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Abstiraet.

Graxrr, I and 8. Hesma, The discharge to maintained
streteh of spindles in slow and fast muscles of rabbit.
Aeta physiol. scand. 1959, 46, 165—173. — Svstematic
measurements of the maintained discharge to stretch
at time 45 sec from onset have been carried ont with
(9 muscle spindles in ankle extensors and flexors of
anaesthetized rabhits., Three main types of gpindles can be
separated on the basis of rate ol discharge, slow, medinm and
fast gpindles. The number of fast epindles is greater in fast
musele. Blow and medinm spindles only are found in slow
musele.

It was noted by GraxiT, SkocLuxn and THESLEFF (1953) when
testing muscle spindles with succinvicholine that spindles in
tibialis anterior tended to put up higher average discharge rates
than those in gastrocnemius or soleus (cat). Recently, when one
of us (Graxir 1958) studied the response of soleus spindles to
maintained stretch in the decerebrate eat, frequency of discharge
was plotted against extension of the muscle in mm at time 4—35
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sec after onset of pull. There were considerable variations but
the average rate of increase for 20 soleus gpindles was as low as
3.5 impulses/mm, though the frequencies al zero extension,
owing to gamma bias, averaged as much as 26 impfsec. A limited
number (7) of gastrocnemius spindles had been tested in the course
of the same experiments. Their slopes averaged out at 6.5 imp/mm.
These observations led to the surmise that spindles in slow and
fast muscles might differ with respect to their frequency of dis-
charge in maintained stretch.

When for other reasons some experiments were undertaken
on rabbits the impression was obtained that in them the range
of variation of the slope of the spindles’ frequency-extension curves
varied much more than in cats. It was then decided to study the
response to maintained stretch in slow and fast muslees of this-
animal, The ankle muscles were used because of the relatively
long dorsal roots in which their afferents are represented. In
order to compare rabbits and cats measurements of spindle dis-
charge were made at the same time as in the previous work, 4—5
sec after onset of stretch.

Methods.

The animals were given a dose of 5.0 mljkg of a mixture of 107,
urethane and 1 9%, chloralose, one hind leg denervated except for the
muscles to be used, laminectomy performed, and the leg fixed at the
three joints. Muscle temperature was controlled by a thermocouple.
Functionally isolated spindles were identified in thin dorsal root fila-
ments. Conduction time was nearly always taken in order to determine
conduetion velocity from the nerve electrode at the knee to the dorsal
root filament (average conduction distance 15 em). A minority of the
spindles had latent periods between 2 and 4 msec and thus conduetion
velocities helow 75 m/sec, which generally are assumed to be myotube
endings (Merrox 1953, Huxt 1954) but most of them had conduetion
times hetween 1.2 and 1.5 msee and therefore belonged to the rapidly
conducting nuclear bag endings (100—125 m/sec). It was not possible
to distinguish slowly condueting spindie afferents from the rapidly
conducting ones by features other than conduction veloeity.

The muscles used were soleus (8), gastroenemius (G), plantaris (P)
extensor digitorum longus (EDL) and tibialis anterior (TA). Abbrevia-
tions within brackets refer to the graph of Fig. 8. The two flexors,
TA and EDL, were used with denervated ankle extensors and wice
tersa. All muscles were carefully isolated. Solens in the rabbit is firmly
fixed to the lnteral gastrocnemins in the lower part of its belly, but for
these experiments was dissected free. )
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Fig. 1. Maintained discharge of gastrocnemius spindle.

Conduction velocity 100 m/see.
Open circles, before, filled circles, after de-efferentation.

The myograph stand was fixed to a sliding device provided with a
catch so that any extension in mm eould be reproduced at will, Zero
length was determined by the initial length necessary to make the
myograph barely record a deflection. This would be a deflection of the
order of 20 g.

The preparation just described usually had intact motor innervation
of its spindles. This made it sensitive to painful stimuli or twist of the
ear but, in between, the spindles discharged with the regular frequeney
characteristic of absenee of, or very low gamma bias. In one animal
the spinal cord was destroved and, oceccasionally, in others, ventral
roots were cut without noticeable influence on the discharge of spindles
to stretch. If the basic rhythm of discharge was irregular, suggesting
variations in gamma bias, rore anaesthesia was given in small doses
until the discharge became steady.

However, it is of interest to study the behaviour of a spindle before
and after ventral root section in a specific case such as that of Fig. 1.
Clearly its response to stretch has not changed after de-efferentation
more than one is entitled to expect in comparing two series of stretches
repeated at an interval of half an hour. In this time the injury dis-
charge from the ent ventral roots shounld be gone.
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Fig. 2. Samples of maintained discharge of three spindles, A, B and C.
Extension on the left in mm.

A: From medinl gastroenemius. Conduction veloeity 115 m/sec.
B: From undivided gastroenemius. Conduetion velocity 100 m{sec.
(: From tibialis anterior. Conduction velocity 79 m/see.

Time, 100 eps.

Results.

With respect to the frequency of discharge at comparable
extensions, rabbit spindles may be subdivided into three main
types, examples of which in Fig. 2 are shown under A, B and C
respectively. The numerals 6 to 14 indicate muscle extension in
mm. Rates of discharge are thus slow, medium or fast. Muscle
spindles in ankle extensors of cats have been studied for several
years in this laboratory, though — with the exception of soleus
spindles (GRANIT 1958) — less systematically in relation to exten-
sion than in the present work. The general experience of one of
us (R. G.) has been that very fast spindles do not occur in cat
ankle muscles. However, flexors have but rarely been used for
such purposes. Very high frequencies of discharge can, of course,
be produced in cats by sufficient gamma bias.

Samples will now be given in Figs. 3—7 of discharge frequencies
plotted against extension in mm for spindles in different museles.
Fig. 3 from tibialis anterior (TA) has been chosen to illustrate
variations in a single experiment in which 8 spindles were isolated.
Clearly this musecle contained spindles of different type but four
of them belonged to type C with very fast frequencies of discharge
and a slope above 12 imp/mm. The total number of TA spindles



SPINDLES IN SLOW AXD FAST MUSCLES. 169

2

R‘H"“:,-r.
——

.
Il sen per Sec

133,

=
P ey GRR Rl Rt

&
5

e

s

“1-1—-1-'1"‘3

#
S iy T L

impuisey per aet

™T T rrr.r

e

{ 0y 1
f

-L'-!'ﬁ

4 & B 1 12 1 1§
Euensen (mmi

fig. 7. Plots of frequeney of discharge of

musele spindles against extension in mm.
All spindles from the same animal's tibialis

. Spindlez from extensor digitorum longus.
Spindles from gnstrocncinivs.

. Spindles from plantaris.

. Spindles from solens.
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Fig. 8. Number of spindles in per cent of total in the muscles
soleus (8), gastrocnemius (G), plantaris (P) and extensor digi-
torum longus (EDL) -+ tibialis anterior (TA) plotted against
slope constants grouped as marked on the abscissa. Thus spindles
with slope constants between end values of any group have been
referred to midpoint of group. Slope constants slightly above
30 have been regarded as being 3& Number of spindles is for

§=16,G=17P =13, TA + EDL = 23.

was 16, from five animals. The maximum slope, measured, as
always, from the upper, linear, portion of the curves, reached
the incredibly high value of just over 30 imp/mm, the average
being 13 spikes/mm. A graph will be given below in Fig. 8 for all
experiments, a total of 69 spindles in different muscles.

Fig. 4 refers to the other flexor (EDL). Only 7 spindles in three
animals were studied, the aim merely being to find out if there
were spindles of type C also in this muscle. The average was 15
spikes/mm, the highest individual value 25. The flexors. TA and
EDL have heen treated together in Fig. 8.

Fig. 5 shows samples from the gastrocnemius (G). The total
was 17 spindles from 11° animals. Only two of them had slope
constants above 12 spikes/mm and these are the two illustrated
in Fig. 5, another one just reached 12 spikes/mm. The average
was 9.8 imp/iom and so this muscle typically had B spindles.

- However, it also contains types A and C.

Tig. 6 illustrates samples from the extensor, plantaris (P).
The total was 13 spindles only three of which had slopes below
8 spikes/mm (5.7, 7.5 and 7.5 respectively). There were four very
fast spindles (slopes 12, 24, 26, 30). The average was 13.
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Finally, Fig. 7 samples the extensor soleus (8). The total was
16 spindles in 9 animals. None of them had slope constants above
12 spikes/mm though one reached that value. The average was 6.0.
Characteristically soleus has A and B spindles.

It is, of course, entirely arbitrary to divide spindles into groups
with slope constants from 1 to 8 spikesfmm, 8 to 12 and beyond
12 spikes/mm and call them spindles of type A, B and C, or slow,
medium and fast spindles respectively. A look at the graph of
Fig. 8 suggests that the fastest spindles perhaps should be separated
as a special group of their own because there is a gap between
them and the others. This naturally raises the question of whether
the fastest spindles might not in some way be abnormal. There
are two very characteristic signs of abnormality in spindles: (1)
they stop firing suddenly or start to discharge intermittently
and many spindles will do this very early under excessive pull,
(2) they become phasic and refuse to respond to maintained
stretch, o fact that should make the experimenter suspect low
blood pressure. Our fastest spindles by either of these criteria
were not abnormal. On the contrary, they discharged at these
high rates for many seconds beyond the 5 sec needed for the test,
even at extensions as high as 12—14 mm. In order not to cause
damage one hesitates to extend experiments at great extensions
far beyond the time necessary for measurement. One more reason
for regarding the fastest spindles as normal is their distribution
in the graph of Fig. 8. There is no obvious explanation of why
abnormal spindles would be so rare in the slow muscles and so
commeon in the fast ones.

In rabbits contraction times in soleus tend to be between 53
and 60 msec, in gastrocnemius around 27, in plantaris around 20,
in EDL around 17—19 and in tibialis anterior which is more
variable, from 12—16 msec.

Discussion.

It has been shown by Gorpox and Hormourx (1949) that
contraction time in muscle twitch varies from fibre to fibre.
Many muscles are mixed and in them the slow components tend
to lie deeper than the fast ones (Dexxy-Brows 1929, Gornox
and Horsoury 1949, review of earlicr literature, NErnmanr 1926),
An example is tibialis anterior in the cat which is a fast muscle
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(Dexxy-Browx 1929). Gorvox and PrinLips (1953) dissected
out a deep, slow component which in the total twitch merely
appeared as an insignificant tail after the fast events. In rabbits
such a tail is often seen in the fast EDL. In embryoleogical life
intrafusal muscles grow out of extrafusal ones (e. g. Cuasuxco
1927) and so, in the same muscle, may well have different mechani-
cal properties depending upon site. The overall contraction time
in twitch merely serves as a general guide. It will, of course,
favour the fast components, partly becanse the slow ones are
submerged in the fast twitch but also because slow muscle requires
tetani to build up its response.

Now, this research was prompted by the notion that slow
extrafusal systems may have correspondingly slow intrafusal ones
and that the fast extrafusal fibres in fast muscles might give rise
to spindle fibres with similar characteristics. Considering all the
facts mentioned above there is nothing in our results that could
not be explained by this hypothesis.

On the other hand, there is a very large anatomical literature
on spindles from this and the previous century which demon-
strates that intrafusal fibres have different lengths (see e.g.
SHERRINGTON 1894). One may distinguish short and long ones.
It is not known how these are distributed in muscles. It is pos-
sible that the length of the intrafusal fibre may determine the
amount of strain to which the sense organ will be subjected in
stretch, provided that the spindle inserts on tendon or aponeurosis
as it commonly does. Some spindles, however, insert on perimysium
or endomysium at both polar regions. In the absence of precise
histolegical data hypotheses based on intrafusal fibre length and
site of insertion are useless. So also are theories based on nuclear
bags of different properties. The simple mechanical hypothesis
outlined above differs from mere speculation in that it has proved
its value. It suggests that excessive pull on soleus should occa-
sionally raise high frequencies of discharge in a spindle. We have
seen this happen twice, one case being illustrated in Fig. 7. More
often than not, however, soleus spindles stop increasing in fre-
quency at great extensions.

As stated above, the frequency spectrum of spindles from the
corresponding muscles in the cat does not extend to the high
{requencies seen in the rabbit. What slope constants we possess
for soleus and gastrocnemius in the cat also average out at lower
values than in the rabbit. Why this should be so we-do not know
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and can only point to evidence (KErscHNER 1893, Barker 1948)
according to which the rabbit end organs are less well differentiated
into two types, the annulo-spiral and the flower-spray varieties;
than are those in the cat. Rabbit end organs are found in the
nuclear bag or adjacent myotube regions of the spindles but tend
to be rather alike in appearance (Barken 1948). Of the two
faneiful names, the ‘flower spray’ fits rabbiv spindle organs better.
Conduction velocity is no definite guide. The afferent fibre of
one of the extremely fast spindles depieted in Fig. 4 (slope constant
25) in EDL had a conduction velocity of only 60 m/sec but then,
in soleus, there were a number of equally slowly conduecting
spindle afferents. No obvious correlation could be defected be-
tween conduction velocity and slope constant. In gastrocnemius
the average conduction velocity was 112 m/see, in EDL 4 TA
only T3 mjsec, estimated from the conduction time on the basis
of an average distance of 15 cm.

This worl: has heen supported by the Swadish Medical Research Council.
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