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EDITORS PREFACE vii

eminent, as; a physiologist, are just those required in the
new science which set out on the conquest of the air ; and
from the beginning of the war he applied all his inventive
faculties to solving the practical problems which confront
our aviators. How valuable his work was in this depart-
ment will be disclosed later. His loss to the flying
service is as great as his loss to physiology. But his work
is for all time, and will serve as a sure vantage ground
. from which other men may carry on the quest so ably
initiated by Keith Lucas.

ERNEST H. STARLING.
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X REVISER'S NOTE

had, to rewrite as best I could. In Chapter VI. pages 28
" and 29 were already written ; for the rest I have followed
the detailed notes which Lucas used in delivering the lec-
tures, and it has been a fairly simple task to reconstruct the
chapter from them. Chapter XIII. has been much more
difficult to write. I am not even sure that Lucas intended
to say anything about central inhibition ; a chapter on this
subject is bound to contain a good deal of speculation
without experimental backing, and Lucas was never fond
of pure speculation for its own sake. However, some
account of the possible mechanism of central conduction
seems a fitting termination to the book, and Lucas left a
few notes and a list of references which show the main lines
of the argument he intended to develop. It has not been
easy to fill in these outlines without adding a great deal of
speculative matter which Lucas may have wished to avoid.
In spite of this I believe the chapter does not misrepresent
his views on the subject, though he may not have intended
to publish these views until the experimental evidence was
more complete.

My thanks are due to the Editor of the * Journal of
Physiology” for permission to use many of the figures
which illustrate the book.

E. D. ADRIAN.

ALDERSHOT, June, 1917.
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2 THE CONDUCTION OF THE NERVOUS IMPULSE

There is no need to press this point further; the differences
between' peripheral ‘conduction and conduction in the reflex arc
form a common theme for the academic essay of the elementary
student.

What is the meaning of these differences? Are we to sup-
pose that the central nervous system uses some process different
from that which is the basis of conduction in peripheral nerves,
or is it more probable that the apparent differences rest only on
our ignorance of the elementary facts of the conduction process ?
If we had a fuller knowledge of conduction as it occurs in peri-
pheral nerve, should we not see Inhibition, Summation, and
After-discharge as the natural and inevitable consequences of
that one conduction process working under conditions of varying
complexity ? Physiologists have answered this question in both
ways. McDougall and v. Uexkiill have each put forward hypo-
theses which account for the phenomena of Inhibition by postul-
ating a process unknown to the student of nervous conduction,
namely, the passage along nervous paths of a something which
can stay and accumulate in one part or another of the nervous
system. Verworn and his school have taken the opposite line
and attempted to account for the central phenomena in terms of
the elementary properties revealed by experiment on the simple
excitable tissues.

Which method are we to follow? If I might make a sug-
gestion it would be this: that we should inquire first with all
care whether the elementary phenomena of conduction, as they
are to be seen in the simple motor nerve and muscle, can give
a satisfactory basis for the understanding of central phenomena ;
if they cannot, and in that case only, we shall be forced to
postulate some new process peculiar to the central nervous
system. But if this is to be our task in these lectures, shall
we not be treading old ground, seeing that Verworn and
Frohlich have already given us a scheme which claims to ex-
plain Inhibition and Summation in terms of the elementary
facts of conduction? I would be the first to acknowledge the
debt which Neurology owes to these workers for the stimulus
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6 THE CONDUCTION OF THE NERVOUS IMPULSE

nervousimpulseowhich itstarted had to face a longer stretch of
narcotised nerve than did that set up by the “inside” stimulus.

This suggestion seems to have been neglected by later
workers ; eighteen years passed before Werigo ! suggested to his
pupil Rajmist that he should determine experimentally what
influence the length of nerve narcotised had on the depth of
narcosis required to abolish conduction. Rajmist found that
the depth of narcosis required became continuously less as the
length of nerve exposed to the narcotic was made greater. This
result is obviously in complete agreement with the hypothesis
of Szpilman and Luchsinger; the nervous impulse would fall
off less rapidly under the weaker narcotic, and would therefore
reach extinction only after a longer passage through the narcot-
ised nerve, Werigo, however, interpreted it differently, and
their hypothesis seems to have lain dormant until Frohlich?

D €

Fia. 1.

repeated and extended Rajmist’s observations, and suggested
afresh that the only reasonable explanation of the facts was to
be found in the continuous decrement of the impulse during its
passage along narcotised nerve,

The difference between continuous decrement and sudden
extinction without previous decrease is one of fundamental im-
portance for our knowledge of conduction. If the experiments
really prove a continuous decrement, then one of the factors
which we shall have to consider in conduction will be the in-
tensity of the nervous impulse; if not, it is possible that the
impulse may be of invariable intensity, all or none. We must
examine the evidence more closely.

The experimental fact is that if a given length of nerve AB

(Fig. 1) acted on by a given narcotic for a given length of time
k]
1 Werigo, ‘ Arch, f. d. ges. Physiol.,” Ixxvi. p. 552, 1899.
2 Frohlich, ¢ Ztschr, f. allg, Physiol.,” iii. p. 148, 1904.
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to THE CONDUCTION OF THE NERVOUS IMPULSE

stimuli of different strengths and to see whether it then has
different’ intensities;”''the’ other is to reduce it to subnormal
intensity by passage through a region of impaired conduction,
and to ascertain whether it regains full intensity when it has
passed into normal nerve.

The chief interest of the problem has centred round the
~ question whether the nervous system is able to effect a graded
activity in the muscles and other end organs by sending to
them impulses of different intensity. It was long thought that
the Increase of contraction produced in a muscle by the applica-
tion of stronger artificial stimuli to its motor nerve was due
to the provocation of stronger impulses in the nerve! Gotch?
was the first to throw doubt on this interpretation. He pointed
out that the submaximal contraction-of a muscle or the sub-
maximal electric response of a nerve in answer to a weak
stimulus resembles the effect produced by a maximal excitation
of a few of the fibres, since the time-relations of the submaximal
effect do not differ from those of the maximal effect. He
suggested that the grading of activity might be effected by a
variation not of intensity of the process in each fibre, but of the
number of fibres engaged. This work weakened the grounds for
postulating a variable intensity of the nervous impulse in answer
to varying stimuli, but did not directly disprove such a possibility.
The same may be said of some experiments which I made by
a different method.® I showed that if the cutaneous dorsi muscle
of the frog is excited through its motor nerve, which does not
contain more than ten nerve fibres, increase of the ‘stimulus by
many small successive steps leads to an increase of the muscular
contraction in a few large steps. The number of steps was
always less than the number of nerve fibres in the motor nerve,
and when the strength of stimulus was sufficient to cause the
contraction to rise by one step, a further increase of strength

1Fick, ‘“ Gesam. Schriften,” iii. p. 109, 1864 ; Wertheim-Salomonson, “Arch,
f. d. ges. Physiol.,” c. p. 455, 1903.

2 Gotch, “ Journ. of Physiol.,” xxviii, p. 395, 1902.
3 Keith Lucas, * Journ. of Physiol.,” xxxviii. p. 113, 1909.
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14 THE CONDUCTION OF THE NERVOUS IMPULSE

will presumably be. realised. But it will be only from the
peripheral part of this region that a nervous impulse will be con-
ducted away, since any impulse which attempts to follow it from
the inner part of the excited region will be blocked by the re-
fractory period which the impulse of peripheral origin leaves
behind. Now the impulse set up in the periphery is set up by
a current only just strong enough to excite at all (this in fact
is the meaning of the periphery, the outermost point at which the
current is strong enough to excite). It follows that whatever
strength of current is applied to the nerve, the impulse which
travels away has been set up by a minimal current.

This point was first raised by Adrian in a footnote to the
paper in which he dealt with the interpretation of Lodholtz’s ex-
periments.! If such a conception of the action of strong electric
stimuli is correct (and I see no escape from that conclusion), it
follows that all attempts to determine the effect of strong stimuli
on the nervous impulse have failed. We have in fact no case
in which an impulse has been provoked by any stimulus other
than the weakest possible. This line of work therefore leaves
us in the dark on the question whether the impulse transmitted
along a nerve depends for its intensity on the conditions of its
initiation. The only outcome of the inquiry is to strengthen
the evidence which has led us to conclude that, when a motor
nerve is artificially excited with stimuli of varying strengths, the
graded contraction of the muscle results solely from variation
in the number of fibres brought into action. For if the nerve
can only be excited by minimal stimuli the number of fibres
stimulated is the only variable which can be introduced by
a change in the strength of the stimulus. The proof that so
much grading can be accomplished by this method acting alone
justifies the view that the postulation of any other method is at
least unnecessary until proof be found of its existence.

It must be remembered that the experimental work on
which this view depends has been confined to the motor nerves

1 Adrian, loc. cit.
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EFFECT OF STRENGTH OF STIMULUS ON IMPULSE 13

of the frog, and it is perhaps an unjustified assumption to extend
it to/'cover''sensory ‘nerves as well. Both Graham Brown! and
Lapicque? have shown in reflex conduction a relation between
stimulus and response which is at first sight difficult to reconcile
with the view that the intensity of the impulse passing up the
afferent nerve fibres does not vary with the strength of the
stimulus which set it up. Again, a grading which depends
simply on the number of fibres involved seems inadequate to
explain the wide variations in the intensity of the sensations
we experience, particularly in the case of light and sound.
Forbes ® has suggested that the reflex response may be graded
both by the number of sensory fibres stimulated and also by
the number of impulses set up by each stimulus, and he has
given good reasons for the view that a single strong stimulus
may lead to several distinct impulses in the nerve fibre. This
would account satisfactorily for most of the observations which
seem to show a relation between the strength of stimulus and
intensity of impulse in sensory nerves. It is certainly a pity
that we cannot experiment as easily with sensory nerves as we
can with motor, but it is unlikely that the processes of conduction
are radically different in the two. In any case if the impulse
in a sensory nerve is followed, as in a motor nerve, by a refractory
period, it is difficult to avoid the conclusion that the effective
stimulation is always one of minimal strength whatever the
strength of the stimulating current may have been.

We must therefore confess frankly that so far as this line
of evidence is concerned, we do not know whether a nerve
in its normal situation does, or even can, transmit impulses
which differ in intensity because they have been differently
launched. Nor is it easy to see how the method of varying
stimuli is to solve the problem in the future. Whatever the
nature of the stimulus used, whether electrical, mechanical, or
chemical, there is always some spread of the condition which

1 Graham Brown, * Proc. Roy. Soc. B.,”” lxxxvii, p. 132, 1913.
2 Lapicque, “ C. R, Soc. de Biol.,” Ixxii. p. 871, 1912. -
8 Forbes, * Amer. Journ. Physiol.,” xxxix. p. 172, 1915.
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serves as a stimulus when that change is made more than
minimal, And there will always be a peripheral zone of minimal
change from which the impulse will presumably take its origin,
So we are driven back to the other method of experiment already
mentioned, that which reduces a nervous impulse by a local im-
pairment of conduction and then examines its intensity after it
has passed out into normal nerve,
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18 THE CONDUCTION OF THE NERVOUS IMPULSE

the only definite experimental evidence we have on the ques-
tion.

The principle of Adrian’s method!® was to reduce the nervous
impulse to subnormal intensity, and then to pass it into normal
nerve and determine whether it there became normal in its ability
to be conducted. We have already seen the evidence which tells
us that the impulse is not extinguished instantaneously at one
point of its passage through a narcotised tract of nerve, but is
rendered progressively less able to be conducted before it finally
reaches extinction. It is on this fact which Adrian relied in
order to reduce the impulse artificially to subnormal intensity.,
Suppose a nerve to be narcotised over the length AB (Fig. 2) to
such an extent that a nervous impulse started at I just fails to
pass through it. We may then represent the change in the
nervous impulse diagrammatically as in the figure, where AC is

a measure of the intensity of the nervous impulse as it enters
the narcotised tract, GD represents its reduced intensity after
travelling half-way along the tract, and near B it is shown to be
extinguished completely just before it has been able to reach the
normal nerve again. Now suppose that the impulse when re-
duced to the intensity GD had been allowed to enter normal
nerve again instead of going on in narcotised nerve, would it
have recovered the intensity AC, or would it have remained at
the value GD? Clearly this point may be tested experimentally
if we divide the narcotised tract AB into two halves AG and
G'B and insert the length of norm~l nerve GG' between them.-
Then if the impulse on entering the normal tract does not re-
cover, it will be extinguished as before by its ‘passage through
the remaining piece of narcotised nerve, as Fig. 3 shows. If
this diagram represents the facts, the same degree of narcosis will

! Adrian, “ Journ. of Physiol.,” xlv. p. 389, 1912.
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22 THE CONDUCTION OF THE NERVOUS IMPULSE

of weak/acid)ias)|a_marcotic; there was no circulation of the
narcotic, but each nerve passed through baths of morphia of
appropriate lengths. These experiments reproduce all the feat-
ures of those made with alcohol, and are not subject to the
errors which are sometimes introduced into narcotic vapour
experiments by slight air-leaks in the apparatus.

TABLE II.—MORPHIA SOLUTION AS NARCOTIC.

Time to Failure of Conduction.
" Preparation X, Preparation Y.
Experiment. Disturbance Passes. Dinmrbance Passes.
~ - |~ A =~
4'5 mm. only  4'5 + 4'5 mm, g'0 mm.
21 21 minutes 20 minutes 12 minutes
22 26 ” 26 » 5,
23 18} » 18 ”» I3 ”
24 338 . 32 » 28,
25 16 ’ 16 » 10 ”
Disturbance Passes. - Disturbance Passes.
— ~| ~
gmm.only 9+ 9 mm. 18 mm.
26 15 minutes 15 minutes 9 minutes
27 10 ” 9% 6
28 17 » 17 ” I »

The fact which these experiments seem to me to establish.
is that an impulse which has been reduced in its ability of con-
duction by passage through a region of decrement recovers that
ability in full when it emerges into a tract of normal nerve.
This conclusion may appear to be a limited one, and one which
perhaps fails in itself to answer directly the question whether

a nerve cell in the central nervous system is able to send out
~ impulses of graded intensity to the effector organs of the body.
It shows that if the impulse sent into normal nerve is of a kind
less able to face extinction than the largest impulse which our
artificial stimuli can provoke, there will be a recovery up to the
normal level in the nerve trunk. But is it not possible that
all the impulses which our artificial stimuli provoke are smaller
than those which the central cell can send out, and that grada-
tion may occur within that higher level? I think the answer to
this question is contained in certain inferences which may legiti-
mately be drawn from Adrian’s experiments.
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THE CLASS OF DISTURBANCE 27

known. New observations may at any moment lead us to revise
our views, but in the meantime we do best if we leave this point
and inquire into other possible sources of variation. The next
aim before us will therefore be to learn how the nervous impulse

is modified by the conditions which it meets in the course of
conduction.



CHAPTER VI.

THE EFFECT OF INCOMPLETE RECOVERY AFTER PREVIOUS
CONDUCTION.

THE REFRACTORY PERIOD.

WE have become familiar with two possible conditions of a nerve,
one the normal in which a single impulse is conducted at a fixed
intensity without loss, and the other, produced by artificial means,
in which the impulse gets weaker and weaker the further it has
travelled. The distinction between these two types of conduc-
tion is fundamental because in normal conduction the impulse
depends for its intensity only on the state of the nerve at the
moment, whereas in conduction with a decrement the impulse in
a nerve under constant conditions may be small if it has travelled
far under those conditions or large if it has only just encountered
them.

In studying the modifications of the nervous impulse we shall
constantly have to derive our knowledge from experiments made
on nerve in which conduction with a decrement has been in-
duced by artificial means. The use of this technique is forced
upon us by the fact that it is the only means we have of measur-
ing the nervous impulse. But it may seem to you that we shall
be building up a structure of academic knowledge concerning the
behaviour of the nervous impulse under conditions which it never
can encounter in the normal nervous system. And you may re-
member that I expressly stated my intention to avoid the study
of abnormal conditions on conduction.

I am anxious therefore that you should realise at this point
that in all probabilit}; conduction with a decrement is a normal
happening in certain parts of the nervous system. The evidence

for this statement cannot be given in full now, because it involves
28
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36 THE CONDUCTION OF THE NERVOUS IMPULSE

ally tonormal,| However, the process of recovery does not end
there, for the curve overshoots the mark and there is a third
period during which the nerve is actually more excitable than it
is in the resting state. For the present we must content our-
selves with noting the existence of this period of increased ex-
citability, Its detailed discussion will follow later.

So far, then, we have traced the course of recovery in terms
of the strength of stimulus needed to excite the nerve. In a
sense this bears some relation to the parallel question of the
recovery of conductivity, because the success of the second
stimulus demands not only a successful initiation of the nervous
impulse but also a successful conduction. However, Adrian?
has shown that the recovery curve determined as in Fig. 7
is certainly the expression of a purely local recovery of the .
mechanism of excitation. The time relations of the curve
depend on the temperature of the nerve immediétely under the
stimulating electrodes, and are not affected by alterations in the
temperature of other parts. Indeed, the evidence we have
examined hitherto does not give us any ground for assuming
that the power of conduction of the nerve is altered at all by the
passage of the nervous impulse. The failure of an early second
stimulus might be due entirely to a temporary breakdown in the
mechanism of excitation, and there might be no hindrance to the
conduction of an impulse following on the heels of a predecessor
if only the second impulse could be started by setting it up in
some region where the recovery was more advanced.

Consequently we have to inquire whether there is any im-
pairment of conductivity in the nerve corresponding to the
impairment of excitability which follows a previous impulse.
We have to find whether there is any period in which the nerve
is absolutely unable to conduct an impulse, and, if so, how the
recovery_of conductivity takes place. Finally, is the recovery
followed by a period of enhanced conductivity corresponding to
the period of enhanced excitability ? :

The first observations which have a bearing on the question

1 Adrian, ¢ Journ. of Physiol,,’ xlvi. p. 384, 1913.
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40 THE CONDUCTION OF THE NERVOUS IMPULSE

soon \after; a predecessor is less able to travel through a region
of decrement than is an impulse set up in resting nerve, we may
conclude that in the stage of incomplete recovery the nerve will
only conduct impulses of less than the normal intensity. By
relating the interval between the first and second impulse to the
distance which the second impulse can travel in the region of

To Lever.

b em.
Fia. 9.

decrement, we shall be able to map out the course of returning
conduction just as we mapped out the course of returning excita-
bility.

An investigation on these lines was carried out by Adrian
and Lucas.! A frog’s sciatic was treated with alcohol vapour to
bring about conduction with a decrement, and the summated con-

1 Adrian and Keith Lucas, * Journ, of Physiol.,” xliv. p. 93, 1912.
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42 THE CONDUCTION OF THE NERVOUS IMPULSE

the second. impulse must follow the first if it is to succeed in
. reaching the muscle varies with the distance it has to travel in
: the region of decrement; in other words, the intensity of the
second impulse varies with the interval between it and the first.
Fig. 11 is constructed from the results of Fig. 10, and shows the
relation between the time at which the second impulse is set up

o

—h

o
I

o

(o)

()
I

Interval between first disturbance and second (seconds)

FEPETEE PP BN B BPUPP PP B

30,
oDistamce which~1§cond disturba?u% will
travel in nerve (millimetres)

Fic. 11,

and the distance which it will travel without extinction. Curves
are constructed for three different stages of narcosis. It will be
seen that before the treatment with alcohol has begun (“fresh
nerve ) the time at which a second impulse can be set up and
reach the muscle is independent of the distance which it has
travelled, since the earliest second impulse which can be set up
undergoes no appreciable reduction as it passes down the nerve.
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46 THE CONDUCTION OF THE NERVOUS IMPULSE

second, stimulus a second nerve which was not excited by the
first stimulus. This second nerve did not show any increase in
excitability, though of course there was included in the circuit
by which it was excited a stretch of the first nerve, whose con-
ductivity might be supposed to be increased during recovery.
The arrangement of this experiment is shown in Fig. 12. The
nerve x is stimulated with one stimulus at @' The second
stimulus affects this nerve at &' and the nerve y at ¢!. Though
the point &' is abnormally excitable after the nervous impulse
has passed it, the point ¢' requires the same current as it does if
x has not been stimulated. If there were a sufficiently large in-
crease of electric conductivity in the tract 45 to account for the

0 (.
| =%

x ¥

Fi1G. 12,

apparent supernormal excitability at 4, then the strength of the
current passing through 44! and ¢! would be sufficiently increased
to produce a noticeable alteration when & was stimulated.

By such methods we were led to conclude that the super-
normal phase did represent a real increase of excitability in the
nerve. Since that time I have explored the supernormal phase
in a nerve leading to the adductor muscle of the claw of the cray-
fish.! Here I find the supernormal phase more strongly marked
than it is in the sciatic nerve of the frog. In the sciatic nerve
the excitability at the maximum of the supernormal phase rose
only to 108 per cent of the normal in the most favourable cases.
In the crayfish nerve I have found it as high as 139 per cent

1 Keith Lucas, * Journ. of Physiol.,” li. p. 1, 1917.
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of the normal ; in other words, the current required to excite was
only 72/ per'cent of tHat (réquired in the resting nerve. Fig. 13
shows a case observed in the crayfish. The values plotted here
are strengths of current required to excite, and in this experi-
ment the lowest current strength was 80 per cent of the normal,
or the excitability rose to 125 per cent.

The idea that the refractory phase may be followed by a
supernormal phase is by no means new. The electric response

300"'7—W|lllrll1rr|rllull

8
-'varl"llll|lllv

TR DV IR RPUE R AT ST

- Normal

N——

8

Threshold of Second Stimulus

ANV EFET T TS SRR
‘01 ‘02
Interval between Stimuli (Secs)

Fia. 13.

of a nerve or muscle is increased by previous activity, as Waller,!
Garten,? Wedensky,® Samojloff,¥ and Beritoff’ have shown.
Wedensky has named the period of increased electric response
“ phase exaltée ” as the counterpart to the “phase refractaire,”
and Beritoff speaks of the phenomenon as an “increase of excit-

1 Waller, Croonian Lecture, * Phil. Trans.,” 1896.

2 Garten, * Beitrige z. Physiol. der Marklosen Nerven,” Jena, p. 83, 1903.

3 Wedensky, * Trav. d. labor. d. Physiol.,” St. Petersburg, iii. p. 134, 1908.

4 Samojloff, * Arch. f. (Anat. u.) Physiol. Suppl.,” p. 1, 1g08.
P Beritoff, ¢ Ztschr, f, Biol.,” Ixii. p. 125, 1913.
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ability ” (‘. Zunahme der Erregbarkeit”), though showing clearly
that he refers to an increase in the amplitude of the electric
response. It is important, however, to distinguish these pheno-
mena clearly from the period of supernormal excitability which
Adrian and I have described. A loose application of the word
excitability or Erregbarkeit leads to unnecessary confusion in
a subject already difficult enough. If the electric response is
observed to be increased, it is almost as easy to call the effect an
increase of the electric response as to call it an increase of excit-
ability, and the former is certainly a much better description of
what is observed. A closer analysis of this phenomenon must
be left to the next section. For the present it may be taken as
evidence of a period of enhanced function following recovery,
but it is not very clear what particular function we are dealing
with. On the other hand, the case which Adrian and I observed,
in which the nerve after conducting one impulse can be excited
by a weaker current than before, does give fairly conclusive evi-
dence of an increase of the local excitability of the nerve. It is
* true that a nerve made up of fibres of varying excitability might
show an effect of much the same kind owing to an increase in
conductivity in the later stages of recovery. We should have to
suppose that those fibres in which the weakest current would set
up an impulse were for some reason unable to conduct an im-
pulse successfully to the muscle unless the conductivity of the
nerve was increased above its normal value. In the resting
nerve a stimulus only just strong enough to excite these fibres
would have no effect on the muscle because the impulses set up
in them could not be conducted successfully. If the conductivity
of the fibres was increased after recovery from the refractory
state, the stimulus which was formerly ineffective would now be
able to produce an effect in the muscle, This would give the
illusion of an increased excitability, though in reality it would
be due to an increased conductivity in the fibres which were
formerly unable to affect the muscle. As we shall see, there is
some evidence that even in a fresh preparation some of the nerve
fibres may be unable to conduct a single impulse to the muscle,
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but it is certainly/unlikely, that these fibres should always turn
out to have a greater excitability than any of the others in the
nerve. This possibility is a good illustration of the difficulties
which are encountered in dealing with a nerve made up of many
fibres which do not all behave in precisely the same way. How-
ever, the best argument in favour of the observed effect being due
to an increased local excitability lies in the fact that the recovery
curve is continuous throughout. It shows no signs of being
made up of two curves, one comprising the period of recovery
from zero to normal and the other the supernormal period. We
have seen that the earlier part of the curve is a true expression
of the recovery of local excitability and is not concerned with
conductivity, and therefore we have strong grounds for assuming
that the same function is involved in the later part of the curve
where the strength of stimulus is less than the normal.

We may take it then that the phase of impaired excitability
is followed by one in which the excitability is greater than
normal, and I will go on to consider the evidence that there is
also a phase of recovery in which the nervous impulse is con-
ducted better than it is in resting nerve.

The proof comes as usual from experiments on the passage of
a nervous impulse through regions of decrement. Goldscheider?
narcotised a nerve with alcohol and found a stage at which a
single stimulus did not succeed in causing a contraction of the
muscle, whereas the same stimulus was successful if repeated.
Frohlich? showed the same effect with ether. Adrian and I®
found that if nerve or muscle were raised locally to 42° C. the
region so heated failed to conduct a single impulse, but con-
ducted a succession of impulses following one another closely.
These observations show in general that there is a phase of
recovery at which the nervous impulse gets further through a
region of decrement without extinction than it does when the
nerve is at rest. We attempted to get some idea of the time

1 Goldscheider, ¢ Ztschr. f. Klin. Med.,” xix. p. 180, 1891.

2 Fréhlich, ¢ Ztschr, f. allg. Physiol.,” iii. p. 473, 1904.

3 Adrian and Keith Lucas, * Journ. of Physiol.,” xliv. p. 8o, 1912,
4
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after a previous impulse at which this improved conduction was
to be found.” We adopted the usual method of making an
artificial region of decrement in -a motor nerve with alcohol.
We waited until the decrement had become so intense that a
single stimulus just failed to pass through it and affect the
muscle. When this stage was reached we sent down two im-
pulses at a definite time interval and determined whether the
second succeeded in passing the region of decrement and af-
fecting the muscle. We found that if the second impulse
followed at an interval of ‘016 sec. it also failed; if it followed
an any interval between ‘024 sec. and 075 sec. it passed
the decrement successfully; at an interval of o1 sec. it failed
again. Under favourable conditions the better conduction of
the second impulse could be observed even when the narcosis
was considerably too deep to allow the passage of a single
impulse. These experiments must not be taken as defining
accurately the duration of the period of supernormal conduc-
tion. It is difficult to maintain an artificial decrement in a
steady state, and consequently the number of observations which
can be made on one preparation is small. However, this much
~ is clear, that to the phase of impaired conduction, which we have
_already recognised, there succeeds a phase of supernormal con-
duction before normality is finally reached. The time relations
of these phenomena in frog’s sciatic nerve at 15° C. can be
roughly set out as follows :—
Conduction is impossible from oto -003 sec. after a previous
impulse.
" ,», impaired » '003to ‘OIgsec. ’
» supernormal » 'OI5 toO'I sec. ” ”
A knowledge of these facts opens to us a whole range of possi-
bilities in the regulation of nervous activity. According as we
time impulses in the nervous system to follow one another at
a shorter or a longer interval, we can make them less or more
capable of being conducted through any regions of decrement
which the system may contain. If there is a region of decrement
such that a normal impulse just cannot pass, then impulses of
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moderate frequency may pass it successfully, while impulses of
a high frequency may not only fail to pass it, but may by their
~ frequency prevent any other impulses finding their way through.
Let us turn now to consider how these possibilities work out in
practice.
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At the same time'werhave to recognise that all these cases
are in a class entirely apart from the majority of observations on
what is commonly called the summation of stimuli ; the mechan-
ism of the latter is fundamentally different and does not involve
questions of conduction at all.

This distinction will be most clearly understood if we follow
out briefly the history of our knowledge about the summation of
stimuli. Engelmann!® showed that in the ureter electric stimuli
which failed to produce any contraction when acting singly
would be successful when repeated at an interval of less than
half a second. Romanes? made a like observation on the
umbrella of one of the Medusz, and Richet® in the same year
gave an account of an apparently similar phenomena observed
when stimuli are applied to.the motor nerve of the claw muscles
of the crayfish. A few years later Basch * showed the summation
of stimuli in the frog’s heart.

These observations formed the starting-point of knowledge
~ on the subject. They were followed by numerous others which
need not be considered in detail here.® There are, however, a few
cases which will enter specially into the argument, and those I
will mention now.

Weiss ¢ studied the summation produced by short ‘currents
sent into a frog’s motor nerve. Locke’” placed a nerve-muscle
preparation in 0°6 per cent sodium chloride, and found that after
some time stimuli applied to the nerve were ineffective if single
but caused contraction if repeated. The same phenomena were
seen by Hofmann?® after mild doses of curare, and by myself®
after prolonged fatigue of the preparation.

In 1910 I attempted to give an explanation of some of these

1 Engelmann, * Arch. f. d. ges. Physiol.,” iii. p. 280, 1870.
2 Romanes, *‘ Phil. Trans, Roy. Soc.,” clxvii. p. 659, 1877.
3 Richet, ‘ Travaux du laboratoire de M. Marey,” p. 97, 1877.
4 Basch, * Arch. f. (Anat. u.) Physiol.,” p. 283, 1880.
8 See Steinach, ‘* Arch. f. d. ges. Physiol.,” cxxv. pp. 239 and 290, 1go8.
6 Weiss, ¢ Arch. Ital. de Biol.,” xxxv. p. 413, 1g0oI.
7Locke, ¢ Centralb. f. Physiol.,” viii. p. 167, 1894.
* 8 Hofmann, * Arch, f. d. ges. Physiol.,” xcv. p. 513, 1903.
9 Keith Lucas, * Journ. of Physiol.,” xliii. p. 76, 1911.
10 Ibid., xxxix. p. 461, 1910,
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58 THE CONDUCTION OF THE NERVOUS IMPULSE

greater than that to the first, provided that the second stimulus
follows the first within a certain range of time intervals. Adrian
and I! found that the effect was absent if the stimuli fell directly
on the muscle. Fig. 14 shows a comparison of the electric
responses to second stimuli variously timed. The full curve,
obtained by stimulating the muscle, shows that the second electric
response gradually approaches but never exceeds the height of
the first; the dotted curve, obtained by stimulating the nerve,

100

50

Second response as %/, of first

] L 1 1
—01 .02 08 04 _-06
Interval between responses (seconds)
Fia. 14.

shows that over a certain range of time intervals, the response
produced by a second stimulus does exceed that produced by
the first. This experiment convinced us that the supernormal
response to a second stimulus was not a property of the muscle,
We then? tried to discover whether the effect depended on the
seat of excitation of the second stimulus being rendered more
excitable by the passage of the first nervous impulse. We found

1 Adrian and‘Kcith Lucas, * Journ, of Physiol.,” xliv. p. 89, 1912,
3 Loc. cit. p. 110.
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that the time relations of the effect were not altered by cooling
or warming the seat of the second stimulus. Fig. 15 shows the
heights of second electric responses obtained in suchanexperiment.
Whether the seat of excitation is at 7° C. (triangles) or at 23° C,
(circles) the effect remains the same. Clearly then the increase
of the second electric response must be due to better conduction

Second response as %, of first

) 1 1 1 1 1 1

' -05
Interval between responses (seconds)
Fia, 15.

of the second impulse. Some nerve fibres probably fail to con-
duct a single impulse from nerve to muscle, but do conduct a
second impulse suitably timed, and this takes place even in an
apparently fresh preparation. Adrian and I found some prepara-
tions in which the effect was altogether absent at first, but
appeared after such treatment as might be expected to render
. conduction from nerve to muscle less perfect.
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This procedure does not really help us to understand summa-.
tion, because 'it'¢dnnot'extend our actual knowledge beyond the
experimental observations about the electric response. All that
we learn about the nervous impulse in this way is learned only
about the electric response; any practical application of that
knowledge will tell us only about the size of the electric response
and not whether the nervous impulse is better conducted. And
if we do not identify the electric response with the nervous im-
pulse the presence of a remainder of electric response has not
been shown to favour the conduction of a second nervous impulse.
Such experimental knowledge as we have points rather in the
opposite direction. The work of Gotch and Burch,! Boruttau,?
Boruttau and Frohlich,® and Tait* all shows that a prolonged
electric response is associated with a prolonged refractory phase,
and I am not aware of any experimental fact which gives evi-
dence that during a persistent remainder of electric response a
nervous impulse has any advantage which might outweigh the
prolonged refractory condition.

This is in fact the point on which, as I believe, the hypothesis
of Frohlich and Verworn is insufficient. The whole problem of
summation is how a previous nervous impulse, which we know
to leave behind it a condition of impaired conduction (refractory
phase), can favour the conduction of a following impulse, Their
hypothesis gets over this difficulty by supposing that the impaired
conduction can be outweighed by a simultaneous after-effect of
the first impulse which acts in the opposite way, making the
second impulse so large that it overcomes the state of impaired
conduction. And the evidence for this antagonistic after-effect
seems inadequate.

But surely in view of what we have learned of the elementary
phenomena of conduction there is no need to postulate antagon-
istic effect proceeding simultaneously with the refractory phase
and balanced against it. We have seen in studying the return

1 Gotch and Burch, ¢ Journ. of Physiol.,” xxiv. p. 421, 1899.

2 Boruttau, * Arch. f. d. ges. Physiol.,” Ixxxiv. p. 413, 1901.

3 Boruttau and Frohlich, * Arch. f. d. ges. Physiol.,” cv. p. 444, 1904.
4 Tait, ‘* Quart, Journ. Exp. Physiol.,” iii. p. 221, 1910.
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second impulse occurs before the remainder of the electric re-
sponse due to the first has subsided. If we may take Verworn’s
diagrams as substantially representing the hypothesis, it will also
follow that a second impulse cannot sum after the refractory
period due to its predecessor is over, for Verworn shows the re-
lative refractory period as coterminous with the disintegration
which constitutes the nervous impulse. If, on the other hand,
the hypothesis which Adrian and I suggested is correct, then a
second impulse in order to sum must fall at a time when the re-
lative refractory period due to its predecessor is over and has
been succeeded by the supernormal period., We may hope that
on these lines experiment will give some indication as to which
hypothesis is to be chosen.
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70 THE CONDUCTION OF THE NERVOUS IMPULSE

be seen/in/thecapillarny electrometer connected to the nerve, but
no increase of the muscular contraction occurred until the inter-
val between stimuli exceeded ‘0151 sec. This result in itself
might mean no more than that the nerve-fibres leading to the
gastrocnemius had a longer refractory period than other fibres
in the sciatic nerve. Such an interpretation, however, fails to
account for another observation, namely, that a second stimulus
which fell just too early to cause an increase of muscular contrac-
tion did set up a refractory period in the nerve-fibres leading to
the gastrocnemius.! This was evident since such a stimulus
prevented a later stimulus from affecting the contraction of the
muscle. The presence of a refractory period in the nerve is
proof that a nervous impulse has passed; as Adrian? showed
later, the refractory period in this experiment can be found in
parts of the nerve other than that directly subjected to the
stimulus, so that the actual propagation of a nervous impulse
from the seat of stimulation is beyond question.

The outcome of these experiments is to show that when con-
duction from nerve to muscle is certainly not greatly impaired
by fatigue or damage, a normal nervous impulse can pass through
and affect the muscle, but an impulse which has gone down the
nerve close after another cannot do so. There is in fact a com-
plete analogy between the behaviour of the junctional tissue
and that of an artificial decrement in the nerve-trunk towards a
second impulse following another at various intervals of time.
Not only does the junctional tissue refuse to transmit an early
second impulse, but, as I was able to show,® if the preparation
has been slightly  fatigued or left in Ringer’s solution for a
number of hours, the second impulse must be set at a longer
interval after the first if it is to pass through and affect the
muscle. This resembles the behaviour of a given length of nerve
which is exposed for varying lengths of time to alcohol; the
longer the alcohol has acted, the greater must be the interval at

1 Keith Lucas, ¢ Journ. of Physiol.,” xliii, p. 65, 1911.
2 Adrian, ** Journ. of Physiol.,” xlvi. p. 395, 1913.
3 Keith Lucas, ‘* Journ. of Physiol.,” xliii. p. 70, 1911,
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88 THE CONDUCTION OF THE NERVOUS IMPULSE

in the'next figure there is interpolated between these a stimulus

P D.

L 1
0 Sec 008
Fia, 18.

too early to set up an impulse in the nerve, and the result is
that this stimulus slightly strengthens the effect of the succeeding

P.D.

I
ec. O 006 o1
Fi16. 19.

stimulus, making the second electric response larger. In Fig.
20 there is shown again the double response to two stimuli; in
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Fig. 21 a stimulus is interpolated at such a time that it does set
up a second impulse in the nerve but is too early to cause a

P.D.

Sec. :) -ocl)s 01
Fie. 20.

response of the muscle, and the result is that the second response
previously caused by the succeeding stimulus disappears.

These experiments give a key to the understanding of the

phenomena observed by Schiff and Wedensky. We see that the

—
-005 ]
Fi1a, 21.

o

condition for the absence of effect of successive stimuli on the
muscle is that the second should set up in the nerve an impulse
which is too early to affect the muscle; this early impulse pre-
vents a later impulse from affecting the muscle. The interpreta-
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nicotine''acting‘on-the'- junctional tissues, all suspend conduction
soon after they have produced the effect. Failure of conduction
is commonly a step beyond conduction with a decrement,
whereas it cannot be maintained that all these conditions cause
a prolonged refractory phase. On this view then the phenomena
of absence of contraction with rapid stimulation, or “apparent
inhibition,” are accounted for in terms of four properties of the
excitable tissues which have already been examined and verified
in earlier parts of these lectures :—

(1) That a nervous impulse following close on a predecessor
resembles one which has passed for some distance through a
region of decrement.

(2) That.the excitability of nerve to an external stimulus
returns gradually to normal after an impulse has passed.

(3) That narcotised nerve and probably also fatigued junc-
tional tissues conduct with a decrement.

(4) That the intensity of the impulse set up in a nerve is inde-
pendent of the strength of the stimulus which evokes it.
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