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INTRODUCTTION,




Introduction,

The mode of action of various sensory receptors has
teen studled by mahy workers, Generally a graphlic representa-
tion has Been given of the changes iIn the discharge frequency,
from the receptor, due to a particular stimulation,

The effect of stretch on the discharge frequency of
the proprioceptors of the knee jolnt of the cat has been
recorded (Boyd & Roberts, 1952). From study and analysls
of the changes in the response.frequency, due.to the movement, -
Zoberts; Boyd & Cairnie (1956) were able to dgrive a mathe-
natical relationship between the stimlating movement and
the resultant response, By means of thils relation - known
ts the 'transfer function' - 1t was possible to predict the
¢xpected chenges in the response frequency due to a specific
itimilas,

One such stimulus was a change in the position of the
joint with a constant speed of movement, It was found that
she alteration in the response, during the movement, was
greater than could be accounted for solely by the change of
yosition, and that 1t was related to the speed of the move-
nent, On cessation of movement the response gradually fell,
‘ind, after about 15 sec,, had become steady at a value
ippropriate to the new position. Thus, at any tlme, the

impulse frequency in the afferent nerve from the receptor was
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reclated both to the actual state of deformation of the re-
ceptor and to the events which preceded thils state,

The impulse frequency, during and after movement, is
postulated to be due both to the actual position of the joint
and also to some memory of the veloclty of the movement by
which it reached that position, Thus the transfer function
is composed of two parts:

a) That part due to the position, S, of the joint, and so
denoted as a function of position, say 'q?(s)
q?(S) is the dilsplacement component of the responsé.
b) The part due to some memory of the veloclty, v, which is
denoted as a function of velocity, say & (v)
@"V) 18 related to the rate of change of position and
also to the memory of previous velocitles,
Thus the total frequency, which we would expect to

observe in the afferent nerve
£ = 4}(5) - cﬁw)

In the analysis of the knee-joint proprioceptor
responses, 1t was found necessary to postulate three veloclty
components in order to obtaln a good fit of the experimental
curves., One of these veloclty components was negative,

Thus -

. ) = ('V')-—F ‘U)—f-% (V)
Total velocity component . ) 3
and'

total response frequency F = f‘“) T é““’) = % (i * 4)3("’)
N

"
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For the purposes of the analysis the frequency com-
ponent'ﬂ?, due to positibn, was assumed to be Independent of
time, 1,e, 1f the frequency due to a certain position 1is
10 impulses/second when the position is first reached, this
component remains at 10 impulses/sec, say 15 minutes later.

The form chosen for the function éﬁtuv was an
exponential function. This was based on Katz's (1950Db)
expression for the depolarisation produced by stretch of a
charged membrane, This depolarisation decays exponentially
after the stretch. From Katz's work it seems 1likely that
depolarisation at receptor terminals and the dlscharge
frequenc& in the afferent nerve are directly related.

It would be interesting to see 1f thls transfer
functlon, derived for the stretch receptor in the knee jbint
of the cat, was of more general application. It ssems un-
likely that the knee-joint receptor is unlque in 1ts mode of
generating sensory impulses; the fundamental process involved
probably resembles that employed in other stretch receptors.
If this transfer function 1s not Just a chance fit, but
represents mathematically the action of some underlylng pro-
cess, then it 1s concelvable that a simllar transfer function
would be able to predict the response of some other stretch
receptor,

The stretch receptor chosen for this confirmatory

study was the neuromscular spindle. The original intention
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was to investigate the mammalian spindle using the decerebrate
cat. It was proposed to record from the spindle afferents
from the tenulssimus muscle, picking up in the dorsal roots,
whilst subjecting the muscle to similar types of stretch
stimull as were applied to the knee-joint proprioceptor.
Several experiments of this type were attempted with Dr, I.A.
Boyd, but were abandoned, largely due to the difficulty ex-
perienced 1ﬁ keeping the animals alive for the length of the
experiment.

Later work would suggest that one of the reasons for
the high mortality may have been that bllateral laminectomy
was carried out in all the cats, vUnilateral laminec tomy
would have given an adequate exposure for dorsal root record-
ing and would have entailed much less haemorrhage and sub-
sequent shock, There was also a suspicion that the paraffin
used was having a toxic effect on the animal,

A change of experimental animal from cat to frog was
therefore mads.

Dorsal root recording in the decerebrate frog was
attempted. Several difficulties were encountered:- |
1) The operatlive field was very small, tlms there was a

greater likelihood of damage to flbres.
2) Since the dorsal roots contained so many fewer fibres
than, for example, in the cat, they contained a much

smaller total number of spindle afferents from any muscle,



Hence damange to any fibres was much more serious
than in the cat and it was found to be rather difficult to
locate the spindle afferents to a specific mascle,

It was therefore decided that 1t would be more con-
venlent to work with an 1solated muscle-nerve preparation,

The muscle chosen was the frog toe muscle, extensor
longus digiti IV, plus its nerve, a branch of the peroneal
nerve,
| Although this 1is ﬁ very simple preparatlion which has
been extensively used (e,g., by Katz (1949, 1950a,b); Buller,
Nicholls & Strdm (1952); Eyzaguirre & Vial (1956)), it does
not appear to be fully described in the literature, It 1s
described below iIn some detall,

Among the types of stimulating movement applied to
the cat knee-joint proprioceptor were extenslion at the knee
with movements of constant velocity and extension and flexlon
at the knee with a sinusoldal movement. The frog toe muscle
was subjected to simllar types of stimmlation,

Stretch was applied to the muscle in two different ways.
a) The muscle was stretched from one position to another

with a constant rate of change of position.

This type of movement is referred to, throughout this
thesis, as a "constant velocity step'.

b) It wes alternately stretched and relaxed with a

sinusoidal variation of position,



The apparatus used for producing these movements
of the mascle and for recording the subsequent changes In
the afferent discharge 1is described below,in Part I of this
thesis,

After this part of the Investigation was completed,

a study of the results obtalned led to the view that 1t would
be useful to record the effect on the spindle discharge of
similar alterations in the tenslon of the muscle.

Some preliminary experiments of this nature have been
done in which step-like alterations in tension have been
applied to the mscle,

The relatlonship between the tenslion and length of
this muscle, during sinusoidal movements, was also determined,
A consideration of thls relationship gave some indication of
the changes which would be expected to result from the use
of tension, rather than extension, as the variable stimulus
to the musecle.

The apparafus used in these tension experiments is
described in Part 1 and the results obtained reported in
Part 3.

When the initial experiments were started there was
20 published histological plcture of the splndle system
within thls muscle. It was felt that it would be valuable

to haﬁe some idea of the form of the nerve endings within



the muscle. To obtain this a number of muscles were
stained with gold chloride and examined. In addition two
ruscles were stained with haemalum and eosin and serially
sectioned throughout their length. |

Thus a histological éicture of the spindle system
within the miscle was built up. The results of this study
are given in Part 4.

‘This histological work was underway when Gray's
(1957) study of the spindle and extrafusal innervation of
the same muscle, using the methylene blue teclmique, was pab-
lished,. The results obtalned here, though incomplete, gilve
a similar picture of the structure of the spindle,

The results of the analysis in Part 2 of thls thesis
were presentéd in a comminication to the ?hysiological

Soclety in September, 19858,



PART T

APPARATUS AND METHODS.



a). Extension experiments,



Preparation.

The dissectlion was carried out in Frog Ringer,

The composition of the Ringer fluld was:-

Na €l 0.64%

K Cl o.ozé%
CoCl, 0.018;92
Na HCO3 0.036%.

The skinned leg was cué off above the knee, On the
outer aspect of the knee the peroneal nerve could be seen
lying under the tendon of the gastrocnsmius muscle (Fig.iA).
This tendon (a) was cut and a thread attached to the put. |
end of the peroneal nerve. |

The tendons of the peroneal and tibialis anticus (b)
miscles were cut at the knee and the muscles stripped off
to the ankle, exposing the peroneal nerve, which branches
about halfway down. The medlal branch, which does not
supply the rmuscle, was cut.

At the ankle the nerve was carefully freed from the
underlying tissues and the foot cut off, Just above the ankle,

For the last part of the dissection the foot was
fixed to a microscops sllide by a rubber band round the toes,
and the dissection carried out under a Zelss binocular dis-
secting microscops.
| The m, ext. longus dig, IV lies over the peronesal
artery, which can be clearly seen through the overlying



\

(A)

‘\ .

n m. Ext.Long. M
'| } ) qu it. I™W
Gastroc- ‘
nemius m.
\ il = =Cat
i -
Peroneal @ 1Y Peroneal /
oy V) artery ”
y' ) Knee

Flg,1. A, Lateral aspect of the lower left leg of the
frog, shoﬁing the peroneal nerve lylng under the
tendon of the peroneal muscle (a).
(b) is the tendon of the tibiaiis anticus musecle,
B, The left foot of the frog showing the position
of the m, ext, long. dig, IV, lying over the

peronseal artery,
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fascia (Fig.1B). This fascia was slit and freed from the
underlying tissue exposing the long ribbon-like mscle
(Fig.24).

A large sheet of tendon goes round the outer edge of
the ankle, If this tendon is caught at elther edge with
fine forceps and spread out, the fine thread of the m, ext,.
long., dig, IV tendon can be seen, This was cut away from
the rest of the tendon (care being taken to include any fine
separate'branches) and a fine nylon thread attached to 1it.

The muscle was freed from connective tissue and raised
gently from the free end, The points of entry of the nerve
into the muscle could now be seen (Fig.2B).

The medial and common branches of the nerve wefe aut,
as shown. (The extra portion of the nerve was left as a
hold for later clearing.).

The blood vessel was cut below and above the polnts
of crossing of the nerve branches,.

The lower nerve branch (a) was not present in every
preparation, 7

Gentle tenslon was applied to the thread at the end
of the nerve and the nerve freed from the underlyigg blood
vossel and connective tissue. The skin branch of the nerve
was cutb.

The thread at the ankle end of the muscle was ralsed

slightly and the muscle freed up. to the t endon at the toe end,



Peroneal
artery

Medial branch

Tendon l| of Peroneal n.

of m. Ext.

y
Long.Dig. I¥ Cut ends

; of Tuibia -
| Frbuls

Peroneal n. _ ]
Thresad !/ Peroneal n.

Flg.2. A, M, ext, long. dig. IV showing attachments of
tendons,
B, Lower half of the muscle showing the points of
nerve entry.

The branch (a) of the nerve is not always present,
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This 1s a sheet like tendon and as 1t was not very clearly
distinguishable the thread was attached before cutting,

This preparation was chosen for several reasons,
Tﬁe dissection presented no particular difficulties, and,
although it did not give a single unit response, it was com-
paratively easy to obtain one by cutting down the nerve.
The muscle 1tself was left intact, The preparation was

found to remaln in good condition for several hours,
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Fig.,3. Disagram of m, ext, long, dig, IV and 1its

nerve, showing the arrangement of muscle and

nerve whilch was most commonly found.
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"Puller".

The most typical relative poslitions of the muscle and
1ts nerve are as shown 1in Fig.3, 1,e,, the nerve enters the
miscle in a region a third to a half way along 1ts length,

Recording from the nerve would be greatly simplified
if, on stretching the muscle, the nerve dild not move over the
electrodes, This statlonary position of the nerve could be
achlieved if the muscle were pulled from both ends, with the
point of nerve entry midway between the points of application
of stretch, A puller was devised for thls purpose by
Dr, T,D,M, Roberts. Thls was constructed as shown,
| A movement of,'say, 1 cm, of the cord at the point 0
in Fig.4 leads to an extenslon of the muscle of approximately
O.4Icm.

The rods AB and BC (Fig.,4) were fixed rigidly at
right angles to one another. Thus & certain movement of the
point A leads to a movement of C which 1s dependent on the
lengths of AB and BC, As C moves, D moves by a similar
amount, N | -

The rod DF 1s pivoted at E so that the movement of the
point F is dependént on the length of the arms IE and EF.

. The pivots B and E consist of right angied bends of
brass shéet connectéd by overlapping watch springs as shown

In Fig.5a.



Restoring spring y

Pu/ley

Muscle

F1r.4. Diagram of the muscle *puller® .
The muscle is attached to the points G and P.
Tension i1s applied at the point o.

AB ~ 9.7 cm. BE = 15.3 cm.
BC = 4.4 cm. EP = 6.5 cm.

When o moves X cm .,
the point P moves X RBC EP
AB EE

= X 6.5
15.3
= 0.2 X cm.
Similarly the point G moves 0.2 X cm,
¥, Extension of muscle, corresponding to movement

of X ¢cm. at o = 0.4 X cm.



Restoring spring

Pulley

Brass

Perspex Muscle

Nylon thread

Pip;.5. a) Diagram of the type of pivot iised at the
points B and E.
b) Diagram of the perspex attachment for holding

the nylon threads at the points P and G.
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The small brass rod XY 1s connected to a spiral-
spring at X, When the applled tenslion 1s removed from the
cord at O thls spring restores the arms of the puller to
their original position.

At the end of each arm of the puller was a perspex
attachment, This is shown in Fig.5b and contained a groove
along which the nylon thread from the muscle lay, & binding
screw and a perspex washer, Once the screw had been initi-
8lly adjusted, the thread could be slipped in and out between
the perspex surfaces and held with an approprlate tension.

The position of the muscle was arranged so that the
point of nerve entry was approximately mldway between the
ends of the puller. The tension was adjusted so that the
ruscle was Just not reiaxed.

The cord from the puller was attached via a system
of pulleys to elther of the stretching devlices described

below,



Pig,s6.

Photograph of the

position.

'puller’

TO
> STRETCHING

DEVICE

MUSCLE

with a muscle 1in
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Stretching Devices.

The types of stimulatling movement applied to the
muscle were :-
a) Extension of the mascle with a constant rate of stretch,
1.e., constant veloclty steps.
b) Extension and relaxation of the muscle with a sinusoidal
movement,
These movements were produced as described below,

a) Constant velocity steps.

The cord from the 'puller' was attached to a system
of pulleys.which were driven by the fall of a dashpot. This
dashpot fell at a steady rate which could be varied by means
of a screw control which moved up and down on & calibrated
scale, Figure 7 shows a photograph of the dashpot systen,

The extent of the stretch applied to the muscle .was

altered by varying the size of pulley driven by the dashpot,

The positions of the screw control whlch covered the
widest rénge of rates of fall of the dashpot were determined.

The same positions were used in different experiments,

b) Sinusoidal movements,

The cord was attached to a beam driven by an electric
motor, . Thls beam was plvoted at one end and moved vertically

with a siﬁusoidal movement,



— SPEED CONTROL

(— DASHPOT

Fig.7. The dashpot system which was used to apply
*constant velocity steps®* to the muscle. Fall
of the dashpot at a controlled, rate rotated the
pulleys to which the cord from the puller was

attached.



VARIABLE
SPEED TO
GEiAR MUSCLE

Pig,8,

Photograph of the machine used to produce the
sinusoidal movements showing the interlocking
toothed pulleys whose diameter could be altered
by means of the crank, thus altering the speed of

the movement of the pivoted beam.
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The extent of the movement was altered by attaching
the cord to different points of the bean,

The machine had a variable speed gear; the diameter
of the interlocking toothed pullejs round which one driving
belt ran could be altered by means of & crank. It was found
that if the crank was wound a) fully in,

b) midway,
c) fully out,
rates of movement in the ratio 2:3:4 could be obtalned.

A photogreph of thils machiline 1s shown in Figure 8.

|
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Movement Signsal.

The extension of the ruscle was signalled by means
of a photo-electric transducer as shown in Figure 9,

The cord Joining the puller to elther of the stretch-

ing devices was attached, en route, to the 1ohg arm of a

freely plivoted lever. The other arm of the lever was a
paper flag whlech moved between =z 1ight source and two ad-
Jacent photo-electric cells, Movement 6f the flag led to
an alteration In the output from the cells, This output
was led into channel 2 of the amplifier, |

. A mlllimetre scale was placed behind the polnt of
attachmenﬁ of the lever to the cord. This scale was used
to indicate position and extension durihg the experiment.
By means of this scalé i1t was possible during the experiment

fp restore the muscle to any deslred position,



CELL

FLAG

TO

STRETCHING
DEVMCER

TO

MUSCLE

Pig.9.

The photo-electric transducer which was used to
measure the length changes applied to the muscle.
The long arm of the freely pivoted flag was attached
to the cord joining the *puller* to either of the
stretching devices. The flag moved between a light
source and two adjacent p.e. cells. Movement of the
flag altered the output from the cells, which was fed
into channel 2 of the oscilloscope. The transducer
was enclosed in a shield of black paper.

The millimetre scale used to indicate position 1is
also shown.
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Recording Apparatus.

These experiments were conducted inside a screening
cage of fine mesh wire netting.

A block diagram of the apparatus used in recording
the discharge in the afferent nerve, during stretch of the
muscle, 1s shown in Figure 10,

The slectrodes used were Pt electrodes (Fig.11).

Pt wlires were welded to copper wires and then fused@ Inside
glass tublng, leaving about 2 cm, Pt wire exposed, The
electrodes were shlelded from tips to input cable; first
by brass tubing, then by wire screening. This screening
could be connected to earth 1f necessary. |

Wender plugs were fitted to the ends of the short
electrode leads and connected to the input cable of the
pre-amplifier, The output from the pre-amplifler was fed
into a 1oud_speakér unit, one beam of the aemplifler and dis-
piay unit and also into a pulse interval meter., The output
from the pulse interval meter was then fed Intoc a moving coil

meter which was calibrated to glve a direct reading of the

frequency of the impulses from the pre-amplifier,

The second channel of the dlsplay tube was used to
record the movement signal from the photo-electric transducer, .
This beam also carried the tlime merker which was derived from

a clockwork system gilving pulseé at % sec, intervals,
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Fig,10., Block diagram of the recording apparatus,

Those pieces of equlpment inside the dotted

linés were kept within the screeing cage.
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Fig.11. The Pt electrodes used for picking up the

sensory discharge.



A Cossor camera was mounted in front of the
oscilloscope tube of the display unit for photographic

recording of the movement and the response.

17.
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Single Unlt Response.

When the dissection of the miscle-nerve pre-
paration was completed 1t was placed 1n fresh Ringer
solution in a Petri dish, The nylon threads, attached
to the tendons of the miscle, were placed in the grooves at
the end of the 'puller' and over the binding screws, The
threads were adjusted SO that the nerve was midway be tween
the arms of the 'puller', and the muscle was nelther
stretched nor relaxed. (This tension adjustment was
done by eye; no check was mde with the resting length in
situ),

A layer of liquid paraffin was poured over the
Ringer solutlion in the Petrl dish, The recording of the
sensory impulses in the nerve was monophasic, One electrode
was placed In Ringer, the earth eslectrode; the other
electrode, over which the nerve was placed, was in llquld

paraffin,
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The diagram shows the most common mode of innervation
of the muscle,

The main branches of the nerve were placed in turn
over the recording electrode, using smell black glass rods., In
no case was a single unlt response obtalned at thls stage,

The response might be:-
No, of units

Recording in branch a 5
b )
c 4
d 2
e 2

The branch with the fewest units and of the most con-
venlent length was éelected. Its entry into the muscle was
cleared, Some times at this stége a 'single unilt' response coﬁld
be obtalned by stroking the nerve with closed watchmakers' forceps
even though, say, 3 fibres could still be seen, On other
occasions, cutting had to be contlinued untll only one branch re-
malned, Usually 1t was a matter of chance whether thls branch
was a sensory one, but on a few occaslons 1t was possible to
place the electrode under the very short terminal nerve branches
and see which gave a discharge on stretching the muscle,

The instruments used in the dlssection are shown 1in

Filgure 12,



Fig, 12. Some of the instxniments used in the dissection.



b). Tension experiments,
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Preparation.

In both sets of experiments on the application of
tension to the muscle, 1t was dlssected out in the same

manner as In the extenslon experiments, The only differ-

‘ence was that in the experimental determination of the

length/tension relationship, since the nerve was not required,
1t was severed at its point of final branching.

The muscle was placed in Ringer fluid in a bath
(described below), For nerve recording a layer of liquid

paraffin was placed over the Ringer.

Muscle Bath,

In these tension experiments, since the muscle was
being stretched much more violently than previously, 1t was
felt that 1t would be desirable to change the Ringer fluid
during the experiﬁent.

A specisl perspex bath was made to facllitate this
changs. The bath, with 1ts commnicating side chamber, 1is
shown in Figure 13, Ringer fluid flowed into ths main bath
from a constant pressure burette, through a polythene tube,.
A fine pointed tube dipped into the side bath. This tube
was connected to a water suction pump, via & glass jar which
acted as a water trap. When the fluld level in the side bath
rose to the level of the tube, the suction pump came into
action, Tms the level of Ringer in the maln bath could be



PARAg

RING

'

To Suction Pump

Filg,13,

Diagram of the perspex bath showing the
communicating side chember,
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kept at a pre-set value, Thls level was such that the muscle
and the earthing electrode were in Ringer while the recording
electrode was in the superimposed paraffin layer. In
practice, it was found that, due to fluctuations in the water
pressure, the suction pump did not always come into operation
when the fluid level rose, The system was therefore used
for occasional, rather than continuous, changing of the Ringer
fluld.

A brass strip was fixed inside tne bath to enable the
fluild to be earthed easily.

This bath had the advantage that it was more secure
than the Petri dish used previously and 1t éould be fixed in

any desired position.
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Lay Out.

After dissection, the muscle was placed in Ringer
solution in the bath, and a nylon thread attached to each
end. The loop at the end of each thread was passed round
a hook on a light perspex lever, The experimental arrange-
ment is illustrated in Fig.l4. One lever was attached to
the moving coll system which applied the tension to the
muscle and the other to the tension transducer,

Fig.15 glves a dlagram of the perspex lever, The se
levers were freely plvoted at one end. At the other end,
which dipped into the Ringer in the bath, the levers were
slotted for atta¢ﬁment of the loops of nylon thread. On
each lever, 0,5 inches from the slotted end, a light wire
hook was passed through a hole in the perspex. To these hooks
were attached threads going to elther the system for record-
ing or for application of tenslion,
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The experimental lay-out for recording the effect
of the application of tension "steps" on the sensory
discharge. One lever 1is connected to the moving
coll system for the application of the tension and
the other to the tenslion transducer,

The nerve lles over the recording electrode in the

layer of liquld paraffin while the muscle and the
earthing electrode remain in Ringer,
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Diagram of one of the perspex levers to which

Fig,.19.
This lever had a

the mmascle was attachsd,

perspex washer screwed into it near the pivot,

A thread from the electrodes was passed between

this washer and the lever,



25,

Appllcation of Tension.

Tension was applied to the muscle by means of a mov-
Ing coll system. Thils coll had a brass rod httached at
right angles to it. The rod could be connected, by a thread,
to the perspex lever, |

The force exerted by the coll was directly proportion-
al to thé current flowing through 1it. In the initial experi-
ments this current was not continuously ﬁariable, so that the
application of tension occurred suddenly (on completion of
the coil circuit) and the only variable was the final tenslon,
In the length/tenéion experiments the current in the colil
circult could be varied as desired, and thus varying tensions

could be applled to the mmacle.

a) 'Steps'.

The coil was connected, in series, with a battery, a
fixed resistance, a potentlometer, and a key, the closure of
which caused the sudden appllication of tension, The voltage
of the battery and the resistance of the potentiometer could
take different values, thus altering the current through the
coill and the tension produced by it. The tensions produced
by varlious different values of resistanée and voltage were

measured by means of a torslon balancs.

b) Length/Tension Determination.

Iﬁ-the 1atér experiments, o the relationship between
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length and tension for this muscle, it was possible to vary
the current passing through the coll and thus apply a variable
tension to the muscle. This was done by using a resistance
brlidge method suggested by Dr, T.D.M, Roberts. The circult
is shown in Figure 16. The current passing through the coll
could be altered by varyiﬁg the 50 K potentiometer. This
potentiometer was attached to a puliey. The pulley could be
rotated by either of the systems used to stretech the muscle
in the extension experiments, i.e., the dashpot system, for
constant velocity steps, or the S ,H,M, machine, for sinu-
soldal variations. Thus the tensiom in the mascle could be
varlied either sinusoidally or with constant rate of change of

tension.
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Fig,16. Circult used for the application of varying
currents to the moving coill, The 50 K potentlo-
meter was attached to a pulley which was connected
to eilther the dashpot system or the S.H.M. machine.
Tms the current in the coll could be varied either

with a constant rate of change or sinusoldally.
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Recording of Tension.

The tension applled to the muscle was measured by
means of a photo-electric transducer simllar to that used
for signalling movement in the extension experiments.

The application of tension caused a flag to move
between a light source and a photo-elsctric cell.. The
output from the p,e. cell 1s dependent on the amount of light
falling on each side of 1it. Movement of the flag altered
this and thus signalled the tension.

The arrangement is shown in Fig.17, The transducer
was contalned in an aluminium box, the thread from the lever
passing in through a slit in the 11id.

The paper flag was attached to a light aluminium tube
which was fitted over a thin steel rod soldered to a watch
spring. The watch spring was firmly screwed down at both
ends, The thfead from the lever was attached to a hook which
8lid over the aluminium tube. | The hook could be fixed to
any point on the tubing, thus altering the excursion of the
flag produced by a partlicular tenslon, It was usually
placed near the base of the rod so that the actual movement
of the point of attachment was very small,

The output from the transducer was too unstabls to
measure the absolute values of the tenslons applled. This
was done by means of a torsion balance, It was however

possible to measure the increase in the tehsian during the



Fig.17.

CELL

— F LAG

The photo-electric transducer used to measure

the changes In the
The flag, to which
lever 1s attached,
and a p.e. cell.

a central slit. In
from the Inside of
painted black.

tension applied to the muscle.
the thread from the muscle
moves between a light source
The light bulb was hooded with
order to cut out reflections
the aluminium box which was
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movement.
After amplification, by means of a double triode,
the output from the transducer was fed Into elther a cathode-

ray oscllloscope or a pen recorder.,
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Glyce riné Transducer,

In the determination of the length/tension relation-
ship for thlis muscle the alterations in length were measured
by means of thils transducer.

Each of the levers to which the muscle was attached
carried a perspex side amm, Through a hole at the end of
each side arm passed a plece of silver wire which dlpped into
a perspex bath contalning a glycerine and saline mixture
(Fig.18).

These wlres were connected to a flxed resistance and
to a potentiometer to form ome arm of a resistance bridge as
shown (Fig.l19). Saline was added to the glycerine In the
bath to lower the resistance of the fluld.

Fine enamelled wire was used to connect the silver
wires to the potentiometer so that there would be no hindrance
of the movement of the levers, The silver wires moved algng
with the levers and thus the resistance of that arm of thej
bridge was altered.

The output from the bridge was fed Into the pen

recorder,
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Fig,18. The glycerine transducer used to measure the
changes of length in the misclse on the application
of varying tensions, Silver wires dipped into a
glycerine and saline mixture in a narrow perspex
bath, Movement of the levers altered the resistance
between the silver wires, . Thils resistance formed one
arm of a reslistance bridge (Fig.lg) and thus the

length changes were signalled,



Fig.19,

=

ovuTPUT

GLYCERINE
BATH

Diagram of the clircult of the reslstance
bridge arrangement used to measure the length
changes in the muscle produced by the applica-
tion of varying tensions, The silver wires
attached to the perspex levers dlp Into the
glycerine bath, Movement of the levers alters
the resistance of one arm of the bridge and
thms the change in length 1s signalled,
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Electrodes.

Wnen the tension steps were applied to the muscle it
was considerably stretched and the point of nerve entry moved
an appreclable distance. If 1t was attempted to record the
effect of the application of tension on the spindle discharge
using stationary electrodes, the nerve elther broke, came off
the electrodes, or moved over the electrodes to such an extent
that a large movement artefact was recorded. To overcome
this difficulty movable electrodes were made,

The most satisfactory recording conditions were
obtained when the electrodes were attached to a lever which
could be linked to the other levers, Thus the electrodes
could move in conjunction with the nerve,

The electrodes consisted of Pt wires soldered on to

fine enamelled wire and attached to a thin metal strip,

This metal strip was freely plvoted at one end and had a

humber of small holes punched in it to which small wire hooks
were attached.

Ons of the perspex levers had a perspex washer
screwed into it near the plvot, A fine thread could be
attached to any of the hooks iIn the electrodes and passed
round thls washer, Timus movement of the lever camsed movement
of the electrodes, The magnltude of the electrode movement
was dependent on the point of attachment of the thread, The
electrode is shown in Fig.20,



Fig,20. The electrodes used to record the effect of
the application of tension ”steps** on the

sensory discharge.



29 .

Both the perspex levers were attached to brass rods
which were flxed to a rack and pinlilon system such that their
distance apart was alterable. The electrodes were also
fixed to a rack and pinlon arrangement so that they were

movable 1in any direction.
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Recording.
a) 'Steps'.

The effects of the appllcation of tension on the
discharge from the spindle were recorded by photographing
the action potentials displayed on the screen of the cathode
ray oscilloscope.,. The recording arrangements were similar
to those employed in the extenslon experiments.

These experiments were not carried out on the screened

cage but on an earthed metal tabls.

b) Length/Tension Relationship.
The outputs from the photo-slectric and the glycerine
transducers were .fed Into two channels of the 3-channel

pen recorder (Fig.21) and recorded graphically.
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Pig.21. Photograph of tne 3-channel pen-recorder
with the pen amplifiers underneath. The
outputs from the glycerine and photo-
electric transducers were fed into amplifiers
1 and 2 and thus length and tension changes
were recorded by pens 1 and 2 respectively.
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The Transfer Functlon.

The transfer function, derived by Roberts, Boyd &
Calmie, relates the lmpulse frequency, In the afferent
nerve from the knee-joint proprioceptor, to the deformation
at the receptor. The form of this function is shown below
and the expressiohs derived by means of which the responses
to the 'constant veloclty steps' and to sinusoidal movement

can be calculated.

Theory ,
A displacement S 1leads to a frequency '\F (S) which is
independent of wvelocity.
A veloclty v leads to a frequency § (v) which is remembered
L
$Pv) = bt o7 T st
where (P(’V;) §¢ is the component of the total frequency which
is due to velocity v during the interval t to t .-+ §t,

and T 1s the time constant of decay of the memory

tl
.'. Total contribution to frequenc -t
1 v = S (P ('U't) £ ¢ aw

at time t; due to this component
=0

(Note - For comvenience, ¢ (V,) 1s referred to below as ‘P ).
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Application to constant velocity steps

Suppose movement with velocity v,lasts from t = t/ti11 t = t”

t + ¢
Velocity component at t, = 3 (i)z' T dt
-o0
t' .t t, _t T
L Ta e
- t‘
. { i -.t-l—-s 0
Velocity etmponent at t = S ¢ L T Mt =
-0
t -tt
Velocity component at t, = S‘ (t) e T
tl
/ 1"
a) t < t‘ <t t < ~-C

:+

1]
Ly
-=-
NI
-.‘
%

Velocity component at

[} - ’
T
Let. ¢'k‘v, then if k is constant, ¢ is constant.

-t ~E %t
Velocity component at t, = (P’t' Cxa T "

€ ~t
"r}.

¢ [t e



b) t>2” ot
S
Velocity component at t. =I '¢L T
xl
t, -C
" _t,-t t, -
:S ¢2‘r#+f' (Pn L/,
z' z!
= k. men > th v = o0
t= O -t
[} ' -
j e Tdt=o0
" t t, -t
Velocity component at t, = f ¢ e T ca‘
t’
[/4
-prLe T]
/tl
_t, ~t" _t.-tf
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Application to sinusdddal movement

Let v = a gin wl where a = w7

Let §wI=kv (found to be approximately true )

=ka sinwl "
' -t =t
Frequency, at time t, = j (Pw;l 2 Tott
R ~o0
due to velocity 0 4ot t -t
) & 1ot T
| ¢ T ok o) eTunurd
[ ' o .
] 1
Now S e?tgin ptdt - [ea't(asinbt - b _cos btlJ
o al +* b:- o
Substituting a = I and b = w
T
¢ ) tl
' b=t - z
We have (P e T dt . ake 5| e® (! sinet- wcogat)
o ' (;r:.‘. T o
‘tﬂ.
Put ak = C
wh L
+, T2
Lt SR
3 CI?(', T at = C eTeT(_T’-.-sinuﬂ;-wcoswt,)«Pu/

‘ L4
= C [-_{—_ sinw‘t,-wcosurthp WL T:[




o &z
Similarly ] ¢¢—#dt = C e‘é[e% (%__ sinuf - wcos wl )
~Za7 t
= C e—"‘-'![—w ~ e—-_::"_'f,' (-w’]
T e =0

Le-t n-»e0 then e

g it -t

S ¢ e ¢ dt ==C e Tw
=0 €

Frequency, at time t,

due to velocity

=Y
rf~C etw+C (L
T—

o t,-¢ *
RE P
=J47e Tat + [pe T at

—ol . o

¢ ( —.‘r- sinwl, - w cos wtl, )

. )

sinuf- w cosal) + C o Tw

Thus it can be seen that the application of sinusoidally

varying stimull eliminates the effect of previous events on

a process which shows expontial adaptation.



PART 2.

ANALYSIS @F THE RESPONSE TO EXTENSION,
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Analysis.
The responses to constant velocity steps and to

sinusoldal movements of the muscle were recorded on film,
The Intervals between impulses were measured and the course
of the discharge frequency plotted on a graph, The response
curves were then analysed in a similar manner té the analysis
of the knee Jolnt response. Thls analysis is described in
detall below.

| It was hoped to see whether the same transfer function
would be able to predict the responses of both sense organs
(1.e. cat knee joint pfoprioceptor and frog neuromuscular

spindle) to certain types of stimmlation,

Response to Constant Velocity Steps.

The effect of streteh on the discharge frequency of
the spindle was recorded on film only on those occaslons
when a 'single unit'! discharge was obtained, Film record-
ings were made of the responses of nine differeht unlts.
In only four of these were the responses to stretch analysed,

Analysis of the response to streteh is gquite a lengthy pro-

.cedure, so that those units which had a low discharge fre-

quency, or in which the movement was not quite linear, were
not analysed. The steps applied to each unit are shown In
Table 1.

The average length of thls mascle 1s 15 mm. and the



Fig.22. Oscillograph records of the effect on the sensory
discharge of the application of a constant velocity
step (Unit 9 (4)). The upper line signals the move-
ment (11.6 mm. extension) and also carries the time-
marker (4 sec. pulses).

A. Application of the step.

B. Discharge recorded 10 sec after step.
C. Discharge recorded 30 sec. after step,
D

Discharge recorded 2 min. after step.



Table 1.

The number, velocity and extent of the steps applied to each
unit,

A. Unlts in which the response to every step was measured
and graphed,

Unit ' No. Range . Vel, No, of Response

(Scale) mm./sec. Steps Analysed .

5 B 3,1=3,7 2 1 -
C " 2.4 2 +
D " 1.7 3 +

E n - 3 Measured not smooth
I S,1=3,4 0.9 ) +
J " 2.2 2 +
K n 2 2 -
7 H 2.0-2.5 0.28 3 +
D " 0.55 3 +
E " 2,0 3 4+
F n 1,7 3 +
G " 0.55 3 +
H " 0,33 3 - +
8 3 2.9-3.4 0.25 2 +
S " 0.5 4 +
7 " 1.7 3 +
10 S.4=5,9 1.7 .3 -
12 " 0.5 3 -
14 n 0.25 3 -
9 1 3.,3=3.7 0.27 2 +
2 " 0.51 2 +
K. " C.7 2 +
4 " 1.0 2 +
5 " 1.3 2 +
6 " 1.8 2 +

Response to 25 sieps measured and plotted,
Response to 19 steps analysed.

Response to 57 steps recorded
Response to 48 steps measured
Response to 19 steps analysed.



Table 1 (Contd,)

B. Units in which the recorded responses were not all

measured,
Unit No, Range Vel, Ko, of Response
(Scale) mn./sec. Steps Plotted
9 12 3,3-4,0 0.29 1 +
13 n 0.44 1 +
14 " 0.58 1 +
15 " 0,93 1l + Records
16 " 1.4 1 + too
17 " 2.1 1 + short
18 3,5-4,3 2,0 1l + for
19 " 1.5 1 + analysis
20 " 1,28 1 +
21 " 0.74 1 +
23 " - 0.3 1 .+
27 3,7-4,3 - 0.26 1l +
28 n 0.52 1 +
29 " 0.63 1 +
30 " 0.82 1 +
31 " 1,04 1 +
32 " 1.85 1 +
Film speed unsultable -
A -
B -
c -
3 13 Freq. very low -
D
4 g Freq, very low ' -
D
6 ¢ 4,0-4.5 0.2 1 +
D " 0.40 3 +
E " 0,66 2 +
G 4.,5-5,0 0.2 2 +
H " 0.3 2 +
N 4,0-5,0 0.2 4 +

Response to 32 steps recorded
Response to 23 steps measured and plotted,
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maximum extension was 2.4 mm, The time taken for.the steps
varled with veloclity, with a maxirmum time of 4 sec,

The response to a constant velocity step was recorded
continuously for about 30 sec, after the application of
stretch and thereafter for 5 sec, periods, %, 1, 1% and 2
minites later, The muscle was then restored to its original
position and a 3 minute Interval allowed to elapse before the
next stretch. An attempt was made, at each velocity of
stretch, to repeat three steps over the same range.

It was found that a 3-minute interval between pulls
gave conslstent responses (as shown in Fig.23). If there
was a 1oﬁger Interval (e.,g. when the camera £ilm had to be
changed between pulls) 1t was occasionally found that the
response to the second stretch was somswhat greater than
that previously obtained. This effect 1s shown in Fig.24.

From the protocol there are 18 occasions (Table 2)
when there was & longer-than-normal lnterval be tween pulls
(though there i1s an impression that in some of the later
eiperiments an unrecorded pull was made to offset the effect
of the longer pause). In 7 of these occasions the subse-
quent response was higher than normal, If this effect is
genuine it may mean that 3 min, was too short a perlod to

8llow for the return to full excitabllity of the spindle,
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Fig,23., Graphs of the responses to two succesasive steps at

the same veloclty, over the same range, showing the
repeatabllity of the response
O—O 1st step.
Kemree X 2nd step.
The muscle was kept In the stretched positilon for
2 min, It was then restored to its original position
and 3 min, allowed to elapse before repetition of the

step.
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Fig.24, Graphs showling the effect on the response of allow-
ing a longer interval than 3 min, between steps,

3 steps at the same veloclity over the same range,

Q e © 1st step.
S — X 2nd step (after 10 min, interval).
[ ® 3rd step (3 min, after 2nd step).




Table 2.

Occaslons when the interval between repeated steps (at the
same vel. over the same range) was greater than normal.

Unit No., of longer-than-3 min, Effect on the
pauses response
5 5 3 rises
7 5 1 risé
8 4 -
9 4 S rises
18 pauses 7 rises

On 18 occasions the interval between pulls
was longer than the normal 3 min,
On 11 occaslions the subsequent response was

unchanged, while on 7 occasions there was a rise

in the response,
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Displacement Gomponent;q?(s)

In the theory of the transfer function it was
postulated that one portion of the response was due to the
position, or deformation, of the receptor. This is the
displacement component, f(s).

From Fig.23, 1t can be seen that at about 15 sec.
after the end of constant velocity step the discharge fre-
quency from the spindle has settled down to a steady value,
Two mimites after the movement the frequency 1s still at
this level.

If the graphs of the responses to steps at different
velocitles, over fhe same range, are superimposed, as In
Fig.25, 1t can be seen that the discharges all adapt %o the
same steady value. Therefore this frequency must be inde-
pendent of veloclty,  The frequency of the responée after
two minutes 1in any posiﬁion is taken to be due solely to 1lts
position, i,e, it 1s the displacement component ‘@ .

It was assumed that this value 1p; was attained and
kept whenever the final position was reached and that, during
movement, thils component increased linearly with position.

On the occasions when the discharge frequency was

measured after 3 min, in various positions and these values

plotted agalnst the extemsion of the muscle this linear relation-

ship appeared to be approximately true. These position/fre-

quency curves are shown in Flg.26.



IMPULSES PER SECOND

Fig.25,

EXTENSION

SECONDS UNIT?7

Graphs of the responses to steps of three different
velocities over the same range, |

The three responses adapt to the same final value,

/

® 4 m./sec,
X —===-- X 1,1 mm./sec.

© @ 0,6 mm./sec.
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Fig,26, The relationship between extension of the miscle

and'discharge frequency for units 5, 6, 7, 8, 9.

Each point represents the frequency of the discharge
recorded 3 minutes after the corresponding position had
been reached,

This relationship between position and adapted dis-
charge frequency 1s approximately linear,

(The ordinate scale starts afresh from zero for

everj unit, )
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Unit 9 Qiffers from the other units in that, al-
though the frequency of the responses to steps of different
veloclty have all adapted to almost the same value after 18
seconds, this value 1is higher than the value of the response

after 2 minutes (Fig,27).
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Flg,27,

10
SECONDS

Graphs of the responses to steps of three different

veloclties over the same range,

° ® 2.7 mm,/sec,
K e X 1.1 mm,/SGC-
o T eeet imen e o 0.5 m./secn

17 sec, after the start of the movement, responses
have all adapted to 32 imp./sec.
2 min, after the start of ‘the movement, responses

have all adapted to 20 imp./sec.
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Velocity Component é""’

It was postulated that the total response F equalled
the sum of the displacement component ?‘S’and the velocity
component @ (). Thus when the displacement component
was deducted from the total response curve F, as shown in
Flg.28, the curve which remsined was assumed to be composed
éolely of components due to the veloclty of the movement.

When the muscle was stretched by steps of constant
velocity, the response frequency/time curves obtained were
similar in form to those which were obtained from the cat
knee-joint proprioceptor (Fig.29) in response to similar
movements, It was found that, for the lkmee-joint proprio-
ceptor, the assumption that there were three velocity com-
ponents, @,, and éspositive, and @z negatlve, gave quite
a good fit of the experimental curve, Therefore it seemed
reasonable to attempt to flt three veloclty components to

the spindle response,

_@5 The form of the response curve, Initial rapid fall and
long taii, made 1t seem likely that there was a component

with a short memory and one with a long memory. In the

latter part of the curve the Impulse frequency will be entire-
ly due to this long memory component, say @3 . From examina-
tion of this part of the curve, which decayed approximately
exponentislly, a value was chosen for the time constant of

decay TS .
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Fig.28, @ A, The total observed response, F, and the
dlsplacement component, 'Q'
B, Total observed response less the displacement
component, giving the part of the response postulated
to be due ‘solely to the veloclty of the movement,
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Fig.29, Graphs of the responses of the cat knee-joint
proprioceptor and of the frog muscle spindle to

similar constent veloclty steps.
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A representative point X, at a time tl, was chosen
arbitrarily on this portion of.’che curve, The frequency
at t; was assumed to be due solely to the component @5
From the formla for the response after the end of the
movement, |

Frequency at T -
time tl
where &' = duration of the movement.,
'*<b3 is the only unknown in the sbove equation end it
can thus be determined. |

Using these values of ¢ and T ‘the velocity com-
ponent ? was calculated and plotted on the same graph,

A reasonable flt of the tall of the experimental curve as
shown in Fig.30, was taken as an indication that the values

chosen for (PS and T, were satlsfactory.

b, e &,

The wveloclty component é 3 was then deducted from the
total veiocity component‘.‘ The curve which remained (Fig.31)
was examined to see if 1t could be fitted by a single ex-
ponential curve, In all but two cases, this was impossible.
1t was therefore thought that 1t might be able to be fitted
‘by two exponential curves, one positive and one negative as
in the analysis of the knee-jolnt proprioceptor response,

To do this an attempt was made to find a curve C such

that (ﬁ — C  was an exponential function, and the total
-3
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Flg, 30, The veloclty component @3 fitted to the latter
part of the total veloclity response curve P - \Ir
X, at time t,, 1s & point on the response curve,
at which the response frequency 1s postulated to
be due solely to the component @3
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remains after the deduction of the component @3
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velocity component (F "w) s =0 was also an exponential,
Such & eurve could always be found by trial and error, and
it was dram by eye as shown in Fig.32,
The two curves @3 ~-C = @L
and (F-y¥)-¢ = ¢

were plotted and their time constants of decay"l; , and T

evhluated,

From the theory, for each velocity component, the
pesk :E‘reejuency of the response, which occurs at the end of
the movement, is glven by: "

L
Peak frequency = Q,_-'Q(’""- 'c;) i=1, 2, 3,

t".—. duration of
movement,

Since the peak frequencies and the tlme constants T
and T were known, the values of the parameters ‘bi and 432
could be determined and the wveloclbty components §‘ and §z
evaluated, These, along with @2‘ s are shown in Fig,33,
whlch also shows the summation of these three components.

The displacement component "P' was then added to the
total velocity component and ths sum @ + § compared wlth
the observed response (Fig.34). This figure also shows the
sum of‘the displacement-component and & single exponential
fitted to the first part of the velocity response curve, indl-
cating the need for more than one velocity component,

The procedure involved in the analysls of a step 1s

illustrated below.
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Analysis of a Step.

Unit 9(3).

The response to two successlve steps, at the same
velocity, is shown in Fig.35. The value of the response

after 2 min,., is shown, giving the dilsplacement component'

o

the veloéity components Q y @z ! ég

Duration of movement 'c" = 1,13 sec.

The remalnder of the response 1s then analysed into

From Inspection of the tall of the response curve 13 = 15 sec,

At the point X (Fi1g.36), when ty = 9, frequency = 20.

i
From theory, frequency at X = ¢3 4 (e —‘=‘~:; __z“qg.‘-)
Q-5 -9
PR 20:15¢(¢ s - ‘5)
. § - 20 . = 30
e » 3—lsx‘eq,’$"}'¢¢'$

Since ¢3 and T, are now lnown, §3 can be evaluated as

shown below.
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(F - \P’ ) = C = exponential
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Evaluation of §3_.

5 £1-1.33 o _ B %;-115 Diff, §
15 15 .15 15 3
o ' 0 0
01333 . 98674 01326 6.19
02667 973583 02647 12.35
.04 . 9608 .0392 18.29
. 05334 .94813 . 05187 24.2
06667 . 93871 ‘ .06429 29,99
07533 0 . 92766 1 07234 33,75
i . 02467 .90484 .97551 07067 92,97
L3333 .058 . 87534 . 94382 .06848 31.95
166687  ,09134 . 84651 .91274 06623 50.9
L 12467 .81873 .88277 . 06404 29.88
23333, ,158 79181 85383 06202 28,93
. 26667 .19133 .'75588 . 82584 .05996 27,97
D 22467 .74082 .79882 .058 27,06
000333 .28 71661 17264 05603 26,14
.4 32467 . 67052 . 7228 .05248 24,48
46667 .09134 . 62708 .067622 04914 22,95
e 03335 .458 .58B677 .632566 @ ,04579 21,36
.6 . 52467 . 948381 .09168 . 04287 20.0
. 66667 .09133 .01445 05367 .03922 18,3
13333  ,658 .48029 .0179 03761 17.55
.8 . 72467 44933 .48449 .03516 16.4
.86667 . 79133 42033 45327 03294 15,37
.93835 .358 293524 42401 03077 14,35
1 . 9R467 06788 09668 . 0288 13,44

1.06667 .99133  .34416  .37107 .02691 12,55
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The curve C is then drawn by ‘eye. The curves (F‘}P)"C

—

and Qs ~C are drawn, If these decay-approximately
exponentially, C 1s considered satlsfactory.

From the curve (F-}P)—C , the time constant of decay,
T, is determined, |

T = 1.1 sec,
_t” . ,
The peak frequency é =~@'ti(”“'ff—ﬁ') L=423
at end of movement
: 3
c.P =825=11¢ (1-2 )

0 82,5
. o l= ll(‘_z-i‘._l‘;;._ =116.7

Similarly [, = 0.8 sec, -1;'_3)
~ e o8
P =16 5 08¢ (1-¢

R - 26.4
4 08(1 -2-%2)
Since T, and 4), and ¢2 are known the

components @ and @ can be evaluated as shown below.
' 2,
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Evaluation of q& .

.18182

56364

94545

127727

. 90909
1,02727
1,36364
1.81818
2,287273
8.,7:=727
5.18182
5,.63636
4,09091
4,54545
5,45454
6,36564
7.,27273

1.1

0

.33636

79091
1,24545
1.7
2.15454
2. 60909
3,06364

- 35,51818

4 .,42727
5.33636
6,24545

o- 11

1.1

1
.8339
.69504
. 0796
48323
.4029

- ,O8797

25573
. 16233
. 10304
.065839
.04151
.02635
.01672

- 01062

.00428
.00172
.00069

o b1-1.13

- 1.1

L7145
45347
.2878

.18268
.11596
.07361

.04672

03056
.01195
.00481
.00194

Difrf,

(¢
.1661
.250496
4204
01677
9971
. 64203
. 45877
.29114
.18476
.11729
07445
. 04726
.03
01994

. 00767

.00309
00125

45,

21.35
39,19
54,13
66,41
76.74
82,51
58,97
37.42
23,75
15,07
9.57
6,07
3,86
2.56
0.99
0.4
0.16
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Evaluation of §1 .

by t,-1.13 t t,-1.13

5 - - el Diff

0.8 0.8 <8 0.8 §Z
0 1 0 0
.25 .7788 .2212 4,6
.5 . 60653 39347 8.3
.75 L4724 | 5276 © 11,16
1.0 36798 .63212° 13,37
1.25 .2865 7135 15,09
1.4125 0 .24354 1 75646  16.0
1.875 .4625 15335  ,62975 4764 10,07
2.5 1,0875 .08208  ,33706  ,25498 5,39
3.125 1.7125 .04394  ,18042 ,13648  2.89
3.75 2,3375 02246  ,09656  ,0741 1.57
4,375 2,9625 .01259  ,05169 0391 0.83

5 55,5875 .00674 02767 02093 0.44
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These three veloclty components were then summed

glving the total veloclity component @ to which was

added the displacement component Y .

t, % -9,

1.51
4,05
7.13
10,85
14,9

17075
22,9
26,50
28.01
28,31
28,1
27.53
27,06
26,14
24 .48
22,93
21.36
20.0
10 18,3
11 - 17.55
12 16.4
15 15,37
14 14,35
135 13,44
16 12,55

o

° » e« o O
61 NV I ¥ CJ!(I—"‘OGJGHP-I\')

COJOOUPHRURNODNOHHH

This sum I:E' + § was then plotted along with

origihal observed response as shown in Fig,38,

i 8.3

22,86
43 .24
61.26
7 .24
91,64
100,26
81.87
63,98
51.76
43,38
37,67
33.6

50,92
28,7

25,47
25,35
21,52
20,0

18.3

17,55
16.4

15,37
14,35
135,44
12,55

47,
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Cholce of parameters,

Six parameters ¢, ) d’z ,‘p; ’ Ly ,7'; 9 ?3 have thus
been determined for each constant veloclty step. The
question of the reliability of these values now arilses,.

Are they at all critical, or would a wide range of values

fit the experimental results equally well?

e

The factors affecting the cholce of Ty are:-

. The first parameter to be chosen 1s 7"3

1) The value chosen for the statle component, Y_f _

2) The point on the discharge frequency curve after which ?3

isA considered to act alone,
3) Alterations in the value chosen for ﬂ_fv will have a con-
siderable effect onA@3 _

e.2. in unit 5C, an alteration of 2 in '@' (when }P’ 6)

n

25% change in T,
in unit 7C, en alteration of 2 In ¥ (when ¥ = 10)
'50% change in T3

in unit 9(1), an alteration of 2 in 312' (when 'y = 20)
20% change in T

Since, in all wnits except 9, ’}F 1s low (about
10 impulses/sec,) it 1s liable to be irregular, Thus its
determinatidn is not very preclse and hence no great reliabil-
i1ty can be expected for the wvalues of ’l"3 . They would
be expected to vary quite a lot, and, in fact, do so,
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»E[he effect of variations in WI)' on the other para-
moters will be very much less, since variations in \Ir will
tend to be compensated for by changes In the value of ﬁa
such that the totel &(f + §’5 remalns fairly constant, This
1s 1llustrated in 'Fig.SQ. Thus 1t might be expected that Té
and hence ¢3 ’ woxild show greater varlations than the other

parameters, This 1s found to be true,

2) Anothef possible source of error in the determination
of T; , would arise if, at the polnt X in Fig.30 either or
both of the components @' and éa were stlll acting. In
the determination of T; it was assumed that at the point X
on curve F - lp’ the entire response was due to the com-
ponent és

It seems likely however that any considerable error
of this sort would be immediately apparent, For example,
in the first analysls of one of the steps in unit 7 , the
point X was chosen to be about 5 seconds after the end of the
movement., TFor this X, the value obtained for 7'.,; led to
values of §3 which, in the earlier part of the response,
were much greater than corresponding values of F -}P’ (Fig.40).

When }_D' and the polnt X had been fixed a value was
chosen for 7.; to £fit the tall of the response airve,. If the
calculated component f?’ fitted the experimental curve reason-
ably well, the value chosen for 7 was considered to be

5
satisfactory.
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The effect of variations in the value of the
displacement component (on the sum \P’ 4+ (F%

— ¥ = 30, T, =8

{[r = 20, ‘C'3 = 15,
Variastions in \Y are to a large extent balanced by

changes in 'T; so that the sum ’\_:E“ + §3 varles
1ittle.
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A few calculations were made to see whether these
values of 'TJS were at all critical or whether qulte a wide
range of values would fit the curve equally well, The re-
sults of these calculations are shown graphically in Fig.41.

The results of the alterations in T; were:-

Unit 9 17% change in T3 little change in @3

304 M n T ——— worse fit of curve

Unit 5 25% °© TG — slightly worse fit of
: . ) - curves,

Thus it é.p’pears that values of 7; i 20% of the chosen
values would fit the experimental curves equallﬁ well, This
wide range of possibie values which might be chosen for 7},
is due to the greater fluctuations at the tall of the experi-
mental response, where the frequency 1s low
¢

The value obtained for the parameter 4)5 1s affected
by the same factors as influence the choice of T, » end also
by variations in the chosen T,

The changes shown in Fig.,41 give the followlng
changes in 4)3 »

it 9 § ¢,
12 15,9 i.,e. 30% change in T

25% change in ¢3
17 12.4
20 11.3 i,e, 18% change in T3

8% change in ¢s
Unlt 5 6 29

53% change in T, 25% change in 4)3

8 21
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¢l ¢Zz ’T" ’rl

The parameters (P and T for the curves i andi
: 2
are affected by

1) The shape of the curves § and ¢

2) Errors in curve fitting.

Shé.pe of ?ﬂ and iz.

1). This 1is dependent on

a) ‘@'
v P,

c) The curve C which 1s drawn by trial and error to give

| é?’ -C = exponentlal |

and (F -III') ~C = exponential.

a) and b), Despite wvariations in 'é_[r and 't; , the sum
(llf-l- @s) appéars to remain fairly constant, This 1is
1llustrated in Fig.39. Tms 1t seems lilkely that variations
in the values chosen for f and é& will have little effect on
the shape of é' and fﬁl . |

c) Before attempting to draw the curve C, the curve

P - g;’ -@3 was drawn to see if 1t was expo:iential in form,
In only two cases could an exponentlal be fitted to 1it.

- A number of different curves € were tried in each
case, and that which gave iJ‘ and §7. most nearly exponential

we.s selected,
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If a curve € could be found, such that
(F“?‘)- f-‘l:: 8XpPp. = é'
da -C= . =
an @3 - exp ¢
.80, (F~}F}-§3= @.'éa

then 45. and é‘. are unique,
since if Ae®X - BePX . (eCX . pedX

S

then A = a = C

c
B=D b=2ad

2). Curve Filtting.

As with 7‘; , & few calculations were made to see if
the values chosen for T and T, were critical,

The fesults are shown graphically 1n Figs,42 and 43,

(P" and ¢1 are dependent on the wvalues chosen for T

!

and T, and also on the peek values of §' and §z

The changes in T and T; shown in Fig.42 give the

following changes in ‘k and (}51 S

e

1.2 42,7 1.e. 17% change inT

17% chenge in ¢,

1 49.5
T, ¢,
l.,4 6.7

i.,e. 14% change 1nT, 12% change in ¢,

1.2 7.5
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The parameters 4)“ ¢z, ¢3 y T, Ty 27 of all
the analysed responses of a particular unit were collected
(wmmiwiwm@® ) and were plotted separately against VYV the
veloclty of the movement.

- For each unlt, it was found that the relationshlp
between CPA‘ snd U was approximately linear Ck‘; = kiv
(1=1, 2, 3), where k i3 a constant vhich verled from unit
to unit, The graphs CP,: /~- for unit 9 are shown in Figs,
44 and 45, ‘

When the parameters for the four units were ﬁlotted
together (Figs.46 and 47) it was found that for units 5, 7, 8
¢; =x,v (1=1, 2, 3). | |

No relationship between 7T and v/ was found for any of
the units, R g and'?i were approximately constant, while ?3

varied considerably (Fig.48).
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Time of Movement.

Some calculations were made to see what effect errors
in the measurement of t'ﬁ the duration of the movement,
would have on the calculated response,

This error would be most likely to occur in a slow
movement'when, because of the low gradient, the exact moments
when the transducer signal 1éft, end returned to, the base-
lines, would be rather difficult to determine,

In unit 9(1), which was a slow velocity step, t”
was chanéed from 3 to 2;5 sec, The effect on the calculated %
response after the end of the movement is showvn in Fig,49
end was found to be negligible,

This alteration in the value of t° leads to a change
in the values of 4)' 4)1 and ¢ . However, the veloclty
v 1s also altered, and the new values of ¢y remain on the
line ¢; = kiv.

In unit 5, the ending did not start to fire until
some WayEthroqgh the movement, so that the time of stimula-
tion was not the same as the time of movement, (In this
unit the relationshlp between ¢ and v can be best ex-
pressed ¢J = - + kv, perhaps reflecting the below threshold
state of thé ending.)

/

The analyéis of unit 50 was carried out using tl

H

0.4 sec. (duration of stimulation) instead of & = 0.5 sec,
(Guration of movement), The results are shown in Fig.50,
The value of the total velécity component was practically

unaltered,
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Response to Sinusoidal Movement.

The real test of the validlty of the application of
the transfer function to the frog neuromuscular spindle was
to see whether the parameters, derived from the constant
velocity steps, could be used to calculate the expected
response to sinusoldal movement with any accuracy,

On all the occasioﬁs when the muscle was stretched
with steps of constant veloeclty, sinusoidal extenslion and
relaxation were also applied (Table 3).

Using the apparatus described above, the cord from the
puller was attached to the driving shaft of the S,H, M, machine,
The point of attachment was such that the extension of the
ﬁuscle was over the same range as was used for the correspond-
ing constant veloclty steps. The 8,H,M, machine was adjusted
to give 1ts slowest speed and the response to three successive
cycles recorded. This procedure was repeated at the other
two chosen speeds, . These had been previously selected to
glve as wide a frequency range asg possible without changing
the driving belt, "

The responses to these sinusoldal movements were con-
sidered'in detail in the same four units in which the responses
to steps of constant velocity had been analysed, and the
parameters of the transfer function derived, viz, units 5, 7,

8 and 9.



Table 3.

Table showing those units which were stretched sinusoidally and
those in. which the response to thils movement was compared with
the predicted response, calculated using the transfer function.

Unlt Range Speed No, of Response Expected response cal-
(mm,) c/sec, cycles measured culated using transfer
) function
1 No ,
(F11m speed
too slow)
2 No
(Freq,very low)
3 2.4 .22 3 + No
) ) + paramsters
.4 S + from steps
4 .2 3 +
3 3 +
4 3 +
4 2 - No

(Movement not pure-
ly sinusoidal)

5 2.4 +
. +
) o +
1.6 . -
6 2 . No
. parameters
. from steps
7 2.4 .
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pulses).
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The Impulse frequency recorded In response to the
sinusoldal movement was plotted, The polint reached In the
extenslion cycle was used as abscissa, instead of time, as
in the graphs of the response to the constant veloclity steps,
This method meant that the responses to sinusoidal movements
6f different speeds were comparable and that the effect on
the response of changes in speed could be readlly appreclated.

For each speed used the plots of repeated cycles were
superimposed. In unlts where the maximum response freguency
was low, around 30 1mpulsea/sec., the response to stretch
was rather irregular and coﬁsequently varied between success-
ive cycles (Fig.524). When the maximum frequency was about
éo Impulses/sec,, the response was much more regular and
successive éycles gave very similar responses (Fig,52B),

A mean curve was drawn through the superimposed
responses to successlive cycles, For each unlt the mean
curves for the three different speeds used were then plotted
together (Fig,.53).

Increase in the speed of the slinusolidal movement, for
the range used in these experiments, produces no very strik-
ing changes in the response: however, the following observe-
tions can be made:-

1, The maxlimum frequency of the response increases with
épeed.
2. As speed increases, this peak frequency occurs at an

earlier point in the cycle,
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For each unit the expected responses to sinusoidal
movements of the three diffefent speeds used was calculated
by means of the transfer function, using the parameters
derived from the steps,. The results of these calculations

were compared with the observed responses,

From the analysls of the responses to steps of constant

velocity, the parameters ¢, , ¢z , ¢3 , T, e 7;
were determined for each of the different constant wveloclty
steps applied to a unit,

For each wnit P, (1 = 1,2,3) was plotted against v.
As shown above, 1t was found that the relationship_between
them was almost linear, giving d’,‘; = k,v (1 = 1,2,3). The
constants ky were determined,

T; was approximately cmstant, for any unit, and the
average values were aslected,

The parameters, thus chosen, were used to calculate
the expécted response to the sinusoldal movement.

From the theory, given above, at angular veloclity w
and time %4,

[} .
= = wwl - w Coswt]
The component of frequency éf") c [ G ! '

due to velocity, i= 1,2,3
where C _ Grki, and a = W
. : w*s :.:_;.._
é.(”) = twky 4 .unw"'. -~ weoswt
% Y T
w «

L
T2
)
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The total component = @ — @ + @
\ 2 3
due to veloclty
-k, K o & ] smuit
= Aw (wt‘_'p-)"(“ (w’*,,.:l'__l)'t; (UJ’:",L)T;
- 't:z ‘1 '[;1
- fwzF _.:_'.. - _Ra + k3 ] coswi,
'w-‘-"‘%"z (wlf__‘__‘ wl_“—_L
' T >
‘ 3
= A sin wtl 4+ B cos wtl
Now the function A sin© 4+ B gos & has a maximum value
AR 4 B2 when © = tan~1 B
L Makimnm valus of veloclty component A sin wtl 4+ B cos wtl
- A% 4B

which occurs when wt, = tan'l.g

k k |
where A = —101[-( — - = -+,JEL, ]
WEEIG WRLT, Wi )Yy
( Tz (3
and B = -»rw‘[ LTI R ok
W 4_!1:1 wl_._—!- Ut-&—__f_
. —t;.'l.- ,qz

The coefficients A and B were calculated for each
unit, for the three different speeds used, The maximum
response frequencies and thelr points of occurrence in the
cycle were determined, The dlsplacement component .4? (s),
ﬁt these points, was then added to the maximum values of the
response and the calculated pesgk fréquencies compared with
the experimental values, If the calculated values agreed

with the experimental ones to within about ¥ 10%, the
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theoretical response was calculated for the complete cycle.

In no case did the calculation, usimg the parameters
derived from the steps, give an exact fit of the experimental
curves of the response to sinusoidal motion. Fig.54 shows
the observed and calculated responses of unit 7 at the three
speeds used and compares them at the fastesf speed, |

In general, the response celculated usling the transfer
functioﬁ agreed more closely with the experimental response
at the lower rather than the faster speed,

The differences between the two responses are:-

1) With iﬁcrease In speed the experimental response shows
a greater 1ncréase than the theoretical one,
2) With increase in speed the maximum frequency occurs
a) experimentally - at earlier point in cycle,
b) theoretically - at later point in cycle,
3) Experimental response departs mich more from a sinusoidal
form than the theoretlcal one does,

The questlon now arises as to whether these dis-
crepancles are due solely to a bad cholce of parameters for
the transfer function, or whether some other factors should
have been teken into consideration in estimating the theoreti-
cal response,

The values chosen for the parameters were by no means

precise; the T 'S showed quite a broad scatter and the
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gradient ky of the lines @ , = k,v could also take a range
of values,

| The effect on the response of various changes in the
values of the parameters T ; and ky was therefore tried and
the results shown in Filgs,55-60 and Table 4,

These changes can be summarised,

Parameter Change  Number of units Effect on
in which change a) Peak freq. b) Lag
was made

T, decrease 4 Dec, Dec,
™ " 1 No change |
T} " 1 Inec, Dec,
kl increase 2 Inc, Dec,
ko " 2 Dec, No éhange
ks n 1 Inc, Inc,

The desired changes in the form of the calculated
response to glve closer agreement with the observed response
are :-

a) Increase in peak frequency,

b) Decrease in lag, i.e,, in that part of the cycle which
élapses between the point of maximum velocity and the
point of occurrence of the maximum response frequency,

These changes could be achieved by :

a) Decrease in T, Increase in k,; and ks.

b) Decrease In U, and T3 Increase in k., (Bhe decresse

in T, has the greatest effect,).
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Thus the changes in the value of the parameters which
might lead to better agreement between the calculated and
the observed responses are:-

1) A decrease in the value of the time constants T, and T
2) An increase 1in k, and kS‘

The observed and the calculated responses to the con-
stant vélocity steps were then re-examined to see 1f there
would be any justification for making such changes,

On examination of the response curves, it appeared that
agreement between the observed and the calculated responses
in units 5, 7, 8 would be improved by such changes; the most
marked changes belng required in unilt 5, From inspection of
the graphs of the response to the constant veloclty steps, in
unit 5, new values of the time constants T and T were
declded upon, and the peeks of the response plotted using the
0ld and new values (Fig,61). The new values improved the
position of the peaks but thelr amplitude, at the two slower
speeds, was now too iow.

The theoreticel response to the sinusoidal movement
is compésed of two parts:-

a) the veloclty component which takes the form A sin © 4
B cos @ and can thus be represented by a cosine waveform,
e.g., C coa (8 - <),

b) the displacement component, which varies approximately
linearly with posltion and 1s thus almost sinusoidal in

form,
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These two componénts are shown in Fig,62 and their
sum In Fig,63,

Thus the theoretical response is nearly sinusoidal in
form, with a slight skewness introduced by the displacement
component, The shaded areas in Flg,63 represent a negative
response frequency and correspond to the periods in the ob-
served response when the ending was silent save for a few
random impulses, The receptor was then in a sub-threshold
state, '

The spindlé 1s unable to fire regularly at a frequency

less than 10 impulses/sec. and so, as expected, at points

" where the theoretical‘response lles below thls value, the

observed response was low and irregular,

The observed and the calculated responses to sinusoldal
movement, at the fastest speed, are compared in Fig,64,
While there 1s a considerable measure of agreemeht between the
two curves, 1t can be seen that, during the latter part of the
cycle, the observed response falls away much more steeply than
the theoretical responss, A possible explanation of thils
finding arises on consideration of the relationship between
length and tension for this muscle,

It 1s known that the relationship between length and
tension, for frog's striated mscle, is not completely llnear,
Buchthal (1942) has constrcted length/tension curves for

rosting striated muscle flbres in the frog, using small
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bundles of fibres from the semltendonosus muscle. His
results are shown in Flg,65, which shows this relationship
determined during moVement and under sfatic conditions, He
found that, during stretch, the tension, at any length, was
greater than the corresponding static tension, and, during
relaxation, the tension was less than the stationary value,
Buchthal also quotes the seme result as found by Blix (1892)
for whole muscle. In addition, Blix found that, during
cyclical movements, at any particular length, the difference
In tenslon during stretch and relaxatlion Increased with the
speed of movement.

It may be that the deformation at the sensory endings
is related to the tension in the intrafusal fibres rather than
to the extensilon of these flbres.

During step-like extension of the muscle, over certain
ranges,-extension end tension are linearly related so that
the same results would be obtained lrrespsctive of which was
considered as stimlus,. During sinusoldal movements this
linear relationship no lonéer holds and 1if tension 1is 1lndeed
the effective stimulus, the quicker decline of the observed
response during the relaxation phase of the sinusoidal move-
ments might be accounted for,

The relationship between length and tensilon, for this
miscle, and the effect on the sensory discharge from the
spindle of the application of step-like changes in tension are

consldered below.
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Flg, 65, The relatlonship between length and tensilon in

resting striated muscle f{ibres of the frog semi-
tendonasus determined by Buchthal (1942).

represents the relationship found when length and
tension were recorded simultaneously during cyclical
movement,

represents the relationship found when the length of
the muscle fibres was measured after the application

of tension.
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Response to Changes iIn Tenslon.

From a compaerlison of the observed response to sinu-
soldal movement and the expected response calculated using
the transfer function 1t appeared that the sensory response
might be directly related to changes in the tension of the
intrafusal fibres rather than to changes in‘their length,

It was therefore felt that 1t would be wvaluable to find the
effect on the sensory discharge of the applicatlon of tenslon
changes similar to the previous length ones,

Some preliminary experiments of this type were done,
Step-like increases in tension were applied to the muscle and
the sensory response recorded during and after their application,

The apparatus used l1s described above ln Part Ib,

25 experiments were made and on 7 occasions the responses were

filmed, The frequency of the responses was plotted as a

function of time In 4 experiments, glving a total of 37 steps,
The response was analysed in 14 steps from 3 experiments
(Table 5),

Before applylng the tenslon steps to the muscle, the
tension produced by the moving coll system, with various values
of the resistance and voltage of the circult, was determined by
means of the torsion balance, The tensions applied ranged
from 0,18 gm, to 1.4 gnm, The Initial tension of the muscle
could not be measured with the transducer used, but was ex-

tremely low, Matthews (1931la) reports that the maximum



Table 5.

The number and magnitude of the tension steps applled to each
unlt, showing the steps in which the response to the applica-
tion of tension was analysed,

Unit DNo, Tenslon applied No., of Response Response
gm, steps plotted analysed
12 1 0,19 2 + +
2 0,23 2 + +
3 0.27 2 + +
4 0.37 2 + +
5] 0.39 2 + +
6 0.51 2 + +
7 0.55 2 + +
8 0.64 2 + +
9 0,76 2 + +
14 1l 0.18 2 + +
2 0.21 e + -
) 0.5 2 + +
4 0.4 2 + 4+
5 0.5 2 + -
6 0.6 2 + +
7 0.7 2 + Record too short
8 0.8 2 + "
9 0.9 2 + n
10 1.0 S + n
11 1,1 1 + "
15 1l 0.24 2 + Record too short
2 0.4 2 + "
3 0.6 1 + "
4 0.8 2 + "
5 1.0 2 + n
16 1 0.18 2 + +
2 0.3 2 + +
3 0.4 2 + -
5 0.6 2 + -
6 0.7 2 + -
7 0.8 2 + -
8 0.9 2 + -
9 1,0 2 + -
10 1.1 2 + -
11 0.9 2 + -
12 1.1 2 + -
13 1.4 2 + -

The responses to 37 steps were plotted and measured,
The graphs of the responses to 15 steps were analysed,
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tension developed In M, ext, long, dig. III during tetanilc
stimilation was 10 gm,, so that he considers 2 gm. to bse about
the maximum tension occurring in life, It therefore seems
likely that the tensions applied to m. ext, long. dlg. IV were
all within the physiological range.

After each step had been applied the muscie was kept
under this tension for 2 min, The response was filmed for
the first 30 sec, after the application of stretch and then
for 5 sec, periods at 30 sec, intervals, The tenslon was
then released and 3 min, allowed to elapse before the next
pull,

The form of the discharge was similar to that recorded
in respbnse to theAexxension steps except that, in this case,
the maxlmum response frequency was much higher, 1t was there-
fore more regular since 1t was well above the flring threshold,
It was found that repeated pulls, at the same tension, gave
very similar responses (Fig.66), so, normally, only two pulls
were made at each tenslon,

The analysis of the response was carried out iﬁ an
exactly parallel manner to the previcus analysils of the exten-
gsion steps of constant veloclty. The frequency of the
response after 2 minutes under a particular tenslon was taken
as the static component'qf of the response at that tenslon,

The remainder of the response, total frequency F - QT, was

then analysed into the three 'velocity' components, d?,)
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Fig,66, Graphs of the responses to two successive appll-
catlons of the same tension 'step', showlng the

repeatability of the response

® 13t step
X——=-X 2nd step.
The muscle was kept under the appllied tension for
2 min, This tenslon was then removed and 3 min,

allowed to elapse before 1t was re-applied,
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@z‘ and é as before, (The term 'velocity' is
used here to expréis rate of increase in tension.)
The six parameters (p” ¢Z' ¢3, /C',) Tz 9 T.% and
were evaluated,
¢,v¢2_ and (i)5 were plotted against tenslon 'velocity!
and the relatlionshlp between them was found to be approxi-
mately linear, glving (k;: kv (¢ =1, 2, 3) (Figs. 67,
68, 69). N
T and Tywere falrly constant both within and
between units, while T; shows considerable scatter (Fig,70).
The values obtained for the parameters were compared
with the values obtained in the previous analysis of the
extension steps O I The higher response frequencies
recorded here, due to the greater tensions and extensioné»
applied to the muscle, are reflected 1iIn higher values of the

parameters Qb' However they sti1ll bore much the same re-

'
lationship to each other, i.e. ¢, =¢, b -2,

The time constants T dld not agree with the values
obtained for units 5, 7 and 8 of the extension steps but were:
quite similar to those of unit 9. Unit 9 also resembled the
tension steps in that the responses were at a higher frequency
than in the other extension steps.

In all these higher frequency responses, about 20 sec,

after ths.new position had been reached the frequency of the



4000[-
o
®
3Q00F
Q00 o
o
d T ’
°
! o °
2000r- (o] °
e
°
o
100CH
o ] ] ) [l ] [y ] 1 ]
%) 2 a 6 8 10 12 14 16 18
‘veLociTY (6Mm/skc)

Fig,67, The relationshlp between the parameter ¢, , and
the "veloclty" (rats of increase of tension) of the
tension steps-‘for units 12, 14 and 16,

© Tnlt 12
e TUnit 14
® Unilt 16.



ISOOF
(o]
1000}
(o] o L
¢ °°
{
2 °
(0]
o lo d
500} o
(o]
o
o) I ] 1 1 ] 1 ] 3 4
(o] 2 a4 [ 8 10 12 14 16 18
(VELOCITY (GM/SEC)

Filg,68. The relationshlp between the parameter 4%. , and
the "veloclty" (rate of increase of tension) of the
tension steps'for units 12, 14 and 16,

| o Tait 12,
o Unit 14,
o) Unlt 16.




1500
o
o
1000
o] o o
4) o
3 °
°
°
° fog
500 o
o
®
(o] 1 1 1 1 1 i 1 A 4
(o] 2 4 6 8 10 12 14 16 18
‘veLociTY’ (GM/sEC)

Fig, 69, The relationship between the parameter ¢3 , and
the "velocity" (rate of increase of tension) of the
tension steps for units 12, 14 and 16,

o Unit 12,
[ Unit 14.
o Unit 16.




25 |-
() ° ®
20 [e] ®
5]
o
oe 1) o
's -
,t, o ]
3
D -
5 |
(o) 1 1 1 1 1 1 L 1 J
3 k
® [} [} o0 ® [+ | J
o o ]
T 2t n o )
T2
[
fe 1 1 1 | 1 J 1 1 1
3
[o]
o
'“L“z— o o© o ° °
oe
! o 00 [
d = o .
!
[e] 1 1 Il L Il 1 ] [l ] :
o 2 4 [ 8 10 12 14 16 18
‘veroctTyY (GM/SEC)

t Fig,70. The relationship between the parameters T, T; and
fn T and the "velocity" (rate of increase of tension)
, of the tenslon steps for units 12, 14 and 16,
o Unit 12,
| ® TUnit 14,

. ) Unlt 16,




67.

disbharge had adapted to practically the same value irre-
spective of the veloclty of the movement by which thls
position was reached, Therefore 1t would appear that the
frequency of the response at this point is iIndependent of
veloclty, and could be taken as due solely to position, i.,e.,
the displacement component ﬂ?-. The value which was in
fact chosen for'QT'was the adapted frequency 2 min, after
the movement, which is lower than the 20 sec, value, It
may be that there 1ls a very slow adaptation of the displace-
ment component, If thls 1s so, the use of the 2 min, values
for | will affect the determination of T, leading to a
much larger value than the true one. In units 5, 7, 8, the
frequency had adapted to below 10 imp./sec, in 20 sec., Thus
any slow adaptation effect was not noticeable and would not
affect the analysis,

An estimate was made of the values of’}% which would
be obtained for the tension steps, if the 20 sec., value of
the response was taken as yF' . The values obtained were
mich lower and more consistent: the old values of
ranged from 14 to 24 sec,, the new values were 5 to 6 sec,.

There were several addltional sources of error in

this analysis to those encountered in the previous one.
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a) Measurement of Duration of Movement., The period during

which tension was applied was very short, therefore it was

difficult to measure it very accurately. Also, although

the rate of application of tenslon was reasonably linear,

in some experliments there was an Increase in the spindle

response before the tension increase was signalled. This was

probably due to the muscle being originally in a relaxed state.
From the consideratioms of the analysis of the con-

stant veloclty steps above, 1t appears unlikely that errors

in the measurement of the duration of the movement will have

much effect on the parameters derived from the analysis,

b) Measurement of Peak Fregquency,. On application of the

higher tensions, the maximum frequency of the response was

very high§ 1ittle more than the refractory period of the
nerve separated the impulses, On some occasions, the film
speed was not fast enough to make the impulses at the peak

of the response easily separable. Since the film speed

could not be altered during fllming, this meant that 1f the
speed was fast enough for the impulses at the peak of the
response to be clearly distinguishable then the fllm was liable
to run out before a sufficlent length of record for analysls
had been obtalned. There would therefore sometimes be an

error in the measurement of the peak frequency. In these
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cases, some point on the response curve, other than the peak,
was used in the calculation of ths parameters q& and ¢Q

In Fig.71, the observed and the calculated responses
to a tension step are compared, A good fit of the experl-
mental curve was obtained for all the steps, | While there
appears to be a slight Improvement in the flt of the observed
responses, it 1s not significantly better than that obtained
for the extension steps. This 1s the expected result since,
during step-like extensions of the rmscle over certain ranges,
the relationship between tension and extenslion 1s almost
linear,

Since these tension stéps were not accompanied by
corresponding sinusoldal changes in tension, they glve
little additlional evidence for the view that tension, rather
than extension, was the effective stimulus to the spindle.
They do, however, glve further support.to the idea of the
applicability of this transfer function to the frog neuro-

miscular spindle,
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Length/Tension Relationship.

It has been shown that the responses to steps of
both extension and tension can be fitted satisfactorily by
analysis on the basis of the transfer function derivéd from
the,éat'knee joint proprioceptor. However when the para-
metersderived for the constant velocity steps are used to
calculate the expected response to sinusoldal varlations in
position, the agreement with the observed result is not as
close as would be desired,

From a conslderation of the relationship, determined by
Buchthal (1942), between length and tension for frog striated
muscle fibres, the ldea arose that deformation at the sensory
receptors might Be related to the tension in the intrafusal
miscle flbres, rather than to the extension of these fibres,
It would therefore be worth determining the relationship be-
tween length and tension for this muscle over the length
range used in the extenslon experiments,

In many muscles 1t would be unjustifiable to assume that

"the tension changes within the spindle followed a similar

course to those of the whole muscle, The structure of this
muscle, however, makes it appear possible that, in this case,
events within the spindle do mimic those of the muscle as a
whole, The m, ext, long, dig., IV is a thin strap-like muscle

about 16 mm, long and the spindle intrafusal muscle fibres run
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parallel to the extrafusal ones and from end to end of the
muscle, Thus experiments on the whole muscle may give in-
formation about events within the spindle.

Using the apparatus described above, sinusoidal vari-
ations in tension were applied to the muscle by varying the
current passing through the moving coil system, The length
and tension of the muscle were measured simultaneously during
the movement.

These measurements were carried out on 7 muscles,

The resting length of the muscle in situ was measured
and the initial length was set to approximately this value,
The current passing through the coll was adjusted so that the
maximim extension of the muscle was about 3 mm,, i.e;, the
muscle was being stretched over the same length as was used
for the constant veloclity steps.

Length and tension were recorded simultaneocusly on
calibrated paper on the pen recorder, Five cycles were re-
corded at each of the speeds used,. The same three speeds of
sinusoldal movement were used as in the sinusoldal length
variations, i,e., 0,2, 0.3 and 0.4 cycles/sec,

Fig,72 shows the form of the relationship and the effect
on it of change in the speed of the movement, At any length
of the muscle, the difference between tension during extension
and during relaxation was always found to lnecrease with speed

to a greater or less degree. Thms 1f the deformation of the
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receptors is directly related to the tenslon of the Intra-
fusal flbres then it would be expected that the agreement
between the observed and the calculated responses to
sinusoidal extensions would be worst at the fastest speed.
That is what had been already found to be true,

A comparison between the observed and the calculated
responses to sinusoidal movement at the.fast speed was shown
in Filg.64. The expected response was calculated on the
assumption that the sensory dlscharge was directly related to
the length changes in the muscle, Suppose, now, that the
observed response is, in fact, directly related to the
tenéion changes in the muscle, then, by correlatihg, for
particular times, the observed response (supposed to be re-
lated to tension) with the expected response (calculated on
the basls of extension) we can obtain a relation between
tension and extension. This has been done for sinusoidal
movement at the fast speed and is shown 1n Fig,73. The
relationship between length and tension obtained in this way
1s similar in form to those determined directly and shown
in Fig,72. |

Since the recording of the length/tension relationship,
and of the sensory responses to sinusolidal length changes,
have not so far been carried out, both on the same muscle,
no direct comparisons are possible, However, since the

experimental conditions were made as nearly similar as
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possible, 1t seems valid to assume that the same type of
tension changes, in response to sinusoidal movement, would
take place in the muscles.during the experiments described
in Part 2, as in the length/tension determinations.

If changes in tenslon were the effective stinulus to
the spindle, then, during sinusoidal changes in position,
the input to the spindle would no longer be sinusoidsal, and
this would perhaps explaiﬁ the quicker decline in the ob-
served, as compared with the calculated, response, during

the relaxation phase of the movement,



74,

Discussion.

The responses of the frog neuromuscular spindle to
knovn stretches were analysed to determine the form of the
relationship between the input and output of the spindle,
i.e., the transfer functlion, and to see whether this transfer
function had the same form as that determined for the cat
knee-Joint proprioceptor,

Before determining the form of this transfer function
1t must be shown that the spindle gives consistent responses
under standard conditions,

In the experiments reported in Part 2 of thls theslis,
some feat&res of the experlimental conditions, which may have
affected the response, were not rigorouély controlled,
Variations in these conditions might be held to be responsible
for certain variations in the response, For example, the
preparation remained in the same Ringer solut lon throughout
the experiment, after having been placed in fresh Ringer
when the dissection was complete, According to Matthews
(1931a) this would perhaps constitute a source of error and
iead to a diminishsd response to a particulasr stimulus,
possibly due to an accumulation of potassium ions,

The information avallable about Ringer effects from
the preseht experiments i1s as follows, a) On one occasion
the preparation was left overnight and on the following

morning gave about 70% of 1lts previous response, b) On
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several occasions the same stretch was repeated at times
from one to three hours apart, It was found that over 2-
hour intervals the response was little altered.

Thus, from the evidence avallable in these experi-
ments 1t appears that the sensory discharge was little
affected by keeping the muscle in the same Ringer throughout.
In Matthews' experiments the muscle was belng stretched more
ﬁigorously énd more of ten, so that adverse Riﬁger effects
might be mors pronounced,

The time chosen for the interval between stretches
was 3 min; From Flg.24 it can be seen that this interval
was not always loné enough to allow for the full return of
oxcitabllity of the spindle, since if a greater interval
was allowed, the response lncreased, "~ On the basis of Bronk's
(1929) work on the effect of repeated loading on the dis-
charge from a stretch receptor Matthews (1931a) recommends
that a period of 5 min, should be allowed for the full return
of excitability of the spindle in m, ext. br, prof, dig. III.
The reason for choosing 3 min, as the interval allowed be-
tween successive stretches was the time involved in the experi-
ments, If the whole experiment was to be carried out as
planned, ﬁsing 5 min, pauses, then a minimum of S hours'
recording time would be involved, In the early experiments
several hours were taken to obtain a s1ngle unilt response

from the mascle,
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Desplte these factors, which may have introduced
uncontrolled variations in the response, it appears from
Fig.23 that, over short Intervals of time, the response to
stretch was very consistent, This preparation 1s therefore
a sultable one to use for the mathematical analysis necessary
for the derivation of a transfer function,

The transfer function links the impulse frequency
recorded in the afferent nerve with the stimilating movement
applied to the spindle, Katz (1950b) has shown that the
impulse frequency in the sénsory nerve from the spindle in
m, ext., long, dig. IV 1s directly related to the depolarisa-
tion at the sensory.terminals. He plotted the lmpulse
frequency agailnst the depolarisation level and fitted a re-
gression line to the graph, He found the slope of thils line
to be highly significant, The transfer function 1s thus,

In effect, linking the dapolérisation at the sensory terminals
with the stimalating movement,

Katz divided the depolarisation at the sensory
terminals into two parts - a static component and a dynamic
component, The statlic component showed an approximately
linear increase with the amplitude of the stretch, The
dynamlc component Iincreased with the rate of stretching.
Katz' tentative hypothesis 1s that the dynamic component may
be dﬁe to a change 1n membrane capacity and the static com-

pdnent to a change in membrane permeability.
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The transfer function derived for the knee-joint
proprioceptor of the cat 1s composed of two parts - a part
due to the position, s, of the jolnt - the displacement com-
ponent T(S) and a part due to some memory of the velocity,
v, by which this position was reached - the velocity com-
ponent @Wl |

The response of ths cat knee-joint proprioceptor
and of the frog neuromuscular spindle to similar types of
constant velocity steps are compared in Fig.,28, The general
form of the spindle response resembles tha t of the knee-
joint’proprioceptor. After the muscle has been stretched
the frequency of the spindle response adapts finally to a
steady value in the new positilon, From Fig,25 1t can be
seen that for any position the same finalnvalue 1s attained
irrespective of the veloclty with which the alteration in
length took place. This final steady value 1s taken as
being dus solely to the position of the muscle, i.e., it is
the dlisplacement component g?' of the spindle responss,
FPl1g.26 shows that the flnal adapted frequency in various
bositions varies linearly with position, Thms the dis-
placement component of the spindle response has the same
form as that of the knee-jolint proprioceptor. This displace-
ment component may be related to Katz' static component of
the depolarisation at sensory terminalé which also varles

linearly with position.
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For the knee-joint proprioceptor the form chosen
for the memory of velocity, i,e., the veloclty component
of the transfer function was an exponential function, This
was based on Katz' expression for the depolarisation produced
by the capacity changes which occurred on stretching a
charged membrane (the dynamic component of the depolarisation).
To obtain a good fit of the experimental response lt was
hecessary to postulate three veloclty components one negative,
It was found that the spindle response could also be fitted
By thls fom of veloclity component,

From the analysls of the response of the spindle to
stretches of constant velocity (Figs.30-34) it appears that
a similar form of transfer function to that applicable to
the knee-jolnt response gave a good flt of the expefimsntal
results, ﬂowever, on using the parameters from the steps to
calculate the expected response to sinusoidal movement, the
fit obtalined was not so good.

A consideration of the relatlonship between length
and tension for thils muscle during sinusoidal movement (Fig,72)
suggests that the discrepancy betwsen the observed and the
calculated reSpdnses may be due to the fact that the deforma-
tion at the sensory terminals (which is responsible for the
depolarisation) is directly related to the tension in the

whole muscle rather than to ths extension of the muscle,
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It seems that a similar form of transfer function
to that derived for the cat kmee-joint proprioceptor can
be used to repreéent the stlmulus-response relationshlp of
the frog neuromuscular spindle, but that, in this receptor,
the deformation at the sensory terminals appears to be
related to a change in tension of the muscle rather than in
extension,

The form of the transfer functlon thus appears to
represent some aspect of the fundamental process involved

in the initiation of sensory impulses at the receptor,



PART 4,

HISTOLOGICAL STRUCTURE OF THE FROG NEUROMUSCULAR SPINILE,
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Structure.

Review of literature.

The first description of the frog rmscle spindle
was given by Wels mannin 1861, He described 1t as a group
of fine mscle flbres, of variable diameter and numbering

6, 8, 10 or more: thess fibres were of equal length,

'stretching from tendon to tendon, and bound together by a

cord around the middle of their course, They appeared to
be covered by a dull granular substance, |

In the following years a number of workers added to
the knowledge of spindle structure end speculated as to 1ts
function, After various ldeas, such as growth centre and
regeneration area of muscle had been put forward, the view
that the frog spindle was a sensory receptor in the nuscle
éained general accéptance (especially after Sherrington's
proof of the sensory nature of the mammalian spindle in 1894),

From this earlier work the following picture of the
structure of the frog neuromascular spindle can be built up,

The spindle 1ls an encapsulated end organ contalning a
number of thin miscle fibres =~ intrafusal muscle flbres,.

Among these mascle flbres are nerve endings.

Intrafusal muscle fibres.

There are from 3 to 7 of these fibres with a diameter

of 3-15M (Kolliker, 1862), Each fibre shows cross-



sadad

81.

striations and has a collection of nuclei iIn the mid axial

region, where the strilations are lost,

Sensory ending,

A large diameter medullated nerve fibre enters the
spindle in the nucleated region (Cajal, 1888, Hines, 1930,
Wilkinson, 1929),. This fibre divides up into a large number
of very fine filaments which lle parallel to the Intrafusal
muscle fibres. Many descriptions of this ending have been
given, These all seem to agree wlth Huber and De Witt's
(1897) descriptioh of "fine fibres richly beset with large

varicose enlargements",

Motor endings.

Cajal states that there are nerve endings in the
striated regions of the iIntrafusal muscle fibres at a good
distance from the capsular swellings, These endings resemble
ordinary motor endings except that they are smaller and have

fewer end branches, They are found at one or both poles,
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Staining technlque.

In order to obtain a clearer picture of the structure
of the neuromuscular spindle in m. ext, long., dig. IV, the
rmiscle was stalned with gold chlorlde and teased in glycer-
ine, The lay-out of the spindle and the form of the nerve
endings present could thus be shown, 50 muscles were stained
in this way.

In addition 2 muscles were stained with haemalum and
eosln and serially sectioned throughout their length,
Examination of these serilal sections gave information about
the intrafusal muscle fibres and the posltion of the sensory
endings,

Gairns' (1930) modification of the gold chloride method
was used and the procedure adopted was as follows:

1, The muscle was put in a solution of 1 part formic acid
(S.G. 1.22) to 3 parts freshly filtered lemon juice and
placed in absgolute darkness for 10 min, At the end of
this period, the muscle was removed from the solution
end pressed between filter paper to remove excess fluid,

2. The muscle was then placed in a 1% solution of gold
chloride and again left in the dark for 10 minutes,

3. After agaeln removing excess fluld from the muscle it
was placed in a 25% solution of formic acid and kept
in absolute darkness for 24 hours.

4, At the end of thils 24 hr. period, the excess fluld was
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again removed, the muscle placed in pure glycerine and

left in full daylight for several days,

Initially the muscle was dissected out completely
from the foot and the stalning carried out in a watch glass,
A few exfra pieces of tissue were added to the fluid in the ™
watch glass to prevent overstaining of the muscle, It was
found that this method led to a conslderable shrinkage of the
mascle fibres, Before staining the length of the muscle was
about 15 mm,; after staining the miscle measured 10-11 mm,

It was thus unsatlsfactory to stain the muscle when
it was completely removed from the foot, Therefore the
following procedure was adopted, The muscle was exposed in
the usual way and freed from the surrounding tissue, but the
attachments of the tendons were left intact, The phalanges
of toes I, IT, III and V were removed,. The strip of tissus
and bone which remained was then tied on to a glass rod.
Staining was carried out in test tubes of a slze just large
enough to accommodate the glass rod and the tissuse, Thus
there was not a great deal of extra staining solution present
and over-impregnation of the tlssue could be avoided,

After standing in daylight for several days the miscle
was detached from the rest of the foot and placed on a
microscope slide with a little glycerlne for teasing. This

was carried out under a Zelss binocular dissecting microscope



using fine ﬁeedles and fofceps. The extrafusal muscle
fibres were removed, taking care to avoid damage to the
intrafusal mascle fibres or thelr innervation. The position
of the intrafusal muscle fibres was usually found by follow-
ing the main nerve trunk into the muscle, When the extra-
fusal muscle fibres had been removed and the lay-out of the
spindle could be seen, a cover slip was placed over it and
the more detailed structure examined under the histological
microscope, The results of this examination are described

velow,



Results,

In the 30 mascles examined, the gensral lay-out of
the spindle system varied considerably: no two muscles, even
from opposite feet of the same frog, showed identical pattems
of Innervation,

In all cases the spindle intrafusal muscle fibres ran
parallel to the extrafusal ones and from end to end of the |
muscle, The number 6f intrafusal mﬁscle fibres found was
from 8 td 18,

A photograph of a spindle system 1s shown in Fig,74.
This shows certain features which were cormon to all the
muécles examined.

Thne intrafusal ruscle flbres did not run together
throughout their length, but in several bundles of 2 to 6
muscle fibres, The se bundles rarely kept separate through-
out the entire length of the spindle system, e.g., in Fig.

74 bundles 3 and 4 at end A have united to form a single
bundle of fibres at end B, (The arrangement of the intra-
fusal miscle fibres into bundles 1s not a dissection artefact,
This finding 1s confirmed by the study of cross sections of
the muscle reported below,)

Liach bundle of fibres has at 1eaét one sensory reglon
and of ten there are several such regions on one bundle, e,.g.,

bundle 3 of Fig.74 has 3 sensory regions f, g and h. Of ten
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two separate groups of fibres will unite to pass through a
single sensory region, e.g., in Fig,74 bundles 3 and 4 unite

tec pass through the sensory region, h,

Sensory nerve ending,

The form of nerve ending which was assumed to be sen-
sory 1s shown in Figs, 75-78, It closely agrees with the
descriptions of the spindle sensory ending glven In the
literature. As a large heavily, medullated, nerve fibre
( 18 m diam,) approaches a bundle of intrafusal muscle fibres
it divides into several branches which lnnervate different
mascle fibres within the bundle (Figs, 75 and 76). Sometimes
the nerve fibres wind round the muscle fibres (Fig,77); they
then form chains of smell blobs along the muscle fibres on
elther side of the point of nerve'entry, glving a granular
appearance to the muscle,

Quite commonly, & nerve filbre divides to innervate
sensory reglons on two different Intrafusal muscle bundles

(Fig.78).

Motor nerve endings.

At elther, or both, sides of these sensory endings
there are almost invariably other smaller endings found, e.g.,
at regions b and ¢ on bundle 1 of Fig,74. It seems likely
that these nerve endings may be motor in function,

In Fig,78 the ending b can be seen lying just to the



Fig.75. Photograph of sensory regions on three bundles
of Intrafusal muscle fibres. Two large (18”7 diam.)
medullated nerve fibres (2 and 3 are branches of one
axon) divide into branches which form endings on
different muscle fibres. On reaching the muscle
fibre each branch furiier subdivides many times

(gold chloride).



Fig.76.

rrm

A sensory region on a bundle of Intrafusal
muscle fibres. A large medullated nerve fibre
(I8yu. diam.) divides up many times and forms
endings on all the fibres in the bundle. The
ending extends for about 0.4 ram on either side
of the point of nerve entry and takes the form of
small blobs scattered over the surface of the

muscle fibres (gold chloride).
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Fig.77. Sensory region In which the nerve fibres
coil around the intrafusal muscle fibres before

breaking up to form the dotted endings (gold

chloride).



Fig.78.

M

Sensory regions of two different intrafusal
muscle bundles innervated by branches of the one
large (18/u) diameter medullated nerve fibre.
These are the sensory regions a and d of Fig.74.

The motor ending b is seen to the right of the

region a (gold chloride).
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right of the sensory region a, It is innervated by a finely
medullated flbre of about 7 ;m dlemeter. Part of this ending
b is shown at a higher magnification in Fig.79, Bundle 1
consists of 3 muscle fibres - one large fibre (14}u diam,)

and two small fibres (4/u:diam.). At the region b the two
smaller mascle flbres lle over the larger muscle fibre,

The nerve ending appears to be on the outside edges of the
rmiscle bundle and it may be that 1t only innervates the smaller
fibres, It is, however, Impossible to be sure that the large
fibre 13 not also Innervated by the same nerve fibre,

The region ¢ of bundle 1 1s shown under higher magnifi-
cation in Fig,80, Here the ending is unbranched and plate-
like in form and lies only on the large fibre. It is supplied
by a medullated nerve fibre of about 10 m diameter. '

In Fig.8l1, a bundle composed of one large (16 m diam,)
and one small muscle fibre (6 u diam,) 1s shown. Here the
ending is on the small fibre only. It resembles the grapse
motor endings found on the small extrafusal muscle fibres by

Gray (1957).

Intrafusal muscle flbres.

As mentioned above, the intrafusal muscle fibres run
parallel to the extrafusal ones and from end to end of the
mascle, They show marked cross striations which are lost in

the sensory reglons.



Fig.79.

Part of the motor ending b of Figs. 74 and 78
under hi“er magnification. This bundle of
intrafusal muscle fibres contains one large and
two smaller fibres which are here lying over
the larger one. The nerve ending appears to
be at the outside edges of the bundle and may
only innervate the smaller fibres. The nerve
fibre i1s that innervating sensory regions a and
C. The terminal blobs of ending a can be seen

at the extreme left of the photograph (gold
chioride).
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Fig.80. The motor ending c¢c of Pig,74 under higher
magnification. This ending lies only on
the larger intrafusal muscle fibre (14 ya)

(gold chloride).



Fig.81.

A bundle of intrafusal muscle fibres containing
one large (16yu) diam. muscle fibre and one small
(6 diam muscle fibre. A nerve ending similar
to the grape motor endings on the tonic extrafusal
fibres is seen on the smaller muscle fibre. The
edge of a sensory region can be seen at the right

of the photograph (gold chloride).
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The dlameters of the intrafusal fibres range from
4 p to 16 ., The fibres composing one bundle within the
spindle  system are often of very different sizes, Fig.82
shows a bundle composed of one large (14/9) and two small
(4 m) dlameter fibres,

These differences 1n diameter appear to be maintained
throughout the length of the fibres and are not due to
tapering at the ends of the muscle,

It appears possible that the intrafusal muscle fibres
might be divisible into a group of large and a group of

small diameter flbres, To obtain more Information about fibre

diameter two muscles were stained with haemslum and eosin and
serlally sectioned throughout thelr length,

The nmscles were fixed in situ and then dissected out
and stained, After staining theyAwere cut in serial
sections of 7 m thickness, About 800 sectionswere made for
each muscle, These were examined and at every 16th section
the Intrafusal musc;e fibres within the bundles were draﬁn
and measured, giving about 50 measurements of the dlameter of
each fibre along the length of the spindle bundles,

These measurements, in addition to giving information
about the number and diameter of the intrafusal muscle fibres,
also showsed the position of the sensory regions on each
spindle as indlcated by the presence of the lymph spaces,

Fig.83 shows diagrams of the lay-out of the sensory reglons
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I «wiwinin”

Fig,82. A bundle of intrafusal muscle fibres (bundle
1 of Fig,74) showing the difference in fibre
size and the marked cross striations (gold

chloride).
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Fiz.63, The position of the sensory reglons on the bundles

of Intrafusal fibrea of the spirdle sys-tems of mscles
A gnd B,

Each blocked area represents a sensory reglon as
Indicated by tho presence of o lymph space round tho

intrafusal fibres in the cross-section of the rmscle,
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of the spindle systems in both muscles. The picture 1is
similar to that obtained from muscles stained with gold
chloride.

Fig,84 shows‘the separation of the intrafusal mascle
fibres into bundles lying among the extrafusal fibres,.

The measurements of flbre diameter for one muscle are
shown in Table 6. Thls muscle contained four bundles of
Intrafusal fibres with a total of 16 muscle filbres,

The dlameter of any flbre remained fairly constant
throughout the length of the spindle, In the sensory reglons
the muscle fibres were packed wilth nuclel and surrounded with
nerve fibres so that it was more difficult to obtaln an
accurate measure of_their size,. | The smaller flbres appeared
to become swollen in this region, while the larger fibres
were somewhat constricted.. There was some taperling of the
muscle fibres at'the ends of the spindle, although the
relative sizes of the fibres within any bundle remained ﬁhe
same, |

| The malntenance of the differences in dliameter of the
miscle fibres within a spindle bundle is illustrated in
Figs,.85-88. In these figures are shown cross sections of
miscle A at equal intervals along its length. Bundle IV
is composed of one large and two small muscle fibres which
maintain their relative sizes throughout the length of the

spindle,



-A _ INTRAFUSAL

MUSCI E
BUNDLES
Pip;.84. A cross-section of muscle B. Ibe intrafusal
muscle bundles are marked. It-can be seen that,

although they lie fairly close together, the

bundles are quite separate (H and E),



Table 6.

Table showing the dlameters of cross-sections
of the intrafusal muscle fibres of muscle A,
The fibres were tfaced throughout the length
of the muscle, | Each slide carried about 16
cross-sections of'the miscle, The diameter
of the intrafusal nuscle fibres were measured

in one cross-section on each slide.



Diameter of intrafusdl muscle fibres Qu)

[ Bundle I Bundle II Bundle III Bundle IV
 Fibre 1 2 3 4 5( 1 2 3 4 1 2 3 4 1 2 3
. Slide No.
} 5 611 3 3 9|19 2 - 6| 18 3 2 7| 20 8 7
| 6 711 5 4 9|21 4 412| 22 3 2 9| 17 8 8
| 7 711 4 4 11|26 4 513| 24 3 3 5| 18 8 6
| 8 811 4 4 9|23 6 610| 20 5 3 9| 17 7 &
| 9 1113 4 410|200 3 3 8| 15 3 3 6| 20 7 6
| 10 1112 6 411|117 5 5 7| 15 4 5 9| 18 5 &
| 11 1013 5 511|11 5 6 8| 156 4 910| 15 7 7
| 12 910 6 4 913 5 5 7| 16 5 7 9| 18 6 5
| 13 9 9 5 5 8|18 5 4 9{ 18 4 6 8| 19 6 6
[ 14 7 5 5 6 6|11 4 4 7| 18 3 4 10| 17 6 &
; 15 7 7 6 6 7|14 5 5 7| 18 5 5 9| 18 5 5
| 16 9 6 5 5 6|14 5 5 7| 17 4 513| 18 4 5
| 17 9 4 6 4 7|11 6 7 10| 20 5 5 7| 16 4 5
18 11 5 8 610|220 7 7 7] 20 6 6 9| 22 6 4
; 19 11 6 7 7 8|18 4 610| 18 5 4 8| 20 5 4
i 20 12 5 6 6 8|20 8 610| 18 4 4 9| 22 5 6
21 11 6 5 5 9|25 8 610| 23 8 612 | 25 6 6
22 13 7 5 6 9{16 5 6 7| 14 5 4 7| 25 6 4
23 17 6 5 61020 5 610| 14 6 511 25 3 4
24 11 5 6 6 7|20 5 6 7| 14 7 4 7| 26 3 5
| 25 11 4 4 5 820 5 6 7| 21 6 6 11| 28 4 5
ﬁ 26 10 5 5 61020 6 610] 27 6 612| 29 5 5
r 217 14 9 7 612|18 6 611] 30 61011 30 6 8
28 1214 5 612118 6 6 9| 30 8 610| 30 8 9
B EEEE R AR R IR BT
3 11 1 9| 15 7 11
i 31 11 10 5 415|116 6 5 7| 24 7 7 8| 15 7 9
32 1010 5 615120 5 5 81 22 5 5 9| 12 5 5
i 33 1210 3 3 7117 5 6 6] 19 7 6 6 9 5 6
34 1110 4 4 7112 5 4 6| 22 4 4 9| 13 5 6
35 16 10 4 4 6(15 6 6 4| 16 ¢ 5 9| 11 4 4
| 36 16 8 4 4 6|14 6 6 6|16 5 5 8| 13 7 9
| 37 114 8 4 5 6|11 8. 56 68| 13 4 4 6! 11 5 5
| 38 17 5 4 4 6110 6 4 5| 11 4 4 7| 17 7 10
| 39 13 4 4 3 4{ 9 7 5 6| 10 5 5 6| 26 5 5
g 40 12 4 4 4 3]12 5 4 5| 13 4 4 5| 28 5 6
| 41 12 4 2 4 4{10 6 5 6 9 4 2 5| 235 5 7
| 42 9 4 4 4 4|10 6 5 6 9 4 2 5| 25 3 4
| 43 9 4 4 4 3|10 6 5 6] 10 5 4 41| 20 3 4
i 44 . 9 2 3 4 3| 9 6 4 6 9 5 - 6| 20 4 5
| 45 8 4 4 3 2| 8 5 4 7 9 5 - 7| 20 3 4
| 46 6 3 3 3 3| 9 6 5 7 9 5 - 5| 22 3 4
| 47 6 3 3 3 4| 8 6 4 6 9 4 - 4| 20 4 4
| 48 5 4 4 4 -| 9 5 4 5| 7 - - 4| 17 3 4
49 8 5 5 6| 10 - - 4| 14 2 B
! 50 8 4 4 5 10 1 2
Average
 ‘drdm of
:[ fibres 10 745 5 8|15 5 575165 5 5 8] 19 .5 5.5
!
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Fig.85. Photographs of cross-sections of muscle A in
which intrafusal bundle IV is marked. This bundle
is composed of one large and two small diameter
muscle fibres and cross sections were taken at equal

intervals along the length of the muscle to illustrate
the maintenance of the fibre size differences
the bundle (H & E),

a) Cross section taken one fifth from end of muscle.
b) Cross section taken two-fifths from end of muscle.

within
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BUNDLE IV

Fig.86. Similar cross sections of muscle A as are
shown in Pig.85.

a) Gross section taken three fifths from end
of muscle.

b) Cross section taken four fifths from end
of muscle.
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Since there is slight tapering of the intrafusal fibres
at both ends of the spindle, average values of the diameter
of the fibres, taken from all the measurements, do not give

a completely true picture of fibre size, e.g., for muscle A,

Bundle I IT . III IV |
Fibre 1 2 3 45 123 4 | 1 2°34|1 2 3

Average
value of
fibre size

()

a) Including
all measure- 10 7 4,55 8 15 5 5 7.59116,5 5.5 8| 19 & 5,5
ments

b) Omitting
measurements 11 10 5 5 8,5 16 5 5,5 7,5 | 17 5.5 9| 20 5,5 6
at end of
miscle

Mascle B contained 5 bundles of intrafusal fibres
with a total of 24 miscle fibres,
The average values of flbre size for this mmscls
(omitting tapering ends) were:
Bundle I 1T I1I Iv v
Fibre 1 2 123 45 1 2 3456|112 & 45866[|12345

() 104,5| 6 4 12 4 4£415,566.54833|844,6935[94431
From the two miscles, the average diameter: of»a total
of 40 inbtrafusal miscle fibres was measured. A histogram of
fibre size is shéwn in Fig.8Y. This shows that 22 of the

fibres are less than 6 mu 1n diameter, and 13 are greater than
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Fig,b8Y. Histogram of fibre diameter of the intrafusal

mscle fibres (i.m.f.) in muscles A and B,
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8 q in diameter, From the histograﬁ the distribution of
fibre size is skew and shows some signs of bimodality.

While the number of measurements made is too small
to show conclusively that there are two distinct sizes of
intrafusal musclé fibre, there are fairly strong indications

that this may be so.
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Discussion and Conclusions,

From study of the muscles stained with gold chloride
it appears that in m, ext, long, dig. IV the spindle system
is composed of several bundles of intrafusal muscle fibres,
Different sensory regions, on one, or more, bundles may be
Innervated by branches of a single nerve fibre,

In addition to these sensory nerve endings two other
types of nerve ending have been seen on the intrafusal
muscle fibres, These are thought to be motor nerve endings,
In this case these two types of ending were found on different
sizes of intrafusal muscle fibres. The '‘plate' ending
appears to be found on the larger intrafusal musc}e fibres
(Fig.8l), while the 'grape' ending is seen on the smaller
miscle fibres (Fig.82).

Examination of the seriasl sections of two mascles gives
some support to the idea that there may be two distinguishable
groups of intrafusal muscle flibres present in the spindle.

Physlological studies on the ffog nuscle spindle glve
results which are in agreement with this plicture of the
spindle structure, | |

In Matthewws (1931b) second paper on the properties of
the frog muscle spindle in m, ext, br. prof. dig, III he
observed that when the motor nerve flbres were stimulated

with a stimlus of twice maximal strength, the afferent

response from the spindle continued during the twitch of the
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extrafusal fibres, i.,e., during the so-called silent period,
This result was only obtained on stimulation of certain
nerve‘fibres. It could be accounted for if some of the
intrafusal muscle fibres were innervated by high threshold
nerve fibres and the resulting Intrafusal contraction stimulat-
ed the nerve erdings,

The diameter of the fibres in the ventral root of the
frog show a bimodal distribution with a corresponding differ-
ence in function (Tasaki & Mizutenil, 1944; Tasakl &
Tsukagoshi, 1944; Kuffler & Gerard, 1947; Kuffler, Laporte
& Ransmeier, 1947). = Stimulation of the larger motor axons
(12/u) leads to a muscle twitch with a propagated muscle
action potential, while stimulation of the smaller nerve
fibres (510} results in a non-propagated local potential
change with a much slower localised rmuscular contraction.
Kuffler & Vaughan Williams (1955), by selective stimulation
and intracellular recording, have found that the two sizes of
nerve fibre innervate two distinct muscle fibre groups.

Katz (1949), using m, ext, long., dig. IV, recorded the
effect on the afferent discharge from the spindle of stimula-
tion of the two types of motor axon, On stimulation of the
large motor axons with a threshold stimulus, he found that,
during isometric contraction of the muscle, the discharge from
the spindle increased, The intrafusal and extrafusal effects

could be separated by the differential action of curarine,



On curarising the muscle until, on stimulating the large
motor axons, the miscle twitch was abolished and only the
end plate potential remained, the sensory response from the
spindle was undiminished, When single large motor axons
wére stimilated, most, but not all, caused an increase in

the spindle response,. On small nerve stimulation, about

505 of the fibres gave an increased spindle discharge. Thus,

from Katz' work, it would appear that, in the frog, the
intrafusal muscle flbres are Innervated by branches of the
motor axons which supply the extrafusal fibres,

Eyzaguirre & Vial (1956) by intracelluiar recording
in the frog spindle in m. ext. long. dig. IV, showed the
presence of Intrafusal muscle fibres with a propagated mascle
action potential - 'twitch! filbres. |

As mentioned above, in the frog, corresponding to the
two types of motor axon, there are two groups of extrafusal
miscle fibres, Those 1nnervated by the larger métor axons
have a pfopagated muscle action potential - the twitch system -
while those iInnervated by the smaller motor axons show non-
propagated potential changes and local contractions in the
fegions of the motor nerve endings - the tonic system.
Glinther (1949) believes that there are two types of motor
nerve ending, those on the twitch fibres are ordinary motor

end plates, while those on the tonlc fibres are grape endings.
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Katz has shown that, in the frog, the Intrafusal
miscle fibres are Innervated by branches of the nerve axons
supplying the extrafusal muscle flbres, ‘These extrafusal
miscle fibres fall into two groups. It may be that there
are also two types of intrafusal mscle fibre,

There 1s some functlonal evidence for this assumption,
Koketsu & Nishi (1957) have made intracellular recordings
from intrafusal muscle fibres in m, ext, long, dig., IV.

They have found two types of response to nerve stimlation.

a) A propagated action potential, A large potential change
which overshoots the resting potential and is all-or-none,

b) A potential which is small compared with the resting
potential, They call it the Intrafusal junctional
potential, 1,j.p. This 1,j.p. showed fluctuations in
its rising phase, and varied wilith electrode position,
suggesting that it was a non propagated local electrical
response,

Thelir baslc assumption appears to be that there 1s
only one type of intrafusal muscle fibre, and from its
electrical characteristics they attempt to determine whether
it resembles twitch or tonic extrafusal muscle fibres,

From reading the ir paper, it would appear that a more satis-
factory Interpretation of their results would be on the basils

of there being two types of intrafusal muscle fibre,
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Until recently there was very little histological
evidence for the motor innervation of the frog neuromscular
spindle. However, shortly after this work was begun, Gray
(1957) published his study of the innervation of the spindle
system and of the extrafusal muscle fibres iIn m, ext. long,
dig. IV, using methylene blue and osmic acid.

In his study.of the extrafusal innervatlion, he found
that the small extrafusal efferent nerve fibres ended as
'grape! end-plates, several of which could occur on one
muscle fibre - the tonic system, The large nerve fibres
ended, on muscle fibreé not Innervated by the smaller axons,
in '"Endblischel' end plates - the twitch system, He measured
the dlemster of the extrafusal muscle flbres and found that
the tonic muscle flbres tended to be of smeller dlameter than
the twitch ones, Twiteh fibres 30-120/q. Peak 60-70 m.

value
Tonic fibres 10-80 m. Peak 40-50/u?

Gray found that each muscle contained 2 or 3 bundles
of Intrafusal fibres, Fach bundle had a nunber of en-
capsulated sensory regions in serles salong 1it. The 1ntfa-
fusal bundles were not completely separate; the fibreé from
one bundle often passed through an encapsulated sensory
region along with fibres mainly from another bundle;

Between the sensory reglons were motor endings, both

grape and twitch, which were derived from nerves which also
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supplied the extrafusal fibres, The two types of motor

ending were never both seen on the same muscle fibre,

The work reported in thls thesis, while on a much
smaller scale, confirms most of Gray's findings (with
different staining methods). |

The lay-out of the spindle system was found to be thse
same except that a less regular Innervation pattermn was found.
Gray represents the sensory and motor regions as being
regularly distributed along the length of iIntrafusal fibres.
As can be seen in Fig,74, in the gold chloride stained speci-
mens, an intrafusél miscle bundle often éppeared to be in-
nervated only at one end.

The sensory nerve ending i1s shown to have a form
similar to that shown by Gray: a large medullated nerve flbre
divides up iInto branches, often colling round the muscle '
fibres, and forms long dotted endings on the intrafusal
muscle fibres, |

Two types of motor nérve ending are also shown in
this thesis, While it may not be a general finding, from
the work reported here 1t appears that the grape type of end-
ing 1s found on a small intrafusal muscle flbre, whereas the
twitch-type ending is seen on a much larger fibre,

Gray has shown that the extrafusal muscle fibres are
of two sizes, the twitch fibres being of a larger dlameter

than the tonlc ones, From the measurements of the diameters



98.

of the intrafusal muscle fibres shown in this thesis it
seems possible that they may also be divisible Into a group
of large and one of smaller fibres.

Since the intrafusal muscle fibres receive thelr
motor lnnervation from branches of the axons supplyling the
extrafusal fibres, there are indications that there may be
two types of intrafusal fibre functionally organised in a
similar way to the organisation of the extrafusal filbres.

There 1s no indication, so far, that there 1s more
than one type of sensorj'ending present on the Intrafusal

miscle fibres,
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Summary.

1, The muscle was stretched with extension steps of
constant velocity and the effect on a 'single-unit!

response recorded,

2, This response was analysed to determine & transfer
function relating the spindle discharge to the stimulating
movement and to see whether this transfer function was
similar to that derived for the proprioceptor of the knee-
joint of the cat, This trensfer functlon postulated that
the response was due‘both to position and to some memory of
the veloclty of the movement by which thls position was
reached, It was thus composed of two parts, a displacement
component 1£f($' and & veloclty component § (v) The velocity
component was further subdivided Into 3 parts - one negative.
The displacement component was constant in any position and
varied linearly with position, The velocity component was
exponential in form with a time constant of décay ’l-" and

an amplitude parameter d) .

3. In order to carry out the analysls accurately it was
shown thét the determination of the displarcement component
1}'(5) should be falrly precilse.

4, The parameters 4{,; (£2423) were plotted against v
(the velocity of stretch) and shown to increase linearly
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with V, ¢‘-’= /k,(: v

5. The parameters T (/:=/,7-,-3) were found to be inde-

pendent of veloclty and approximately constant for any unit.

é. The effect on the response of sinuscidal variations

in position at three different speeds was recorded, By
means of the transfer functlon, and using the parame ters
derived from the analysls of the response to the constant
veloclty steps, the expected response was calculated and
compared with the experimental one, The experimental response
fell away more quickly than the calculated one during the
latter half of the cycle,

7. Steps of 1ncreasing tension were applied to the
muscle and the responses analysed In a similar manner to the
analysis of the constant veloclty extension steps, As good
a fit of the experimental results was obtalned here as was

found for the extenslon steps,

8. The length and tension of the muscle were recorded
during sinusoidal movements at different speeds, It was
found that, for any particular length of the muscle, the
difference between tension during extension and during re-

laxation increased with speed,

9. It is suyggested that the deformatlon at the sensory

terminalé, which is responsible for the spindle response,
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may be directly related to the tensioﬁ in the-whole mscle
rather than to the extension of the muscle, If it is
assumed that the recorded response to sinusoidal movements
1s directly related to the tenslion 1in ths muscle,land at
various points in the cycle this response 1s correlated with
that celculated from the transfer functlon on the basis of
length changes, then a relatlonshlp between the length and
tension of the mascle 1s obtalned which 1is similar to that
determined directly.

10. 30 muscles were stained with Galrns'! (1930) modifi-
cation of the gold chloride technique and teased in glycer-
Ine, 2 muscles were stained with haemalum and eosin and

serially sectioned,

11, The gold chloride technique showed that, as found by
Gray (1957) using methylene blue, the spindle intrafusal
muscle fibres were arranged in bundles and carried three
types of nerve ending, A large myelinated nerve fibre
divided up &s it reached the intrafusal muscle flbres, some-
times colling round them, and ended as a series of small
blobs along the fibre, This was the sensory ending. Two
types of motor ending were seen, An ending somewhat slmllar
to the grape ending on the extrafusal flbres was here seen
on the smaller Intrafusal mscle fibres; On the large
intrafusal mascle fibres an endlng like the Endbuschel type
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of motor ending was seen,

12, From the H, & E, stained serial sections 1t appeared
that the dlameters of the intrafusal muscle fibres were not
uniformly distributed over the range of fibre size, There
gseemed to be a group of small fibres (less than 6 m diam,)
and possibly one of larger fibres (gréatar than 8 m diam,).

13, It 1s suggested that corresponding to the two systems
of extrafusal muscle fibres in the frog - the twitch system
of larger muscle filbres and ordinary motor end plates, and

the tonic system with smaller muscle fibres and graps end
plates - there may also be two systems of intrafusal muscle
fibres functionally organised in a similar way to the extra-

fusal ones,
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A transfer function relating deformation to impulse frequency
for a muscle spindle in the frog’s toe. By Mary R. Davey and
T. D. M. RoBERrTS. Institute of Physiology, University of Glasgow

We have now applied, to a muscle spindle of the frog’s toe, the same procedure
for deriving a transfer function as was used for the cat’s joint receptor (Roberts,
Boyd & Cairnie, 1956). The general form of the transfer function for the
responses of the muscle spindle to ‘constant velocity’ steps of extension turns
out to be the same as that which had been derived for the joint receptor,

namely F,=W(s) +Dy(v, t) —Dy(v, 1) +Dy(v, t),

h : . . .
where @;(v, t;)= ¢, (v;) e~&i7 Ag, F, is the impulse frequency at time ¢,

-
¥ (s) is the impulse frequency at rest in a position corresponding to the de-
formation s, ¢, (v;) e~—/" A¢ is a component of the total impulse frequency at
time ¢, which is contributed by that particular rate-of-change of deformation »
which occurred in the (previous) interval £ to (¢ + At), and 7 is a time constant.
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