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Fig. 3. A. Effect of background fusimotor activity in a spinal cat on response of a soleus pri-
mary ending to a linear stretch at 18 mm/sec. Top record, ventral roots intact. Lower record,
after section of ipsilateral ventral roots LVI, LVII and SI. Additional traces indicate muscle
length and tension during stretch. B. Scatter diagram of effects of ventral root section in
spinal cats on dynamic index (ordinate) and static response (abscissa) of anterior tibial
(circles) and lateral gastrocnemius or soleus primary endings (squares). Rate of muscle
stretch always 18 mm/sec. Open symbols, observations from acutely spinalized cats. Filled
symbols from cats spinalized the previous day. From Alnzs, Jansen & Rudjord (1965.)

in the decerebrate preparation. Evidence for such a depression of flexor fusi-
motor activity has been presented by Pascoe (1963) and Voorhoeve & van
Kanten (1962).

As a final point in the discussion of background fusimotor activity in the
spinal preparation, an important observation made by Hunt (1951) will be
considered. Hunt found that this activity tended to disappear after complete
bilateral section of the dorsal roots. It is likely, therefore, that the dynamic
fusimotor background activity referred to above is supported to an appreciable
extent by dorsal root inflow. In the decerebrate cat fusimotor activity persists
after extensive sections of dorsal roots (Eldred, Granit & Merton, 1953).
To which extent this applies to dynamic as well as static fusimotor activity is
not known.

Reflex activation of fusimotor neurones. With the establishment of dynamic and
static fusimotor fibres the efferent part of the nervous control of the skeletal
muscles has become appreciably more complicated. To account fully for motor
behaviour it is now a question of determining how each of the three efferent
nervous elements (o motor, dynamic and static fusimotor fibres) are engaged
in the various reflex and motor acts of the organism. Since the functional role
of fusimotor activity in relation to control of movement is at present poorly
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understood, it is hardly possible to present a consistent account of fusimotor
reflex activity. Instead, it is a question of summarizing a number of observa-
tions on fusimotor reflexes while realizing that their significance can only be
conjectured.

Certain observations appear to be well established in this field. Activation of
spinal nerves commonly leads to increased fusimotor discharge. In this respect
cutaneous nerves appear on the whole to be more effective than muscle nerves.
Of the various fibre categories of afferent muscle nerves the high threshold
fibres (Group II1) are mainly responsible for the fusimotor effects. The pos-
sible effects of autogenetic Group I muscle afferents has been a controversial
subject since the original report of fusimotor inhibition by muscle stretch
(Hunt, 1951). Kobayashi et al. (1952) found fusimotor activation during muscle
stretch in the gastrocnemius of the decerebrate preparation. In spite of a number
of experiments executed with this problem in mind, it has not been finally
settled, so that it seems only fair to conclude that if such Group I fusimotor
reflexes are present at all, they are mediated by a complex and labile nervous
pathway not regularly demonstrable in the common spinal reflex experimental
situation. Another point on which the fusimotor neurones differ from the «
motoneurones is their lack of recurrent inhibition (Granit, Pascoe & Steg,
1957; Eklund, von Euler & Rutkowski, 1964).

Since Hunt’s (1951) early description of fusimotor reflex activity the common
occurrence of co-activation of » and « motor fibres in reflex action has been
extensively documented (Kobayashi, Oshima & Tasaki, 1952; Eldred &
Hagbarth, 1954; Hunt & Paintal, 1958; Voorhoeve & van Kanten, 1962).
To account for this observation Granit has coined the term a—y linkage (Gra-
nit, Holmgren & Merton, 1955) and it applies of course to a link in addition to
the well-known one through the spindle loop. In this reflex co-activation of y
and « efferent fibres it is usually found that the y activity precedes the « activa-
tion and that the threshold for y effects is less than the threshold for the a
reflex. This has been observed for spinal reflexes (Hunt, 1951; Kobayashi ef al.,
1952; Hunt & Paintal, 1958; Voorhoeve & van Kanten, 1962) as well as for
centrally-evoked motor effects (Granit & Kaada, 1952; Eldred, Granit & Mer-
ton, 1953; Shimazu et al., 1962). How far this similarity in pattern of reflex
distribution should be accepted is at present not clear. It certainly does not
hold for the autogenetic muscle reflexes, as pointed out above. On the other
hand, it has been convincingly demonstrated for the flexor and crossed extensor
pattern of reflexes elicited by natural stimuli. Examples of this from Hunt
(1951) are reproduced in Fig. 4. Such identity in distribution of a—y effects has
been demonstrated in even greater detail by Eldred & Hagbarth (1954) for
reflexes elicited from small areas of the skin on the hind leg of the spinal cat.

But, as pointed out by Hunt & Paintal (1958), reflexes elicited by electrical
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Fig. 4. Fusimotor reflex effects in a flexor muscle nerve during ipsilateral (8) and contralateral
(C) cutaneous stimulation. A. Background fusimotor activity in tenuissimus nerve. B. Ipsi-
lateral foot touched. Fusimotor activation as well as excitation of alpha motoneurones (large
spikes). C. Contralateral foot touched. Fusimotor inhibition. Experiment performed on a
spinal cat, From Hunt (1951.)

stimulation of peripheral nerves did not give a similar clear cut distribution of
fusimotor effects. Single shock stimulation of peripheral nerves usually pro-
duces only weak fusimotor effects whereas repetitive stimulation causes long-
lasting, high frequency fusimotor discharges. In a recent series of experiments
we have attempted to determine to which extent dynamic and static fusimotor
effects could be distinguished in such spinal reflexes. Electrical stimulation had
to be employed as fairly long-lasting and stable states of fusimotor activity
were required to permit test stretches of the muscles. In the soleus of the de-
cerebrate cat it has been shown that various reflexes commonly produce long-
lasting stable fusimotor effects. As a rule such activation applies to the primary
as well as the secondary endings of the spindles (Jansen & Matthews, 19624,
b). Observations on 25 primary endings of soleus and lateral gastrocnemius
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Fig. 6. Anterior tibial fusimotor effects in decerebrate (4) and spinal cat (B). Aa, control
response of secondary ending (above) and primary ending (below) to linear stretch and
release of the muscle. A4b, response of same endings during repetitive stimulation of contra-
lateral median nerve. Note coactivation of secondary ending and firing during release. From
Jansen & Rudjord (1965). Ba, control response of secondary ending (above) and primary
ending (below). Bb, response of same two endings during stimulation of ipsilateral saphenous
nerve. From Alnes, Jansen & Rudjord (1965).

during stimulation of the contralateral lateral popliteal nerve are summarized
in Fig. 5. The distribution of points in the scatter diagram is in principle similar
to that of Fig. 2, and the interpretation is similar, namely that static as well as
dynamic fusimotor fibres to extensor spindles are activated in varying amounts
during crossed extensor reflexes in the decerebrate cat.

In a subsequent study (Jansen & Rudjord, 1965) the original findings on
extensor fusimotor activity were confirmed and compared with spinal fusimotor
reflex effects on a flexor muscle of the hind leg (tibialis anterior). The flexor
fusimotor reflex effects in decerebrate preparations appeared to be much less
prominent than those of the extensor muscle. The ipsilateral saphenous, the
contralateral lateral popliteal as well as several forelimb nerves were stimula-
ted repetitively at or above threshold for ipsilateral flexor reflexes. Anterior
tibial fusimotor effects were commonly elicited from all these nerves, but as a
rule the effect was short-lasting and quite different from the sustained extensor
fusimotor effects. In several cases, however, weak fusimotor activation persisted
throughout the test stretch, and in every case its effect on the response pattern
of the spindle receptors was the same. There was a reduction in the dynamic
index of the primary ending accompanied by increased and irregular firing
under static stretch and the ending would usually continue to fire during the
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release of stretch. In addition, co-activation of secondary endings was re-
gularly observed. An example of such effects during stimulation of the con-
tralateral median nerve is shown in Fig. 6 4. As pointed out above, all this
suggests static fusimotor activity, and the most striking feature of the experi-
ments on flexor fusimotor reflexes in decerebrate cats was the absence of con-
vincing signs of dynamic fusimotor effects.

In spinal cats, on the other hand, the fusimotor reflex effects on spindle
receptors were entirely different (Aln®s, Jansen & Rudjord, 1965). The char-
acteristic change in response of the primary endings of soleus as well as tibialis
anterior was an increase in the dynamic index with only a moderate increase
in the response to static extension. Firing during release of stretch was not
induced, and neither was co-activation of secondary endings observed except
very exceptionally. Fig. 6 B provides an example of a typical fusimotor reflex
during stimulation of the ipsilateral saphenous nerve in a spinal cat. Such
effects were regularly observed during stimulation of the contralateral lateral
popliteal nerve as well, and as argued above they can reasonably be explained
as caused by activity predominantly in the dynamic fusimotor fibres.

Comments. Some rather unexpected features emerged from this comparison of
fusimotor reflex activity in spinal and decerebrate cats. The first was the ab-
sence of signs of static fusimotor activity in the spinal preparation. Examination
of cats spinalized one day before the final experiment proved that this was
probably not due to exceptionally long-lasting depressant effects of the spinal
section. Such ‘chronically’ spinalized cats were always reflexly very active.
It thus us appears, that static fusimotor background activity as well as the reflex

pathways of the statlc fu51motor system Tequires suprasegmental famlltatory

_support in order to be available for spinal cord reflex activities. It is tempting

v to relate this to the observatmn of' Hunt and Pamtal (1958) that about 609, of

the fusimotor fibres were silent and could not be reflexly activated in the spinal
cat. Nothing is known with regard to the localization of a possible supraspinal
mechanism supporting static fusimotor activity. The experiments of Granit,
Holmgren & Merton (1955) on fusimotor reflexes after lesions of the anterior
lobe of the cerebellum may, however, be relevant in this context.

Another difference between the spinal and the decerebrate preparation which
is most easily explained by supraspinal control of fusimotor neurones is the
lack of dynamic fusimotor effects to flexor muscles in the decerebrate prepara-
tion. Experiments demonstrating the release of an « flexor reflex as well as
dynamic fusimotor activation of anterior tibial muscle spindles after spinal
section in decerebrate cats suggested that the dynamic flexor fusimotor neuro-
nes are subject to a descending tonic inhibition in the decerebrate state (Jansen
& Rudjord, 1965).
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The final point concerning fusimotor reflex activity which requires some com-
ment is the small degree of reciprocity in effects on flexor and extensor spindles
during electrical stimulation of spinal nerves. This applied to the decerebrate
as well as the spinal preparation. Admittedly, such stimuli are far from phy-
siological, but their effects on o motoneurones are as a rule reciprocally or-
ganized. Furthermore, the fusimotor activation may often persist for a long
time, several minutes after the end of the stimulus. This has been pointed out
repeatedly in studies of fusimotor reflexes (Kobayashi ef al., 1952; Granit,
Job & Kaada, 1952; Alnas ef al. 1965), and it supports the general view that the

motor_effects has been copvmcmgly demonstrated l_)x, er_mStanC Hunt

(1951) and Elclred & Hagbarth (1954).. The distribution of fusimotor back-
ground activity in the decerebrate preparation provides another example of
localized fusimotor activity. A strlkmg demonstration of precisely timed and

dlstrlbuted fusimotor effects is prowded by the phasec_l Y bias’ of mtercostal—

Eklund, Euler & Rutkowski, 1964 Sears 1964) 1t should be pointed out how—
ever, that a steady level of background fusimotor activity has also been dem-
onstrated to external as well as internal intercostal muscles (Eklund, Euler &
Rutkowski, 1964) and that the spinal reflex activation of intercostal fusimotor

neurones does not appear to be reciprocally organized (Eklund, Euler & frl

Rutkowski, 1964; Sears, 1964).

The notion of two different modes of fusimotor activation, one localized and
one more diffuse, should be considered in relation to observations on fusi-
motor activation during stimulation of various structures of the brain. Shi-
mazu, Hongo & Kubota (1962) found that certain brain areas such as the
posterior hypothalamus induced only non-reciprocal fusimotor effects on hind
leg muscle spindles. From other regions of the brain, e.g. the reticular forma-
tion, reciprocal effects on flexor and extensor spindles could be evoked as well.
Further, it proved possible to obtain the general augmenting effect or the loca-
lized, reciprocal fusimotor effect separately by varying the level of anaesthesia.
Finally, the independence of these two types of fusimotor effects was strongly
supported by the observation that the reciprocal effects were abolished selec-
tively after ipsilateral section of the lateral funiculus of the spinal cord (Shi-

| mazu, Hongo & Kubota, 1962).

The available evidence, therefore, suggests that fusimotor activation induced
from peripheral nerves as well as from various regions of the brain can be
mediated by two separate systems with important differences in their organiza-
tion; the one causing localized, often reciprocally organized fusimotor effects,
the other inducing a general augmentation of fusimotor activity. To which ex-

fusimotor activity often is less precisely localized and timed than the activity of |
« motoneurones. On the other hand the existence of discrete, loc localized fusi- |
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tent the static and dynamic fusimotor effects are coupled or independently
operated (examples of both have been presented above) in the various modes of
fusimotor activation remains to be elucidated by further experimentation, and
it can be expected that this information will contribute to our understanding of
the functional significance of the static and dynamic fusimotor systems.
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Dynamic analysis of muscle spindles

By B. Andersson and G. Lennerstrand

Division of Automatic Control, Royal Institute of Technology and
Nobel Institute for Neurophysiology, Karolinska Institutet, Stockholm 60, Sweden

The concept of Hammond, Merton & Sutton (1956) that motor control func-
tions as a follow-up length-servo mechanism, in which skeletal muscle is driven
to follow the changes in fusimotor activity, has since been discussed by many
authors (for references see Matthews, 1964).

Investigations by Euler and co-workers (¢f. the paper by Euler at this sym-
posium) on physiologically induced movements in respiratory muscles have in
a qualitative way lent support to the above hypothesis. When the respiratory
load was increased by obstructing the airway, the muscle spindles increased
their rate of discharge and this augmentation of the reflex drive caused stronger
alpha activity (Corda, Eklund & Euler, 1965).

In order to analyze this control system in a more quantitative way, we have
undertaken a study of the various links of the system for muscular movement
in the external intercostal muscle of an isolated thoracic segment of the cat.
Data were acquired from analysis of spontaneous respiratory movements of the
segment subjected to different external loads, in the hope of being able to si-
mulate the loop on an analogue computer. The sinusoidal frequency response,
the ‘transfer function’, of the components involved in this system have been
determined by means of dynamic analysis.

The present report deals with the analysis of muscle spindle activity. The
properties of primary and secondary endings of the spindles, revealed by si-
nusoidal frequency response measurements, may not differ from what has been
deduced from earlier results obtained with ramp and step functions. However,
the transfer functions of the spindle endings can be defined and expressed more
precisely by this method.

The ‘frequency response’ measurements of the spindles have been carried
out by comparing at the same instant the muscle length (input) and the dis-
charge rate (output) of the ending under study. The muscle length was changed
sinusoidally at frequencies ranging from 1/32 Hz to 2 Hz in steps of one
octave. This range was chosen in an attempt to cover the main range of muscle
velocities occuring under physiological conditions.

The ribs of the segment under study, usually the seventh or the eighth, were
attached to a myograph in a manner schematically shown in Fig. L. This
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Fig. 1, Schematic diagram of the experimental set-up. The ribs in the segment under study,
which articulate on the seventh (Th VII} and the eight (Th VIII) thoracic vertebrae, are at-
tached to the myograph. The length and tension of the muscle (M) can be measured simul-
taneously and independently of each other. The length-measuring device, marked L, is a differ-
ential transformer and the tension is recorded by means of semiconductor strain gauges (T)
fastened to steel springs in the hind rib holder. The sinusoidal length changes were produced
by the eccentric coupling (S). 1t is connected to the myograph frame by a link which is much
longer than the radius of the coupling.

device allowed length and tension to be measured independently of each other.
Sinusoidal stretches were obtained by means of an eccentric coupling driven
through a gear box by an electrical motor. The effect of fast ramp changes of
length on the endings were also studied. In order to minimize variations in the
efferent inflow, the animals were hyperventilated during the measurements.

Muscle spindle activity was recorded in the usual way from split dorsal root
filaments. Recordings from two different endings during sinuoidal length
changes are shown in Fig. 2. The impulses were counted by an instantaneous
frequency meter (Matthews, 1963), the output of which fed the Y-axis of the
oscilloscope, muscle length being represented on the X-axis.

Fig. 3 shows a unit whose rate of firing at the lowest frequencies of sinusoidal
stretch was linearly related to muscle length. Increasing the frequency of the
stretch reveals a small velocity sensitivity, (Fig. 3, 1 and 2 Hz) indicated by the
increasing width of the curve. It can be pointed out that to a fast ramp change of
length this fibre had a very small ‘dynamic index’ (Jansen & Matthews, 1962).
The rather asymmetrical shape shows that the transfer function of this ending is
nonlinear,
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Fig. 2. The response of two different endings, in 4 to ventral root stimulation, in B to step
changes of length, and in C to sinusoidal length changes. (These endings are not the same ones
as are shown in the other figures). The arrow indicates increasing length (L) of the muscle.
Ref. is the reference line for measurements on the film.

The spindle afferent of Fig. 4 is presumably a primary ending as judged from
the responses to rapid length changes. The velocity-sensitive part adds to the
position-sensitive part of the response to give the curve an elliptical form at a
low stretch frequency of 1/32 Hz. The initial velocity sensitivity of this ending is
apparently high. The apparent nonlinear relationship between length and dis-
charge rate is further pronounced by a saturation of the response, the level of
which increases with increasing velocity of stretching. After a step change in
length the return of the discharge to the length-proportional level followed two
time constants, one rather short, about 0.2 sec., and the other much longer,
3-4 sec. (cf. Crowe & Matthews, 1964).

Intermediate forms between these two extreme types of receptor response
were often seen. In general the position-sensitive part of the response of dif-
ferent endings was rather uniform in amplitude and was surprisingly small.
The velocity-sensitive part varied much more, as can be seen in Fig. 5. A
measurement of the magnitude of the ‘velocity’ part of the response is a good
way of classifying the endings. This parameter has already been used in dif-
ferentiating the endings in primaries and secondaries according to their re-
sponse to step changes of length (Cooper, 1961; Renkin & Vallbo, 1963). The
‘dynamic index’ as defined by Jansen & Matthews (1962) has also been used
to quantify this property. It can be argued, however, that the influence of the
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Fig. 3. The response to sinusoidal length changes of different frequencies of an ending which
is mainly position sensitive. Abscissa: muscle length Ordinate: discharge rate from an instanta-
neous frequency meter. The ending is position sensitive for frequencies below 1/4 Hz. For
higher frequencies a velocity dependent part of the response is added to give the curves an
elliptical form but the curve is still rather asymmetrical. The arrow indicates clockwise rota-
tion, i.e. the discharge rate leads the muscle length.

long time constant makes the Jansen-Matthews definition of the static value
(measured 0.5 sec. after the end of the stretch) somewhat inaccurate.

For our purposes another quantitative measure of the magnitude of velocity
sensitivity has been found to be more suitable. We have used the difference be-
tween the rate of firing at the instant when the velocity of stretch is highest and
the rate of firing at the instant when the velocity of stretch is lowest. Thus, the
width of the elliptical plot (Figs. 3, 4) measured along the vertical axis is taken
as an index of the velocity response. In Fig. 5 this index is plotted against
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Fig. 4. The response to sinusoidal length changes of different frequencies and from an ending,
which is mainly velocity sensitive. The curves are obtained in the same way as is described
for Fig. 3. The velocity-sensitive part of the response is already prominent at the lowest fre-
quency of 1/32 Hz. At the two highest frequencies the discharge rate seems to saturate. The
saturation is not constant but apparantly increases with increasing velocity of stretch. The
arrows indicate clockwise rotation, i.e, the discharge rate leads the muscle length.

the maximum velocity of stretch which occured during the sinusoidal length
changes.

In Fig. 54 are drawn the velocity responses of endings with intact efferent
innervation and in B after the efferents were cut. The grouping of the curves
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is more pronounced in A4, which could mean that in the hyperventilated as in the
spinal cat the dynamic fusimotor fibres dominate (Alnaes, Jansen & Rudjord,
1965).

It is evident from Fig. 5 that the relation between velocity of muscle move-
ment and the velocity response of the ending is not a linear one starting from
zero, as assumed by Vossius (1961) in his attempt to describe the transfer
function of the spindles. This makes the simulation on the analogue computer
somewhat complicated but not impossible, as trial runs have indicated.
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Signed contributions to the discussion on muscle spindles

D. Barker

Dr. Boyd has suggested in his paper that Adal and I have misunderstood his
findings on the diameters of y, and y, axons. Let me assure him that this is not
so. The idea that thick y-stem fibres produce thick (y;) branches that terminate
on thick (bag) muscle fibres, while thin y-stem fibres produce thin (y,) branches
ending on thin (chain) fibres is a simple conception that everyone, I think, has
understood well enough. Adal and I were concerned in finding out whether
that part of the idea concerned with the intramuscular branching of y fibres
was true. We showed that it wasn’t, and since Dr. Boyd has declared in dis-
cussion today that “it looks as though it’s not true that the bigger y fibres in the
nerve innervate the nuclear-bag fibres and the smaller fibres innervate the nu-
clear-chain fibres”, any further discussion of this concept would seem to be a
waste of time.

1. A. Boyd

Mammalian muscle spindles contain two types of motor nerve ending. The
endings termed ‘y, end-plates’ by Boyd, and ‘plate endings’ by Barker and
earlier workers, will be called ‘p-plates’ from now on; the endings termed ‘y,
network® by Boyd, “diffuse endings’ by Cooper, and ‘trail endings’ by Barker,
will be called “p-trails’.

Although near and within spindles axon branches supplying y-trails are
often much smaller than those supplying y-plates, in intramuscular nerve
branches the two types of axon are not distinctly different in diameter. Thus
large and small axon branches at the spindle are not necessarily derived from
large and small y stem fibres in the nerves. The terms y; axon and y, axon, used
by Boyd to describe the axon branches within spindles which supply two types
of nerve ending, have been equated in later descriptions with the large thickly
myelinated and small thinly myelinated y fibres found by Boyd in the nerves
thus causing confusion. It is thought best to replace the terms y, and y, by a
descriptive name for each type of nerve ending with a prefix y to stress that both
types are innervated by stem fibres in the p-efferent group in the nerves.

In addition, some spindles are supplied by § fibres which also innervate
extrafusal muscle; § innervation is common in the rabbit, but is less common
and possibly not significant in the cat. When it does occur, the endings are,
presumably, end-plates and will be called ‘f-plates’. These may be the end-
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plates seen occasionally near to the end of some nuclear bag intrafusal muscle
fibres and indicated by broken lines in Fig. 1. In the following discussion j
innervation of spindles is ignored.

The regions of the intrafusal muscle fibres in which y-plates are located are
shown by cross hatching (/////) in Fig. 1. The y-plates occur in a group at each
spindle pole so that the central 2-3 mm of the spindle is free of y-plates. Boyd
maintains that the y-plates are usually situated on nuclear bag intrafusal fibres
only (Fig. 1a). Barker believes that y-plates lie on both nuclear bag and nuclear
chain intrafusal fibres (Fig. 15). The regions in which y-trails are located are
shown by cross hatching (\\\\) in Fig. 1. The y-trails are found in the central 3
mm of the spindle, though the region occupied by the primary sensory ending and
one secondary sensory ending (about 600 w) is usually free of y-trails. If there is
more than one secondary sensory ending (there may be as many as five) then
y-trails may lie on the same region of intrafusal fibre as secondary sensory ter-
minations. Boyd believes that y-trails are normally situated on nuclear chain
intrafusal muscle fibres (Fig. 1 @) and only occasionally on nuclear bag fibres.
Barker maintains that y-trails usually lie on both nuclear bag and nuclear chain
intrafusal fibres (Fig. 15). For simplicity, only one muscle fibre of each type is
shown in the diagram; there are usually two nuclear bag fibres and four or five
nuclear chain fibres in each spindle.

Matthews classified y-efferent fibres as ‘dynamic’ and ‘static’ fusimotor fibres,
stimulation of which modifies the discharge in Group Ia fibres as described at
this symposium by Laporte. The conduction velocity of dynamic and static
fibres is not greatly different and the ‘dynamic’ and ‘static’ behaviour of spindles
in different sites is remarkably consistent. It seems unlikely, therefore, that the
slowly-conducting thinly myelinated ¢ fibres of Boyd, which are present in
greatly varying proportions in the nerves to different muscles, correspond
closely with either dynamic or static fibres. For the present it will be assumed
that the thinly myelinated ¢ fibres have a function not yet ascertained, and that
both dynamic and static fibres are contained within the morphological thickly
myelinated v fibre group.

The available information about the properties of dynamic and static fibres
obtained by Matthews and Laporte and their associates may be summarised
as follows. Stimulation of dynamic fusimotor fibres always increases the dyna-
mic sensitivity of the primary sensory ending but produces only a small change
in the frequency at constant length. Dynamic fibres usually do not modify the
response of secondary sensory endings, unless the secondary ending already
shows a significant dynamic response to stretch. Dynamic fibres never produce
driving (one to one stimulus-response pattern) of either primary or secondary
sensory endings. Stimulation of dynamic fibres produces local, non-propagated
responses in the spindle which sum to some extent but never produce a spike.
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Fig. 1. Schematic diagram of the motor innervation of mammalian muscle spindles. a. Loca-
tion of y-plate and y-trail endings according to Boyd. . Location of p-plate and y-trail endings
according to Barker. ¢. Regions from which Laporte recorded local responses when stimulating
dynamic y fibres, and spike responses when stimulating static y fibres.

These non-propagated responses may be recorded 0.6 mm to 1.5 mm from the
spindle equator as shown in Fig. 1e¢.

Stimulation of static fusimotor fibres increases considerably the discharge of
primary sensory endings at constant length, but either does not alter, or re-
duces, the dynamic sensitivity of the ending. Static fibres modify greatly the
discharge from secondary sensory endings at constant length. About three out
of four static fibres do not produce driving of either primary or secondary end-
ings; the remaining one out of four fibres produces driving of both primary and
secondary endings. Stimulation of static fibres produces a spike response which
originates at a point between 2 to 3 mm from the spindle equator (Fig. 1¢)
and may be propagated throughout one pole of the spindle. Responses originat-
ing more peripherally tend to be pure spikes, those recorded more centrally
usually consist of a combined local response and spike.

Correlation of the location of the two types of motor nerve ending with that
of the two types of electrical response (Fig. 1) leads to the almost inescapable
conclusion that dynamic y fibres innervate y-trails and produce local responses,
and probably local contraction of the underlying muscle fibre, while static y
fibres innervate y plates and produce some kind of spike response which is
perhaps propagated so as to produce contraction of the whole of one polar
half of a muscle fibre. It should be noted that this good correlation is equally
applicable to the two arrangements of motor nerve endings shown in Fig. 1a
and b.

Smith has shown from observation of isolated spindles that the two types
of intrafusal fibre respond differently to direct electrical stimulation. Intrafusal
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fibres of small diameter (possibly nuclear chain fibres) give a fast twitch in re-
sponse to a single stimulus applied to the muscle, and a fast rising tetanus when
stimulated repetitively, while intrafusal fibres of large diameter (possibly nuclear
bag fibres) give a slowly rising tetanus in response to repetitive stimulation. These
results suggest that nuclear chain fibres may be capable of responding very
rapidly to direct stimulation (which is consistent with the fact that Boyd has
shown that they atrophy relatively rapidly when denervated), but are usually
operated by dynamic y fibres which produce local contractions. Such fibres
are known to occur in crustacea. Nuclear bag fibres, on the other hand, may be
supplied by static v fibres which produce a relatively slow contraction of one
polar half of the fibre. It is possible, however, that the fast twitch seen by Smith
was, in fact, occurring in nuclear bag fibres and the slower contraction in nu-
clear chain fibres.

Extending Laporte’s own hypothesis of the behaviour of individual intra-
fusal fibres to the structural arrangement shown in Fig. 14, the whole spindle
may behave as follows. Repetitive activation of a dynamic y fibre produces
a rapid local contraction of the region of nuclear chain intrafusal fibre under-
lying the appropriate y trail. This produces a local increase in viscosity relative
to the rest of the fibre which results in an increased dynamic response of the
primary ending to stretch. The small spirals of the primary ending are located
in the region of the nuclear chain itself which has fewer myofibrils, and is thus
more extensible, than the rest of the fibre. The local contraction is, however,
weak and produces only a small increase in the discharge of the primary ending
at constant length, and no detectable increase in the discharge of the secondary
ending which is situated on a less extensible region of muscle fibre. Secondary
endings adjacent to primary endings may sometimes have some of their ter-
minals over the end of the nuclear chain, and hence show a slight dynamic re-
sponse to stretch, and some increase in dynamic sensitivity when dynamic y
fibres are activated. It is unlikely that the production of a localised contraction
by a dynamic y fibre can produce driving of either primary or secondary endings,
which agrees with the experimental findings.

Repetitive activation of a static y fibre produces a maintained contraction of
one polar half of the nuclear bag intrafusal fibre innervated by the appropriate
y-plates. This contraction may be of slower onset than that in a nuclear chain
fibre, but it results in a stretch being applied to the whole of each nuclear
chain fibre which is attached to the nuclear bag fibres. Both the large and small
spirals of the primary ending are considerably stretiched with a consequent
large increase in the discharge of this ending when the muscle is at constant
length. The discharge of the secondary ending at constant length is also in-
creased considerably since the nuclear chain fibre on which its terminations
are mostly situated is stretched. The dynamic sensitivity of the primary ending
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may be reduced since the spindle capsule is now extended and limits the ex-
tension which can be transmitted to the parts of the intrafusal fibres contained
within it. Rhythmic contraction of the nuclear bag fibres may apply rhythmic
stretch to the nuclear chain fibres with consequent driving of the sensory endings.
Both primary and secondary endings are driven by stimulation of the same static
y fibre, as found by Laporte.

It should be emphasised that this is no more than a hypothesis which lends
itself to experimental test. It does not take into account the thinly myelinated
y fibres in the nerves which are almost certainly fusimotor, nor does it explain
why Laporte obtained two different types of electrical response when static y
fibres were stimulated. Further, it is doubtful if such a mechanism can apply to
spindles, such as those in the interosseous muscles, in which the nuclear chain
fibres are about the same length as nuclear bag fibres.

Editor

From the final discussion on the last day of the Symposium, the areas of
agreement and disagreement regarding fusimotor innervation may be summa-
rized as follows:

1. It was agreed that the termsy, and y, had become redundant and should be
abandoned since (a) there is no correlation between diameters of y-stem fibres
in the muscle nerve and those of their terminal branches; and (b) p fibres also
contribute to fusimotor innervation.

2. It was agreed that two kinds of y fibre contributed to fusimotor innervation
and that these should be distinguished according to nature of their endings,
plate and trail, and called ‘y plate fibres” and ‘y trail fibres’. Since f fibres and
y plate fibres both terminate as end-plates, it was recognized that it might some-
times be necessary to speak of ‘v plates’ and ‘f plates’ in a spindle.

3. It was agreed that the evidence at present available appeared to indicate
that static fibres terminate in spindles as end-plates, and that dynamic fibres
terminate as trails.

4, It was recognized that there was disagreement regarding the distribution
of motor endings in cat spindles. Barker maintains that each type of intrafusal
muscle fibre, bag and chain, usually receives each type of motor ending, plate
and trail; Boyd maintains that bag fibres usually receive plates only, and that
chain fibres usually receive trails only.

5. Possible mechanisms whereby static and dynamic fibres might exert their
effects on the discharge of primary and secondary endings via plate and trail
endings, respectively, were suggested by Laporte. At the Editor’s request,
these suggestions have been incorporated into the text of the paper by Bessou &
Laporte (see pp. 86-88).





