vresponse sgenerated is simils> to *h
recerds illustrated in Fig.ég,consisting of the peraks of the aff-
erent response that occur st the start of the ramp (the initial
burst) and during the latter part (if not all’ of the velocity
phase of the ramp.
The record shown in Fig. 133C is of a class 2 unit, with
the response failing part-way through the hold phase. Such a
response is generated by setting the threshold base=line along
line 2 (Fig. 133A). An increased rate of adaptation might also
need to be invoked to create some of the class 2 responses (Fig,
70), although in the main these could probably be accounted for
by the normal hold-phase adaptation of the afferent response.
Base=line 3 (Fig. 133A) similarly sets the level for the
class 3 response in which the response to the ramp is normal
(though of slightly reduced amplitude: but the background dis-
charge is absent (Fig. 71). Obviously in reality, *hese shifts in
the pacemaker threshold would be part of a continuous variation in
threshold rather than being set at specific levels as described here,
The increased, pacemaker threshold, by producing a subtractive
reduction in the response amplitude, can generate the different
patterns of response and can also account for the constant
dynamic index and the normal appearance of the responses to fusim-
otor stimulation., Vhether this model could also account for the
phasic-only responses recorded from kitten spindles (Skoglund,
1960) is a matter for further experiment,
Because of the nature of this threshold effect, it seems

likely that most of the class 1 units are primary afferents. This
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is probable because primary afferents usually show a large drop in
firing rate from the pesk of the ramp to the start of the hold
phase compared with the more gradual decline shown by secondaries.
Thus, the secondaries would be more likely to display class 2 or 3
responses even during the early periods of recovery. This could,
in part, explain the lack of difference between the CV's of the
class 1 afferents and those of the other regenerated classes (Fig.
77) since the clzss 1 group would be strongly weighted towards the
Ia range of CV's for the specific regeneration period.

4 Fajilure of Gamma Transmission.

The records in Fig. 87 (section 7.4) illustrate the failure
of'a,Eg axon to secure maintained contraction of the intrafusal
muscle fibres when stimulated repetitively for more than a few
seconds.,

There are two probable sites of failure (given that the
stimulus employed in the ventral root was of sufficient amplitude
to ensure secure following at 190Hz); either conduction failure
in the regenerated portion of the axon, or failure of neuromusc-
ular transmission,

During the early stages of regeneration there is a three to
Tive=fold increase in the absolute refractory period of the axon
(Thulin,1962) combined with a reduction in the safety-factor of
transmission, especially past branch points (Waxman,1980). These
factors mean.that the capacity of the axon to carry high=frequency
spike trains is sreatly reduced. This could result in inter-
mittent failure, or even total blockage (section 3.6).

At the relatively low frequencies employed, however, it
is more likely that failure of neuromuscular transmission would

be the cause of failing contraction., There is evidence that newly
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regenerated synaptic terminals, although functional, may evoke
smaller miniatuwe endplate potentials than normal (Dennis &
Miledi,lQ?@E; Bennett et al,1973) which could be attributed to
the small size of the newly regeneraled terminals since there is
a correlation between terminal size and quantal content (Kuno,
Tukanis & Meakly,1971). This could lead to z failure of secure
transmission, especially during relatively lons veriods of stim-

ulation.

11.5 Highly Dynamic Afferents.

Afferents with a peak firing rate of 270imp/sec or more
were present during the earliest recovery periods in both the NS
and InC series (sections 7.6 and 9.5). In both cases they const-
ituted some 35% of the afferent population compared rith 6,5% in
the controls (section 9.5). As recovery progressed the proportion
of such afferents declined rapidly in both the W3 and iC afferent
populations,

Almost all of the regenerated afferents firing at more
than 20Nimp/sec, and all those that exceeded 250imp/sec9we:e well
within the primary range of conduction velocities and their resp-
onse patterns (Fig. 127) closely resembled those of primary aff-
erents during Xﬁ stimulation (Fig. 85) or depolarisation by Sch
(Fig, 89). The response pattern thus consisted of a very fast
rising phase with a rapid fall at the peak of the ramp follovred
by a very marked adaptation during the hold phase.

After chronic de-efferentation, the resmonse 1o stretch
of spindle afferents is preatly enhanced (Hnik,1977; Hnik & Lessler,
19733 Arutyunyan,1981). Hnik (Hnik,1970; Hnik & Lessler,1973)
found that the dynamic responsiveness was greatly increased and

that the secondary response was more affected than that of the
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primaries. Arutyunyan (1981) also reported a marked increase in
the dynamic resvonse of primary afferents follovwed by an enh=nced
adaptation but he found little ausmentation of the secondary
response,

Hnik & lessler (1973) proposed that this effect might be
due to changes in the visco-elastic properties of +the spindle as
a result of de-efferentation, or to an alteration in the membrane
mroperties of the sensory ending., Arutyunyan (1981) also proposed
some changes in the visco-elastic properties that would increase
the transmission of stretch to the sensory region because of an
increase in the stiffness of the poles.

Hnik (Hnik,1970; Hnik & Iessler,1973) found that the
enhanced response was fully developed within six days of de-eff-
erentation and then remained unchanged for at least two months.
This argues against an atrophic change in the stiffness of the
poles since it has been shown that the spindle is resistant to
atrophy for some weeks after total denervation,with a subsequent
period of progressive atrophy of the intrafusal fibres (De Reuck
et al,1973; Tover,1932).

Most of the changes as a resulf of denervaticn, therefore,
are relatively slow to become apparent and subsequently follow a
progressive course, whereas the onset of the augmented response
is rapid and, once developed, shows little subsequent change.
Further, it seems unlikely that an increase in the stiffness of
the poles, possibly as the combined result of muscleefibre atrophy
and an increase in the amount of comnective tissue, as proposed
by Arutyunyan (1981 % could account for both the increased sensit-
ivity to stretch and the increased adaptation during the hold

phase.
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An alternative explanation mirht be that the stretch-

induced contraction of the bag. fibre (Poppeie & Quick,1971) is

1
enhanced by the absence of 2 functional fusimotor innervation

which normally acts partially to suppress the stretch activation,
During the very early stages of recovery, it is possible that

the sensory ending might become fully functional before the Xd
endings, or before the presence of the Xd endings had fully supp-
ressed the enhanced stretch activation. Dennis & hiiledi (1974z )
showved that during regeneration some muscle fibres can be reinn=
ervated by motor fibres that are initially non-functional and they
termed this the 'non-transmitting stage' of regeneration. As the

Xd endinrs mature they would rapidly suppress the enhanced stretch
dctivation. In contrast, any effects due to atrophy, or the increased
‘deposition of connective tissue, night be expected to be longer
lasting after the restoration of ithe spindle innervation. Also,

in the first place such changes would probably affect most, if

not all, of the spindles,rathexr than the 35% noted at the earliest

stages of restored function.
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—3

he Histology of lruscle Spindles Reinnervated After Short Zeriods

of Denervation.

1 Restoration of Primary Endings in the NZCU and 33 3eriss,

The =T and N3 series of experiments both covered the rege
overy periods from 4 to 30 days RT after zeriods of &
10 and 22 days, respectively. The restoration of ths orimary endines
proceeded at the same rate in both cases; with the Tirst =iferents
having returned a2t U4-5 days RT and most of the spindles possessing
primary endings by 9-11 days RT. There were, however, fewer un-
innervated spindles in the NEC series than in the N5 series until
the return of the second wave of reinnervation at about 25 days RT
in the ¥8 series (Tables 1, 13). This second wave was not apparent
from the histological =zn2lvsis of the NGLC material, thou-h this
could have been due to the relatively small szples examined since
there was some evidence of a second wave from the physiological
results (section 9.3).

Barker & Boddy (1980) proposed that the second wave of re-
innervation marks the return of those primary axons whose endo-
neurial tubes were severed during the crush operation., It also
seems likely that the frequency of occurrence of hyperinnervation
could reflect the degree of disruption at the crush site in terms
of axonal and endoneurial tube transection (section 10.27.

It would be expected from Laplace's law (ilaplace's law states
that the tension in the wall of a cylinder is proportional to the
difference between the internal and external pressures multiplied
by the radius; that the disruption caused by an equivalent crush
operation at the knee would be greater than that caused by crushing
the nerve close to its point of entry into the muscle because of

the differences in the cross=sectional areas of the nerve at these
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two points, Thus it is probable that a greater provortion of endo-
neurial tubes would be severed by the 13 crush opsrztion than by
the J%C operation and the axons that would e most damc-od in

each case would be the large-diameter group I and &4 -~x-ns {3train
% Olson,1975).

As a result 1t would be expected that the second wzve o7
reinnexrvation would be more pronounced in the J3 series and that
this does not necessarily reflect any effects due to the incrsased
denervation period. Similarly, there were higher levels of hyner-
innervation observed in the N3 material ( 12.4% of P regions were
hyperinnervated ) compared with the NEC spindles, of which only 4.7%
showed primary hyperinnervation.

There vas little difference in the time scales of recovery
of the primary endings (in terms of days RT) between the two series
of experiments, or in the quality of restoration of the endings.
The primary endings showed the same numbers of terminal bands
(Tables 4, 15) and the endings were of equivalent lengths (Tables
5, 16), The absence of any clear differences probably reflects the
resistance of the spindle to atrophy during short-termdenervation
(De teuck et al,1973). De Reuck et al (1973) found that there was
no significant reduction in the diameters of the intrafusal fibres
of rat spindles even after three months of denervation, although
they did observe reductions in the enzyme activities beginning as
soon as 14 days after the lesion, In contrast, Kubota et al (1978)
reported that within 7 days of denervation the muscle fibres from
spindles in the snout muscles of the mole were reduced to two=
thirds of their normal diameter and after 4N days they were reduced
to half normal size. Schroder et al (1979), however, reported only

a small decrense in the diameter of the intrafusal Tibres of rat
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spindles after three months denervation after takine into =account
the efiects of the splitting of some of the muscle fibres on the

spectrum of fibre diameters, Overall, therefore, it seems likely

that gross structural atrophy is relatively siight over tns first
three weeks of denervation, although there is a progressive loss

of histochemical activity.

2 Restoration of the Secondary Endings.

The S1 secondaries in the NiC material showed a more rapid
recovery than did those of the N3 series. There was no clear diff-
erence in the time of return of the secondary afferents (Tables 6,
17 ) but the NiEC secondaries reinnervated all the fibre types more
rapidly than did the NS secondaries (Tables 7, 18}, Over the first
30 days RT, 65.8% of ths 7 secondaries (out of a total of 41
endings) reinnervated all three fibre types, whereas over the first
39 days RT in the WS series only 26.2% of secondaries {of z total
of 42) reinnervated all three fibre types, and 52.4% vere distrib-
uted to the chains and one bay fibre., Only after the longer recovery
periods did the majority of HS Sl secondaries reinnervate all three
fibre types.

Since the secondary axons appeszred to regenerate at the same
rate irrespective of whether the crush was made at the knee or
close to the muscle, it is difficult to determine why the process
of reinnervation should be slower after a longer period of denerv-
ation. In both series there is evidence for z sequeniial process
of reinnervation with the chains being reinnervated first followed
by the bag fibres in turn (usually the bag2 vas reinnervated before
the bagll. These results supggest that the process of branching at

the heminodes or penultimate nodes is slowed by the increased

period of denervation. This might be due either to some effect
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that the period of separation from the muscle has on the zxon or,
conversely, that the bag fibres (especially the bisl' become 1ess
receptive as = result of some changes in specificity as ~i-hi be

indiczted by the alterations in enzyme activity that besi: around

14 days D {De Rueck et al,1973).

2.5 The wffects of Longer Periods of Denervation on Reinnervation,

After the longer periods of denervation there vos svidence

of the beginnings of 2 breakdown in the marked regicnal s»ecific-

ities that were in evidence in the HZC and WS series, T

nis was most

e

obvious in the spindlies that had been denervated for 50 days,

If it is assumed thai the configurations of the basal lamina
over the intrafusal fibres act as a physical guidance system for
the returning sensory axonss ~hich form their terminsls underneath
the lamina (section 17.4 7, then the prorressive airopnic reduction

in the iatrafusal fibre diameter (however slisht initislly vould,

with time, reduce the effectiveness of such a muldance

as the fibres atrophied and shrark they vwould hecome separated from
the lamina, thereby allowing small (but progressively larger’'® axon
branches to gro between the muscle and the lamina. This vould
be further exacerbated by the folding of the basal lamina, as
atrophy occurred and the subsequent cutting off of those folds by
the groth of ne lamina (Sanes et al,1978:.

Therefore purely in terms of the reduction in the effective~
ness of the physical guidsnce system, a breakdovun in the reglonal

1

limitations imposed on the endings would be expected, Th

-
]

ide
9

physic

b
sy
htl

fuidance system is unlikely to be the only mechanism controlling
the distribution of the axon terminals on the intrarfusal fibres
(section 17,5, There is also likely to be a system of resional

chemical specificities that controls the formation of endings,
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These chemical specificities may be postulated in the N5 studyv where
there were limitations on the abilities of axons to form endings

in foreign regions (section 10.5). Similar limitations are also
evident from the RC series material in those spindles where there
has apparently been a breakdown in the track guidance and oranches
of the la enter the Sl region. Some of these branches double back
into the P region (Fig. 117, Plate 27; Fig. 120, Plate 29; see

also Fig. 38, Plate 13) and it seems likely that this may be due

to the chemical influences of the S, region inhibiting their growth.

1

As the period of denervation lengthens there is zlso likely
to be a breakdown in the regional specificities, which would further
reduce the accuracy of reinnervation. This is beginning to become
apparent at 50 days D whaon the hranches of the I3 axons in some
spindles were able to form endings in the S1 regions (Fig. 118,
Plate 28; Fig. 123). De Reuck et al (1973) reported that after
two weeks of denervation the ATP'ase, P'ase and succinate de=
hydrogenase activities begin to decrease and as a result there
would be a loss of at least some of the regional variations char-
acteristic of the normal spindle. After four weeks denervation
De Reuck et al (1973) found that the histochemical activities were
so decreased that it was not possible to identify the fihres on
the basis of their histochemistry alone.

After the repeat crush operations (RC) used to achieve the
longest period of denervation ( 50 days D) there was an increase in
the occurrence of hyperinnervation (section 8.6) to 23,8% of the
population. This, again, is probably associated with the tran~
section of the endoneurial tubes which is 1likely to be more fre-

quent after repeated crushing of the nerve.
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The Effect of the Denervation Period on the Recovery of Function,

.1 General Observalions,

The ranse of denervation periods studied o3z fron 10 1o 590

7. The results deseribed in Chapter 9 shoir that =0 1:

the dencrvation period has most marked effects for the short neriods
from 10 to 22 days D. This 1s apparent not o much from compzrisonz
of the rel-tive rates of reformation of functionzl connexionrs,
hich ars similar in both series (and are zlso similer hisioloric=
ally), t from comparisons of the rate of recovery of the normzl
response pattern once connexions have been re-established.
The longer periods of denervation show 1ittle in the way of

marked sffects althoush there vias a slisht trend towards slower rec=

overy with increasing #rremation time. The longest denervation

=

period —as 57 days and most or the histological and »iometrical

by sl

studiesklndicate that,although there is some atrophy of the intra-

?

Tusal fibres over this period and a reduction in enzyme activities,

the atrophy 1is not very pronounced until the spindle has bheen den=~

1

exvated for more than 3 days (De Reuck et 21,19773; Schrdder et o1,

1979 .

2 Afferent Conduction Velocities.

ot 2ll the data on conduction velocities can be compared
directly because of the differences in the siting of the ztimule
ating electrodes »ith respect to the crush site.

The results of the NEC series shov that initially there vas
oniy a slight reduction in the afferent CV's proxinmal ito the injury
site (Fig. 124). As the period for recovery increazsed, hovever,
there »as o progressive reduction in the CV's over the proximal
sopment vhich iz the reverse of the trend scen in the dislal sog-

ment (i, 60Y, Crage & Thomas (1961 reported sinilar reductions
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in CV in the proximal segment commencing some 25=30 days after nerve
crush, They found that by 50 days the CV's had dropped to 30% of
normal and remained so for another 100 days before gradually re-
turning to normal. They correlated these finding with alterations
in the axon diameters and myelin sheath thicknesses that occurred
over extensive resions of the proximal segment, They found z elsar
correlation between the CV's and the diameters of the axons and
also a relationship with the thickness of the myelin sheath
(section 3.6).

The greatest changes in CV occurred in the distal segment
(Fig. 68) where the axons were actively growing. The results ill=-
ustrated in Fig. 128 show that delaying regeneration by repeating
the crush injury had 1little effect on the restoration of the aff—
erent CV's, This indicates that axonal regeneration as a whole was
1little hindered by the repeated lesions or by the increased period
when the axons were deprived of the peripheral connexions which
are important in regulating their maturation (Sanders & Young,1946;
Aitken,1949: Aitken et al,l947),

.3 Recovery of Response Pattern and Firing Rates.

The afferents recorded in the HEC experiments showed the
most rapid recovery after the injury but, as with the CV results,
there is apparently little to distinguish between the results of the
N3 series after 22 days denervation and those even after 50 days D
(the RC series).

The conclusions that can be drawn from these findings are
that during the first three weeks of denervation certain changes
take place in the spindle, or the regenerating axon, which, although
not affecting the rate of'reformation of the connexions, reduce the

rate at which the endings mature. De Reuck et al (1973) reported
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that the histochemical effects of denervation 3id not become
aoparent till after two weeks of denervation when the enzyme
activities of the intrafusal fibres started to decrease. In the
N2 experiments the denervation period was only 10 davs, so there
would have heen little, if any reduction in the enzyme activities
by the time the motor and sensory axons returned and arrested the
vrogress of atrophy. In the NS series, however, these changes
would have been well under way by the time the axons returned
and, even if such chanées had no effect on the restoration of

the connexions, they might well have affected the rate of mat-
uration of the endings.

After the first three to four weeks there was apparently
some degree of stabilis~tion such that the denervation period
up to 50 days had little effect on the restoration of spindle
function. It must be assumed that if the denervation period were
to be extended still further, into the period when marked atrophic
changes occur (Tower,1932; De Reuck et al,1973; Swash & Fox,1974;
Schrdder et al,1979), then the formation of functional connexions
and their rate of maturation would be impaired (Gutmann & Young,
1944 ),

If an axon is inJjured once, and then injuren again after
one or two weeks have elapsed, then the rate of axonal regeneration
is increased as a result of accelerated sprout formation and out-
growth (McQuarrie,1979; McQuarrie & Grafstein,1973; ricQuarrie,
Crafstein & Gershom,1977). These effects are attributed to an
enhancement of the cell body response to the second lesion as a
reult of the effects of the initial conditioning lesion (McQuarrie

et al,1977).
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Vermae (1979 reported that, in the frog, restioraiicn of the

axvirafusal neuronusculary conmexions vas scceleortiad
- P R R RPN LN £ L3 ) ant 5 o5 - L
rensating the lesion, despite the incressed period of Jercxveotion,

hrR U} . e . e LR T e LI D + - v e Y e
This fadiecztns thet the inltinl increcse in the rate ol rooith is

lates themselves vas also accslerated and hs sugpested that ths

e}

initizl) denervation induced the develo-ment of some latent canscity
for resenerstion developed by both the nerve and the musacie,

If an increased growth rate occurred and vas miintained in
the repeat crush experiments then these spindles would have had
longer periods of reinnervation time and :rould have been denerve
ated for shorter periori~ than vas predicted by assuning - fairly
constant rate of regenerniior. This increazsed period of reinnerv-

ation misht have offszet any slight reductions in the rate of end=

[a

ing maturation that might have occurred as @ result of the increase
denervation period,

The increased denervation veriod achieved by making the
lesion more proximally (the TC series) also had little effect on
the rate of recovery, there being little difference between the
quality of function of the afferent populations in the TC and 3
series. This lends support to the hypothesis that after the first
three weeks there is some degree of stabilisation such that inc=
reasing the denervation period has little effect on the recovery
of function over the periods examined.

It should also be borne in mind, however, thal these measure-
ments vere made ot A time vhen the units in the I series vcre

shoring Tittle prosress torards normal function. The results

shovn in Tables ¢ and 12 indicate that over the period of 25=53
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s. Thus, at 7t days RT, "hen the 3 populzti

<4
orents.

UL

in the RC populstions, esdec=-

improvenent, the afferents that were
mizht have “nzred behind s-nd

ially those in the 59 days I sample,

not shown any improvement till after a lonrer period of rescovery,
There is o need Tor {vx o ~xperiments Lo clarify this point,




indicated that the first afferents were restored by & davs RT and

that th oration of the secondaries lagge ! slightly behind
of the orimaries. There was also clear agreement o2 “ne Time

of return of the second wave of reinnervation (Tables 2, o .,

tions of the endings were completec very ranidly
change occurring afier 33 to 40 days 7 {s=zc-~
J \

tion 6.2). The time period for restoration of normal Ffunction was
more axtended with a reiatively high proportion of afferents still
showing class 1 or 2 responses after 84 days RT (Table 9). These
differences probably re’ 2% the different processes involved. The
restoration of the structure of the ending is a matter of axon
grovwth directed by the presumed physical and trophlc guidance sys-
tems. The restorstion of ending function is based on a process of
maturation of the terminal and pacemaker membranes that is probably
dependent on the prior restoration of contact between the axon
terminals and the intrafusal fibres., Therefore the restoration of
normal function would inevitably lag behind the physical restor-

ation of the ending, especially as the rate of maturation of the

pacemaker sites appears to be relatively slow
An important disparity between the histological and physiol=
ogical results of the NS series is that whereas the physiological
results showed an eventual return 1o normal function, there was
never a full recovery in terms of the appearance of the endings which
alvays showed a marked reduction in the number of terminal bands for-
med around the intrafusal fibres. This raises the question as to the
extent to which morphological abnormality results in physiological

dysfunction.
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It could be argued that the ramp-and-hold stretch, with or
without ¥ fusimotor stimulation at set frequencies, 1s an insuff-
iciently rigorous test of spindle function and is too crude to pick
up the more subtle physiological abnormalities that may be present.
A further problem is that, because of the nature of the system under
examination in these experiments, a direct correlation between
morphology and function in an individual spindle was not vpossible,
Despite these drawbacks it can be concluded that in the normal
spindle there is probably a degree of redundancy in the =laborate
configurations of spirals, rings and irregular terminals formed by
the afferent axons on the intrafusal fibres, certainly as far as
can be determined by the restoration of apparently normal function
as seen in these experirenis,

The histological and physiological results of the NZC exp-
eriments also show a correlation of time scales (except over the
return of the second wave of reinnervation; see section 12.1).

In both sets of results the first endings were located at 5 days RT _
with a much greater proportion having returned by 9 days RT. The
results also show &z comparably.rapid restoration of morphology and
function, although, as with the NS series, the restoration of
function lagged slightly behind the restoration of the ending
structure, Again, after the longer recovery periods, normal function
was apparently restored without the full restoration of normal
morphology.

The greatest disparity between the histological and physiol-
ogical results occurred in the RC and, to a lesser extent, the TC
experimental series. Whereas the histological data showed a pro=
gressive deterioration in the complexity and organisation shown by

the regenerated endings as the denervation period was increased
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(section 8.5), the physiological results shoved only a very slight
trend towards lower firing rates and reduced CV's (sesction 9.7,
9.8), Some ofAthis absence of functional deterioration might be
attributed to the slightly increased reinnervation period due to
the increased rate of regeneration after the repeated lesions
{section 13.3). The problem still remains, however, of determining
to what extent normal (or apparently normal )function is dependent
on the restoration of morphological normality and to what extent
the structure of the ending is redundant. In this context it would
have been of especial interest to have been able to examine the
response patterns of individual spindle endings (such as those
from the spindle in Fig. 123) and subsequently to analyse the
distributions of the endings on the intrafusal fibres.

This question is one that can only be begun to be answered
by experiments in which single spindles are tested with a range
of mechanical stimuli (ramp stretches, sine-wave stretching, vib=
ration, etec) in the presence and absence of both ¥ and p-stimul-
ation, followed up by thorough histological or ultrastructural ana-
lysis of the complete spindle, What the results that have been
described do show is that there may be some degree of redundancy
in the elaborate configurations that characterise primary and sec-
ondary endings. Under the experimental regimes that were employed,
regenerated endings with only half the normal number of terminal

bands were apparently capably of functioning normally.
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14.2 Final Conclusions.

All the results that have been described indicate that both
morphologically and physiologically the prognosis for spindle re=
innervation is very good after nerve=crush injury even if the spin-
dles remain denervated for some weeks. There is a powerful guidance
system which is probably a physical track provided by the basal
lamina of both the axons and the muscle fihres, supplemented hy
the trophic attractions and regional specificities of the denerv-
ated intrafusal muscle fibres. Together these systems enable a highly
successful restoration of the spindle innervation and, consequently,
of spindle function.

Mistakes do occur in this system; the ones that were most
common in these studies came about either as a result of severance
of the endoneurial tubes,or because atrophy of the muscle fitres
caused the basal lamina to become separated from the surface of the
fibres and alsc reduced the chemical specificities of the different
regions.

Severance of the endoneurial tubes was a direct result of
the mechanical injury and, in some cases, the correc: axon was
unable to locate the opening to the distal segment or else an
axon of the wrong type entered the tube. In either eventuality the
correct innervation ~as not restored and this obviously would
have had detrimental effects on the functioning of the spindle.

Separation of the muscle fibre from its basal lamina as
a result of muscle atrophy would reduce the effectiveness of the
track guidance thereby allowing the axon hranches to invade other
regions., This would, therefore, be detrimental to the organised
distribution of the terminals. With increasing periods of denerv-

ation these effects became more pronounced and there vas also
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evidence of a reduction in the regional specificities which
further reduced the gquality of reinnervation.

The results of these experiments have important implications

Fy

or studies on recovery after nerve section and on the effective~
ness of different nerve-repair techniques. If the guidance system
operates as has been proposed, then a primary axon is only Tikely
to reinnervate the primary region of a spindle if it is successful
in relocating the distal stump of a Ia endoneurial tube. This

success at the injury site is especially critical for sensory axons

since they form their endings beneath the basal lamina of the muscle

fibres and access to this site, other than by growing down the
correct tube, would be severely restricted. The problem for motor
axons is not so great becatse they form their endings on the sur-
face of the lamina of the muscle fibres, In their case, therefore,
local trophic attractions would probably enable the eventual re-
innervation of an endplate by a motor axon even if it originally
arrived in the wrong region of the spindle.

These differences in the requirement for successful location
of the distal stump probably account for the findings of many
surgeons that although there is often reasonable restoration of
gross motor control after nerve repair, the sensory systems axe
always less successfully restored (Hudson & Domisss,1977; Tallis,
Staniforth & Fisher,1978; Haase,Bjerre & Simesen,1980; Hallin et
2l,1981 ). The ultimate (though probably never fully attainable)
obJectives of nexrve repair must therefore be near-perfect align-
ment of the proximal and distal stumps, achieved with the minimum
of disruption (tb avoid excessive scar tissue ), the repair being

effected as soon after the occurrence of the injury as possible.
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The results obtained from these series of experiments form
a useful starting point for analysing the reinnervation of the
miscle spindle after other forms of nerve injury., Because after
the crush injury almost all the axons regenerate to reinnervate
their old sites, these results can be used to identify what effects
are due to the period of denervation itself as opposed to those
due to incorrect reinnervation, Further work is also necessary
to examine the effects of even longer pericds of denervation on
the success of the subsequent reinnervation, as the periods of
denervation that were examined were only long enough to show the
start of the breakdown of the specificities of reinnervation.

The results that have been described do indicate that
successful restoration -7 function is not dependent on the perfect
restoration of the morphology of the endings. This conclusion
provides some hope for the restoration of spindle function after
more serious nerve 1injuries even if the period of denervation has
been such that the ending is very poorly restored in terms of its

physical appearance.
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