
Chapter 5

End-organs, Nerve Impulses and
Nerve Cells

A change of scene took place when the vacuum tube made
amplification of small electrical changes possible (see p. Es)
and the triumphant progress of modem electronics griduallv
came to be reflected in nerve physiology. The pionelr whose
work had the greatest immediate influenie on tlte development
of Sherrington's world of ideas was E. D. (since, Lord) Adrian.
He and Sherrington were following convergent lines in the
sense that both were heading for the properties of the nerve
cell as a functional unit. The effect of Adrian's work was soon
felt in the better understanding of the nature of the afferent
message from sense organs. With several co-workers, among
the best known, D. W. Bronk, Rachel Matthews, B. H. C-.
(since, Sir Bryalr ) Matthews and Yngve Zotterman, Adrian
availed himself of the possibility of amplifying the small
electrical changes that corresponded to the passage of impulses
in individual afferent nerve-fibres and showed that the sense
organs from which they emanated delivered a message coded
in terms of a variation of frequency of discharge.

The individual impulse or'spike'was the well-known action
current which now became recorded as an action potential
charging the grid of a vacuum tube. It was tl:en stepped up by
amplification about a million times in order to deliver thc current
or potential difference necessary for driving recording instru-
ments. Fig. t4 shows that impulses at the ordinary ricordinq
speeds (used in nerve physiology) look like spikes because thcy
are very fast. In any given nerve-fibre they do not vary in size
(as the all-or-none law had correctly predicted ) but merely in
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was used to the idea of nerve-fibres being cables joining cells
across sJmapses. Clearly the impulses in the nerve-fibres repre-
sented the language in which one cell speaks to another.

From now we move on familiar ground and need not discuss
technical details. For some forty years impulses have been
recorded from innumerable single cells and single nerve-fibres,
in vertebrates and invertebrates, and much of what we know
about the nervous system has come from impulse recording.
Lord Adrian began his work with sensory or afferent impulses
and today it still seems to me true to say that no other branch
of vertebrate nerve physiology has gained as much from
this technique as the study of sense organs including the pro-
jections of their afferents in the central nervous syitem. The
eye, the ear, and the muscle spindles stand as the greatest gainers.
In_ the twenties everything we knew about sight and hearing
belonged to the realm of psychophysics. Probable functions and
interpretations of histological features of the eye and the ear
were deduced from psychological entities such as colour, pitch,
threshold quantities of perception, etc. In spite of such limita-
tions ma.ny brilliant discoveries had been made, especially in
vision and audition, and to this very day these have guided
electrophysiological research into the mechanisms that serve as
cues for psychological interpretation.

From the point of view of Sherrington's earlier work the
sense organs in the muscle were the most interesting ones
because there was no relevant psychophysical science to tell us
about the properties of &e length-rneters and tension-meters
that he had postulated. To be sure, there was an old literature,
mostly in German, about 'Kraftempfindungen' but already at
the time good reason could be adduced for locating the appro-
priate end-organs at thejoints (their ligaments). The only hope
for advance lay in objective methods of recording the messages
from the muscular end-organs themselves. This method was
destined to solve many of the riddles that Sherrington faced when
he tried to understand the interrelations between proprioceptive
impulses and muscle tone. A separate chapter (7) will be
devoted to these questions,

Let us now recall that a large fraction of Sherrington's
experimental life had been spent in quest of the neurone. In this
field he was greatly rewarded when in t9z9 Denny-Brown
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the electromyogram-among them Dusser de Barenne, Adrian
and Cooper, Paul Hoffmann, Preisenddrfer, and Wachholder.
Rhythms offrequencies up to 5oo per sec. had been observed but
it is clear, in the light of what we know today (and had reasons
to suspect at the time), that these results could merely prove
the existence of impulses in the muscles as electrical interference
phenomena whose individual components were unknown. Von
Kries, in 19%, had, summed up the situation in the statement
that 'for skeletal muscle we now regard the rhythmic nature of
the motor innervation as certain',

Rather dominant in the discussion was the so-called Piper
rhythm, large waves at approximately 50 per sec. seen in
voluntary contraction, and much worry was caused by the
absence of electrophysiological signs of activity in tonic con-
tractions until small oscillations were described independently
by Dusser de Barenne and Buytendijk; in fact, one used to speak
of the 'Dusser de Barenne-Buytendijk vibrations'. Little is to be
gained now by discussing forgotten disputes and interpretations
of tone. This brief impression from memory should suffice to
give an idea of the background against which the new results
stood out as revelations.

In order to interpret the Dusser de Barenne-Buytendijk
vibrations in the tonically contracting soleus muscle of the
decerebrate cat, Denny-Brown used the established technique of
leading off from muscle but started cutting down the efferent
roots cautiously until he finally had a preparation in which one
or two single spikes or muscle action potentials responded by
firing when the soleus was pulled out slowly. This is illustrated
in Fig. t5. Now here was the stretch reflex visualized in terms
of the output of a single motoneurone ard with this preparation
Denny-Brown made two fundamental observations. One was the
curious fact that although he pulled harder and harder on the
muscle, the functionally isolated motoneurone fired at much the
same frequency. Yet there was every reason to assume (Adrian
and Zotterman) that the muscular end-organs would stimulate
their motoneurones at increasingly higher discharge frequencies.
Why was this effect not reflected in the rate of firing of the
motoneurone ! The other new result consisted in a full vindica-
tion of the correctness and value of Sherrington's concept of
recruitment. As the muscle was extended. fresh motoneurones.
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in the periphery, and motoneurones at their sites within the
spinal cord, directly accessible to analysis, in the end supplied
the full explanation of stabilization of discharge rate in toni.

Adrian and Bronk had started with the phrenic nerve to the
diaphragm. This supplied for study a rhythmically recurring
'natural' event. The frequency of respiratory discharge in
individual motor fibres was found to be from qE to 3o impulses
per sec. in normal breathing, rising to 5O-8o per sec. in forced
respiration when sometimes motoneurones also began to fire in
synchrony. They went on to investigate a large number of
reflexes, confirming Denny-Brown's observations on the stretch
reflex of the decerebrate animal, and, in general, finding rates of
discharge which were adapted to the contractile properties of the
muscles on which the motor fibres terminate. Rates below io
per sec. were typical for maintained contractions but initially the
frequency of discharge-just as in sense organs-might be
twice that rate. Reflex action was found to be erided both-bv the
frequency of discharge and by the number"of motoneur"ones
mobilized, the stretch reflex being unique in mainly employing
a variation of number alone, as described above.

Adrian and Bronk's introduction of the concentric needle
electrode for recording the muscle action potentials in voluntary
contraction in man became of considerable clinical importance.
Wachholder (19q9) h Germany had continued pipe-r,s work
and replaced tlie pad leading offfrom the surface by two needles
thrust into the contracting muscle. With this technique, making
use of feeble contractions] he had seen individual *ir."i" ,"tioi
potentials. With stronger contractions an oscillatory inter_
ference picture was obtained. When Adrian and Bronk, bicuttinE
down the nerve and recording from functionally isolated fibrei
had proved that the efferent message did not dlffer in principle
from its afferent counterpart, they went back to the old method
of picfting up the reflex efferent message after it had been
translated into muscle action potentials aithe motor end_plate.
Their new electrode consisted of an injection needle (oi the
kind used with a syringe) whose shield was earthed whiie frorn
the inside protruded the bared tip of a thin wire enamelled for
insulation and connected to the grid of the amplifier. Sinsle
spikes were obtained between tip and shield,- and bv fris
technique they could satisfy themselves that the co"mplex
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control its rhythm, is produced by two chemical mediators, the
Ilagusstoff and the Acceleransstoff respectively. After the
extended studies of Loewi and of Dale there could be little
doubt_ that the [agusstoff was acetylcholine. Loewi had found
the. Aaeleransstoff to be an adreniline_like substance. Along
independent lines U. S. von Euler many years later_in the
late forties-provided evidence which lej t-o the acceptance of
one of the candidates, noradrenaline, for the r6le of tr;nsmitter
substance at sympathetic nerve-endings.

The chemical theory of synaptic ;xcitation, based on the
motor end-plate as model, became firmly established when
SII !"1.y Dale with G. L. (now, Sir iindor) Brown and
W. Feldberg in. the early thirties showed that acetylcholine
was the transmitter substance responsible for the lnd_plate
potential. The nature of the latter tias since been elucidated in
detail by Bernard Katz and his co-workers but a review of their
results would lead us too far away from our theme. Sherrinstorr
could not on the basis ofhis own findings advocate *y.p"""ifi"
theory of synaptic excitation and preferrid to b" .rorr*Jmi.rittul.
For our purposes the end-plate potential can be clescribecl as a
process released by the nerve impulse in order to deliver the
energy-neerled for setting up a muscle-action potential.

Application of this model to central .ynup.i. with the moto_
neurone as prototype would imply that the terminal knobs of the
afferents there, too, would requiie a chemical mediator in order
to be able to depolarize the cell to rhe extent of making it dis_
charge impulses down its axon. It was fairlv senerallv-and for
good reasons believed that excitation led to d-ep"olarizatlon of the
cell receiving excitatory impulses, and soon tlere was evidence
from Sir . Bryan Matthews working with D. H. Barron
(1935-98) to the effect that the depollarization ensuine uoon
activation of motoneurones could actually be led off elect"rotoni_
cally from the ventral roots. ( 

. Electrotonr rs, is a phvsiolosical
spread ofcurrent from the cell into its axon.) The idea th"at a
synaptic 

- 
potential corresponding to the end-plate potential is

produced by afferent bombardment of the veniral horn cell rvas
also strengthened by the observations that Sir John Eccles and
his co-workers made in the late forties with small electrodes
stuck in among the motoneurones themselves, a technioue
mentioned above in connection with Lorente de N6's studies of
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the physiology of the,central nervous system urgently demands.
Sherrington's work should serve as a perpetual"reminder of the
necessity of long-range planning accompanied by ceaseless
attemprs to penetrate experiments and results wjth leadins
ideas. In this field the Iife of an experimenter is too short to bE
spent merely on ad hoc notions.

Eccles and Sherrington had traced the time course of the
central excitatory state (see Fig. tg, p. zs) by measuring with

Fig, 16 (a) Monosynaptic reflex ,4 recorded from the first sacral root
on stimulation of lhe gastromemius nerves. The white mark is an artifact
caused by a single electric shock, and record B shows when the imDulse
volley enters the spinal cord (on which leads have been placed). iime
in IO,OO0 cycles per second. (b) Another similar experiment, buigreater
shock srrength in,4 has brought in the polysynaptic reflex com-ponent
from afferents of thinner calibre. B is a reflei to stimulation oi sural,j"l_" (u- skin nerve) causing polysynaptic reflexes only. (Lloyd,
J. Neurophysiol., 1943,6, tlt, g9S)

a test shock the effect left by a conditioning shock in the flexor
centre. As defined by this experiment the time course found
refers to a situation in which polysynaptic components of the
afferent input have been activated and in which the relative
amounts- of excitatory facilitation contributed by the various
neural circuits are unknown. The monoslmaptic ieflex made it
possible to measure the time course of excitabilitv at one
specific set of syrapses by the same technique (Llovd )", namelv,
those which represent the term;nal k_r:obi of the- Iargest anj

l\ f 1,,;

,.1

b
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with inhibition of the flexors and so the question arose as to
whether monos5maptic excitation in one of the pair would also
c.orrespond to monosJmaptic inhibition in the other. This, in
fact, is what Lloyd assumed to be the case, but later work by
Eccles and his colleagues has shown that inhibition is actually
disynaptic. Lloyd's inhibitory curve can be roughly visualized by
tuming the curve of Fig. 17 by 18oo around an axis formed by

€

€
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Fig. 17 The period of facilitation after a monosynaptic activation.
Facilitation of motoneurones by impulses in primary afferent fibres.
Points from seven experiments are scaled on the ordinates to coincide
at the time of maximum facilitation. Relative facilitation, expressed in a
percentage of maximum, is plotted as a function of time. The plotted
curve is al exponential regression having successive half-values at 2.8,
5.6, a.4, 11.2, and 14 msec. In four experiments, facilitation in flexor
nuclei was examined; the remaining three were concerned with extensor
nuclei. (Lloyd, J. Ne ro,hlsiol., 1 6,9,491)

the abscissa (see Fig. la (b)). For the theory of inhibition it
was important at the time to possess a set of purely inhibitory
monosJmaptic terminals, but now, twenty years later, when
inhibition has been studied by the intracellular technique
(Chapter 6) in several cells of vertebrates and invertebrates,
the point raised is perhaps a little academic. It created some
interest because one imagined (Dale's principle) that the
inhibitory and excitatory terminals of the afferent fibre, if
transmission be chemical, would have to make use of the same
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standard of reference in reflex work. It required knowledge of
fibre size in different aflerent nerves from skin, muscles and
ligaments (in the joints), and several laboratories hastened to
conribute information of this kind (Lloyd and Chang, Rexed
and Therman, Femand and Young, Hagbarth and Wohlfarth ).
Synaptic excitation, rather than the physiological r6le of the

Frg. tS (a) The period of monosynaptic facilitation has been obtained
by activating large Group I muscular afferents alone, as in Fig, 17. The
curve deviating from it at moment 2 msec. represents the effect of adding
an interneurone. This has been done by increasing stimulus strength to
include Group II afferents, i.e, by using a stronger conditioning shock.
(b) The period of inhibition by Group I afferents is represented by the
smooth curve. The secondary inhibitions and facilitations have been
obtained by activating interneurones which have afferents of lower
conduction velocity and hence have required stronger conditioning shocks
(Lloyd, J. Neurophysiol., 1946, 9,491)

end-organs, became the ultimate focus of that line of research
logically culminating in the intracellular studies of reflex
activity inaugurated in 1952 by Sir John Eccles and his
co-workers (Dunedin, New Zealand and then at Canberra,
Australia). From 1949 onwards my own laboratory started
pursuing questions of organization and motor control connected
with the nature of the muscular end-organs. These problems had
been neglected by the research groups interested in synaptic
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Lecture on Muscular Actiuity (quoted, p. 76), is one instance,
and when, in 1928, I tumed up with a dominating interest in
the retina, he told me that he had always wanted someone
specializing on vision in his laboratory. Nearly all my work on
the retina was carried out during his lifetime and many letters of
kind encouragement from Sherrington accompanied its progress.




