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THE INJURY CURRENT OF NERVE

By J. S. MACDONALD

PREFACE

IN justification of this attempt to secure a hearing for an already elaborately-handled

theme, it may be pardonable to emphasize the importance ot a very obvious fact,

that the joint work of chemists and physicists has made the present time
extremely opportune for the conduction and consideration of such research.

[t may be said that this phenomenon of the injury current was most exhaustively
examined at a time when pi‘l"l.'ﬁir:;ﬂ sClence was not ri[‘.u.' to deal with such }'-nr-ar-:ihi]itirh.
and that the physiologist was obliged at great inconvenience to grope for correlated
physical data; whereas, at the present time, such a mass of the required information
has been collected, codified, and arranged according to simple and sufficing
explanatory hypotheses by the physicist, that physiological research of this kind can
with great advantage be carried out upon easily anticipated lines.

It may, on the other hand, be sad that at the present date 1t 15 much more
necessary to apologize for the carrying out of any study of electrical phenomena
occurring in animal tissues, and especially such as are consequent upon injury, than
to be imbued with a sense of their importance; for it is now realized that every
process of diffusion ::rm:ttrring between solutions of !:'|L'L'lr{1|}'1.‘t:5, such as solutions of
inorganic salts, is a probable source of electrical phenomena, and also that every injury
is necessarily succeeded by processes of diffusion following the destruction of pre-
existing barriers. It is, for example, an absolutely certain prediction that differences
of potential must be found between electrodes placed upon the external and internal
surfaces of glandular organs, upon which it is an otherwise amply determined fact
that solutions nFiru‘}rg:lni:‘. salts are present diﬁi‘ring ih concentration or in nature in
these two positions. And again, when it is otherwise known that stimulation of nerves
leading to these structures causes a further difference to arise between the two
solutions, it is certain that new differences of potential will arise as the result of such
stimulation.  In such cases it may seem doubtful whether the information gained
from an examination of differences of potential can be of interest in comparison with
the more direct information attainable by other means.
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In the case of nerve no such apology is needed, for no other means have yet
been found for detecting and measuring its intrinsic changes, even if these can finally
be shewn to be of chemical rank ; nor can the study of the injury current be exempted
from this claim.

There still remains the great probability that a nervous impulse may be a change
propagated by electrical agency, and even in its essential nature an electrical phen-
omenon ; a travelling and temporary dislocation of pre-existing discrete particles, and
not a travelling process producing new and differently gifted particles from the old.

[f so, it is as solutions of electrolytes confined to minute cylinders that nerve
fibres have a most important interest ; and yet the characteristics of these solutions
are beyond the reach of methods of ordinary chemical investigation.

Therefore, any method which promises to reveal, even in an indirect way, the
nature and concentration of these solutions, should be considered deserving of
immediate and zealous application.

The investigation of the injury current stands alone in offering such possibilities ;
and its diligent prosecution is not a matter for apology, nor even of secondary though
legitimate importance, but is the only means by which a knowledge of the funda-
mental structure of the nerve can be obtained.



HISTORICAL SECTION

The accurrence and distribution of differences of potential between points upon
the surface of excised nerve, was discovered in 1842 by Duv Bois Revaionn, published
in 1843," and described in an exhaustive manner in his first collection of researches® in
1849. The general account given by him of this phenomenon provides one with an
example of the possible truth and completeness of experimental observation.  Rapidly
as the research must have been carried through, for it forms only an incident in a
I:lrgt:t‘ thtmt‘i the statement 1s a |u:rﬁ:[.'t one, and an intimate :I-;t]u:linr.'uun,' with the
phenomenon reveals the amount of observation concealed behind each one of its care-
fully considered sentences. The salient points were gathered into three generaliza-
tions, the well-known faws of the nerve curvent.  They define the spatial distribution
of points upon the surface of the nerve, between which the differences of potential
were !:I:I ]:lrgt:, {2} Hl‘]'m”, {;:l non-gxistent.

These laws describe the ideal case, which it is carefully noted was rarely, if ever,
obtained, and in their application to the facts ot any single experiment are stated
generally to require madification.  The most important modifications being due to the
occurrence of a potential difference between the two cross sections and to the disloca-
tion of the equatorial point from the mid point of the nerve.

Morcan, in 1863, pursued the investigation one step further, and demonstrated
the existence of a nerve current in minutely thin longitudinal fragments of nerve trunk,
obtained for the uf'cpl.'rilm:nt in a manner described h:.' Harvess.  He also noted the
presence of ¢weak longitudinal currents” in these fragments, and ascertained the
symmetrical arrangement of potential distribution round an equatorial point,

The remaining work which has been undertaken in this subject has, to a large
extent, only been concerned with the comparison of results obtained from various
nervous tissues, and with modifications devised to test theories of 1ts mode {Jilnri:ﬁrin.

or with results obtained in abnormal or pathological conditions of the nerve.

* The relation between the conditions thus found upon the surface of the nerve
trunk, and its microscopical fragments, and the conditions of greater interest and
importance legitimately inferred from a consideration of these to exist in the more

1. Du Bois Reymond, Popgemafory” dnnal, B, LXVIIL January, 1843, 3. Untersuchungen. 11 (1), p. 262,
1. Charles E. Morgan, Reicherss Archiv., 1863, p. 340 5 aleo Efecrraphypiology and Therageutics,  New York, 1568, p. 465.
4- E. Harless, Abfandl Konigl Baversich Abad, o Wi 2nd Class, By WL Abeh. IL po 5309,
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deeply-situated nerve fibres, was elaborately investigated by Du Bois Revmonn.'
His inferences strengthened by the mathematical work and physical experiments of
Heimuorrz® explained the complex distribution of potential differences upon the
nerve trunk surface, as due to a simple distribution of oppositely electrically charged
surfaces upon the individual nerve fibres. The zinc-copper model exemplifies these
inferences, and its composition is a standing witness to the fact that the complex
superficial conditions are, to a great extent, the outcome of an examination of the
nerve trunk when longitudinally isolated from the surrounding structures, and exam-
ined in air.  The complex condition then found upon the surface of the nerve trunk
15 new, is not the same as the conditions existent upon its surface when clothed in
the neighbouring tissues, nor 1s it the same as the conditions existent upon the im-
portant elements of its structure.

In concentrating attention upon the individual nerve fibre and its physical
structure, and after a laborious investigation of surface distribution, legitimately
delving from this the essential nature of the problem as it affected the individual nerve
fibre, Du Bors Revmonp may be said to have not only discovered the “apparent ’ but
also the ‘real” phenomenon.  The whole longitudinal surface of the individual nerve
fibre is probably equally positive, the whole transverse surface uniformly negative.
The gradual transition, which apparently takes place in the surface conditions as we
pass from the cross section in towards the unbroken nerve fibre, has probably no
parallel in a varying state of the nerve fibre. The nerve fibre at its cut end is
m:g:lti'.-'n::. The 1m1gi.tu-.!§mﬂ surface in the rluighlﬁﬁllrht}iul of this cut end appears
less positive than the remainder of the longitudinal surface, simply because of its
physical juxtaposition to this negative surface.

Secrion |
Exrraxatory THEORIES. Duv Bois Reymonp

Of these facts and legitimate inferences, various explanations have been offered.
Dv Bois Revmonnp based his explanation entirely upon the constitution of one
primarily important structural element of the nerve fibre. He used, in fact, the data
obtained from observations upon the manner of urigiuﬂtiun and conduction of
electrical currents by the nerve as a base from which to obtain knowledge of the
main physical characteristics of the structure of the nerve fibre. It is a matter for
regret that he did not sufficiently recognize in the nerve fibre the existence of not
one but several structures of possible importance. It is true that before cmnmit‘ting

himselt finally to such a position he was careful to examine the other two lines upon

1. Du Boie Reymond, Useersachrnges.  Bd, [ po 672, 1849,  The original wark was dane upon muscle
I'-II.I; |.'-|:-I'||:|r',l|-|;-i for nerve.
Helimhaltz, Pagg, Adem, Bd. LXXXIX, p. 202, 1853, For a full account see also A, Fick, Die Mefiziniicke Plyis,
Braunschweig, 1855 ; or C. Moargan, Elecer gephpsiolop y, Mew York, 1867,
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i

which an explanation might be sought, namely (1) a difference between the chemical
constitution and phyxi{::ﬂ characteristics of the molecules i“m'ming the I{mgitudin:ll
surface and transverse section respectively, due to secondary changes (acidity, ete.) at

the transverse section ;' and (2) a pre-existing difference beween the nerve substance
proper and its sheath.?

The frst of these two rujucrml alternatives 1s 1:h‘.+.tu:|y akin to Hermann's
¢alteration * theory, and was dismissed because of the apparent disproportion in extent
between the phenomenon to be explaned and the chemical change which could other-
wise be demonstrated.  The second alternative is as closely akin to Grinnaces's
theory, and was dismissed because of an apparently decisive contradictory experiment
(see later).

Having once selected a line of explanation, his further developments of it were
foreordained by the scientific attitude of the time, which translated wholesale the
attributes discoverable within and at the surface of a mass of homogeneous material
to each of the individual molecules of which it was formed. The peripolar’ molecule
was a minute zine-copper model unit, and its conception was then the necessary out-
come nf thu |ugith'|‘1;|tt:]}-‘ fm'mr:d |‘H:|ir:F that the nerve or muscle fibre Wwis :llfm:: thu
physical structure upon which the phenomenon depended, and that this could practically
be treated as a homogeneous structure.

Similarly when Duv Bois Revmoxn discovered that under certain circumstances
the muscle fibre could not be treated as homogeneous, and that the conditton then
present in locahized |1-nrﬁnr15 of the fibre }'11‘1:\-'E|1t1:t| the demonstration of the phﬂ]mru.:nr:m1
it was only possible to consider that such localized portions (parclectronomic layer)*
offered an opposing eleotromotive force: it not being known that neutral ¢ mem-
branes * might eliminate the display of electrical differences by offering an impermeable
obstacle to the movement of diffusing particles, and that there was, therefore, no
necessity to credit such obstacles as were discovered with what one might call
* ¢lectromotive functions.’

:"\ll'll 0N THE II-IFH-I.III"I'I!HZ"-'H!'-I[I.' ];'n."n'!l-!

Du Bois Revmono’s conception of the parelectronomic laver has been misunderstood, and even
ridiculed, as if invented when the trend of a controversy compelled him to meet new evidence and satisfy
impossible clams upon his original ¢ peripolar molecule® conception. It may therefore be of some
advantage to consider the following quotation taken from a bk i‘-ulﬂh—-h-_-d in 1852, and, therefore, fifteen
years before the appearance of the *alteration theory " :—

H. Bence Joxes, Anvimal Elecericiy (being an abstract of the discoveries of Esin Du Boi Revaoxp),
page 1ifi !'-u|:1'|i.x]14_'d by Chuarchill, London, 1852—*The current obtained from the longiiudinal section

,'I'I'Il! |.I!L' I]ill'.ll.'ﬂt IFANSVErse S0 [il'l'l'l i:‘- .'H-L']l.i“rlh. |1- EVET, 20 ‘:‘-[l”!'I_Lr A% 1 h{' current ”I:'l.-l iﬂl-"kl- r"'l 1111 ':Il-{' ]”'I'Ig"l['lh.!i I'I.I]
1. Movanberchie o, .K.-.-.'._gn'-. Abed 3 Ha:llm1 |H{lj_ P AN, Iluli-u-i'-i'.-h-.'-! in D Boie Revinond’s Geeaamme _Ahband!, T1, | B
C After my discovery im 1842 of the muscle current, naturally one of my first experiments was undertaken to discover
whether the longitudinal sorface and the artificial cross section of muscle possessed different reactions,’
2. Llwercrics wary [, g8, 1%gE.
3o D Bois Reymond, Unsersnchiongen, 1y po 5605 1848 see also O, Morgan, Elecrraplyiislogy, enn po 279, 1867,
R Dt Baois H:,-:..n'.un.l‘ Llarrering -'u-.-:H. T I P 394 O C, Margan, fsc. ar » PP 204=304.
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section and the artificial transverse section.  Very often, indeed, the former appears incomparably weaker;
and by keeping the frogs for twenty-four hours at least at a temperature of 32°F. (0" C.) it is possible
wholly to deprive the natural transverse section of its negative power when it is included 1n a circuit
with the longitudinal section.  But cven the direction of the current can be reversed by means of cold.

Whichever of these various modifications of the electric power of the natural transverse
section may I""—“""i]r the wsual current i111.1|:“_-._!'r_1|:r_-]_1' appears w hen this section 18 i11_i ured in any way, 20 as
to deprive an extremely thin layer of its vital properties, and thereby of its electromotive action. 4
Since the layer of muscular substance on the natural transverse section tends to reverse the Jaws of the
muscular current, Dv Bois Revmosp proposes to call it the parelectronomic layer (from 'ﬂ'q'lluu'lrupm'
contrary to the law), and he likewise calls that the parelectronomic state of the muscle, in which the
muscle, in consequence of the p.irr:lr_'r!lrmlmlﬂt layer having the intensity of its action increased, cither

appears inactive, or cven becomes inactive in the negative direction,’ ete.

Secrion 11 HEerMmann

Beginning in 1867, Hermanx' produced a series of papers which proved that
the phenomenon of the current of rest could not be demonstrated in u ninjured tissue,
and that injury, sometimes of an unsuspected kind, was an essential factor in its pro-
duction.  This proof he accompanied by an emphatic and controversial insistence upon
the importance of the secondary results of injury, and in deference to his views the
phenomenon has changed name, becoming the current of injury and subsequently the
demarcation current.  The extreme emphasis laid by him upon the secondary results
of injury has since been abandoned,” and in 1898 he s found deliberating between his
own ‘alteration theory,” which embodies these views, and a ¢ pre-existence ’ theory be-
longing to that general class of theories against which he so strenuously contended.

[t has been said that Dv Bois Revmonn's ¢ peripolar molecule ” was formulated
upon a basis of assumption, that the matter giving rise to the phenomenon was pre-
existent and homogeneous. It must also be said that Hermann's ‘alteration theory’
is confessedly based upon an assumption,* which must be considered, too, as possibly
obnoxious ; for it is an assumption of knowledge which is, in this case, unfortunately
not otherwise attainable,

“ Let us suppose that the dying substance is negative to the living, then all these
phenomena are explained.”

The acceptance, even temporarily, of such a postulate as this is equivalent to the
surrender of a legitimate spirit of enquiry, and is impossible to a mind seeking to
unravel the intricacies of ‘vital” phenomena by gratefully received details of chemical

1. Her manm, Laner "--’:'-'M'lﬂ'i"l aur P ll'-:-f-.-x.':' der Muskeln wod Nerarew, ]h'r]in,_ 1 Rﬁ_‘- I RGE,
* Sec later, p. 2273,
2. Hermann, Pflapers Archoe., 1898, LXXI, p. 290,
3. Hermann, Mandbuch.  Th. I, p. 235.

] _'.'-..u F.—Hermann's alteration theory is expressed in termis of vital states.  For a reduction of these to the terms of chenii-
e I"':':J'_I'_"'-"T"'*h""" ‘_-'l nmmenclature—iee (1) Bermstein, f_'ﬁ'rrgrrs Areira, 1897, who evolves a theory which, superheially similar
to D Bais Reymond's in that it is a2 molecular one, nevertheless involves a chemical difference at the seat of injury and 13 there-

I-;-.l.,- similar to Hermann's 3 (2} Tachagowets, 1897, Zache of. vas Geselliek £, phys Chem,, XEVIL 5 p. 4395 (3} Max Oker
Blamy, 1901, PRigers drobiv., LXXXIV, TR Je 5 p- 4325 (3)
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composition and physical conditions.  *Vital’ phenomena, not otherwise known to
exist, are practically created to explain an interesting physical phenomenon ; and are
~c.|.|it;||1]!.‘ '.'tr]';lngt:-.] in the course of the nerve fibre in a manner which 1s not open to
corroboration.

To Du Bois Revmonn such an acceptance would have involved not only the
abandonment of a particular theory, but also the relegation of his whole subject to
the regions of empirical symbolism. 1t is not surprising, theretore, that immediately
the theory was promulgated he entered the field against it

The extent of the controversy is well known. The experimental data collected
during its prosecution will, doubtless, be remembered, when the words which hurled
them into the possession of contemporary science have long been forgotten ; but
Dv Bois Revmonp will then have been reinstated as the founder of a scientific
method of physiological research, and will thus have a more honoured remembrance
than as the discoverer of a fact or a series of facts, or as the defender of a perhaps
too confidently-held position. In the meantime the indirect outcome of the con-
troversy and of its lessons has been a philosophy, which sees in  comparative
2 rwgutivit}' "a |+c1r‘|;;':\F ﬂ{'llghr-f'm‘ ;‘Llh:, h}' which o measire :lu;'q.‘urntt:]}' 1.‘|"H,' rq:]:lth'q_'
intensity of life in two contrasted situations.® In repose positive, in activity negative,
only given a standard of candle power the value of any vital spark could immediately
be assessed by the galvanometer.

In 1877, Hermann® published experimental data, which very largely moulded
the general opinion as expressed in contemporary and i subsequent text-books,
These {1:1t:i,, abtmined |‘1}' the use of his © fall rhcntmm:,' i‘l-r{n-'t:l.,l that the current of
injury did not traverse the galvanometer circuit in fully developed strength for a
short interval (ceo25") after the occurrence of the injury.

The fact was advanced as conclusive evidence against all ¢ pre-existence ™ theories ;
so that Du Bois Revmonn's and Grinsacen"s and every similar point of view must
he abandoned. The conclusion was practically accepted, and has been followed by
consequences of importance.

To regard the injury current as possibly the outcome of pre-existing conditions
is to regard it as a phenomenon of primary interest, as, in fact, a possible key to the
desired knowledge of the physical structure of the nerve, and, therefore, to the know-
ledge of the possibilities of the meaning of its physical change during function.

The fall rheotome experiments temporarily removed any general confidence
which had been maintained in such a possibility, and, as a consequence, deposed the
phenomenon to a rank of secondary importance.

The delay measured by means of the fall rheotome 1s, however, by no means
conclusive evidence of a time spent in the initiation of chemical or of vital change.
. 1. _I}u ]:l-l_\[w.-l-'.r}'llu;-lnl, .-'IJ'--.-.-.;-.-::.'-r.-.-:.-'J.r.f o\ .i.-.-g Abad, o, Wi, Berling 1867, p. 597 ; reprinted in Du Bois

Reymond's Gosmme Abhandly, 11, p. 319,

2. E. Hering, Laros, Prague, 13838 ; translated * Brain, 1897, p. 2327
3. Hermann. J:Il'|',-;-'§_-.-.-', Archiea, XV, p.o 191, 1877, ]'Zx[wrirllr:l.l!- atpo mnscle.
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There have first to be considered such factors as polarization, self-induction, and, not
least, the fact that chemical substances in solution only give rise secondarily, by pro-
cesses of l]i'H"L!.‘ill{]II‘ to electrical ]_‘Elhl:tlﬂn'lll.‘.'!'lﬂ. It 1s not, th::r‘::rﬂl't._ Sllrpri:’-iﬂg that
Hermaxx, in 1898, is somewhat less confident of the truth of the alteration theory
than in 1867. lts establishment as the prevalent hypothesis has rested not so much
upon evidence adduced directly to support it as upon evidence which temporarily cut
the ground from beneath the feet of its opponents.

It is necessary to realize this fact, and to remember the powers of adverse
criticism which indefatigable research and a skilful handling of physical and mathe-
matical detail, and the position of authority which the victory in this controversy and
the esteem in which his other contributions to physiological hterature are held, have

conferred upon Hermany,

Secrion 111 GRUNHAGEN

GrUNHAGEN' in 1866, a year before Hermann's promulgation of the alteration
theory, advanced a theory, like Duv Bois Revmonn’s in so far that the conditions of
importance were assumed to be © pre-existent” in the nerve before the injury, but
unlike it in that it involved, as prime factors, conditions existent in the ensheathing
tissues of the nerve trunk, as well as in the physiologically important elements of
structure. GrONuAaGeN's advance to this position was due to a consideration of the
histological structure of the nerve, and to experiments undertaken by him in which
he brought to notice circumstances of importance hitherto unconsidered in this
problem : for he discovered in combinations of various solutions and ¢ membranes’
a pf}:iﬁil‘-]l: source of def rlitvl}‘—aiirccn:d electrical currents.

The first *membranes ™ used by him were porous clay pots, and his explanation
of the value of the whole combination was given in terms of the capillary pores of
these structures, and of the Quincke® *diaphragm currents” arising from the passage
of water through them. Further examination revealed other possible explanations,
and in 1874° one finds him as the discoverer of a * new kind of electrical current ™ as
chstinguished from currents thus originated by the passage of water. This new
source of electromotive force was, undoubtedly, what would now be described as a
partially permeable ¢ membrane " separating solutions of electrolytes.  Of the efficacy
of such combinations there now seems little room for doubt, as also of the similar
ones examined previously by Burr in 1844, and ridiculed by Hermann in 1871
(see later). ‘There can also be little doubt but that GrUnuacen insisted upon the
importance of the membrane in the combinations described by him, and this point
must be remembered in considering Hermann's criticism.  HEerRmaANN, one must

1. Grinhagen, ﬁ'-;rr.'gn'-wg.rr Med, fadrk, TV, Poo1gn.  13E6,
3. Quincke, Popg. Ane, CYII, p. 37, ©X, P- 3% ; also paper by Kunkel, PAiper's Adrckip, XXV, p. 392, 13383,
3. Griinhagen, Plagee’s Archiv, VI p. 573, 1874,
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also remember, at first regarded the axis cylinder as an artefact,’ and has, until quite
recently, stoutly resisted the attempt to consider the axis cylinder and myelin sheath
as necessarily the possessors of different physical characteristics. Hermany has
wrongly* depreciated® the importance of a dividing membrane in deciding the occur-
ence of polarization phenomena, and in his polarization experiments the presence of
such membranes was rigidly excluded.*

There are many grounds, therefore, to justify onein considering that Hernanx
did not appreciate the important part played in Grinnacex’s models by the dividing
membrane, nor the extreme probability that analogous parts were really to be found
in the nerve,

In Hermanx's Handbook, 1879 (Bd. I, p. 234), we find the arguments which
the propounder of the * alteration theory ' uses to dismiss Grexnaces's theory based
upon the assumption of pre-existing heterogencous structures in the nerve. It is
taken that its most decisive refutation is to be found in the manner in which it leaves
1.:|1:::~{p}:1inud, or |1;|1;]|:,' cxpl:lim:d, the correlated pht}hﬂ:ll‘u:rlnn of the action current. It
may, indeed, be true that the particular explanation of the action current which
Grtnnacex advocated may be msufhcient or even of hittle interest. It may be true
that the alterations of resistance which he invoked may not occur, nor even if
occurring may fail to provide a direct explanation of this other phenomenon.  But it
is equally true that Hermany's own explanation of the action current almost necessarily
entails the occurrence of alterations of resistance, and that the faillure to discover such
alterations would also greatly militate against this,*

But, disregarding the particular explanation of the action current offered by
Grxnacen, and also the possible non-coincidence of the two phenomena of action
and injury current, it can hardly be said that the physical structures invoked by
Grexuacen are such as would by their arrangement prevent the development of the
current of action ; for these are just the structures upon which now, and with a great
shew of reason, the attempt is being made to explain this phenomenon (Boruvrrav,
Stroxg, etc.).’

In the second place, Hermany uses Du Bors Revmonn's” contra indicating
experiment, which was undertaken by Du Bois Revmonn as a crucial test of a renra-
tive hypothesis he temporarily advanced, and has been accorded a ¢ classical position '
by Hermanx until recently. It is apparent upon consideration that this test, whereas

1. Hermann, Plagers dvckee, LXXI, p. 283, 1898,
s, Nernst quoted by Boruttau, Pfidger's Archiv., LXXVI, p. 626,
3.  Hermann, Pfiager’s Archiv, VI p. 342,
4. Hermann, Nackricheen v, do Goartenper Gesell o o 8o, ppo 326-347. 1887,
3+ The alteration theory sees in both dying and active tissue the presence of a similar state of activity accompanied by
asimilar chemical change. I, a5 15 most usally supposed, this chemical change involves the breaking down of complex arganse
compounils, and the separation from them of simple dissociation products, it almost certainly follows that non-electrolytes are
broken down into clectirolytes, and so cause alteration in resistance,  In fact, upon this assumption a simple explanation of both
action eurrent and injury current might readily be produced, the membrane by its selective infAuence upon the velocity of pasitive
and negative ions might lead in the resulting diffusion processes to electrical phenomena.
6. Rorottau, Streng, fec. e, Cremer, Zochufe fur Bolagie, ppe 37 550

7. Dn Bois Reymond, 1848, Ureersnchenges, I, p. £33 3 also a repetition of the same experiment for nerve, C. Maorgan,
Eleceraphysialop ry po 405,
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valid and sound as :1pplim1 to Du Bois Revmoxp's idL‘EI, loses all interest when :’lppﬁt}d
to GRUNHAGEN'S.

Du Bois Revmoxn's experiment was as follows :—The muscle was torn into
minute strips so as to obtain longitudinal fragments containing only a few muscle fibres.
One of these longitudinal strips was laid upon one electrode; another was placed
so as with its transverse section to touch the longitudinal surface of the first, and
with its own longitudinal surface upon another electrode. The wormal ¢ cuwrvemt of
rest” af the secand strip was observed to be present.

The idea which IDv Bois Revmoxp tested by this experiment was the possible
presence of two heterogeneous structures in the muscle fibre, two physical structures
capable of causing an electrical current, when in contact, as, for instance, do copper
and zinc.  Such a probability was forced upon him by the histological distinction
between the sarcolemma and the contents of the muscle fibre. The results of the
experiment given above were taken, and, it is obvious, legitimately so, as conclusive
evidence against the possibility ; for, as Du Bois Revmonp said then, the structures
were arranged as follows :

First Fipre

Sarcolemma. Contents. Sarcolemma.

Seconp Fierg

=

Contents.  Sarcolemma.

The arrangement is thus symmetrical, and is incapable of giving rise to an
electrical current if the assumption tested were true, as, for instance, would also be the
case with the similar arrangement—

Copper. Zinc. Copper. Zinc. Copper.
Since the experiment did, however, result in the exhibition of the usual current, the
assumption and this method of regarding the arrangement of structures in the
experiment were necessarily excluded.

But this test is meaningless when applied to GrUNHAGEN'S theory, as was done

by Hermann, for the structures as seen in its light are as follows :—

First Figre

L

Nutritive fluid. Membrane. Contents.

Secoxp Fiere

Nutritive fluid. Membrane. Contents. Membrane. Nutritive fluid.
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The arrangement 1s here seen in its true light as an asymmetrical one, wnd as
necessartly productive of an electrical current, and the discovery of such a current in the
experiment is, therefore, a circumstance capable of anticipation.  The application of
such a test to this idea is, therefore, without point, and in its result a confirmation
and not a contradiction of the hypothesis.

After reviewing the evidence whichinfluenced Hernianxin rejecting GRUNHAGERs
theory, including the two points just dealt with, and also the results of the fall
rheatome experiments previously considered, we may pass to consider Hernmaxx's
position in 18g8.'

We find the sufficiency of the ‘alteration’ theory unabandoned.*  This is but
natural. But we find Hernmaxx very seriously considering the claims of a pre-
existence theory based upon the assumption of two heterogencous physical structures
in the nerve fibre.

We find, in fact, Hermany coming forward with proof of the existence of such
a difference between the sheath and contents of the nerve fibre, as would, if con-
clusive, fully justfy an & prisit plea for the formation of such a theory. And the
theory which Hermany thus revives 1s not GrUssacen's, but is Du Bois
Revmonn's tentative hypothesis,

It 1s necessary, therefore, to turn again to Duv Bois Kevmonp’s crucial test as
criticized both 1n 1879 and in 1898 h}' HEerMmann; in ﬁu:t, s 111;::{;55.'!.r'1]:;' lJHT‘EE\-HLIT;Ih]}'
criticized by him 1867, for the complete refutation of this supposition could alone have
prepared the way for the promulgation of the alteration theory,

Du Bois Revymoxp thought that he was arranging symmetrically the muscle
fibre contents and sheath, and pad no attention to the * nutritive solution * bathing
these structures, for he regarded it merely as a neutral conducting medium, and did
not know that it might play an active part in the production of the phenomenon.

Hermann saw’® and sees* that the arrangement is asymmetrical, and that
Duv Bois Revmonn's test is unconvincing, but he does not see the asymmetry as

givctl :ﬂ"uwu, but in the |ight of the vital states Em&-;t ulated h:l.' the * alteration Hu::n'_'l."

First Fisre

Sarcolemma. Hﬂl'l'l'l:l] contents, HLH'L":IL.'I'I'I!'I'ICL

Seconp FiBre

Dying contents.  Normal contents.  Sarcolemma.

1. Hermann, .F:ﬁi-krr'\ Archiv, LXX, Fe 523 18598, The cxperiments lt';.Ltl'-IE'? Hermann i this paper and in
another f::ll'hlg-'ﬂ. L:K"'-"”.’l, ,':..|.-':-:| are of a somewhat remarkable kind,  The passage ol the siromy Currenis 'i|l|-'='ll!.'|l MCr-
scopical tragments of nerve are ohserved to produce protrusions of the myelm from the nerve hbre. Upon this bodily
movenent of tube contemts upon the tube, arguments are based which lead Hermann to consider the essential physical
d'iﬂ’-,"r('nn' hrtwern theie structures.

2. Hermann, fse. cfr g also Plugers Arckia, LXXL po 296 o weg., 1598,
3. Hermann, Herdbuck, fos. o 4 Hermann, Pisper’s drefiv, LXX, for, o
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That is to say, that in attempting to decide between the two theories, the alteration
theory and this pre-existence theory, he does not place them in clearly alternative
positions, but considers the second as a corollary to the first. No proofs have ever
been produced of the existence of a dying condition at the cut end of a nerve or
even of a localised chemical change. Both may, indeed, exist, but the primary reason
for considering the possibility of such a state is that Hermann propounded the
alteration theory.  Hermann is, therefore, considering the pre-existence theory from the
potns of view of the teachings of the alteration theory, and not as a guite separate and
distinct possthility, and must bave done so from the first.

The general impression left upon one’s mind is that GrUnHAGEN'S theory has
never met with the consideration nor with the acute criticism which it deserved as a
logical deduction from a valuable appreciation of the relative values of the structures
of the nerves.

Noti

Griiwuacex"s theory in its most acceptable form was completely anticipated by Buer in 18354, although
applied to electrical currents obtainable from plant tissues, and not from muscle or nerve. (Awn. . Chemi.
w. Pharm., Bd. 8g, 76. 1854.) The currents obtained were explained as the result of—

(1) A negativity of the sap ;

(2} A positivity of the surface water 5

{3) A sharp delimitation of the two solutions by the epidermis.
Buer also ;.u]'-puru:d his conclusions 1'.-‘1. E‘lh:l.';-iil.',li cxPL'rimcms of interest,

Jurcexsex, in 1861, also working with plants, came to very similar conclusions supported by similar
experiments.  (Studien. d. Physiol. Tustivar. zu Bredlan, 1, 87-109.  Leipzig, 1861,

J. Remmke, in 1882, also discussing plant currents, refused to admit an explanation couched in terms
of vital states, and anticipates a possible explanation in the complex arrangement of moist conductors con-
tained in plants.  (Pfiger’s Arekie., XXVIII, 1_1_-3-, 1882.)

J- 5. Macponarp, in 1900, produced certain evidence obtained from mammalian nerve, and considered
this to be in support of a similar theory.

Burr's and JL'IH'-}'-'-C&'F-"CLB conclusions were ;|-.11.'::|':'.t.-'|.:|.' criticized h:.' Hermans in 1871, He also criticized
the value of their physical experiments, performing similar experiments with uncertain results.  The value
of Burr's, Jurcensex’s, and Grusnacex’s physical experiments are, however, now casily assessed by an
appeal to the new subject of electrochemistry. (Hermans, Pliiger’s drchiv., IV, p. 148, 1871.

Sectrion 1V. BorurTau

Dv Bois Reymonp used the current of rest as a phenomenan from which to
extract a practical conception of the physical structures of the nerve, and proceeded
with this structure in his mind to explain the other electrical phenomena which could
be demonstrated in it.  Borurrav has used the polarization phenomena in a similar
manner. The polarization phenomena entail a ‘core model * structure for the nerve,
and have been held to do so h}' several investigators. Granted the ®core model’
structure of nerve, all the other electrical phenomena of nerve are stated as explained

. :
B | o
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It has been stated previously (sec note, p. 221) that a “core model” structure (such
as was assumed by GreUxnacex) might be used to explain the electrical phenomena
of the ‘action current,” even if they were the secondary consequences of chemical
change taking place in the axis cylinder. This possibility has been considered by
BorurTav, forming, as it does, one of the two only probable lines upon which this
phenomenon can be investigated and perhaps explained.  But he has taken a greater
interest in the other possible explanation, and has sought confirmative suggestions
from experiments upon ‘core models,” and has also sought confirmatory facts from
experiments upon nerve,

According to this second explanation, the nerve has not only a core model structure,
but also that structure is just of the kind required to act as the purely physical
conductor of electrical change, and to conveniently transmit energy from point to
point without involving the development of new sources of energy (chemical changes)
il] it._'\ I"Iﬂﬂ ﬂl'— pr{]gl'l,'ﬁﬁ, Fﬂ.lfh a l,‘.'{]'"'cl.:r]tinr] ﬁ'l'— thﬂ Jil'rill]gl:l]'lt:"t T}"- structures lll'l t]'IL'
nerve has also been frequently debated since the date of Gavvaxt's discovery. The
possibilities of the insulating or semi-insulating sheath of the nerve, that is to say of
the core model structure of the nerve, have been discovered from every point of
'Lfir:w, but without any very direct attempt h:l'u'ing been made to obtain cxi‘u:rin‘u:ntzl]
data which might place defimte himits to these possibilities,

Borurrav and Srrone,' and perhaps Hoorwec (although his methods of
illustrating his conception are open to ebjection), have realised the necessity entailed
by the core model structure, namely, that its fracture must provide one with a
current of injury. Stronc has presented a detailed description of his hypothesis,
and Borurrauv has illustrated a similar one by a working model,* but neither
seem to have grasped the important corollary which their statements, if true, must
entail, namely, that the injury current and its modification, under known conditions,
may, or rather must, give valuable information as to the details of the core model
structure.

The appreciation of this position necessitates a return to Du Bois Revuoxp's
point of view and the establishment of the injury current as a phenomenon of primary

importance.
Mot ox THeE Peoreny Puysicar ‘Theory oF Neeve Fuseros

The greatest objection to a physical theory of nerve function is the existence of recorded instances in
which the transmission of the nervous impulse is proved to have taken place unaccompanied by a demon-
strable physical phenomenon.  Many of these instances are open to considerable suspicion, as are .il]
physical experiments made by investigators satished with approximate and inexact methods and apparatus,
Criticism of such recorded instances has already been undertaken by Borurrav, but there are certain br vl

principles affecting experiments of this kind which have not been as much insisted upon as is necessary.
1. Strong, Fewrnal of Phpsiology, XXV, p. 427
r. Boruttam, PRSper's Avekiv. LXIL poo1gg. 1806, Gelatine cylinders of K.ClL solution surrounded by a mantle of
= per cent. NaCl, wolution, The maodel so formed shews a neg -:!i-.i1:r nf cross section to longitudinal surface,
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In the first place, experimental modifications designed only to affect the physiologically i.1'|.'[¢mgth-|_g
units of structure of the nerve (the axis cylinders) are also capable of producing great modifications in
recorded electrical changes by .1]tr_'|'ing the conditions of the complex uT:lppinHr: which surround the axis
cylinders.  There is often reason to suppese that medifications in recorded electrical changes obtained
after immersion of nerves in solutions of L'[t_'rl:rn]_'l'lt:.-a, and even of nul!-fluctml}'tﬂ:i, arc mg‘_-rei}- variations
in the relative value of the outwardly demonstrable change.  'The real phenomenon being, perhaps, unaltered
in value or else altered in a manner quite different from that in which its ¢ externally visible” moiety is
affected.

The need of such cricticism is obvious when variations are produced by such extreme means as the
immersion of nerves in saturated salt solutions, but it is also applicable and almost invariably neglected in
other less striking instances,

The relative value of the outwardly demonstrable change to the real phenomenon in the axis cylinder
depends upon at least three factors—the physical characters (electrical conductivity, etc.) of the lymph,
the nerve fibre sheath, and the axis cyclinder. It is more than conceivable that a reagent which affects
only the nerve sheath should, even if not in any way madifying the condition of the axis cyclinder, produce
an important variation in the outwardly accessible phenomenon ; and there is no difficulty in extending
such a proposition to include also the effect of reagents which alter the surrounding lymph’ without
affecting any part of the nerve fibre itself,

This proposition also holds good for experiments in which medifications are produced in the so-
called *excitability * by immersion of the nerve in solutions, etc., which may produce their apparent effects
by altering the conditions under which the stimulating current arrives in or leaves the axis cylinder with-
out affecting the axis cylinder itself in any manner.

Immersions in solutions, exposure to gases, variations of temperature, all alike may produce the major
effect observed by altering the quantity of change which can make its way to the surface, or in the case of
stimulation, |\‘j-' "--'lr}il!j.‘, the amount of stimulation which reaches the axis :.'_1.'|i11q:|r,'r from the surface of the
NErve.

Nor is this the only consideration which places negative results under suspicions unless stringently
examined, for some of the experiments which are presumed to present results of value in this connexion

have involved other complications still more undesirable.

The ordinary diphasic record obtained by the usual means does not, it is acknowledged, present in
either of its phases a correct, or even approximately correct, idea of the magnitude and duration of the
electrical change traversing successive sections of the nerve. The record is the algebraical sum of wwo
such real phases. In the generally chosen conditions of experiment, when the interval of nerve between
the electrodes is a short one, and traversed by the nervous impulse in a time which is a fraction of the
whole time occupied by the complete passage of the changes accompanying it past either point ; under
these circumstances large portions of the two opposite phases occur at the same time, and to a great extent
are, therefore, eliminated from the record.

When statements are made as to the non-occurrence of portions of the anticipated electrical change,
it is as well to immediately consider the possibilities of such elimination. Important as this is when only
A single nervous impulse is presumed to have passed the two electrode points, it becomes of vital interest
when a second has been despatched in rapid succession to the first, for then the record becomes the
algebraical sum of four phases, and is unrecognizable for any useful purpose. It is an casy matter to
demonstrate that such an algebraical sum may apparently present four phases, or three, or even wwo ;
and in fact may so closely imitate a diphasic record, the record resulting from the passage of a single
nervous impulse, as to be mistaken for this. Such a record may then be, and probably has actually been,
held out as a proof that the second nervous impulse did not in‘its passage give rise to a second travelling
electrical ¢ Elflngﬂ.
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Fig. 1. The three drawings represenp—

(1} A diphasic record, the result of one nervous impulse passing two points

separated by a time interval of ao1™
A diphasic record. One nervous impulse.  Thwo points rgo2” apart.
(z) A diphasic record. Teoo werovns impadies.  Two points "oo1” apart.

Fig. 2. A diphasic record.  Fiffeew wereouws impalies.  Two points 'ocor” apart.
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In the accompanying figure the two darkly-shaded records (1 and 2) are two diphasic records of
not very different character. The first is the outcome of ane change, affecting two points in succession, at
an interval of onset of ‘oo second, and lasting at each point for '‘004.”

The second is the result of fes swch changes passing the same two points with an interval between
them of -oo1.”

It is obvious that in the second two out of the four phases actually occurring are entirely unrep-
resented in the record, since occurring at the same time and being equal and of opposite sign they are
completely eliminated from it.  The actwal record, althongh the result of towo neroons impulses, let ws say, pasing
aran intereal -il_,l'—'ﬂﬂ] 03 r_r.f.'.e'ﬂ'_'y he rame a5 the record svondd be g.l"'ai'.rr NErEGNE impm'}r fm:fﬂg m".i-.ng Hhe Beree ]_'I’.IFLJ:."F
pasiage was ohierved by placing electrades upon tevs poiunts separated by double the distance shich divides the toes
points arbitrarily chosen.

To emphasize the statement, it is interesting by an examination of fig. 2 to convince oneself that the
passage of ten nervous impulses at the rate of one thousand per second, or of one thousand nervous im-
pulses at the same rate, and even if each in succession produced at every point its appropriate electrical
change might in a record give rise to a diphasic variation.  In this extreme case the diphasic record could
hardly be interpreted as due to the occurrence of only one electrical change at each point.

Such considerations hold good for every experimental record taken as the observed effect of two or
more successive stimuli, and vitiate, in a very great number of cases, conclusions drawn in their neglect.
When many successive stimuli are used, as in faradisation, and when imperfect recording instruments add
further fallacies to the record, as in galvanometric observations, it is impossible to base any conclusion of
even suggestive interest upon such records. It may even be reasonably said that such criticism applied
to diphasic and multiplied diphasic records obtained by the observation of two points in the continuity of
the nerve, may be transferred to records of © negative variations,” taken from the longitudinal surface and
cross section, Confidence 15 only implicitly placed in such records when it is imagined that electrical
change only occurs at the point on the longitudinal surface, and that the real change is, therefore, mono-
phazic.  This is, however, far from being the truth, for even exactly-taken records of such single
negative variations are triphasic : and no one can satisfactorily declare what the nature of the real phases
occurring at either point was, which has resulted in this triphasic record.
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The statements subsequently made are all based upon observations taken from
experiments upon mammalian nerve, which offers several advantages for the purposes
of this enquiry.

In the first place, mammalian nerve can be obtained in comparatively long
stretches, and in the case of the phrenic or the vagus nerves in long stretches free from
branches and, therefore, from undesirable accessory cross sections.  The phrenic
nerve, in addition, offers the advantage of containing only medullated fibres of
uniform size and relative value of axis cylinder and myelin ; it is;, however, not easy
to remove as neatly from its pleural covering as are nerves placed in a bed of loose
areolar tissue, and on this account, although at first made use of, it has been for the
present abandoned.

Certain mammalian nerves, such as the vagus of the dog, although for many
reasons preferable, suffer from the disadvantage of exhibiting a relatively small
difference of potential between the longitudinal surface and the cross section. It isin
such cases naturally more difficult to form a correct opinion of the real distribution
ﬂr i"l-Dtl..‘l'ItIii] Ll}“’]“ thl..' .‘il!rﬁl{:l..' 'ﬁ'f— thl..' Nerve.

This apparent disadvantage is, however, discounted by the comparatively small
resistance of mammalian nerve in guncml, as contrasted with the relatively minute
sciatic nerve of the frog.  The resistance in the nerve being small, a slight potential
L{iﬂiﬂl'{_‘nl:i.'. gi'\"l,'.‘; riﬁL’ o an :.'l,i'l'lﬂ'ﬂ'r{li::'tlkl'!': current thr{}llgh I'hL' g.':ll"l.".ll'll'"”l:rl:]'., E[]'ll.,l L=
pensation and determination of potential difference 1s in this manner rendered far
more exact. The disadvantage has also in the present case been of no interest since
an extremely sensitive galvanometer (Thompson pattern, Muirhead and Company) of
50,nco ohms. resistance has been used throughout the whole series of experiments.

The differences of potential measured in the case of the vagus nerve recently
removed from the dog were rarely as great as ‘010 volt, averaging about -0o7 volt,
In the case of the sciatic nerve of the dog and cat the potential differences obtained are
much greater, and are greater than the potential difference ordinarily obtained from the
sciatic nerve of the frog. The frequent examples given subsequently in this paper
will be found ﬁ:l]_'!.' to bear out this statement. L.'m:w[]LLt'ntl_'.'. it 1s casy in the case
of the mammalian sciatic nerve, dealing with a low resistance and a large difference of
potential, to measure accurately the comparatively large currents which are found and
to compensate the potential differences with ease.  The results of a typical examina-

tion of a sciatic nerve are given in Experiment .
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In this case, as in all cases examined, certain irregularities will be noticed, show-
ing a departure from the ideal case depicted by Duv Bois Revmoxp’s laws. It is
convenient to assume that such irregularities are produccd by accessory cross sections ;
it is is not however believed that all, nor even the most important, irregularities are
the outcome of such an accidental cause. 1t will be seen that :::n:pr:rilnt:nts made upon
carefully prepared and treated vagus nerves are not free from irregularities of an
exactly similar kind, and in this connexion attention is drawn to the facts of Experi-
ment (Tap Water, fig. W, see p. 279), in which the irregularities are demonstrated
in a very Rl‘l'iking manner h}' the use of a f-:i‘lf_'l:i'.ll t:‘.l{pcdiq:nt. ¢

In this section the important details of experiments are given which may serve
to demonstrate the conditions actually to be met with. No attempt is made to
arrange them with reference to any hypothetical simplicity, it being considered that
the examination of actual curves, experimentally obtained, is of greater value. It is
necessary to exhibit the phenomenon in some detail, because such a demonstration of
actual measurements has never been previously undertaken, and because great pains
have been taken to correct the observations made from the consequences of an
unavoidable source of error most frequently neglected.

This source of error is due to the alteration in the phenomenon taking place
with lapse of time, but fortunately taking place, as will subsequently be seen, in a
regular and definite manner. The change with lapse of time is not greater in
mammalian nerve than in frogs; it is, however, in either case considerable, and as
the data of the experiment given below show, the error, unless corrected, is always
vitiating the conclusions drawn from observations. Comparisons between differences
of potentials found between sets of points, such as are made when an attempt is made
to study the distribution of potential, are valueless, unless the routine method of
conduction of the experiment permits the comparison to be made between corrected

values inferred to exist at the same moment of time,

EXPERIMENT A

Vacus Nerve oF Car
Piece of Nerve 6 centimetres long

T'he nerve was laid upon a dry ebonite scale forming a platform in the moist chamber. One non-
polarizable electrode was placed in contact with a cross scction and retained there throughout the
experiment ; the other non-polarizable electrode was first placed in contact with a point distant 1 centi-
metre from this, then upon a second point distant 2 centimetres, a third at 4 centimetres, a fourth at
5 centimetres di:«t.uu'c, an observation |14:1'ug taken in each case of the pntr_'uti.il difference between each
point and the cross section. The experiment was continwed by a return of the second electrode to
point (4), then to point (3), then to point (2), then to point {1). Thus two observanions were taken at
cach pomt, once going up and once going down the nerve, and o defimite interval of time was allowwed for

edch abieroaiion.
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In the ﬁgurcﬁ given below, and in the case of all other ::xru:rirm:uha recorded in this section, the

arrows indicate the order in which the observations were taken :—

Distance of point from the Potential Difference between this pome and the
cross section | Croes section
() (%)
(1) 1 centimetre - 01904 ‘01416 Daniell
t
{2) 2 i --l ‘01h56 ‘o1hzg =
|

{3) 3 T e ‘o1finh ‘orHEs -
(4) 4 & il o1672 K ‘01688 i
{51 3 T ‘01520 ‘01520 .

If the two sets of observations (a) and (#) of this experiment are taken singly, it
1s obvious that a different idea is capable of being formed from each of them of the
distribution of potential upon the longitudinal surface. The maximum of the curve
representing this distribution is in case (@) obviously to be placed between points
(2) and (3), point (3) being the mid-point of the piece of nerve examined. The
maximum in case (#) is to be placed between points (3) and (4) and, therefore, on the
other side of the mid-point.  The reason for this difference between the two sets of
observations is readily seen from the fall in the potential difference which has taken
place at point (1) in the time necessary to take the whole set of observations, a fall
of -0og volt, that is of almost 25 per cent. of the initial value. The effecr of this
fall is not noticeable in the two observations at point (4) which rapidly followed upon
one another ; in fact, there is apparently a slight increase, due probably to the
selection of a slightly different point upon the return visit. The fall has nevertheless
been taking place all the time, and, provided that it is regular and that the observa-
tions have been taken at regular intervals, its effects can be eliminated by taking the
average of such a set of observations ; for corrected values are then obtained, which are
almost accurately those actually existent at the moment of * mean time ’ of the whole
set of observations.

H :|| i:i : H AFe Vi -5 " I-L. cxpe | e b= ave I—
Taking this set of average values from this experiment, we hay
Point (1) ‘01665  Danicll
iz h) ‘01660 -

w (1) ‘orhg? B
L) ‘o1680 .

PR (4 | ‘01520 ..
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This set of figures provides a totally different idea of the distribution of poten-
tial. There is not a great difference between the whole set of values, the curve of
distribution is, therefore, a comparatively flat-topped one ; and its small maximum is
at the mid-point of the nerve.

Necessary as is such a precaution when only five points are examined, it
becomes doubly necessary when, for the sake of accuracy, more points are dealt with,
and when a longer piece of nerve is taken. It has been found, with practice, possible
to take twenty observations, two at each of ten points (travelling up and down in this
way) in ten minutes. The success of the method and the value of the precaution are,
in my opinion, both shown in the details of the following experiment : —

EXPERIMENT 1

Sciaric Nerve oF Doc

Piece of Nerve 8§ centimetres long, clean cut at both ends
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Three doable sets of ebservations swere taken :—

(1) The potential differences between points upon the longitudinal surface and the upper
CROss SeCion.

{2) The potential differences between the same points and the lower cross section.

{3) A repetition of (1).

Each double set of observations occupied ten minutes. The total time spent over the three sets
was thirty minutes ; no interval was allowed between one set and another, and the tking of every
observation was accurately timed,

For the sake of simplitit}‘, the d-:eu'riptiun of the geometrical }'.-r::-.il'in::ln af each p-::lint 15 :|l1.\'.1_1.'5 the same
throughout the whole set of observations. Whether the potential difference is being taken between a point
and the upper or the lower cross section, the distance of the point from the upper cross section provides it
with its name. Thus point (1) is always a point distant 1 centimetre from the upper cross section, etc.

The order in sehich the figares are given and the arvoses drawen alongside of them fully indicate the ovder in
sehick the obsereations were wads.

The difference betseeen the toes evoss sections was snly once meamred, and the upper cross section was found
to be negative to the lower by "oog22 volt, the relative time at which this measurement was taken will
be seen from the list of observations in which it is recorded. [ sear maqsnred at tie mean time of the whole
set of observations.  Point (%) is marked with an asterisk to emphasize thc measurement taken between
the two cross sections, and the same plan has been followed in all the other experiments of this section.

There was wo potentinl diffevence betreeen the efectrodes, and there never is in the experiments given any
reason to apply a correction for such a difference.  Differences between electrodes are wsually the result
of a slight difference in the concentration of the zinc sulphate solution in the two tubes, the result of
p{:uring zinc sulphate solution into ill'l]_'-:,'rﬁ::,'ll}' dried tubes. This error has been 4.'-:}111!}!::[#_'[}' avonded ]\!.'
the use of very wide U tubes, having a bore of 1°5 centimetres, so that they contain a large volume of
the solution, and by cleaning them always the night previous to the experiment, and using them dry in
the morning without resorting to any further cleaning process.

The nerve was, as in the last experiment and all succeeding ones, laid on an ebonite scale in a large
moist chamber (25 centimetres long and 25 centimetres broad by 10 centimetres deep), the electrodes
were freely moveable upon cbonite runners placed in this moist chamber, parallel to and one on
cither side of the scale on which the nerve was placed.  The greatest care was taken to secure perfect
insulation of every piece of apparatus made use of.

A I C
Potential Differences taken from the Potential Differences taken from the Potential Differences taken from
Upper Cross Section Lower Cross Section the Upper Cross Section
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(3) ro1793% 4 -or8oz orzal A ror1sh R=l R } 01452
() 21743 o750 ‘ol 188 -1 B KT 01463 al4l2
(s) o176 | ‘Ol742 ‘oli1bz 01120 olgiz | 21399
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BeELow ARE GIVEN THE AVERAGE VALUES TAKEN FrRoM A, B, anp C

(1)
(2)
(3)
(4)

5)
(6)

(&)

RESFPECTIVELY

A | B
Potential Differences Potential Differences
to upper to lower
01463 "00G24
‘01746 ‘01169
01769 011g2
"O177s o111
‘01755 01141
‘01762 . "‘OI141
o1 548 : "00g2 4

= =E ]

Potential Differences
(L1} 'I.IFFEE

01260
OI459
=iy
"oI4 38
01405
‘01399
‘o12g4

* Point (8) represents the second lower cross section.

BeLow 15 GIVEN AN AVERAGE oF A anp C ForR coMPARISON WITH B

A and C

Patential Differcnces 1o upper

‘01362 (s)
o160z (6)
01651 | (7)
01606 | ()

=] 4. 197
‘o1 580

olgzo
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We have in the figures of this experiment the means of contrasting the distribu-
tion of potential on the nerve at the same moment of time as found by comparison
with the upper and the lower cross section, and that also at a moment of time when
the potential difference between these two cross sections was observed (‘oo42 volt).

I’«:tfm;;l "ll.:-i';frrn'nc«'! | l"nl:fnl:;lh!iif;,-;rncﬁ | ArilE el D i
| (
(1) ‘ol 362 E "GOGL4 ‘ 00438
{z) ‘o160z t "ol 16y i "0 3 3
(3} ‘o1l | 01142 | ‘00450
(4) ‘01606 : ‘01161 | 00445
(3) 01580 - ‘01141 | "CO440
(6) ‘01580 ‘01141 ' ‘00449
{7} "11420 _ "0OG 24 | 0046

The two curves drawn from these numbers are given in fig. 3, and it is obvious,
both in the ﬁgl.lrl; and 1in the numbers giwn above, that the curves are parallel and
reproduce at a different level every minute phase.  Further, the difference of level
between the two curves ‘004 volt (approx.) i1s almost exactly the difference found at
that moment of time between the two cross sections.  If the mill of observations out
of which this similarity has been evolved is considered, it will serve to establish con-
fidence in the |1'|-r.'ﬂnir1g of every curve taken in this routine fashion. The difficulties
tow cuntund wi!h are T_ﬂuud 1ot m:l}' n lhl.: fa“ of level with ]:I}‘lﬁl..: of Einw, hut ::I:'.n,
as more curves drawn from the numbers given above would show, an alteration in
the form of the top of the curve. The alteration in form 1s, however, as regular as the
fall of level, and, like it, may have a meaning which will repay investigation ; it is
most clearly appreciable in the cases of nerves removed from animals dead some hours
(when the surface of the nerve is in a peculiar condition, which is subsequently dis-
cussed) ; in the case of freshly removed nerves from recently killed animals 1t s, as
in this case, only slight,

SUMMARY

In gcnu:r;l_l the points which one would hke to l.,:l'i'LI'I-I'.I:lF-i?."L" in the data of this
experiment are :-

(¢) That, as Duv Bois Revmoxp noted, the * equatorial * point, or highest point
of the curve, does not correspond with the geometrical centre of the nerve,

(#) That there is a difterence between the two cross sections ; but that in this
case, although by no means in all cases, the highest maximum of the curve is nearer

Lo tht:' more ncg:lti‘.’c CIross ‘.it,‘l:ﬁﬁh.
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(¢) That the fact of changing the point of reference from one cross section to
another does not, in the slightest degree, alter the relative value of points upon the
longitudinal surface to one another.

(@) That the lapse of time does reveal a definite but small alteration in the
relative value of points upon the longitudinal surface. In this case the alteration is
such as to make the potential curve a more obviously asymmetrical one.

The experiments upon vagus nerves which follow are given for the present
without comment as examples, carefully worked out, of the distribution of potential
upon excised nerve.

EXPERIMENT 11
Vacus Nerve oF Doc

Piece of Nerve 11 centimetres long. Ligatured and cut at both ends

e —
L] I bl
; i

3P ] | epLk

|
[
L _ oo ad-
|

B
"
L o

DOE

14

Paints upon the longi-
tudimal surface distant
from the other end

Average Value
[eorrection for altera-
tion with time)

Potential Differences measured from
the upper injury

I centimetre ... | ‘ooysz . ‘oo328 D 340 x 1o+ Ih
z - cxail ‘oos08 00446 477

3 : . 00500 ‘CO432 : 406

4 i I ‘00402 : ‘00432 462

5 ; ‘eo5al ‘ ‘00444 : 476

f 2 ‘00500 ‘ ‘00452 | 476

7 " oo o8 ' . D045 2 | 430

B o "oo;08 ooy 8o 494

& s 00520 oasoy | givz
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-+ gelek bk o037 i7rz



interval between the mean times was forty-five minutes.

After an interval of thirty-five minutes, a second double set of observations was taken.
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Paints upon the longi- ,
tudinal surface distant
from the ather end

1 centimetre

r ¥
3 ¥
4 "
5 o
0 i
7 =
8 e
9 i
19 s

Potential Differences meatured Frinem

the upper injury

ooxrz I,
"oof4R
‘ooiys
OO0
‘ool
ooyl
‘oOg4N

el=k ik

e
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‘oo2q6 [,
‘oo3ho |
'CO340
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0T}
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{Ll:ﬁh't[ilu:li for altera-
tion with time)

284 x 1074 D
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EXPERIMENT

111

Vacus Nerve of Doc

Piece of Nerve, 10 centimetres long, both ends cut

Point on  the I_ungh_i

tudinal surface distant
from the upper enid of
the nerve

I centimetre

E o
3 "
+ "
5 5
6 s
7 s
:l"; LE ]
Y] i

Potential Differences measured from

the Upper Cross Section

o448 D.

‘00320

‘cojoo 1.
00472
‘00472
"DO4T2
00456
00451
OO4 40
00464

‘00424

Average Value
(Correction for altera-
tiom with lapse of
time)

4274 % 10—+ D.
49'6
486

so 8

19°2

420



THE INJURY CURRENT OF NERVE

239

A second set of observations, taken after an interval of thirtv-five minutes, 70, with an interval

between the mean times of the two sets of forty-Ave minotes.

Point on  the longi-
tudinal surface distant
from the upper end of

the merve

e —

1 centimetre

e ol
¥ '
* ' |
5 " |
7 =
8.

Potential Differences measured fram

the Upper Cross Section

‘00328 I

-CI-D'II.'I.;IZ

‘oo 4oh
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S |

00368 | |

‘00349
00349

HO2T2

g==E R
"CoRI0
‘00320
iR 1
00317
o011t
‘oozl
oo2gh

Q02T

Average Value

288 =

356

{Correction for altera.
tion with Lapse ol
gt

= O
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EXPERIMENT IV

Vacus Nerve or Doc

Piece of Nerve, 8 centimetres long, removed seven-and-a-half hours after death. Distance measured
from upper end. Point (1) = 1 centimetre from upper end. Point (2) = etc.

Diererences oF PoreEmTiaL

Ta Upper Cross Section Average ! To Lower Cross Section ‘ Average
—— il = e
(1) ‘oolzd 00140 ool 34 I ‘00036 ‘0oohy . "0oobio
(2) 00104 ‘02128 ‘00116 |I ‘00024 ‘oooby l ‘00044
(3) ‘0c0g6 b -ocoreyg | -ooloo | ‘coco8 T 00024 ‘00016
(4) "OO0T2 ‘poofo ‘00076 ‘00008 ‘00024 | ‘ocolb
(s ‘00112 ‘oolze | .collb i 00036 | ‘ooob4 | ‘ooos8
(6) "oo128 ool ‘00l 36 | ‘00064 00104 | ‘oookz
(7) 00264 ‘00264 | 00264 ! 00224 ‘w0224 | -oo224
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EXPERIMENT V
Vacus Nerve or Doc
Piece of Nerve, 11 centimetres long. Cross section, upper end. Ligature below. Distances all

measured from the upper cross section. Nerve removed two-and-a-half hours after the death of the
animal.

- W L.l':'i"'

irrerences oF Poresrian

To Upper Cross Section Avetage : To Lower Cross Section Average
' |
(1.5) ‘ocolgo ooz ih | 00178 OOl 24 ‘00124 0124
{z.5) r-oci3b ‘00260 : oo Igh 14O oot 56 00148
(3.5) roo16o 00260 I 00210 ‘co1by -oo220 | 00192
(4.5} -ooz16 | t  -coziz i oo264 oo 8o t  -soioo : ‘00240
(5.5) rocozg2 | 00404 ! ooigl | -oojol | 00152 | 00330
(6.5) -ooiBo 00400 : DOp22 00424 00400 ! 00402
| [ T
{7.5) rooilo ooy by I ‘00422 | ‘o041z ‘00371 | ‘003Gz
(8.5) ‘ocoji2 ‘oojfo ‘00386 ‘oo2kE ‘anyol ; ‘00298
[
(9.5) “-oozz4 "CO224 ‘ ‘0022 i =T 5 == L 00158
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EXPERIMENT VI

Vacus Nerve oF Doc

Piece of right vagus, 9°5 centimetres long, removed immediately after death.

scction at either end.  No ligatures. Distances measured from the upper cross section.

oasvoll

~- 004 ~
= -ﬂm ar
- = T'M -
cenltmeles
Patential Differences from the L'P-Fll."r Cross Section J’Lreru_qc
Point (1) 00360 ‘00312 i ‘00336
S 00432 00372 , 00402
|
i | ‘00452 00400 | ‘ang2h
i
e ‘00460 ‘00428 | 00444
T e
Sy ooy bo 00400 : f=l=N g {=]
n 1G) ‘oo4fo ! 00432 I 00446
ol ‘o060 "004 12 | 00446
- (B} ‘ao4ho "OD424 | 00442
) ooz8E ‘cojay | ‘oo2g7
an (9-5}. o L] | Q

Clean cut cross

Points marked thuas ® are in each case the second cross section.
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EXPERIMENT VII

ﬁuu:UE ?unvH (O ]}nﬁ

Picce of Nerve, 10 centimetres iung, removed il'lum.'di.tl::l_l.' after death.  Both ends ligatured and

cut close to the ligature.  Distances measured from the upper cross section.

Potential Ditferences from the Upper Cross Section Average
Point (1) 'c0224 oozih WO220
wo L2) OO 344 OO 344 C0 344
(3) '00344 0 40 ‘D042

R ‘0o 3ho e =tk
ae 02) ‘ooiho I 00344 00352
() ‘00364 ‘oo 368 ‘oo 360

ws L) "0ojT ' I 'oo368 D370
w  (8) ‘ooiiy ‘00368 ‘0037h
wo () ‘oo328 o128 ook
s (10" "GozI2 ooziz ‘o02)2

Paints marked thus * are in each case the swcond cross section.
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EXPERIMENT VIII
Vacus Nerve ofF Doc

Piece of Nerve, 10 centimetres long, removed immediately after death. Both ends cut.  No liga-

tures.  Distances measured [rom the upper cross section.

Potential Dhfferences from Upper Cross Section | Average
Point (1) ‘ooibo ‘oo2gh ! ‘oo3zk
| ‘00424 ‘00368 E ‘ooigh
] ‘00456 00424 i ‘00440
w (4) "O048E "00412 | 0449
o (3) ‘00520 ‘o043z | rooy76
w  [6) DO504 ‘oogsh i ‘00480
i ‘00496 QO4T2 %
(%) 00496 ‘CO424 | ‘00460
a0 0oz ‘oo38y | p=l=kivin
w (10)" ‘0001 6* ‘coolf : RstaTe  [14]

Points marked thus ® are in f.1|,'||. e the second crnss section.
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EXPERIMENT IX
Vague Nerve oF Doc

Piece of Nerve, 1075 centimetres long, removed one hour after death.  Nerve ligatured and cut at
both ends. Distances measured from the lower injury.

Pl ;o
= = =uf-} _|_ Facprsadonill ol i s 0
[ I 2 T L |
| | " | I 1 i I
‘"F"1]"|""|"'*':'I“‘"'ﬂ.wn
SIS TEmE AN :
-...-J__l -l ._.J J ST [ o _:..L o
' 273 4 5 0 7 B9 0 cenlimes
Potential Differences Measured from the Lower Cross Section | Average
Point (1) 00320 ‘00468 003094
w2 00468 ‘00384 | ‘00526
w 13 ‘00320 els 4. K | "o0552
w4 elo T 1) ‘ooz8y | 0055 2
sl "0 52 1 "aoboy ' o3 TE
» (6} ‘00572 | . -ooboo 00386
w (7) 00572 i 5 ‘oobon ‘an3Bh
» (8) 00556 00384 : ‘00570
» (9) 00552 00576 00564
» (10) ‘oo236 ‘ooz 56 ‘00256

» (10.3)" not observed

Paoints marked thus ® are in each case the second cross section.



MODIFICATION OFF THE DISTRIBUTION OF POTENTIAL BY THE
‘EXTERNAL ARC’

CHancEes 18y THE IDistrisurioNn of Porentriar Propucep By THE
Conprrions ofF ax EXpPErRiMENT

A necessary step in the process of examination of the nerve is the application to
it of two electrodes and a connecting wire path. The whole arrangement with the
included galvanometer may conveniently be termed an observation circuit, or, simpler
still, an *external arc.” It is a well-known fact that the distribution of potential on
the surface of the nerve, as on any other conductor, is unaffected by the presence of
such an external arc when the current found traversing it has been accurately com-
pensated. It is also a well-established, but by no means so generally known, fact
that the presence of such an external arc profoundly modifies the distribution of
potential upon the surface and in the interior of the intervening piece of nerve, when
the current traversing the arc is left uncompensated.

The first part of this statement, namely that the external arc with compensated
currrent is not a disturbing factor, is of obvious importance to the actuality of the
results obtained by this method of examination, and it was shown by HeLmuorrz'
to be mathematically true. The value of the error due to an absence of compensation
was also calculated by him, and that, too, with a special reference to the case of animal
tissues and the centres of electromotive activity, assumed by Duv Bors Reymoxn to
be imbedded in them ; the calculation showed that the distribution of potential was
modified in a very precise manner. The effect of placing an external arc upon such
a conductor, and the consequent derivation of a current through the arc, was shown
so to alter the distribution of potential in the conductor as if the conductor formed
a portion of the circuit through which the current through the arc was flowing. Thus
in the case of a nerve, the current flowing in the galvanometer circuit from longitudinal
surface to cross section exactly modifies the pre-existing distribution of potential in
the nerve, as if it also flowed in the nerve from cross section to longitudinal surface.

The truth of the calculations was also demonstrated in experiments performed
upon conductors in which sources of EMF were placed ; but the actual demon-
stration of the quantitative influence of this condition in experiments upon nerve has
never been undertaken. The presence of the condition has, indeed, been noticed
in physiological experiments, as, for example by Von Fireiscar,® in observations
1. For a detailed aceount of Helmholtz's r-n'|l.l|||:|1ﬂ- see Adoelf Fick, e Medizinicke I’ﬁ:;.'l.'é, 1858, p;Jf i

Morgan, Electrophysiolog y, efen, pe 265, New York, 1568,
2. E. v. Fleischl, Elecrratonns, ec, Sivsungher f. Biem, Acad, LXXVILIL, Abth. 3.
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upon electrotonic currents (when Hermaxn' identified it as being due to this
cause, confirming his statements by experiments upon the core-model), nevertheless,
it has not been directly examined.

The experiments given below may serve to supply such a deficiency, although
not made with this intention, since they were undertaken in ignorance of the general
principle enunciated by Hermnuorrz, and with a view to experimentally investigate
the disturbance produced by the placing of an ‘external arc.” The examples, which
are quoted, all exhibit special instances of the manner in which the pre-existing
difference of potential is affected, e.p.

{:d}l The cn:;ltimfnf differences of |'|c}h:||'[i.'ﬂ where none existed prq,t'l.-im,m]:..',
{I‘.l-’) 11}“: Riil]'li]'ll.lt'i“l“, tli“'l'i“[lti”n’ (95 1'::‘..’1:]'5.‘.11 ilf i‘l'ﬂ-fxiﬁtil]g l,!"lﬂ':.,'ri:l’lk'{.'.‘i l]l-
potential.

The agreement of the results actually found with those anticipated by a law
unknown to the investigator is evidence of the general exactness ot the measurements
taken in this ri.:.‘-‘ut:.'il'l.,']'l,‘ and :Ilsn, and this 1s of im"-rn'r:lnc::, to the correctness of certain

ASSUM ':Il:iﬂ-ll:i I'l'l.i’l.l,,lt: in L{:,'.'ilin T with th-.' measurements of rq_'.l-;iﬁt".l,ru‘;_:_
I g

!:K PERIMENTS

In each experiment the nerve, having been removed from the animal, was
placed upon four nonpolarizable electrodes A, B, C, D the cross section being
;ihl'.‘i"l.'ﬁ p]:lt:r.:d upon electrode ;\., and the other end of the nerve, l..'f‘ICT.'l..‘:IILIi!IE_{ h-;].'-c}ml
electrode D, was suspended from the wall of the moist chamber by a silk thread.

The wires connected to the four electrodes—A, B, C, 1) —were fitted into brass
plugs, which could readily be inserted and removed from positions in circuits arranged
for the measurement of potential differences or resistances, or could be placed into
adjoining holes in an insulated piece of brass.  In this way it was possible to measure
the resistance, take the potential difference, or complete the ‘arc’ joining the elec-
trodes simply, or through an inserted resistance,

The length of the nerve and of its various sections, as divided by the position
of the electrodes, was c:lr::ﬁlll}' measured.

The resistances of the nerve and of its various sections were also measured.
Fach value given for a resistance being the mean of two measurements taken with
the nerve placed in the two positions possible in the imb of the Wheatstone bridge.
This precaution was taken to avoid the error due to the presence of differences of
pntl.'rlt:'lzlL

Thu ]‘t_'ﬂllfit‘:lr]{.‘l:!i l‘n::h-.'q:::n th:: L'Ic:-r:Er{Jdl::; themselves were ]1‘::,'.'11%!.11"1:1', 1'-:11‘ cach }‘I:liJ',
before and after the uxiwrimunta, The values obtained for these have in each case
been subtracted from the values obtained of the resistances of pieces of nerve in-
clusive of electrodes.

i, Hermann, Pfigec's drohivg, XX, 1879 5 alio H. Weber, Sorchardn Fourr, of Mask, LXXVI p.or3.
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The potential differences between the electrodes were measured before and after
the experiments; no experiments are recorded in which any such were found, and, as
has been previously stated, this latterly has never been the case.

A complete set of such measurements having been taken, the experiment was
performed. Electrodes A and I were connected together through the plug key, so
as to allow the injury current to traverse the arc ADD. When this was done it was
always found that the potential difference between the intermediate points, B and C,
was greatly aitered. The alteration remaining constant as long as AD was closed, and
disappearing immediately when this arc was broken.

The performance of the experiment was followed by the making of a simple
calculation from the data then obtained, by which it was sought to reveal the relation
which might exist between the alteration in the potential difference between points
B and C and the resistance between these points in the path of a current traversing
the arc DA and the nerve AD as a complete circuit.

The basis of this calculation was the value of the resistance between points
B and C, and also the resistance in the whole circuit inclusive of the nerve AD.

It is necessary, before proceeding to the details of the actual experiments, to
consider the comparative value and meaning of the measured resistances of the pieces

of nerve—AD and BC,

There is no difficulty in determining the required resistance of the whole circuit,
and thus of the piece of nerve AD to the terminal points of which the observation
arc is applied. For the resistance in this case is necessarily measured by the
resistance to a current entering and leaving the nerve at the points A and D, that 1s
at the points and traversing the same path as the current determined by the position
of the arc.

The measurement of resistance of the short piece of nerve BC is different, since
the current used to measure this resistance must enter and leave the nerve at points
B and C, and encounter a ‘transverse’ resistance in so doing which is not encountered
by a current passing, as in the assumed conditions of the experiment, from A to D
and through points B and C, situated within the longitudinal resistance.
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This objection invalidates all conclusions made as to the resistance of nerve
measured between two points upon its longitudinal surface, just as the measurement
of the resistance between two points upon the surface of an insulated, or rather badly
insulated cable, is of no value, when one is secking information as to the conductivity
which the cable offers to currents traversing the same section of cable but passing
in the interior of the cable from and to points beyond the terminals of the small stretch
considered.

There can be no question but that the direct measurement of the resistance of
short pieces of nerve is rendered in this way fallacious, it seems possible, however,
that a study of the extent of the fallacy may be of interest.  Direct experimental
evidence justifying the rejection of such measurements may be taken from the
observation of differences in the resistance per centimetre of long and short stretches
of nerve. For ifa piece of nerve is laid upon several electrodes, and the resistance of
the whole piece of nerve and of its parts separately measured, 1t 1s always the case
that the directly measured total resistance is less than the same resistance computed
by the addition of the resistances of the several parts ; a fact undoubtedly due to the
repeated inclusion of the transverse resistance in the measurements of the shorter
stretches. The finer the calibre of the nerve and the longer the distance between each
pair of electrodes the less true this statement becomes, obviously because there is
then a closer approach to ¢infinity * of resistance of each small piece of nerve. The
fact is, however, readily demonstrated upon the sciatic nerve of the frog, and
disappears in such a nerve upon ‘cooking,’ in company with the excess transverse
resistance. ‘The fact is very apparent in large calibred mammalian nerve.

PreLiminary ExperiMment. Sciatic Nerve o Doc

The nerve was laid upon five electrodes—A, B, C, D, E

The resistances by sections .. AB 6,150 ohms.
BC 5890
CD . o480

DE 10,450 .

Addition s 35,940 ohms,
Resistance of AE, directly measured ... 24,000
Difterence wer 11,940 ohms.

i.f., an excess of 48 per cent. above the direct estimation.

Thli‘ f.E'lCtE fmm Sinii]nr l.'qu:ri ments upon vagus nerves {dﬂgﬁ} are mhuluted
hulnw to slmw in thl: hriuﬁ;st p::-ssihh: manner the :]1;|gnit1hi:: of the error il'lt]'m’lw::_'d
into the examination of the resistance of short stretches of nerve.
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TABLE OF PRELIMINARY EXPERIMENTS

REsisTANCE oF THE Vacus NErRVE ofF THE DoG FROM SEVEN SEPARATE
ExXPERIMENTS

| Resistanxce 15 Ownes | Excess
Length af I |
Moo ber Merve MNumber [
of m of | Direct | Summation
Experiment Centimetres Scctions { o of Resistance In Ohms Per Cent.
| Measurement PP
: Ao ATEE
! | |
[ _ 8 5 100,952 | 128,720 | 27,768 | 273
11 3 B3 5 121,500 | 144,500 ! 8000 | 2g°1
| |
- I | Sy | e ; -
111 78 } B8,500 | 105,950 | 17,450 . 197
& 7=3 4 . g 1,000 ! 111,000 20,000 [ 220
v firz _ 4 . 70,000 ‘ Q4,780 21,880 | 356
[
Vi | 53 1 l 65,290 i Bz,400 17,200 145'_1,
VI 18 3 50,200 74,200 29,200 36.6

A consideration of such evidence and of the probabilities of the case examined
by themselves make the avoidance of values obtained by direct measurement for the
resistance of short stretches of nerve a matter of necessity. It seems clear
that the resistance per centimetre obtained from the measurement of the longest
stretch of nerve available, provided, if possible, with two cross sections, is a
measurement as free as possible from errors due to transverse resistance and polariza-
tion phenomena, and gives the best determination of the gross longitudinal resistance
of the nerve.

In the following experiments, therefore, all resistances have been directly
dl:t-.‘T]'llir'u:LL but the di]'l:l:ﬂ},-' determined resistances of the shorter stretches of nerve
are not used for purposes of calculation. The nerves were laid upon an ebonite ruled
scale during the measurement of resistances and the distances of the electrodes from
one another were read upon the scale and noted, from these lengths the resistances
of the shorter stretches of nerve have been calculated by use of the standard resistance
per centimetre obtained from the whole length of nerve. Both values are, however,
given to show the magnitude of the error thus aveided, and also to serve as material
for the purposes of any criticism directed against this method of procedure.
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CXPERIMENT A

Vacus Nerve ofF Car

Nerve laid upon four electrodes—A, B, C, D

Length of AL} (piece of nerve between electrodes A and D) ... §'3 cms.
«  BC  are Ul
o AB (distance of B from the cross section) peas IR e
Resistance of ADD directly determined ... 128,000 chms R
i BC.:. e B3000 -
i a pair of electrodes 7,000 e (3D
" circuit A, including electrodes ... 135,000
Caleulated resistance of BC from the resistance per .
cm. obtained from (1) and from the length BC | o
Potential diffierence between A and D... ‘0o71z Daniell
- = s B oand € ... o =

These data having been collected, the experiment was performed :—

(1

(3)

(4)

Electrode A was permanently connected to electrode D.

The potential difference between points B and C was re-examined—B, the point nearer to
the cross section, was found positive to C, the more distant point, by ‘coz8 Daniell.

The experiment was repeated rapidly several times, in each case B and C were equipotential
when A was not connected to ), when this connection was made, BB was l‘.-u:uitirc [0
C, as given.

Electrode A was connected to D through 100,000 ohms. resistance—B positive to C again,
but by ‘00168 Daniell.

Electrode A was connected to D by 150,000 ohms resistaince—B positive to C, "oo128
Daniell.

Electrode A connected to DD through 200,000 ohms—B positive to C, ‘00108 Daniell.

Finau}', the connexion between A and D IH_'ing broken, B was found as E'r_urmr,_-ri:,- u-;lui..
I'.Iﬂll:l'll'iilll Lia C.

The |N;-|,¢:nl;5:tl difference between A and 1, examined at the end of this experiment—

A was negative to 1), "oofy® volr.

EXPERIMENT B

Vacus NErvE ofF CaT

Nerve laid upon four electrodes—A, B, C, ID. Cross section at A.

Length of AD &2 cms.
o8 BC 6
o AB o8 .,
Resistance of AD ... 204,400 ohms (1)
o .. B 104,200
2 Pair of electrodes bo00
Total resistance in circwit ALY {nerve and electrodes) z1o,400 ohms,

Calculated resistance of BC obtained from its length and the
resistance per cm. from (1) 8g.800
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EXPERIMENT B—continued

Potential difference between AD (A=) ... ‘00840 Daniell.
oL = i BC{E=-) .. ‘ooob8
(¢) Electrode A connected up to electrode I, then it was found
that B was positive to € ... 00zE2
{(#) Electrode A connected to DD through a resistance ol 100,000
ohms, then B was positive to C 00144 o
(/) Connexion between A and I> broken, then B was negative to C 00068
EXPERIMENT C
Vacus NErve oF Car
Nerve laid upon four electrodes—A, B, C, D.  Cross section at A.
Length of Nerve AD ... 3.9 centimetres ... (1)
e BC .. o= = (2)
" AB .. = 7
Resistance of ALY v 102,200 ochms. i (3)
o Electrodes... oo L.
soof AD 4 electrodes ... 108,200,
Resiztance of BC wan " EEEAGONSS
Calculated resistance of BC (from 3, 2, 1) 18,300 ohms.
Potential difference between AD (A=) ... vea woersz Daniell
., o BC (B-) ... OOL44
A connected to I). B remained negative to C 00012 L,

EXPERIMENT D

Sciaric Nerve oF Car

Nerve was laid upon four electrodes—A, B, C, D.  Cross section at A.

Length of nerve AD 34 cms.
. BC T
e AB T T (3l R
Resistance of AD 18,500 chms.
" Electrodes ... vau e 6,000
o AD and clectrodes ey saw 24,500 4,
T BC 10,850,
Calculated resistance of BC ... 18,500 e e o
i4
Potential Difference between AD (A=) '00g6o Daniell.
" 5 BC (B-) DOZIL 4
{#) Electrode A having then been jointed to electrode D, the potential
difterence between BC (B -) ‘wooyh

If, in these experiments HeLmuovrz’s general principle is applied and examined
by means of the data given, it will be seen that it explains all the results obtained.

If it is true that the moment a current is derived through the arc DA that
then the distribution of potential in the nerve is precisely altered as if the same
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current passed from A to D along the nerve, it must follow that the difference of
potential between any two points, whether upon the wire path or the nerve, are
affected in a manner which can readily be calculated.

The newly created difference of potential between points B and C upon the
nerve should be equal to

Rﬁ_ist.lncﬂcticr:n B ;Lnd_c

— — e % Potential difference between AD
I'otal resistance 1n circunt

Where a pre-existing difference of potential is found between B and C, the
old and the new should algebraically sum. These simple calculations, made for
the four experiments given, are embodied in the following table : —

Dara
Resistanee of Tatal Patential Differences Patential Digﬂ':.”“’
BC Resistance beiween Points AD F”'“I'f:::i I;E‘“"
Experiment A. (¢) 54,000 135,000 ‘00712 Daniell. o
{ﬁ} S4,000 235,000 " Q
() 2 285,000 =3 o
() " 335000 " o
Experiment B. (¢) 85,800 210,400 -oof40 Daniell. | +00068 Daniell.
{&] L] 3 [G'+W L LE]
Experiment C. {(¢) 18,300 108,200 ‘00752 COLYd o
Experiment I. (¢) 3,800 24,500 ‘oogho "V0LZL 4

i —_ -

VaLvue ror supseguent Porewrian Dirrerences perweesn Porwrs

B axp C.
Calculated Founid
A. {4) ‘oozl | ‘00280
& ‘ool ; ‘ool 68
( 3

() ==l 3 I ‘oo1el

|
0ol "GO1o8

(4) + |
B. (4) COLT4 | ‘0052
(&) ‘o014 | 00144
. (1) — "OO00LT ! —'opole
D. (4) — 00076 i — 00076

= = e A e —  ——— —
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Adding together the figures from the four experiments obtained by the applica-
tion of the general principle to the data collected.

Calculated 1225 x 1o Daniell.
Found 1168 x 10°°F

¥

Total Difference 57 x 107 Daniell.

or a difference of 4:6 per cent.

The experiments have naturally been selected from others providing similar
evidence, and have been chosen on account of the exactness of the agreement between
value calculated and found.

Nor is this unfair as practice was obtained in performing the series of measure-
ments required : for each experiment increased the rapidity with which they were
taken, and led to important modification in the convenient arrangement of the
necessary apparatus.  The experiments were also made unsupported by the knowledge
that their results must, if correct, be of the nature given.

The next and last experiment recorded in this section affords not only a con-
firmation of the results previously given, but also illustrates a new point. From its
data it may be seen that HeLmuovrz’s general principle is not only true of the injury
current but also of *longitudinal currents.’” In either case the institution of the
outer observation circuit modifies the distribution of potential upon the surface and
in the interior of the nerve and in the same way. The current which passes from

point (1) to point (2) in the outer wire path also traverses as a new phenomenon the
nerve from point (2) te point (1).

EXPERIMENT E

Scratic Nerve or Car

Merve on electrodes A, B, C, ID. Cross section at A.

Length of AD ... cex 4 centimetres.
3 BC ... wik ezl o
" AB ... T < "
Directly measured resistance of AD ... .ov 13,000 ohms.
i i B e DEGFED
o = Electrodes ... 6000
Resistance of BC calculated = 13,000 x 16 = 5,200 ohms.
4

Potential difference between AD (A—) -o1450 Daniell.

i »  BC (B—) "00448 Daniell.
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Exprerivent PERFORMED
(;:} Electrode A connected 1o D lhrmlgh a closed i::::.'.
Potential difference between BC now (B=) -cooby Daniell
Key connecting A to D opened.
Potential difference between BC now (B-) copyf® .,
() Electrode A connected to D) through a resistance of 100,000 ohms.
Potential difference between BC now (B -) -ocigo Daniell,
Connexion between A and D removed.
Potential difference between BC now (B )  -oo448
(c) Experiment of netw type.
Electrodes B and C were connected through a key.
When this key was closed, the potential difference between
'Fll;}iTI.t'!i. A and 1Y was measured and found (A =) ‘01305 Daniell.
When this key was opened, the potential difference between
points A and I was measured and found (A - ) ‘01450 Daniell.

Treating as before the data from this experiment.
In case {4).—The potential difference between B and C due to the closure of the circun

forming A,

= 0145 x H;::Z = 00397 (B+) Daniell.
The pre-existing potential difference between these points oo 00448 (B =) Daniell.
The algebraical sum of these values e 00081 (B=)
and this 1z the calculated value,
The value actually found «oocoooby (B=)
In case (&)

The potential difference between BC due to closure of the circuit AD.

5,200
= 'O[4§ = — Daniell (B4}
119,000
= rooofz Danicll (B 4) e (1)
But B was originally -oo448 (B-) ... w2}

The algebraical sum of these values = 00386 Daniell (B =), and this calculated value
closely agrees with the value found which was "co3go Daniell (B - )

Value caleulated Value found
In case (a) ‘ooost (B-) ‘oooby (B - )
(%) ‘o03Bh (B-) oojgo (B =)

Case () requires to be considered by itself.

In considering the data from case ¢ (Experiment E), the circuit formed by the
closure of electrodes B and C, and by the intervening stretch of nerve BC is alone
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considered. The remaining pieces of nerve AB and CD are treated, for the purposes
of calculation, as if they were a continuation of the terminal conductors of the galvan-
ometer and compensator circuit up to the points B and C.

According to HeLmuoLTz's principle the closure of the key K gives rise to a
current in the complete circuit KBC, the magnitude of which is determined by the
source of EMF, which is of the value of the pre-existing difference of potential
between points BC, and by the total resistance in this circuit BCK.

It should be possible to determine the resistance of any portion of this circuit
when the current is traversing it from a discovery of the difference of potential
existing then between the terminal points of the resistance.

In this way it is possible to determine the longitudinal resistance between B and C,
using as ‘ leads " to the terminals of this resistance the pieces of nerve AB, CD.

e
E.

E
Where E = ‘00448, the pre-existing potential differences between points BC.
R 10,700 + 6,000 = 16,700 chms.
e = the newly-found potential difference between B and C.

= pre-existing potential difference between points AD—new potential difterence
between AD.

= '01450— 01305 = 00145 Daniell.
€
[ R.
E
OO145

— x 16,700 ohms.
pel=F R
= 5,405 chms.

This value, obtained from this experiment, for the ¢longitudinal resistance’
between points B and C closely agrees, as a reference to the data of case (¢) shows,
with the value as otherwise calculated and used as the basis of the calculations made
in case (a) and case (4), namely,

5,200 ohms.

The agreement of experimental results and prediction are so close in these
experiments that one is inclined to place confidence in the measurements upon which
the simple calculations depend, and one is, therefore, inclined to draw further
conclusions from them.
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In the first place, it is apparently obvious that the resistance of the longer
stretches of nerve examined, as obtained from the WheaTtstone bridge method, was
also the actual resistance encountered by the nerve's own current when led through
the outer path to the cross section, and so back through the nerve. Also, that a
variation in the nerve's own current produced by the insertion of resistance in the
outer path did not produce any effect upon this resistance. A reference to experi-
ment A will show that the value for this resistance used in the calculations was the
same, and led to the same E«Lﬂtiﬁﬁlctﬂr}’ result, when the resistance in the whole circuit
was varied from 135,000 ohms to 335,000 ohms; and when, therefore, the new
current was in one case three times as great almost as in the other.

This longitudinal resistance apparently remains constant when the current
traversing it is greatly varied, which would not be the case if any very large fraction
of the resistance was due to polarization, and if, as is supposed, the polarization
increased largely with the current.

This is a fact of considerable interest since, in dealing with the general problem
of the electromotive phenomena of the nerve, it is necessary to know the nature and
quantity of the electrolytes present in the nerve.  The first guide to such knowledge
is provided by measurements of electrical conductivity, and if these measurements
are once acknowledged to be misleading by reason of special conditions present, then
the main source of information is rendered valueless.

Measurements of electrical conductivity of nerve can be undertaken, by deter-
mining the resistance of a cut piece of nerve from cross section to cross section, in
which it would scem that the error introduced by polarization would be absent, if it
be assumed that all the polarization phenomena are due to the fact that stream lines
pass from one constituent structure of the nerve fibre to another. For in this method
of examination, when all the parallel constituent structures are traversed by stream
lines parallel to them, this cannot occur, except as a negligible error due to artificially
produced bends in the course of nerve fibres.

It is possible that even to such measurements exceptions may be taken, since
there is some reason to fear the presence of a true *longitudinal polarization,’ the
outcome of circumstances of physical structure not understood.

It is noteworthy, therefore, that in the measurements given above there is no
reason to consider such a complication : so that the errors due to polarization are so
small as to be neglgible, and do not interfere with a practical use of these measure-
ments as the basis of calculation.

The confidence obtained from such results has led to the institution of the
measurements of conductivity in the next section, and their use as guides to the
quantity of electrolytes contained in solution in the nerve, and, therefore, as assisting
to form an opinion of the quantity of matter upon which all the electromotive
phenomena of nerve depend.



MEASUREMENTS OF ELECTRICAL CONDUCTIVITY

The average resistance of the sciatic nerve of the cat i1s four thousand ohms
per centimetre when given as based upon measurements of long stretches of nerve
(five centimetres). The value of this statement (and it is of the orthodox character)
is limited, in so far as it offers no basis for a real comparison of the resistance of the
sciatic nerve with that of any other nerve of different average calibre, and also since
it gives no information as to the varying nature of the resistances of the diI‘Fering
elements of structure entering into the composition of the nerve.

The first limit 1s only to be surmounted by a determination of the calibre, and
this is a matter of some difficulty when use is made of nerves from which subse-
quently data of a different kind are to be sought, and which must not, therefore, be
damaged in the process.

In the present series of measurements, this difficulty has been avoided by the
use of an indirect method, which does not injure the nerve, and which affords results
that are certainly not more than § per cent. in error.

The second limit it is not possible, for the present, to surmount, and the value
of the information attainable is thereby greatly reduced. The reduction in value is
not, however, so great as to leave the taking of these measurements merely an ‘academic’
interest ; since the information obtained, scanty though it be, is from one point of
view of extreme value. The nerve, being a ‘ moist conductor,” owes its con-
ductivity to the solutions of electrolytes which it contains, and measurements of
conductivity, therefore, can be used as guides to a knowledge of the quantity of
clectrolytes present in solution in the nerve, although giving no guide as to their
relative distribution in its component parts. The information so obtained is by no
means perfect, but is of wvalue, since the limits to its accuracy are not such as to
render the errors introduced more than a fractional part, even if a large fraction, of
the true value which they tend to conceal.

The measurements, indeed, form the only means by which any approximate
notion can be acquired of the total amount of electrolytes in solution, that is of the
amount of matter which can partake in the production of the electromotive phenomena
of the nerve ; and 1t 1s obvious that in a study of these electromotive phenomena it
15 desirable to decide, even if roughly, the proportion which this amount bears to that

of the total matter in the nerve.

MEASUREMENTS

I'he following data are taken from eleven separate experiments upon sciatic
nerves obtained from eleven cats, from the bodies of which they were removed
immediately after death. The measurements of resistance were made by an ordinary



THE INJURY CURRENT OF NERVE 259

“ bridge ' method, the circuit being so arranged that a current of less than -or1 milli-
ampére traversed the nerve at the time of measurement.  The sensitive galvanometer
used in the previous sections was also used in these measurements, and the determina-
tion was always finally made with this, and without a * shunt.’

To avoid any error due to the presence of an injury current, the measurement
was always repeated with the nerve arranged in a reverse direction, so as to cause this
current to add to and to subtract from the measuring current ; the values given are
always the mean of two such measurements,

In each case given the piece of nerve, cut so as to be as near as possible five
centimetres in length, was provided with a clean cross section at each end. It was
arranged rectilinearly between two electrodes and upon a dry ebonite scale, and its
length was accurately measured when thus in position. Immediately after the measure-

ment of resistance the wcight was accurntc]}' ascertained.

Dara rroMm Freven ExrerimexTs

1'::pl.'lil'|'|'l.'=l-l:<- Resistance in Length i “'-'i.:h: m
| |l|||'||'\- St e Lres S EAIA T
[
Experiment 1 ... -+ 17,000 ' 5o 287
| 14,200 48 247
o LIT: =a: 17,300 g ‘230G
i IV oo 23,860 49 201
i e e I 13,000 [ 4.8 peE
= VI o 17,800 : 48 21l
i ML ... 21,500 5'Q 195
o VLLE: ... 18, 000 40 ‘145
X .. 20,300 530 236
= b S 20,700 [ 473 o
P . e 26,000 +'9 207
Average of 11 |".J:}'.|r_'ri|11r:nl:- | 19,500 48 22

If, in these experiments, the determination of weight is treated as if it were a
determination of volume, and the error so introduced is certainly less than five per
cent., we have all the data necessary to determine the *specific’ conductivity of the
nerve. The error would of course be eliminated by a correction for the specific
gravity of the nerve, but this is difficult to obtain, owing to the peculiar behaviour of
the nerve when immersed in solutions. Failing this determination of the specific
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gravity the error is left uncorrected ; since it appears only once in the value of the
specific conductivity, and is, therefore, not increased by multiplication to a higher

power.
The * spuciﬁc ' resistance of the nerve is taken as that of a c]osci}' packed pll-: of

similar nerves, one centimetre in length, and offering a united cross section of one
square centimetre,

In any single case such a * specific * value may be found by dividing the value of
the resistance by the length and multiplying by the ascertained value of the cross

section. : B
Specific resistance ... T X - —
length  length
: 1 weight
or ﬂFPm:';.lmﬂ.tL'I}' v = I ¥ ———————

length  length

Thus taking the figures obtained as the average of the data of the eleven

experiments—

221 b
10,800 X =—————— hms:
95 48 x 48

The specific resistance of the sciatic nerve of the cat

180 ohms (approx).

Similar values given from the eleven separate experiments are—

i 195 ohms i ] R 183 ohms
Mo ah aghe Vil = b
I ... 165 | X ... 191
IV 195 » N e SO
Wi 176 K 05
VI ... 160 .

Taking the average value of 180 ohms, it is of interest for purposes of comparison to
compare it with the specific resistance of mercury at 18° C, with which value the re-

sistance of solutions of electrolytes is CDITIII‘IDI]I}F compared.

The specific resistance of mercury at 0° C. ... 9407 % 10— ohms
The temperature co-efficient g iy HSE Q0077

. The specific resistance of mercury at 18° C. LR BR T o B
The specific resistance of nerve ... 1580

ic -spnciﬁ-: resistance of MEercury ... 3 Q54 = 10=%

= 1885 x 1c® e
Taking the * specific conductivity * of nerve to be the reciprocal of its *specific
resistance,’ as defined above, it is equal to—

1
o=t

— % ]

1"885
= §3 x 107" in terms of mercury at 18°C.
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The conductivity of nerve is now expressed ina form in which it can con-
veniently be compared to that of solutions of electrolytes.  Thus, taking solutions
of NaCl as our standards of comparison, we have the following determined specific
conductivity of such solutions.'

Seeciric ConpueriviTy ofF SoLuTions oF NaCl

ConcENTRATION of SoLuTiox
Sercoric CospuctiviTy
1N TEEME OF

Ciram muolecules Crammes per Mescuey
per litre cent.
i - 5 ]
1'00 3-hzo 6930 * 10
050 2863 3785 % 1070
o lo o583 865 = 107"
el el QT2 ..|..|.'H x 1o—¥

The specific conductivity of nerve is, therefore, approximately the same as that
of a solution of sodium chloride of '35 grammes per cent. concentration.  Ji ather
words, the conductivity of the nerve would, so far as we are at present consideving it, be
adeguately imitated by that of a saline solution occupying the same space, which was only
balf the strength of the ordinary “normal saline’ solution.

It is of interest to compare the value so obtained with that of previous investi-
gators. The data given by I. Terec' are presented in a form most suitable for
comparison.  This author, in a general examination of the conductivity of the
tissues and the modifications produced by changes of temperature, obtained a value
for the resistance of nerves as follows : —The nerves were laid side by side in an
accurately calibred hard glass tube (diameter 12 mm.) The length of the tube used
was 34°§ mm. The nerves were presumably packed closely in this tube and accurately
cut to the required length.  Amalgamated zinc electrodes were brought to cach end
of the tube and the resistance of the enclosed nerves determined.

The following values are given for this resistance :

Ar 21° C, roo ohims,
g5 C. 670,
L boo
33 C 570w
9 L. 330
45 L gho o,

1. Hr.inlulmrh, Hiedeman®s Arnal,
1. Archiv. fur dwae ;oand Physic

XXV, p.o 193,
fogiey lﬁ';l‘_h- P- 110
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From these figures of TErec's, and preferably from the value obtained of the
resistance at 21°C, a value can be calculated for the so-called ¢ specific resistance.’

I
length

Specific resistance e : R x cross section x

T rd

= H_Q':' = — JII_._

(6)* x 314
345
= Too '_”"
§°45
= 230 ohms approx.

= 700

The specific conductivity in terms of mercury therefore is (for data see previous
example)—
954 x 107°

230
— Il L i

A value which an examination of the table of specific conductivities of solutions
of sodium chloride will shew is approximately the same as such a solution of the
strength of -3 grammes per cent. The figures given by Terec, therefore, closely
agree with those found from the previous experiments, and like them set the electrical
L‘mull,u:tivit}' down at a very low value.

The meodifications with temperature, as observed by him, are also of con-
siderable interest, since they show this agency affecting the values in a quantitative
manner, exactly agreeing with that known to occur with change of temperature in
solutions of i;ll:u:tr{ﬂ}'tcm

Thus the conductivity at 217 C. is = At 45°C.itis & The alteration thus con-
sequent upon a rise of temperature through twcnt}'-Fnur degrees is J;:n_.-:-= or H:E
Treating this latter figure as a fraction of the original conductivity of - it is seen to
represent a rise in the original value of almost exactly fifty per cent., or fwwe per cent.
per degiee of temperature.

The value of such a result is considerable, as is seen from a reference to the
ff:-]]ﬁ‘u.‘.'itlg qunrntiun * ¢ The molecular conductivity of a gi Ve l;'lt:i:lrﬂ]}'lt d::l‘l-cnd*.i n
the first instance on the tcmpumm FE, Increasi ng almaost without :,::-.::_‘epﬁml with rise of
temperature, and mu_\:t]}' h}' about 2 per cent. per d-’:grf.:t.',"

The nerve, owing, as has been previously stated, all its electromative phenomena,
inclusive of electrical conductivity, to the solutions of electrolytes contained in it, is
seen from the point of view of this modification with temperature to behave like
any solution of electrolytes. This is a fact worthy of consideration when, as has
sometimes heen rl.th:mptui, aﬁﬁumprinnﬁ are made as to the nmhﬂit}‘ of the p:lrtich:s
contained in it with the conduction of an electrical current other than that of the

motion of ions in solution,

1. Ouilimes of Gemeral Chemiprey, Qatwald, translated by J. Walker, London, 1895, p. 276
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If the electrical conductivity of nerve seems disappointingly small when it is
sought to discover as its main function that of an electrical conductor, and when the
prominence of the electrical phenomena discovered in it is considered, it is no longer
so when a glance 1s taken at the known chemical constitution of the nerve. Thus,
taking the figures collected in HaLLisurToxn's' article on the chemical constitution of
nerve, sciatic nerves contain 61°3 per cent. of water and 387 per cent. of solids.

The solids are given in the following estimation made from human sciatic

nerve :—*

Sorips oF Human Sciatic Nerve

Proteids 3680 per cent of the total solids.
Lecithin 32°57
Cholesterin and fat 1222
Cerchrins Ten 1130
Meurokeratin .., e 307
Other organic matters ... oo
gg- gl

None of these bodies, which are arranged here, contributing to the solids of the
nerve offer much prospect of a capability of acting as electrolytes: the only substances
which would seem in this company to be characterized as such, the inorganic salts,
are omitted from the table presumably from a failure to estimate the unimportant
constituents.  To form an estimate of the amount of inorganic salts present, we are
cnmpc"ml to use the qu;mtit}' estimated as present in the white matter of the bramn
namely, -§7 per cent. of the total sohds, or in the spinal cord forming 11 per cent.
of the total solids,

These figures, while providing no exact guide, might lead us to infer that the
i]]f'.lrg:,tl'liﬂ.' SEI]E'H l'.lr neryvye rl!l'll'll;.'l.l '3 o L_l, I'IL"I' cent. HI'L it.‘? ]‘I]:‘HH, il 'I.’El]l[{,_' “']'IiL'J"I 'iH ‘iL]g-
gestively similar to that of the total clectrolytes as roughly estimated by the
conductivity method.

More point is given to these figures by the fact that the inorganic salts of nerve
are not expressible as so much sodium chloride, a large quantity of potassium salt
being also present, the electrical conductivity of which 1s greater.  To explain the
conductivity of nerve in terms of its inorganic salts, it is, therefore, necessary only to
find present a quantity of these less than -3 per cent., and there seems every
possibility of doing so.

The small value of the electrical L':Jmim'l"n"tl:}' of nerve has |-=‘:ng_= been :ippl'u‘iattcd,
although few attempts have been made to exactly determine it.  The fact in its gross

form was, subsequently to the discovery of the electrical current by Gavvaxi, made of
1. Schafer, Teardssk 1, po 116,
3. Moleschott, Physeod, Coem., po 515
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great polemical use as a conclusive argument against the advisability of seeking a purely
electrical function for nerves in the body. It has, however, also been repeatedly
pointed out that the nerve i1s not a homogeneous conductor, and that measurements
of gross conductivity give no information as to the conductivity of the very different
longitudinal elements of structure which compose it.  From such a point of view it
is seen, especially if one of these structural elements 1s assumed to have a semi-
insulating character (very low conductivity), that such gross measurements may be
most misleading if used in any way to limit the possibilities of conductivity of any
individual element of structure,

Given a tissue of extremely high electrical conductivity, arranged in exceedingly
fine threads within the general mass of poor conductars, its presence might be totally
unsuspected, and might even be said to be concealed by the general low conductivity
found.

It is of interest, therefore, to consider the only case in which careful investigation
has led its authors to the conclusion that nerves are after all characterized by a high
electrical conductivity much greater than that of any other of the tissues.’

These authors, ALt and Scumipr, have, by use of a new and peculiar methaod,
compared the resistance of different animal tissues, and find them arranged in the
tollowing order ; in which, it will be seen, the standard of comparison is an arbitrary

one, the resistance of muscle—

Nerve QL7
Heart muscle o R
Muscle 1'00
Blood 45 100
Aponeuroses | 441
elc., etc.

Such a statement places nerve in the position of being as an electrical conductor
siX times superior to muscle in opposition to the common view, that it is, on the
contrary, inferior to it.

The experiments bear every mark of careful and repeated work, and the
conclusion to which the authors have come seems, therefore, to be fully justified by
them. The method is, on the other hand, quite new, and can only be adequately
criticized by a physicist.  In this method the tissues placed within and filling a glass
tube of standard size were placed in line with other conductors to form an alternative
path for the conductor of *Frankuin currents from a Hovrz influence machine.’
The other path was a spark gap.

The method would seem to depend upon a comparison of the resistance of the
tissue and the resistance of a column of air, which would seem to be an absurdity.
As a matter of fact, probably this is far from being the case, the spark conducted

1. Alt & Schmidre, Malie f_lllll';'n"_-g'r'rl Archiz, L1IL, P- 575 ELE.
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through the air being conveyed not by particles of the air but by charged particles
discharged from the conductor, and the real resistance of the air gap is not, theretore,
open to calculation.

The authors believe that a high general conductivity is revealed in the nerve by
this method, since, in their opinion, the method eliminates all error due to polarization.
[t must be admitted that such a revelation would place the longitudinal polarization
of nerve in a position of extreme importance as an agent capable, under ordinary
circumstances, of masking go per cent. of the electrical conductivity of the nerve. This
extreme value of the ]nngil‘udin:ﬂ pnlari::::nrinn has no direct evidence in 5L|p[‘|ﬂt‘t r:t'ih
and all the available evidence (as that obtained in the last section) points to the
opposite conclusion, that polarization, though characteristically present and of
importance, is not able to mask more than a fraction (less, say, than one-fifth) of the gross
conductivity, and adds but a small fractional addition to the measurable resistance.

rrh!..' LI:.'H"!_'T'UI‘]['L' fﬂL”]d hﬂt“'[;l'_:l'l nerve jl"d f]"IL' E}TI"H.."I' ti:":.‘-}-lll:‘fi must I"Iil"."L' SOIMe
reason, even 1f this 1s not expressible in the terms chosen by the authors, and there
seems the remote possibility that the method has revealed the possession by the

nerve of extremely fine paths of high specific conductivity.



THE PHYSICAL STRUCTURE OF THE NERVE

The pre-existing structures of the nerve ave such as to primarily determine the fact that
local injury is productive of an injury current: and this is true whether the differential
distribution of electralvies giving rise to it is (1) alro pre-existent, or (2) the result of
chemical change, a secondary consequence of impury.

To explain fully the intended meaning of this statement it is necessary to briefly
consider the nature and arrangement of materials in the nerve from a purely physical
point of view. It is not, and never has been considered, sufficient to dwell solely
upon details of histological structure, and to read into them an appropriate physical
meaning, and it is at the present date more obvious than ever that this is not the
primary method of examination. The data of primary importance are provided by a
knowledge of the manner in which the structures of the nerve behave, when the
electrolytes contained in solution in them are set in movement by a source of electro-
motive force ; or it might also be said by the manner in which the electrolytes, when
diffusing, give rise to a source of electromotive force.

From such a point of view an intimate acquaintance 1s necessary with :—
(@) The conductivity of the nerve.
|:.:':':| Sq:cnnd.'!.r:.‘ features of its [;r:-m.!uctitrit}; such as the [‘.lnhiri'.-mtiﬁn th_‘,—
nomena. :
{(¢) The injury current.

The consideration of the last aid to knowledge, the injury current, is, although
held to be the most important, abandoned in this section as begging the question set
in the research.

The facts which have been determined by purely physical methods of examina-
tion are contained in the statement that the nerve behaves as a core model, and that
a core model 15 always a complex conductor composed of materials of at least two

different specific conductivities, arranged cylindrically, the one surrounding the other.

l"1';l|:[i¢:;11|}‘ it has '.I]R".":‘l}‘ﬁ been found necessary to p[m::: in the core of the core model
a material of higher specific conductivity than that of which the mantle is composed,
and this fact may be used as an argument that the core of the nerve fibre is of higher
specific conductivity than its sheath (it being universally acknowledged that the
comparison between core model and nerve trunk can, without fallacy, be used as if

in reality a comparison between the core model and nerve fibre).
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The argument is not as good a one as might at first sight appear, since this
property of the core model structure 1s necessitated by a characteristic which may be
peculiar to it, and may not adequately represent a condition present in the nerve.  For
the successful imitation of the physical characteristics of the nerve by the core model
is due to the acknowledged fact that, although commonly only composed of two
materials, it opposes resistances of three kinds to the passage of an electrical current
through it :

(1) the surface resistance of the mantle ;

(2) a high resistance at the surface of separation of core from mantle, due
to internal |m|-.1ri?,a|:inn, and thcrcﬂ}ru [1r1|}' l.'!-ﬁ.‘-;ting dur ng the I'};msﬂgu
of the current ;

(3) the internal resistance of the core.

Three conditions are, therefore, obtained in the core model by the presence of
two materials : but in order to obtain these three conditions from two materials, it 1s
necessary that an extraordinary difference should be found between them.  The con-
ditions are only adequately so obtained by using a metallic conductor as the core, a
dilute moist conductor as the mantle.  The high specific conductivity of the core sub-
stance of the model is therefore possibly only an accidental attribute, due to the fact
that a metalhic conductor 1s necessarily chosen to obtain the polarization resistance.

The nerve fibre 15, however, throughout a moist conductor. It seems an absurd,
but is a necessary, statement that no metallic conductor exists within its core. The
nerve, therefore, may indeed imitate the three conditions present within the core model
carrying a current, it cannot, however, imitate them so successfully as to be composed
of two analogous sets of materials.  Itis necessary to consider how the three conditions
can be obtained by the use of moist conducting material alone without the assistance
of the metallic core. The result of such a consideration is of extreme importance, for
it has been found impossible to represent the three conditions by the use of moist con-
ducting material without making use of three materials of different specific conductivity,

(1) of fair conductivity . i : mantle.
(2) of bad conductivity : : : intervening structure.
(3) of conductivity better than (1) " core,

To carry the lesson learned from the core model to the structure of the nerve
fibre we must, therefore, seek in the nerve fibre and the solution covering its surface
for the analogues of these three different materials of different specific conductivity.
It is to be noted that in such a core model polarization resistance developed during
the presence of the current (and only present then as in the case of the two material
Lo t'"f]'L]L'i:I' ;.‘i NoOW f}f H[‘C[}I'H,i;lr‘}' i]"nrl{]'l't;l_l'lfﬂ_', ,'1; ]'!l'l'l_"—i._'ﬁ:if‘]t.ll'lg' '|'l_"f'ii'!'i[a'1|'||'."l_' IO i'!:.lrri:l“:'.‘
at least occupies its place, and the polarization which occurs is only a secondary

addition to this pre-existing resistance.
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The statement made above, though so briefly given, has involved years of con-
troversy and experiment upon the part of several investigators, notably Hermaxw and
GriUnHacen.  This controversy has been now brought to a clear termination by the
introduction into the subject of knowledge of the possibilities, within which the
conduction of electrical currents by moist conductors is limited, by the ¢electro-
chemist’ NEerusT.

The statement of electro-chemistry is definite.  Polarization cannot occur between
two moist conductors (solutions of electrolytes) unless they are separated by a
physical membrane (pre-existing high resistance). The introduction of the third material
is, therefore, a necessity, and its natureis even to a certain extent defined, for the term
¢ physical membrane” implies a material which habitually acts as a barrier, limiting
material particles moving in diffusion processes, and also, as in this case, the particular
particles ¢ lons’ which are set in motion during the passage of an electrical current.

Practical experience is, therefore, amply confirmed by theoretical consideration.

Definite as is the statement of ‘electro-chemistry” as well represented by Nernst,
it is of interest that a similar statement was also simultaneously made by a physiolo-
gist making use in other fields of electro-chemical data and methods. This statement
is, unfortunately, hidden away from the special literature of ‘muscle and nerve,’
inasmuch as it appears in an article on blood and blood corpuscles. It seems there-
fore pardonable to quote it in some detail. G. N. Srewart discovered the important
fact (amply confirmed by its simultaneous discovery by Rorn, Bucarsky, and Taxct,
etc.) that the limiting surface of the red corpuscle offers an extremely high electrical

resistance, when immersed in its natural surrounding fluid, the blood plasma.

The ions contained within the blood corpuscles in solution are capable of free
movement within the confines of their walls, as is shewn by the osmotic pressure which
they are known to be capable of exerting upon them. Conduction of an electrical
current would therefore also freely take place within the corpuscular walls. Observa-
tions therefore which place the corpuscles in the position of poor or non-conductors can
be used in evidence against the conductivity of the walls themselves, since they cannot be
directed against the contained solutions.

lons moving through the blood plasma in the orderly conduction of an electric
current are stopped by the surfaces, and do not penetrate the mass of the red corpuscles.
In other words, the limiting surfaces are only partially permeable membranes, even if
not strictly semi-permeable membranes; and this statement so made 1s amply con-
firmed by evidence of a different kind. For such experimental evidence is only an
additional confirmation of a long well-known fact, that the inorganic salts of the plasma
and of the blood mrpu:-;{;]us are not the same, and of the EUF{J”“F}-’ which this fact
implies, namely, that the walls of the blood corpuscles form barriers to diffusion processes

between the solutions within and without them.
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The fact 1s, however, capable of extension to other tissue elements such as nerve
fibres, which are only fnely-drawn processes of cells also containing inorganic salts
within them differing, in proportional amount at least, from those contained in the
solutions without. The extension of the fact enables the enunciation of an apparently
unobjectionable general statement, that all cell walls (walls of nerve fibres included)
are possessed of this property of limited permeability to the particles in motion in the
solutions surrounding them, and this no matter what be the force under the action of
which these particles are moving.  The general statement therefore includes the move-
ment of 1ons carrying an electrical current.

From such or similar consideration G. N. Stewart’ comes to the following
conclusion as to the value of the polarization resistance stated by Hermany to be
found on the surface of nerve fibres during the passage of an electrical current ;

¢ But.it nerve fibres are surrounded by an envelope whose specific resistance is much greater
than that of the contents of the fibre, there must be a very abrupt change of potential as we pass
along current lines that cut the envelope, and the surface of the envelope may therefore become
strongly polarized. The fact discovered long ago by Hermawx, that the apparent conductivity of
nerve across the fibres is many times less than its conductivity in the longitudinal direction, although
EIF]-'[;HL".]. I'I':p' I'Ii]'l.'l i L:ll.'lf_' L) t]'lf,.‘ Tf,.‘ln'”i't't]:p' Hn.".'lt I.'.'I.'I.'LlL'i."}' tor I"“i..lri:ﬁﬂ!il':l'l'l. ol 1}“.‘ Nnerve '-'I.'IH'_"I'I. lI:IC
'l.‘lli-'lr.l?jl]g current P."Ib'uh[.::i 1|'.1|:'I'.‘3-'||'l..'l':1'1:'!.'|.' ACTOSS it., I'i.;l_'i'.:'i'l-"l.':‘i d  Inore 'I'I.it'llTﬂ.] l:x‘|."t.1l].t1iun IF Mo !‘-'LI]'\I"H!-‘L'
that the nerve fibres are surrounded by badly-conducting envelopes,  OF course if this is the case,
a part of the apparent excess of transverse resistance may still be due w polarization, but not the
whole of it, nor Fr{a!mhl}' any large proportion of it

Such a view 15 u r¢_'|1-utitinn of GRUNHAGENS nrigirmi F.nu:-i'lh'un, that the I]‘L;ijr}r por-
tion of the transverse resistance was due to a pre-existing high resistance envelope,
separating the core of the nerve fibre from the outer ‘nutritive fluid.” It 1s based
like it upon a knowledge of the histological structure of the nerve, but whereas
GRUNHAGEN'S envelope was peculiar to the nerve as its fatty sheath, and was, therefore,
rejected on appeal to the similar existence of a property by muscle where such a sheath 15
non-existent ; STEwARrT's envelope is the common property of the nerve fibre and of all
cells.  The envelope may include the neurilemma and the myelin sheath or both.
[ts thickness is not of such importance as its quality, and its quality is the common
property of all limits to cellular structures no matter how microscopically minute they
may be.

Such opinions based upon the one hand upon an intimate acquaintance with the
properties, and the limits to the properties, of moist conductors (Nerxst), and on the
other hand, upon an intimate acquaintance with the physical value of histological
structures, come to the same conclusion. The nerve fibre, covered with its surrounding
solution, can only be successfully imitated by a concentric arrangement of three
materials of different specific conductivity, and the theoretical considerations indicate
amply that no simpler arrangement is possible.

1. G, N, Stewart, Fowrnal of Phpelogy. XXV, p. 212-3
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i

The physical structure of the nerve fibre is therefore a “core model” structure, and
necessarily comprises
(1) an outer solution of electrolytes.
(2) a partially permeable membrane.

(3) an inner solution of electrolytes.

Having come to a definite conclusion, that the three conditions of conductivity
inferred as existing concentrically in the nerve fibre must be the outcome of a con-
centric arrangement of at least three different structures, we are in a position to ask
whether the statement is still justified that the most internal structure has a specific
conductivity of great comparative importance.

[s conduction of an electric current by a nerve trunk a phenomenon mainly
occurring in the axis cylinders of the nerve fibres? If so, is this to be explained by
the presence of a relatively greater volume of an uninterrupted (by membranes, etc.)
solution of electrolytes here than elsewhere in the nerve, or is it to be explained by
the presence of a solution of small volume but great concentration and conductivity ?

The question seemed answered in the affirmative by a reference to the metallic
core of the metallic core model. Such a core model does not, as has been stated,
however, adequately represent the distribution of structures in the nerve fibres.
Core models, however, such as GrUxnacex"s, have been frequently used, which
attempted more completely to imitate the distribution of structures in the nerve,
being entirely composed of moist conductors. It is of great practical interest, that in
such models it has always been found necessary to make the internal solution of
relatively great speafic conductivity before a resemblance was experimentally found
between the nature of the electrical conductivity of the model and the known nature
of the conductivity of the nerve, which it was desigred to imitate

The characteristic feature of electrical conductivity in nerve is provided by the
electrotonic currents and &y their distribution. The electrotonic currents can be
imitated by the core model, the distribution of such currents in the nerve can only
be imitated by a core model in which the internal solution is of high specific
conductivity.

This experimental fact is at least an indication which cannot be neglected, and is
universally recognized as such. It is taken to mean that the axis cylinder of the nerve
fibre 1s a better conductor than the tissues which ensheath the fibre, and, therefore,
that more electricity is conveyed along the axis cylinders than is simultaneously
carried by the other tissues of the nerve, when both are carrying an electrical
current.

It has Feen taken, however, by Hermaxx to mean that more conducting
material 1s present in the axis cylinder and not that the conducting material present is
of a better kind.
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Such a conclusion is, however, difficult to follow ; since in the first place there
is small ground for entertaining a belief in a relatively greater volume of the
solutions of electrolytes placed there, and in the second place such a conclusion is in
contradiction to the fact that in the model the conditions were obtained otherwise,
namely, by the use of an internal solution of greater specific conductivity and not of
greater volume,

One is, therefore, justified in stating, that the only obtainable evidence is in
favour of the view that the solutions of electrolytes present within the axis cylinder
are of greater specific conductivity than the solutions present elsewhere in the nerve
trunk.

Since such a greater conductivity can only be explained n one of two ways,
namely, that the electrolytes in the internal solution are different in nature or greater
in concentration than those found in the external solution ; such an inference may be
used to point to one of these two conditions as of probable occurrence. and this is of
great importance from the point of view of the *injury current.” Immediately it is
gmntﬂl that the internal and external solutions are not the same, it becomes almost
necessary to assume that the rupture of such a compound conductor would give
rise to new processes of diffusion, and so to an “injury current.’

Even if we abandon this most probable view, that there is a pre-existing difference
between the solutions, and for the time being suppose that the internal and the ex-
ternal solution are one and the same in nature and in concentration ; still we cannot
afford to neglect the importance of this tubular membrane, capable of maintaining a
difference between the solutions, should any new cause for such a difference arise.

[.et :m}'cht:l'm'i::I] Chﬂllge occur in the matter within the tubular diffusion nh:-;t:u;]q:,r
and lead to the formation of new electrolytes and to their appearance in the solutions
therein contained ; at once 1s seen the possibility that they may be confined to this
situation by the enclosing membrane.

Let, for example, carbonic acid be produced from the destruction of some com-
plex organic body in the axis cylinder, then it is concetvable that this substance might
diffuse with greater ease along the track of the internal solution than through the
membrane into the external solution. At once a difference is created between the
two solutions, and, were the nerve ruptured, then at the injury the carbonic acid would

have its first chance of freely escaping from the internal into the external solution.

Granted the core model structure of the nerve fibre and the existence of this
tubular surface of :u:|‘r.11‘ul’im1 of the solutions contained 1in the nerve, we are at once
presented with an important factor determining the origination of an ‘mjury current.’

The first effect of injury is to disturb this barrier between the mternal and
external R.{:Il,lﬁt]-!l.‘i_r and whenever differences -.:In;:td_r exist between them, to :r_n,i\.'u rise

f}ﬁjr)ﬁu‘m ta a ‘current of illjury.'
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A second effect of injury may be to lead to new chemical change, and to new
differences between the two solutions. Even if so, it is extremely probable that the
localization of the resulting electrical phenomena to the region of the injury may be
a consequence, not of the localization of the chemical change, but of the injury to
the tubular membrane.

In considering the physical structures of the nerve, therefore, the greatest stress
is laid upon this separation of structures into ‘internal” and ‘external,” and upon
the presence of the limiting surface which determines this separation,

The experiments recorded in the subsequent sections of this paper have been
devised to test the opinion that this is a matter of primary importance.



REPLACEMENT OF THE EXTERNAIL SOLUTION OF THE
NERVE BY WATER

ExpreriMENTs o NormaL, ApNorRMAL, AND DEGENERATED NERVE

In the last section it was stated that the main characteristic of nerve of interest
from the point of view of the injury current was the presence of “membranes,’
which confine the important structures of the nerve cell processes from too familiar
contact with the surrounding lymph. Such an arrangement is by no means peculiar
to nerve, but seems to be the common property, in varying degree, of every cellular
structure. Th{: I"'ﬂ..'L‘Uliﬂl' fhi:l.rilﬂ:n..']'i.‘i-tif ﬂ]f neryve IIH tl"l.{..' If}r]gi[lll{illil]]}' lll]l]rflk{.'l! Con-
tinuity of its constituent parts, and their arrangement side by side in the nerve trunk
in parallel tubular compartments.  In a sense this peculiarity is shared with muscle;
but in that case there 1s a !it:t:{:rml:ll‘}' transverse Hi:gim:nt;llitm which 1s not ebvious in
nerve, and also the limits of the ]-"l:i:L!“;lrif_q.' are there narrowed E:l].' the inc:n‘r'n].ulr:lh]_'l.'
shorter length of the muscle fibres.

If it is believed that the internal solution of electrolytes found within cells in
general is not the same as that which is found bathing their external surface, then
the case of the nerve cell process of the nerve trunk offers itself as the most suitable
for the testing of this opinion.  For such a difference must give rise upon rupture
“f- rh"i.: |'|'|l.'['|!|l|.':lT'-'1F'ICH Ty L“ﬁllf‘ii“ll I‘I"(H‘Uﬁ?‘il.'!'i} '-'il'lli ':."']II?"-&.'L{IH.'T'IH}' tia l.“ﬁ:;.‘r'l.‘]'lt'l_‘!‘i {]TL [1f]1l‘11[i:ll .
and the prolonged surface of the nerve cell process obviously offers the best case for
the examination of these electrical differences.

If such electrical differences as are found in the phenomenon of the injury current
are to i",‘ [”tﬂ,”}" L":'l:]_'ﬁ]ilii'll..'l\l 'il] l:]"li"- “"il}', H'.I{"J." ."'-]'II'ILI]ti IT‘L" l.".t]':lltlﬂl: []'T- T'Iflﬁl.:l.i.I.iL':”iE]'i'l ir'l |
manner entirely the same as that which would be expected from a process of diffusion.
The value of a diffusion process depends upon the ratio between the concentration
of the two solutions in contact, between which diffusion is lﬂkin:__g |1n:|;li.'r:.r and it can be
gl'{:ﬂtl}' ILHI:['L'EIHL'{,i i'l:.-" iii!l!'—lll;ﬁh;”g “]L‘ ('l"“:{.'l'll'l','l,t"ll”l 'l']'- th.!,.‘ “'L':lkl:l' H[}]I.I.r'-I[”I. I..L'[ L%,
therefore, reduce the concentration of the external solution of the nerve trunk to a
minimum, the value of the diffusion process consequent upon rupture of the ‘mem-
branes’ (which confine the internal solution) should be greatly enhanced, and with
this there should also occur a areat increase in the iil_iur}' current.

Such a modification of the conditions of the nerve trunk is casily obtained by
hnrm:rﬁing it in water. For there is no reason to doubt that the p!'im:tr}' effect of such
an immersion 1s the extreme dilution of the external solution ; although, as a later
consequence, a dilution of the internal solution must also inr.".-'it:lh]:. occur. This
differential modification of external and internal solution s the usual result of

Immersion in m}]utiunﬁ, and 15 a fact l.'ur\tim,u‘:"}' taken '.hi‘u".ml:.'!.g_{:.' of in the ill'||1|'{,_'g‘i1:|tini1
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of tissue with dyes for purposes of histological research. In such researches the
artifice of immersion is freely used to remove some impregnating solution from the
external surface, and to leave it within the internal solutions of the cellular elements
of the tissue. It is an occurrence, however, which does not require for its confirm-
ation such evidence as this, if it be granted® that the limiting surfaces of cell, as shewn
by the osmotic pressure exerted by the solutions in them during immersion in water,
are barriers which limit the extent to which diffusion can take place through them.
For it at once follows that it is easier to remove particles in solution outside the
barrier, than those which are protected by such obstacles to their removal.  Moreover,
this differential modification by immersion in water is seen to be the converse of a
modification of which no one will deny the actuality, namely, the easier access of an
impregnating solution to the external solutions of the nerve than to the axis cylinders
of its nerve fibres.

Granted that an immersion in water affects first the external solution, the modi-
fication in the injury current produced by such an artifice is of great interest.
Tmmersion in water always very sensibly increases the injury curvent of nerve. The result
of the experiment is entirely in agreement with the anticipation, which foresaw such a
result f{}":}wing upon the dilution of the external solution 5 and in so far as it s a
confirmation of this, it may itself be used to stn:ngthen the evidence in favour of the
great impnrt:lru::: of the core model structure of the nerve.

Nor is this the imit to the interest of the information which can be obtained from
such experiments.  There is no circumstance under which nerve shews an injury
current, that the current 1s not increased h}r an immersion in water. But fur[her,
A |"|l,."|'l,.'2|5 nerve can I]L' IT[H.['L'I;,I i!'l.I “."hEtt i,!".h l"l]'l.lil'l.:l'l'il}" Cﬂl]ﬁ-idf]’{.‘d’ :-‘,uq:h id I;,il_.'hi]'itﬂ.tﬂ(l con-=
dition that it shews no injur]..-‘ current, it sometimes h;lppcrm that even then an immersion
in water will evoke from it an injury current as great as that which can be obtained by
the same artifice from the most * vigorous ' nerve.  These latter conditions are, in fact,
such as to justifiably provoke the following statement :—Even when all the solutions in
the nerve, external and internal, bave been brought by processes of diffusion to a common
levely, then an tmmersion in water is of itself productive of such a new difference in concen-
tration of the external and internal solution as to reprodice, and ro reproduce to its full extent,
the phenomenan of the injury current.  This statement i1s based, as will be seen, upon the
examination of the injury current of degenerated nerve.  Such a nerve removed from
the body and provided with a new cross section may shew no injury current, and yet
an immersion in water may reveal a current as great as that obtainable from a healthy
nerve taken from the same animal and subjected to the same artifice.

In such a nerve there is reason to believe that the tubular limiting ¢ membranes’
are yet intact, their contents, on the other hand, are gravely altered. There 1s still,
in such a nerve cell, substance limited by the neurilemma : although the cell substance

= Gee l:'!'i.‘:"'lﬁil'i.ll:-' COMmnIcation, J"_l'-.._(.'_l":l;x’- H-':].nr .".‘-'..':'.-’_:'|. J_ 5. :'n.l.h..'-i:l:ll.:l|-|. val- |I'|'ii1 FLE=F 20,
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1s not that of the nerve cell process, the myelin and the axis cyclinder being broken
up and discontinuous.  The usual explanation of the presence of a small injury current
in such nerves is a * vital " one, and in terms of the discontinuous fr;tgmn:nt:‘. of the axis
cylinder.  On such lines, if it is possible to explain a small current, it is quite
impossible to explan a phenomenon as great as that obtainable from the inract
nerve.

The explanation which is offered now in the terms of the statement given above,
1s based upon the fact that the value of a diffusion process (m' of a |‘r:1t=;nti:l] difference
caused by one) i1s dependent upon the ratio between the two solutions, the same
value being obtainable by the contact of several sets of solutions occupying different
places in the range of possible concentrations.

It it were p::uﬁ'.;'lhlc to obtain pure witer free from disolved matter, the :L__{rc;ltc':-ll‘
possible difference between two solutions of approximately similar concentration would
hl,." I‘}Qtur'l,'l,‘.']'l ﬁl!l:'h I"IUZI'L' wilter ﬁ.l'll,{ 4 water il] ‘l."n."hifh [hl._’]'k‘ Wils 1']"]‘1.' i ‘illghf [race ”r '.]l].l.l'.."'ii
electrolyte.  The difference given by such a combination would be greater than that
obtained by ¢ contrasting * impure water with any obtainable solution, for in the first
case the ratio is infinitely great, its denominator being zero. Such a combination
could, however, only exist for an infinitely short space of time, since contact with the
impure water would rapidly soil its theoretically pure neighbour.  Similarly, when
there is any great difference such as this between the two solutions in contact, the
difference is rapidly diminished by what we may term the soiling of the standard of
comparison—the more dilute solution. Considerations such as this render a satistactory
explanation feasible for the practical impossibility of obtaining infinitely great differences
of potential between solutions in contact.

In the extreme case when water is offered as the standard of comparison to any
solution, the actual result obtained 15 :i]w:l}'ﬁ; smaller h:l.‘ reason of this error, and the
greater the concentration of the contrasted solution the greater the diminution due
to the error.

Granted in the experiments quoted that the tubular membranes are intact or still
serviceable.  Granted, also, the small current found is to be explained as due to the
existence of only a small difference between the internal and external solution. There
15, then, every reason to conclude that it might be possible to obtain as great a
current frﬂ“] SI,II.'h a nerve :lf'tl._"l' 1) | i]T]]T]L"l'ﬁi{]I'I in warer as ﬁ'ﬂn] A rlf!rlu‘.tl Nnerve.
For in neither case, when the observation is taken, is the outer solution actually
replaced and maintained as replaced by water; and the depreciation in the value of
this standard of comparison (water) is likely to be greater when the internal solution
1s of considerable concentration.

It 1s worthy of note that, once granted the schematic structure which 1s claimed
for the nerve, every difference between its internal and external solutions is hable

to lead to an injury current, the direction and amount of which is determined by the
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difference.  The only circumstance which can lead to the absence of an injury
current is the temporary equality (in essential particulars) of the two solutions. The
circumstances which determine a final disappearance of the phenomenon are:—

1. The destruction of the physical characteristics of the tubular membranes.
2. And the total removal of all electrolytes from both solutions by a pro-
longed washing of the nerve in water.

One other point is also worth attention. Some reason has been given for
concluding that the internal solution of electrolytes 1s the more concentrated of the
two. Granted the correctness of the view which is here taken as to the causation of
the injury current, then these experiments with water are in confirmation of such an
opinion.  The fact that an increased dilution of the external solution leads to an increase
of the phenomenon may be taken as confirmative of the opinion that the phenomenon is due to
the comparative dilietion of the external solution.

The measurements of resistance given in the following experiments were undertaken as indices of
the extent to which the immersion in water succeeded in washing electrolytes from the nerve.

EXPERIMENT (TAP WATER)
Vacus Nerve o Doc

Piece of right vagus ten centimetres long. Removed immediately after death. The potential
differences given were measured between the upper cross section and points upon the longitudinal surface.

Points (1) (2) (3), etc., refer in each case to a point on the longitudinal surface distant 1, 2, 3, etc,,
centimetres from the upper end of the nerve.  Point (10), therefore, is the second cross section, and the
difference between the two cross sections recorded under this heading is here as in the other experiments
marked by an asterisk.

Potzntial Differences Average Walues
Paine (1) ‘00248 ‘0ozgh a7z x 1o+ DL

wo (2] "00300 00328 14

(3) '00324 00328 326
»  (4) o0 348 \ ‘00328 338
T 00364 | 00328 346
o  [6) 00364 : ele 346

(7} 00364 v ‘00348 356
» [8) ‘a0 160 003 3h 348
s (0] 00lz 00304 jord
w [10)* ululatutiy Tatalelatel oo 8

P B - .
Points marked thus * are in cach cage the second cross sectuon.
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Below are given the resistances measured from the upper of the nerve to each point observed.

Point (1) 10,600 ohms or 10,600 ohms per centimetre
LS 17,600 8,950 " b
w (1) s 26,000 8,660 ” »
w  (4) 5 1 =L T 8,520 ’” "
S $1,500 B, 300 s o
o (6) .. 50,700 o, 8,450 » ”
5 7) ;9,600 8,510 i v
»  (8) - 6g,100 ,, 8,640 - .
w (90 .. 78700 8,700 " "
o dfro)E Fo 2,200 8,200 - P

The nerve was now removed from the moist chamber and placed in a large quantity (2 litres) of
tap seater, in cwhick it war immersed fir tex minates. At the end of this time the nerve was removed,
dried in filter paper and replaced in position in the moist chamber. A re-examination was then made of
the potential differences between the upper cross section and points upon the longitudinal surface.

Potential Differences Average Values
Point (1) 0ofiT3 ‘00368 Gzox 10—+

w (2] ‘00766 00673 719

n (3) 00933 "O0B00 Bh7

n (4) ‘01010 " ‘00537 983

s ) 0l214 ‘01096 115°5

n (6) ‘01307 orz14 1260

» (7) 01650 ‘01500 I57°5

»  (8) 01404 ‘01325 13604

» (9 "00713 ‘00739 726

» (10)° o o o

Points marked thus ® are in each case the second cross section,
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The potential differences between the same points and the other cross section were next

determined.
Potential Differences Averaze Values
o M SR = |
Point (1) ‘00568 ‘00436 5oz x 10—+ D,
w12} ‘ocbhis ‘00528 581
» (3) ‘00726 ‘00634 680
a ) 00837 oaTih =81
wo A5) ‘00924 ‘oofoo Bz
» (6) 'CO9TT 00519 948
w A7) ‘01135 o106 III'S
»  (B) o1elh ‘00977 996
—] ‘cog88 ‘00488 488

Finally, the resistances between each point and the upper cross section were again taken to deter-

mine the alteration produced in them by immersion in water.

ResisTance
From Upper Cross
Section to L e
In chms In ohms per centimetre

Point (1) 13,500 13,500
e Lx) 30,000 15,000
w (3) 39,300 13,100
w4 | 1,700 12,50
» o (3 -i 61,700 | 12,340
w  (6) ' 92,400 15,400
S ) : 99,700 14,240
n (8] 100,000 13,620
» (9) 120,000 13,300
n [1G}" 110,300 11,600

'l'\l.l B TINGAT Kew LS are il1 cac Case 2 2eCOnil (TOoSS S0 im.
Painte marked tl * h th i t
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e i
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N2 (Fig. W)

A 15 the curve of distribution

-

l.lr ].\'l inent i.il lI]“lilTl ll]{.‘ TETVE 1% h"_"'ﬂ

removed from the bodv. [t wall be

— seen that, in all essential details, 1t s
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I:]1r.' I.I]"'E"{"T CNiFaG 504 'IilII'I.I

B is the similar curve obtained
],1‘.:,']' I:il_ i-._ 1F!nq_'r|;r;||'|:',| :.u'.".|_'|'_:|, '|'}::_'
— 5 point of reference in this case was
n

1 o -
l]1|.' HRYCE Cross section {P. T 00

L

w04

.:‘-:l.'l.']'l'l.il'llt i"w uEF.'I'.".]'I €8] |F]L‘ F-P-Z-

H?E : . . ) .
Lt of =|1.l;: Maximuym l"|l|'|'|‘. By € || o
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In this experiment the resistance of the nerves is increased from 82,200 ohms
to 110,300 ohms by the immersion in water, an increase which can immediately be
assigned to the removal of electrolytes from the nerve. There is also an indication
in the data that the superficial resistance is more affected than the *longitudinal
resistance,” and, therefore, some confirmation of the otherwise amply justified belief
that the electrolytes removed from the nerve come largely from the surface
solutions.

Support for this last statement is found in the measured resistance of points
(g9) and (10). In the measurements of the resistance after immersion the paradoxical
result is obtained that the resistance of 10 centimetres of nerve 1s 110,300 chms,
whereas the resistance of g centimetres of nerve is 120,000 ochms.

The resistance of the 10 centimetres is, on consideration, obviously less, because
taken from cross section to cross section and not through the transverse resistance,
whereas the g centimetre resistance includes some of this transverse resistance. In
this case, also, the transverse resistance must be relatively much greater than before ;
since in the resistance measurement taken before immersion the influence of the same
factor can be detected, but not present in sufficient force to produce the same

paradoxical result.

Attending this loss of electrolytes, inferred to be mainly from the ‘outer
solution,” there 15 a great increase in the potential difference between longitudinal

surface and cross section.

(Before, 35°6. After, 160°0)

an increase of more than four times the original value.

The curves of disiribution of potential taken are of interest, in so far as !JJL'}' are 1}'[11'1'-1”}'
asymmetrical. The curve taken after immersion in water is very obviously so, and the repetition of the
curve taken from the second cross section, which was undertaken to prove that the asymmetry was not
the artificial product of the order in which the observations were taken, is an ample confirmation of
this.

If the curve taken before immersion is examined it will be seen that the asymmelry was .'I]I’i.":ld}'
present before the immersion in tap water, that the maximum of the curve in fact remains in a position
unaltered by the modification.

It is worthy also of incidental notice that at the time when the asymmetry was most marked, after
the immersion, there was no |'!:rtlr.'|1.Lial difference between the two cross sections to account for it 3 that
also the repetition of the same curve by a subsequent examination taken from the second cross section as
reference point leaves no possibility of considering the :L:i}'l'l'lmctrit'-il form of the curve as the outcome of
the mode of observation ; that the measurements of resistance do not reveal any variation in the calibre
or in the specific resistance of the nerve in different portions of its length which could make 3 centimetres of
the nerve on one side of the maximom }‘*uim L'L]ui"-':lh'lu to 7 centimetres upon the other ; and !in:ll]_r that a
conzideration of the form of the curve leaves little room for the suggestion that its irregular form is due

Lo t i Prescnee of A CERR0TY hl'lil.] I]'I_'l Urles,
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It may, from the experience of many similar experiments, be definitely said that
the results of this experiment, whatever be the assumption to test which it was made,
or whatever the explanation offered, conclusively demonstrates an experimental fact
capable of constant repetition, namely, that a short immersion in water leads to a
great increase in the value of the potential difference between longitudinal surface and
cross section of the nerve, and even, since the resistance is not proportionately
increased, to a great increase in the injury current.

Nor is this effect of an immersion in water confined to an effect upon nerve in
any particular condition, for it 1s capable of being repeated upon nerves with very
different previous histories.  One condition, however, in which it is unattainable is
worthy of especial attention, a long continued previous immersion in water, for in
this case there can be no question of the meaning of the exception. [ hen the
electrolvies in solution are all removed by processes of diffusion theve can occur wo further
electrical phenomena.

The foliowing are briefly recorded further examples of this effect of an immer-
sion in water :

(1) A Nerve FresuLy Removep

Sciatic nerve of cat on removal ... ‘oz4 Daniell.
After 10 minutes in tap water ... ‘053
—

(2) A Stare Nerve with IDimivisiep Currexr

Phrenic nerve of dog on removal ‘wobe Daniell.
Alter 3 hours in the moist chamber ‘ool
After 10 minutes in tap water ... =] =] -

(3) A NervE WHICH HAS BEEN PLACED IN STRONG SALT SOLUTIONS

Sciatic nerve of cat on removal ... argz: Damell.
After 1 hour 4o minutes in g/ NaCl elsd fs]
Alter 5 minutes in tap water ... 024

(4) Nerves waicH Have Remamven Loxne v the Booy or a Deap Aximvar

() Sciatic nerve of dog removed z4 hours after death ... ‘cootl Daniell.

After 10 minutes in tap water ... g=l=NT= ¥

(#) Dog dead 3 days and 2 hours, during two days of which the body was placed in a refrigerator,

and then for 24 hours was allowed to lie in a warm room {August).

Sciatic nerve on removal ool Danell,
After § minutes in tap water ... 0oj g
A shere immersion was chosen under these circumstances, for it has been found that a long mmersion in such

a case results in a reversal of the injury current, 3 matter which will be further treated fater,
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(4) Nerves wuicH Have Remainep Lone 1n THE Bobpy of a
Deap AxiMavL——continned

(<) Catdead 7 days. Placed in the refrigerator during the whole of this period, except the first
4 hours,

Bciatic nerve en removal 003 Daniell.
After 10 minutes in tap water ... ool

B

(5) Decexeraten Nerve

The two following experiments are recorded in some detail, since the results
obtained in them are of an obvious interest. The main facts have been previously
recorded” and are here quoted, the details being given in an appendix.

(a) Vacus Nerve or Doc

Prefiminary speration. 1 centimetre of nerve excised at upper, and 1 centimetre at lower
limit of nerve in the neck.
Examination nine days aftersards.  The animal was killed and the degenerated nerve imme-

diately removed s i s o000 Damell

After 25 minutes in tap water MRS

(#) Sciaric Nerve or Do

Prefiminary operation. 1 centimetre of nerve excised.

Examination tweloe days aftersardi. The animal was killed and the degenerated nerve
immediately removed ... ‘es ‘003 Daniell

After 40 minutes in tap water 023

BE

* Sec Prelimin iy communication, I‘rﬁ'-‘rafrlrgs R-:.r.n" -:I:I;Iffrl"r, fac. crr,




APPENDIX
EXPERIMENTS UPON DEGENERATED NERVE
Experiment |1
Vacus Nerve or Doo

Professor SuerrinGron most kindly performed the preliminary section of the
nerve, thereby placing the completeness and reality of the operation beyond dispute.

Two pieces, each about 1 centimetre in length, were removed from the left vagus nerve of this
animal. One at the extreme upper limit of the nerve in the neck, and one at the extreme lower limit.

On the ninth day (ten inclusive of the day of operation) the piece of nerve which extended between
the sites of the operation was removed.

1 centimetre from the site of operation.

Deceneratep Vacus NErvE
Porential difference between points on the longitudinal surface (normally <+ ) and the cross section
Point (1)* o
»  (2) positive. A deflection observed current too small 1o compensate, and, therefore, less than

the unit of compensation ("00008 Daniell).

o (3) . - . i
w4 » - - "
" {ﬂ " " e T
w (6) » v s o
» (7) » " A o

w  [8) The second cross section was negative.  The deflection observed, but current again oo
small to compensate.

A fresh section was now made at point (6), the subsequent examination revealed the same small
difference between this point and the longitudinal surface as for the original cross section.

Resistance of piece 6 centimetres long measured = 30,100 ohms or 5,000 per centimetre. A fresh
section was now made at point (5), subsequent examination revealed a similar state of things as before.

The nerve, 5 centimetres long, was now placed in tap water and left in this
for 25 I:I'Iil'll.'EtES, at the end of which nme 1t was. removed and dried in fileer paper. U pon removal
its altered appearance was noted. It was swollen and shorter, length 47 centimetres. It was nigid but
pulpy in appearance, unlike the clean rigidity of a normal nerve after immersion in warter.

Resistance measured was 51,400 ohms or 10,280 ohms per centimetre.  Potential differences

between longitudinal surface and upper cross section, and :'-ub:-r_'tlllcl:ll:]'l.' to lower cross section.

Draniell Dansell
Pone (1) positive wo upper section ... ol17424 to lower section ... Q12930
o (2) ” » .. 020004 . . 012036
» o (3] " o S = I - i iee ‘Ol2O1Z
» 4) s s van OIOZO0 o see TOQOTQIO

The lower cross section {5} O

* Foimt (1) 2% wsual mcans point distant one centimeire.
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A Piece oF tHE RigHT, INTACT, VaGus was vow REMOVED, IN LENGTH
8 CENTIMETRES

The potential differences between points upon the longitudinal surface and the two cross sections

were measured.

Daniell Danicll

Point (1) positive to upper section ... 0002064 to lower section ... -coz237h
w o (2) » " v "ODI320 it .. 004092
»  (3) = e s 001320 - .. 'cO40G2
» (4) " 2 wen Q0230 1 ... 005016
w (5) o " ... 003036 i ... '005808
w (6) " # cen  o02640 ot ... 005280
» A7) " = ws 002375 2 o 004336

(8) the lower cross section negative to upper ‘eoo7gz Daniell.

A new cruss section was now made at point (6). The potential difference between longi-
tudinal surface and this {maximum) was ‘eo7392 Daniell.

The resistance of nerve 6 centimetres long 69,300 ohms, or I1,550 per centimetre.

The lower centimetre was now excised, leaving the nerve § centimetres long.

This picce of neree twas then immersed in tap water and left in this for twenty-five minutes, Upon
removal the nerve was slightly rigid, shortened to 47 centimetres, but did not appear
swollen or pulpy.

The resistance was 96,300 ohms or 19,260 per centimetre.

The pntr.'nti.al differences measured—

Dranicll Dramniell
Point (1) positive to upper section ... ‘013068 to lower section ... "OL4114
iy Nz i i wee | 14520 - e c@IGI82
n (3) " " vee "OI5048 " .. "0ISI82
» L4 " ¥ aes 'QI&:-GZ i '¢I+;55

(5) the lower cross section negative to the upper ‘cozgo4 Daniell.

The examination of the second nerve was as the observations recorded shew, a repetition of the

procedure of the examination of the first.

Exreriment B
Scratic Nerve oF Doc. Bk 11, 102

On Thursday, July 26, 1900, Professor SuerrincToN performed the pre-

liminary operation upon this dog.

A piece 1 centimetre long (about) was removed from the extreme upper end of the right sciatic
nerve trunk.  The wound healed subsequently in the usual manner with no accident. On “Tuesday,
August 7, 19c0, the dog was killed, that i1s on the twelfth of the days succeeding the day of the aperation. The
right sciatic nerve was removed, 4 centimetres being cut off below the operation section and thrown away,
and a piece § centimetres being taken from below this for the purposes of the experiment.
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(In all the succeeding statements of the potential differences, point (1), peint {2}, etc., means a

point on the longitudinal surface distant 1 centimetre, 2 centimetres, etc., from the upper cross section).

(#) The resistance of piece of 5 centimetres was 14,800 ohms, or 2,000 per centimetre.

'ILIH: i.‘.llli."l!li.'t] I'.:Iiﬁll.'!'i'_'“t'l_'}i hi.'l'.'l.'tl"l] PEJiHl:' oan []H,! ]1’:51&1!“&;“,‘]! :iuri-.li_'l_' alll;,l 1.hE I;]I"rl:r Crss

section were
Point (1) + *000264 Danicll

s (2) + ‘ooozby

» (3) + 'oooi3z

w (4) + rcooi3z

Ohiher cross section (5)* + o

The difterences were thercfore normal in direction, but small,

(#) The nerve now (ten minutes after its removal) was placed in tap water,
and left in this for tWEﬂt}f minutes. L'E'.un removal 1t was dried in Aleer paper.
It was now slightly rigid, and measured 5 centimetres.  Its resistance was 20,200 ohms,

or 4,040 ohms per centimetre.

Point (1) + 002772 volt potential differences to upper cross section.
w (2) + -ooigho ,, = .

» (3 +

» (4) + 008712 ., e %

* (';}. + "QQo13z o, ' w

‘007128 T "

Ohther cross section

{(€) The meree wwas wote seplaced in tap water, and feft for a farther teventy minates in this, "The
results of this, as of similar successive repetitions of the same manocuvre, are given in the
following table :—

(< (o) £F)s (8)s (8), (#) in the 1able, represent repetitions of the same manoeuvre, and the subse-
llllt“l "I‘.“‘L‘T'I.'-ltiﬂ!'ll"! I“-idf-

After thisthat is to say, four hours after the death of the -:.Iul_g, the nerve was i1'|.u'q:..:| in kap water,
and examined after being in it twenty-four hours ; the nerve was still tense, rigid, and swollen, and

provided a demarcation current in the normal direction, as in the table line /).

A similar observation was made the next day (&), the nerve having been now forty-cight hours in

Lap water—it was still rigid.

THe Intact Nerve ofF tHE OTHER SIDE oF THE SAME ANIMAL

The left sciatic nerve was excised immediately after the first examination of the degenerated nerve was
cnmpl:::ml, and whilst the dcgcuf:r;llml nerve lay in its first bath of tap water. This nerve was examined
and then treated exactly in the same manner as the degenerated nerve was treated, the observations upon
this nerve alternating with those upon the other, and so also the immersions in tap water.  The main
facts of this examination are given on following page.

Points marked thus # are in cach case the sccond cross section
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R EsisTANCE

: : : il - Maximam
Immersion of Nerve in tap waler Length | Potential Difference
st IR
(#) MNerve at once 5 15,900 . 3_}13[) : "0IRz
(#) After 20 min. in tap water ...| 5 | 20,400 | 4,080 | ‘0267
(¢} Another 2o min. in tap water g2 | 23,100 I 4,440 | ‘0260
{
1 [ i e 52 ' 28 800 ! 2,540 , Q175
(&) o i = ] (3F] ! 349,800 | 7650 0151
A 5 = i 52 ‘ 51,100 | 9,830 i 0129
| |
(g) o i - Li2 l 54,900 ' 10,540 ' ‘0166
) " 2 = 5'2 ; 61,000 : 11,730 | ‘o1 30
() - » " 52 | 88,700 | 17,060 | 0174

The nerve was now placed in tap water for 24 hours, at the end of which time it was
removed rigid, but not swollen, like the nerve of other side.

{7) Alter z4 min. in tap water I — | 307,500 60,000 D04
|

Contrast these observations with the similar observations made upon the first
nerve, the degenerated nerve. These are found in full detail in the table upon the
next page.
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THE ACTION OF SOLUTIONS OF ELECTROLYTES

Previminary ExperiMenTts DeEciping THE CHolice oF a ConvenienT DuraTion
AND TEMPERATURE FOR IMMERSION OF THE NERVE

Three statements previously made are here repeated :—
(1) That the ‘core model * structure of nerve is a fact and demands at least
the presence of-
() An external solution,
(#) A diffusion obstacle,

(¢) An internal solution.

(2) That probably the internal solution is the more concentrated of the
two, that at least the two are certainly different.
(3) That the injury current is the inevitable outcome of such a set of

L‘tl]ui]hﬂrlﬁ,

These three statements are repeated because, with them in view, it is possible to
intelligently follow all the modifications produced in the value of the injury current
of nerve by the action of solutions of electrolytes. Thus granted that the value of
this current (more strictly of the P.ID.) depends upon the ratio existing between the
concentrations of the two solutions, it at once follows that a replacement of the outer
solution by a still more dilute solution should increase this value, and that replace-
ment by a more concentrated solution should diminish it. It will be seen that this
;l.[”'ll:"lil'l'l_"“[]ﬁ' ﬂrlljg(}]]i.‘i"il' H.l;'ri'[}]'l hﬂ't“'lﬂ:l] moare l_li]l] e El]"ll;l maore ff}]'ll.'{,'l'lh'ﬂt!..‘d E'i-lflll,lti.i'.lﬂ."i-
has been found in the case of solutions of several u:l-:ct]‘nf}'t::re, it may be said in every
such case in which it has been sought.

There i':-ui in I:'Eu;'l‘, !'I:}‘n.".'l.:k-'l.‘l'} no real a rl[.‘lg{}]'li!-iﬂ] between the action of dilute and
concentrated solutions nfclun:rml_r.-rcﬁ_ There 15 an apparent :mtag:mism, because an
'.l.l'lﬂl']'il.l'}‘ standard i1s chosen for 1.':1r'l'|pf|ri:-;nr1, IILII‘J'L'::'}', the concentration of the external
solution already present upon the nerve when removed from the body. All
appearance of paradoxical action is at once removed by the acceptance of water as a
zero of concentration.

The action of water was studied in the last section ; it is now our intention to
study this action diminished by the addition of electrolytes to the water used, and it
will be seen that the diminution increases with the quantity of c[ut:tr{ﬂ}'tc:; which 1s

il'\.l.xiﬂ_‘l.].
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Before doing so, however, it is necessary to examine the limits within which
such a study can be pursued, limits which have already made their appearance as
modifying the action of water. The first and most important of which is that set by
the nature of the diffusion obstacle separating the external and internal solution.

It is not claimed for this * membrane * that it 1s an absolute barrier to processes
of diffusion between the two solutions. Such a claim would place it in a unique
p:}:-;i[i{}n zummgﬁt .',1“ H'u,' nth{-r lil‘tlitihg cell :ilH‘EiL‘L'H ot thq: h(hi}‘ as a Hrri{:d}' d::ﬁrwd
‘ semi-permeable membrane ;7 would place it in fact, if logically maintained, in a unique
position amongst the membranes studied by the physicists and called by them * semi-
permeable.”  This membrane was called into theoretical being by necessities which
Arosg ii'l ﬂ}il"llfl.l'lﬂti[}]'l lif H"IL' IT[}]E']'ixﬂ.Ti.IH'I ],‘I}'H.‘I!ﬂ“'.l{."l]il, 'L'llfll.:l.:I once IH}H[LI]E[TL’\'J 'it‘\ {'?{i.‘itl,:]'l{,'k‘
was found, from general analogy and from other circumstances, to be not only not
contra-indicated but even to be confirmed. Even if it be admitted, and it 1s not, that the
necessities of the polarization phenomena form, after this subsequent examination, its
only claim for existence ; still, it must be granted that these necessities are far from
demanding a strictly semi-permeable membrane.  All that i1s required by them is that
the membrane shall be a ¢ partial * barrier to the movement of dissolved electrolytes,
and shall so give rise to the accumulation of charged particles on its surfaces, particles
left behind by their fellows which have successtully traversed it, and so conducted the
electrical current.  In short, neither theoretical necessity nor the teachings of physio-
logical analogy point to the presence of anything but an imperfect obstacle to processes
of diffusion between the solutions of the nerve.

Granted that this s S0, and that as observed in the action of water l':.wr; page 274
[I]L‘ l,_"ﬂ'-(_"l:t {}1: II'I"['Il'.l'I{,'r.‘\'-IIIfII_L.:" d NErye ;.!'I il gi\-'l.'r'l H{]Ill'i“ﬂ 'i‘.'i 1Ot |]'|.l,."|'l,.'|:|.' 0 'I'U'l_‘llil,l,'k‘ \"i."ith rh‘iﬁ
the external solution of the nerve, but also by penetration of the diffusion obstacle
to modify the internal solution ; then here certainly we have a reason for accepting
the formerly rejected standard of concentration, namely, that of the *isotonic solution,”
which is removed with the nerve from the body.

Granted that an immersion affects both the solutions of the nerve, then immersion
in a dilute solution

EI::I d;..ll.]t'l',.'ﬁ FI'IL' {:.\\:tﬂ:l'ﬂﬂl ?'i”]l.l.l;l'”\ ii]lli =0 i.ITIIL'rL“,'LHL'ﬁ thL' ir]jur‘}' I._'Hr'r't_‘r'l-r}

(2) dilutes the internal solution and so diminishes the injury current;
whereas immersion in a concentrated solution

(1) concentrates the external solution and so dimimshes the injury current,

(2) concentrates the internal solution and so increases the mjury current.
It is fortunate that the second effect must in both cases be ::umi'n]utul.l later than the
first, and that so an opportumty is left tor the study of the first : even if it 1s not as
Fcri'::l:t' as a physiaist, with the advantages of determining his own conditions, would
choose for the examination of the differences of |::Jtn:r1ti;1! caused h_'l.' diffusion into

L‘{}nrr;iﬁtcd 5:}|uﬁnr15_ To m;ikc the most {Jf the {}]'.-[‘l{:r'iutﬁt}' it is NEeCessary to accept
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the indication of preliminary experiments in choosing the duration of time most
suitable for the immersion of the nerve in the solutions used. The shorter the time
the less will be the undesired modification of the internal solution of the nerve.
It is thus necessary to fix a time not too short for the best replacement attainable of
the outer solution, and yet as short as possible so as to ward off this antagonistic

modification.

EXPERIMENT 1

Sciatic Nerve ofF Car
a'\. '|."iL'L'L' uf N:.'rl.':: 5 L'L'[Itill'll‘.'tl'ﬂﬁ 1.(]“g

Value of i11j1.|r_'.' feurrent | upon removal 15 x 10" 3 Danell
After an immersion of 1 hour and 4o minutes in

g per cent. MNaCl solution 1 = !
After a subsequent immersion of 15 minutes in

tap water 11 " ”
,f.frg'.l' a r,r’.l':.-.l ther  Tmmgrsion g.l" 30 miBnies in fap warer

(45 minates in afl) v 2z - =

The solution of NaCl used was maintained av 17" C.  After each immersion the nerve was dried
in filter paper. The nerve was examined several times during its prolonged immersion in the concen-
trated MaCl solution, after the first lu'uiﬂ:.'-.ﬁrr: minutes, a second ['I.'-'L‘H[_'!.'—ﬁ\'l:.‘ minutes, a third I'I.".'I'.'I:I[}'-.ﬁ'l.'r."
minutes, and then ten minutes ; on each occasion the value of the injury potential difference (longi-
tudinal surface to upper cross section) was found equal to "co1 Daniell.

EXPERIMENT II
Sciatic Nerve oF Car

A piece of Nerve 5 centimetres long

Value of injury *current’ upon removal i7 % 1o~% Daniell
After 5 minutes in 45 per cent. NaCl solution 24 T -
After 45 minutes (in all) in 45 = i 3 i a

After a swbieguens immersion of zTo minutes in tap
wdler o = %

The data from these -.“,-c}w:'i]n-;nts givr; lmi"t to the remarks jll'&l‘ made. One of
these L'xl‘lcril'nui]tb‘. shews the effect of immersion in a concentrated solution ten times
the Hll'::ng_{th of the isotonic 5{}|utinn; the other the effect of immersion 1n a dilute
solution one-half the strength of the isotonic solution.

In both cases, prolonged immersion in the solution has reduced the original
value of the potential difference down to a small fraction, The reduction in the case
of the nerve immersed in the dilute solution is irreparable by the subsequent immersion
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of the nerve in water. On the other hand, an immersion in water succeeds in
bringing back to and beyond its original value the potential difference from the nerve
which has been lying in the highly-concentrated solution.

The inference to be drawn from such facts seems an obvious one. The *internal
solution’ of the nerve which had been immersed in the concentrated solution had
become more concentrated, that of the nerve which had been immersed in the dilute
solution had become more dilute ; the distinction between their final states is revealed
by a subsequent extreme dilution of their ‘external solutions™ (action of tap water)

and subsuqu-:nt testing.

EXPERIMENT I11
Sciatic NErve ofF CaT

A picce of Nerve § centimetres long

Nerve immediately after removal 170 x 10~ Daniell
After z5 minutes in 1°8 per cent. NaCl solution ... ] o 3
After a further 30 minutes in 1°8 per cent. NaCl solution 36 v i
After a further 15 minutes - - . 20 -

After a further 15 minutes i is = 2 o .
After a further 15 minutes o - o 25 = ez

EXPERIMENT 1V
Scratic Nerve ofF Car

A piece of Nerve 5 centimetres long

Nerve immediately after removal 148 x 103 Daniell
After 25 minutes in g per cent. NaCl solution 116 x e
After a further 25 minutes in ' per cent. NaCl solution g6 i o
Alter a further 23 minutes - i - .15-._] - .
After a further 25 minutes i o . 63 oo "

EXPERIMENT V

Sci1aTic NeErve ofF Car

A piece of Nerve § centimetres long

Nerve immediately after removal 13°5 % 10~ Daniell
After 25 minutes in 6 per cent. NaCl solution ... Y8 i
After a further 25 minutes in -6 per cent. NaCl solation 1475 o P
After a further 235 minutes o - o 86 A i
After a further 25 minutes . o & 50w -

After a further 25 minutes o i i I - -
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Fic. A

Fic. A includes curves drawn from Experiments 1la, 111,
[V, and V.

Fic. B includes curves drawn from l".xl:l::rim::n!:i 1T, W
VII, and VIIL.

In these experiments all the solutions wsed were dilute,
I].Ih:." CUTrves rf'l.'\rl:h\'_'llf li!ll_' .lL'lIIH'l'I H" L:l.;l:llh.‘ :iutlll'i{:l]'l‘.‘- I:JF -I.Iiﬁ-l_'l'{‘tir.
electrolytes.  In the previouws figure, A, the curves represent the

action of the same electrolyte at different concentrations.
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The curves in figure A have been obtained in the following manner. In
each experiment the original potential difference determined immediately after
removal of the nerve from the hnd:.‘ 1s treated as Llr'lih." and all the modifications

obtained by the effect of immersion in the solution are expressed in terms of this,

Thus mking the data from the three v:}.:|wrin'u:ms; —

Expewinest 111 Exresmimext IV Exremmarst WV
i§ 4 NaCl g % NaCl “h o WalCl
Original 1'000 Original 17000 Original 1'000
In z5 min. o.388 In 25 min. o =86 In 23 min. 10bo
In 55 . @zt In 50 ., o643 In 50 ., 193y
In 70 ,, o170 In 75 , o482 In 75 ,, o633
In &5 , o153 In 100, 0429 In 100 ,, 0365
In 100 ,, o153 Im 125 ,, o©11§

The curves serve to shew the orderly fashion in which solutions of different
concentration modify the injury current, or a better form of statement, perhaps,
mmiif}' the decline of the injury current.  The more concentrated the solution, the
maore 1'5]:1':“ andl cmnplulu the apparent ﬂ:,'-t“m,'; the more dilute the less |‘11|‘-il1, S0
that the most dilute solutions t::]'n]'un'ur”}' enhance the value of the i.l!ljll'l’:,' current,

As will be seen from the curves, this statement is unexceptionable when the
carly portion of the curves is considered. In this portion it is realized that the con-
centration limits— of '[‘lu]'l.: water on one side and saturated solution on the other—are
associated with the extremes of effect produced, increase of the mjury currrent on one
side and elimination on the other. Between the limits of concentration the effect 1s
dependent upon the concentration, the graduated effect being only adequately described
by taking the effect of one of these limits of concentration—pure water-—as the
maximum, and describing the remainder as the effects of solutions more concentrated
than this.

It is only when the later portions of the curves 1s considered that the isotonic
solution demands attention as the solution in which the injury current normally
declines ; separating more concentrated solutions which continue to follow the course
described throughout the whole time of the experiment from less concentrated
solutions, which adopt a new and paradoxical course.

The later action of these less concentrated solutions 1s []lli[u :.:h:ll':tch:riﬁtir:._ and

in direct ﬂppﬂ‘sitiﬂn to their ecarlier effects.  FFor th-:}' are seen i:qrﬁjl':d:ll‘”:..' to cause a
L
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more rapid and more complete decline of the injury current the less their concen-
tration. This later decline is advisedly called * more complete’ since the previous
experiments have shewn it to be irreparable, and quite unlike the decline observed
after immersion in more concentrated solutions, which can be recovered from by a
subsequent 1m mersion 1n water.

Such a comparison of the effects of solutions of different concentrations is also
fully justified by an examination of the numerical values.

Let us, as a test of this statement, assume that during the first twenty-five
minutes of immersion the ‘“internal solution’ of the nerve is not greatly modified,
then the modifications in the value of the potential difference should be compara-
tively simple, and should, crudely, vary inversely with the concentration of the
solution used to replace the external solution.

; ; X

Experiment [[I— -388 = — oox = 0084
| e

. ; - L X e

Experiment 1V— 786 = —_ K= CFOTs
2

+ - P X

I'.-."L]'EL'FJLI'IL'I'I.I. V—robo = —_ s =t 50
.:l o

The value x obtained upon the assumption that the values vary inversely with
the concentration of the experimental solution made use of, are seen to be
approximately similar enough to justify the assumption within these limits of concen-
tration. It i1s even possible to extend these limits widely, and still the facts remain
fairly closely within the limits of this relation.

Thus, from experiments purfm-mul, including those given above, the following
table was constructed and published in a preliminary communication® :—

Strength of Experimental Solut on Value of x a8 calculated
af Walll above
ot grammes per cent, | 'fjjﬁo
T = ! “6go¥ |
oG - 5 | 107 4 l
18 " 5 | ‘gl y i
C i #” i | 7110 |
|
6o 3 " ey *hyzo
|
go i i 5580

Procecdings Repal Swciery, 67, 321
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The limits within which the relation is most true is seen to be from =75 per
cent. to 3o per cent., within which it may be said that the relation is actually that here
stated.  But when solutions are used much below the Hh'q:ngth of the 1sotonic :~c.nlul,‘iun_r
the limit of even approximate truth i1s rapidly reached and passed. The reason, or
certainly one of the reasons, of this fact is not far to seek, and is clearly brought out
by the details of the following experiment, and by the curve drawn from them and placed
in the diagram given (*45 per cent. curve) :—

EXPERIMENT Ila

(An Expansion oF tHe Derains or Experisment II)

Porexrian Drrerrsces

¢ 1e~3 Daniell | Im terms of I!:u' ariginal

| A% unmigy

Upon removal ... B ) I 100

(5) After § min. in -5 NaCl ... 240 i 140

(1o} Another 5§ min. in 45 NaCl ... 239 ' 1"37
| |

(1s3) = 2 = 2ol I 1'20

|:I';‘:| " " I van ea 137 : 1"09

I:'!{:I 111 83 2% --I 13 El‘ O -IE]
{

{39} " : " .| 103 : o'fo
: | |

{;:r} L L8] ar T ...I T'[} : ':'-l'ﬁ
' ;

{-I-‘:']’ £ » 4 | 61 | 33

(43} " . . <) 1} 020

In this case the value of the potential difference after 25 minutes in the solution
15 0°79.
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The value of x is just half of that which would be found if the value of the poten-
tial difference varied inversely with the concentration of the solution. Nor is there, as
yet, any reason to modify the statement of this temporarily assumed relationship ; for
one fact, and an unavoidable fact, spoils the value of the experiment from this point
of view. The theoretical value required by the relation, 1°50, was almost attained in
the experiment, but this was in the first five minutes, when the value rose to 1°40.
After this the value has steadily fallen until in forty minutes it has reached a value as
low as that reached by the nerve in Experiment V (-6 per cent. NaCl) in a time four
times as great.

Tmmersion in a dilute solution increases the value of the “injury curvent’ as long as
the tmmersion leaves the concentration of the * fiuternal solution’ of the nerve fairly intact:
but prolonged immersion vapidly dilutes this internal solution and diminishes the value of the
injury current, and the more dilute the experimental solution, the more rapid and the more
Jrnal is this diminution.

Such considerations as these may serve to justify the course adopted in the
experiments of the next section, for the results of which a real quantitative value is
claimed. In these {_‘leri.t'l'll:.!l'lt.‘i the time of immersion min}’:tcd is of five minutes
duration, and ne attention is paid to modifications produced by a more prolonged
immersion than this.

Since in this section alone the effects of prolonged immersion are studied, it
seems better to include here a few experiments which completely shew the similarity
in action upon the injury current of dilute solutions of the following electrolytes :—

Sodium chloride. (Already given in Experiment I14).
Caustic soda.

Hydrochloric acid.

Potassium chlonide.
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EXPERIMENT VI
Sciatic Nerve oF Car

Piece of Merve 4 centimetres ]{mg. Ex pcrimcntn] solution used 372 grammes per cent. Kl

Porestiar DrrerExcEs

| ro=4 Daniell In terme of the ariginal
valkie 858 umiLy

Nerve upon removal 1G5 . sl

(5) After § min. in "372 per cent. KCL - I 118
[

{10) Another § min. in -372 per cent. KCL ... zo° 1 : e
|

{15) 5 4 5 " 150 | o'g2

(20) . ,. ” ” 15°3 | .78

{1‘5} L] s i . 142 | el it

{30) 4 as = * 100 I o351

(15 i i " - g2 | o7

(42} & » » o 524 66 | o34

(43) D . - " 58 - ©'30

(30) ] ] » » l 48 . o2y

After 10 min. in tap water ... PR 820

This nerve was removed immediately after the death of the animal. The second sciatic nerve
was, a5 a contrast (see below), removed one-and-a-half hours after death, and similarly examined.

Tuhe Seconp NERvVE

Potential Differemces

Merve upoen removil o8 x 107 4 Daniell
Alver 5 min. in ‘372 per cent. Kl . 117
{5) Another § min. in *372 per cent. KCl. N 15°0
(1) . " » " ‘ 13
{I;:I 5 s a8 " H.I 177
(20} » " » » el 170

|

{353 an L1 18 w8 vaw I+‘;!

{3@:' LR " an 18 e 12" :I
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EXPERIMENT VII

Sciatic Nerve oF Car

{#) Piece of Nerve 5 centimetres long.  Experimental solution used for immersion of nerve "0z3

of MaOH. Nerve removed i]'nmud'l:l'lclj.' after the death of the animal.

Porexriar Doreerxcs

|
% 1o—3 Daniell | In terms of the original
valne a3 unity

MNerve upon removal 230 1"o0

(3) After § min. in 02§ per cent. NaOH 239 ' 104
(10} Another 5§ min. in *02 5 per cent. NaOH ... 267 116
(15} S : - 5 2 221 o'gh
(20) " " # " " 21°2 oGz
(23 " " » » s e 17°0 o7
(30) »” " " pr " g2 c40
(35) » ”» i g 68 o3}

{(#) The other nerve of the same animal removed one hour after death of the animal—

Pn'rrs;'n.:.:. Disreresces
In terms of the In terms of the
x po—3 Danicll original value as | origimal value of the
_l ' umity | first merve as unity
!

Nerve upon removal 144 1'00 i obz
(3) After 5 min. in "025 per cent. NaOH ... 23') 166 1'04
{12) Another 3 min. in 02§ percent. MNaOH ... 1_1_1’} : I'7¢ 1"o7
{15) i = E e el 22 1 | 1'% ogh
(z0) " " # " W z1°2 | 147 o'g2
{25} ¥ » 5 35 gy mam |'5'| 151E: Q0
{:"PC':I L1] =1 " T TR 9‘9 0'63 G'.H
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EXPERIMENT VIII

; - >
Sciaric Nerve of Car
() Picce of Nerve 5 centimetres long.  Experimental solution wsed for immersion of the nerve oz
per cent. HCL  First nerve examined immediately after death of the animal—

PorexTiar Drrerrsces

1a=3 Daniell In terms of the oniginal
valug me wnety

Nerve on remaoval ke (§"s)

(3) Alter 5 min, in "0z per cent. HCI 239 146
{10} Another § min. in ‘02 per cent HTl .. 211 1°1g)
(135) " i = " v 19°3 1"10
{10} " " o - 72 agT
(25) G = i " 14°5 Rz
(30) . e a5 5 Rt frg 039

- PovexTiarn DerFepesces
 10-3 Danicht 11 termof theoriginal 1 T8 '.ii"f}iL-"!J;;T"l
" nLrve af umty
Nerve on removal ... 1274 1"00 070
(3) After § min. in "oz per cent. HCI 3| 15'G 200 1'46
(10) Another § min. in "0z per cent. HCD ... 24 | 180 ' 126
(15) " " " " 18 | i34 1"z
(zo) o o - - 155 1"4G 104
(z3) i+ W i o 132 T 075
|

(30) L w8 i 5 53 | o443 | e 1o
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Modification in the injury *current’ (P.D.) produced by immersion of the nerve in dilute solutions
of clectrolyres.

| ExperrsexT 1T [A) Exrermmext V1I | ExrrrisexT VI Exremisiexr VIII
5 per cent, 37 peEr <enl. QL per Conl. "od PI.'I ek,
NaCl KCl | NaOH HCI
Merve at once ... 1'00 100 1°00 | 'O
After 5 min. immersion | 140 . 1°15 1'04 ! 146
| . |
v IS . e sua| 1*37 | 1'02 I-Iﬁ 1:{)
e RT e : | 120 [ oGz o 110
e 2w Br iﬂ‘l:j o "‘i | 'D-gl {}'ql.-
| . |
i ¥ o o'7g oG8 | o7y o8z
e R0y i obo o5l | 240 | 210

From the curves in figure B, or from the numbers in the table, it is possible
to appreciate the close similarity in effects of all these dilute solutions of electrolytes.
This is the more remarkable 1f one considers that there 1s every reason to suppose
that a better selection of corresponding concentrations of these different electrolytes
would have led to a closer correspondence still. The curves are very similar, and are
quite unlike the curves obtained from concentrated solutions as is seen from the
curves of figure A. It is also obvious that they form evidence strengthening the
conclusion already arrived at, that real attempts to quantitatively estimate the modifica-
tion produced by immersion in a solution of electrolytes had better be limited to a
study of the results of the first five minutes’ immersion.

The details of these experiments bears witness also to another very interesting
fact which is brought out by the contrasted examination of nerves removed at different
periods after the death of the animal.

Far a very considerable interval after the death of the animal the nerves are praciically
unaltered by the changes which immediartely follote dearh, as far at least as the characteristics
of sirwcture are concerned which give rise to the injury current, except in one particular.

The outer solution of the nerve is synonymous with the lymph of the tisssue;
and the nerves examined (the sciatic nerves) lie, while in the body, imbedded in great
muscular masses.  From these muscles carbonic acid and other disintegration products
are continually being cast off, which, during life, are removed by the circulating blood,
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but after death accumulate locally in the lymph of the part in which they are formed.
The outer solution of the nerve is therefore being gradually altered after the death
of the animal by the concentration in it of electrolytes derived in the first place from
the surrounding muscles.*  Such a concentration of the outer solution leads to a
diminution in the injury current, and nerves removed from the body even five
minutes after death exhibit a diminution in the demonstrable injury current, and
from this cause.

When the nerves are immersed for a short time in a solution which successfully
replaces the *external solution’ originally present, they are then in a more standard
condition for comparison than when the variable ‘external solution’ remains. A
comparison under such circumstances gives more reliable information as to the con-
dition of the other factors necessary to the manifestation of the injury current, e.g.,

the tubular membrane and the enclosed *internal solution.’

Dara rrovi Exeerivients VII anp VIII

Exremmuext VI -ozg per cont. NaOH Exrermacny WL o2 per cent, HCI
T S iz L Second nerve remeved First nerve removed Second nerve removedd
First nerve removed at once im i hour al once m i hour
Potential Difference 230 144 IT7 Iz
A & i
£ () 239 239 250 250
"o
s 2 (2) 267 246 211 2274
== [
2 4 g
e :"_.'JE- {'ﬂ 22°1 ZZ°1 19°3 1y 5
@88
345-1?' 4] z1z zIz 1772 185
g
@ = (5] 170 161 1475 1372
E .
= L 6 g2 9 fi'g 53

In each of these experiments it i1s obvious that whereas a great difference exists
between the nerve removed at once and that removed an hour later, when firse
examined 1 yer the first fmmersion bas in either case placed the two werves wpon an
absolute equality, which is maintained throughout their subsequent history,

It i1s worthy of note that the first beneficent effect of immersion is produced
alike by dilute solutions of acid or of alkali, the following experiment will shew, too,

that there 1s no particular virtue in the fact that these solutions are dilute.

* Sce Waller, dnimal Elecrriciin, pe 56

M
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EXPERIMENT IX

Sciatic Nerve ofF Car

Piece of Nerve 5 centimetres long.  Experimental solution used : -z5 per cent. NaOH.

Siconb Nerve

Finiv Menve removed at once o Bk E

Potential difference of the nerve upon removal ... 2071 x 1073 DL [ g 0 0
() After § minutes in "25 per cent. NaOH ... g0 . | Bz "
.
{12)  Another - " 1 e 34 = ; 52 "
(135) " " * . 21 e | z*1 =
(20) ” " o - e b i 18

¥

In this experiment the same fact is seen elicited by a solution which has the
typical effect of a concentrated solution. Nor is this revelation of the still pristine
vigour of the nerve limited to the action of acids and alkalies, it may be observed
more or less completely in the case of the action of any solution of electrolytes.
A reference to the data of Experiment VI will show the same influence at work, as
revealed (at a longer interval after death) by the solution of a neutral salt (KCI).
In the next section the influence of this factor is seen in the data obtained from every
solution of electrolytes used : the preliminary difference is there seen as the result of
a stay of only five minutes longer in the body, and its removal is seen as a conse-
quence of immersion in many different solutions.

In all the experiments previously quoted, the experimental solutions into which
the nerve was placed have been of the temperature of the room. In the succeeding
scction care has been taken that in every case the solution used should be at the same
temperature, 18° C., and that this should be maintained constant. In an examination
of a process presumably dependent upon a diffusion process, the precaution of main-
taining a constant temperature is an obvious necessity, the rate of diffusion being
notably influenced by temperature. The choice of a standard temperature is more
or less a matter of convenience, and the most convenient, from the point of view of
physical measurements, is the temperature chosen. This standard temperature was
not, however, chosen at once, since in the case of mammalian nerve certain other con-
siderations are of value. The nerve removed rapidly from the animal is already at a
temperature of 38° C, approximately, therefore scruples which dictate a study of, what
15 called, nerve in a normal condition point to the selection of this temperature for
the examination of the nerve. One scruple of this kind, more definite than the
remainder, is strongly in favour of such a course, namely, that which is affected by
the condition of the myelin sheath.
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A temperature of 387 C. is not, however, so easily maintained as a temperature
of 187 C,, it is also a temperature at which the rate of decline of the injury current
is very great, as would the rate of any process of diffusion also be. In an attempt
to study the quantitative effect of immersion in various solutions, this declining value
of the original phenomenon has to be borne in mind as carefully as in the case of any
of the other measurements undertaken previously.  Nor can this source of error be
as easily dealt with as in the case of the examination of the distribution potential (see
previous section on ‘ current of injury ). In that case the error was eliminated by
taking two sets of measurements in a regular order. In this case no such method is
ﬂE‘Irlllil:ﬂl'lll.." ﬁillt:t:_ as has been C|:;Ltr|}' stated, even a short immersion in any solution
(which 1s not the ‘isotonic’ one) leaves a fractional, but still important, effect
behind it upon the concentration of the “internal’ as well as of the external’
solution of the nerve, At first this point was not as clearly recognized as now,
and experiments were made by the author in which immersions in the experimental
solution were alternated with immersions in an isotonic solution : such experiments,
although of some interest, have no quantitative importance, and have the disadvantage
of appearing to correct an error which they largely leave unmodified, or only madity
it in a new and undesirable fashion.

The dechne of the njury current 1s, therefore, an important consideration, and
is most satisfactorily dealt with by immersions in solutions at a temperature unfavour-
able to its marked occurrence.

Data have already been given® from experiments in which the influence of tem-
perature was studied, the data of the following experiment will serve here as an
tllustration :—

EXPERIMENT X
Sciatic Nerve ofF Car

(@) First nerve, removed immediately after death :—

Patential difference at once 133 = 10— Daniell
After 25 minutes in 75 per cent. NaCl solution at 17" C. 12°5 &
(#) Second nerve, removed immediately after death :—
Patential difference at once 133 ot
After 25 minutes in *75 per cent. NaCl solution atr 357 C. Bz "
After a subsequent § minutes in *75 per cent. at 17" C. | i

In this experiment the two nerves were fortunately in the same original
condition, and the degree of modification by immersion in the same solution at
different temperatures is clearly seen. At a temperature of 387 C. the decline in the
injury current is 39 per cent. of the original, at 177 C. the decline is only 6 per cent,
in the same interval of time.

Ll - Macdonald, Prefiminary Communicasion, Proc. Rop. Soc, 67, 321,
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There is, however, another fact to consider, namely, that if at any time the tem-
perature of the nerve could be F-Ui,l[.il:ﬂl}-' ch:mgu‘] trom 331 C.to l';-"‘"C., the value of
the injury current (as determined by a diffusion process) would be found to be quite
different, without there being any intervening differential rate of decline to consider.
In view of such consideration it will be seen that in the second part of the experi-
ment the temperature of the nerve, which had been for twenty-five minutes at 38° C.,
was changed to 177 C. without producing any alteration in the low value due to more
rapid decline through the preceding twenty-five minutes. The result of this secondary
modification in this experiment is also of interest from another point of view. A
differential modification of the temperature of the ®internal * and * external * solutions
of the nerve might be of importance. Taking the main characteristic of the physical
structure of nerve to be the separation of its solutions by tubular membranes, such a
characteristic might conceivably be a factor determining that the temperature of the
“external solution * should be more readily capable of modification than that of the
“internal solution.”  Such a differential modification would alone account for great
modification of the injury current, and is probably accountable for differences
observed in the nerve injury current at very different temperatures of the air. It is
satisfactory, therefore, to note that the modification produced in five minutes must
have, in view of the result obtained, equally affected all the factors in the production
of the injury current. For had the cooling affected only the external solution, the
injury current would have been increased. Immersion in a solution at a temperature
of 187 C. is therefore convenient, and also five minutes is an adequate time in which

to bring the whole nerve approximately to this temperature.



QUANTITATIVE COMPARISONS
Experimentar Procepure

Non-polanizable electrodes, having been prepared, were placed 1in position 2+
centimetres apart.

A cat having been killed, a picce of one sciatic nerve, § centimetres long, was
immediately removed.

The potential difference was measured between the upper cross section and a
Iw}int on the |nngi|:ul.|in:]] surface 278 centimetres distant.

Tim nerve wis thcn '||':'||‘J'u:rﬂt:l| in the solution which h.‘hi hu;::n |1|'1,;1.'in|_|:-;]j.'
prepared and brought to a temperature of 18°C.  The nerve was left in this for five
minutes exactly timed. During the immersion the vessel containing the solution was
frequently shaken. The quantity of the solution used was always the same,
200 CC,

At the end of five minutes the nerve was removed. This was accomplished by
:-:fir,ing its lower f:ml, which 1s ;l]w;l}':a c.‘lﬁﬂ}‘ 'ldl:ntil:u.'{], in fine ]ﬁcﬁntc:r.l I}Jrcq_-p:-i,

The nerve was placed upon a sheet of filter paper, which was then folded upon
it. Complete drying was obtained by rolling the nerve and longitudinally com-
pressing it between finger and thumb in the fold of filter paper. This drying
operation was repeated three times, a dry place in the filter paper being used each
time.

The potential difference was then again measured.

When the second sciatic nerve of the same animal was used, a routine methad
was followed. As soon as the first nerve had been placed in the prepared solution
the second was immediately removed, examined, and placed 1 a separate vessel of
solution just as the time approached for the final examination of the first nerve. In
this the examinations and immersions of the two nerves were made to alternate
and consequently only a small interval of time elapsed between the removal of the
two nerves. Even this slight difference was not, however, without its consequence
(for reasons, see previous section), and accordingly in all the experiments quoted such
nerves are always marked ‘(2)" to distinguish them from the nerves prepared first,
which are marked *(1).’

The confidence placed in a single examination of the potential difference between
the upper cross section and the mid-point of the nerve was the outcome of the experi-
ments performed in the first section of this paper. In the curves of that section it
will be noticed that the main variations in the value of the potential difference take

place in the first two centimetres, and are unimportant at a greater distance.
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The solutions were made up with pure chemicals dissolved in distilled water.

Great care was taken to insulate all the conducting paths used in the measure-
ments taken, with the intention of making the results obtained as reliable as possible.
For the same reason the drying of the nerve was always complete, and the attempt
at drying the nerve after immersion in a solution was always carried to a point
when the nerve left no further visible trace of moisture upon the filter paper used.
L The measurement of potential difference was always accomplished by the usual
compensation method. A large (quart) Daniell cell being carefully made up each
morning for experiments carried out in the afternoon.

All the figures given are the result of quite separate experiments, in each of
which an initial value and a final value for the potential difference having been
obtained, before and after immersion, the nerve was thrown away.

In all cases the nerves used were, as stated above, the sciatic nerves of cats.

TasLe ofF EXPERIMENTS

CoOXCENTRATION OF THE

i = Porestial DMpreEresce
SocuTion Usin

L 2 & | () : Gl [ Number of Experiment
In | | Fimal value in
In grammes |gram-molecular| Initial Walue | Final Value | terms of the
per cent. per litre x 10— Danicll] x 10-3 Daniell] initial value as
| unty
e - ——— - —— e _| — _————
|
A ‘2 - 1346 | g2z | @3l Experiment I (1)
=
£ by |
E: = “1 ;rlr: 13°99 g I o062 i II 1)
é f ' 025 u::: z Is-g_* L | 1721 3 II1 {I}
= S | o1z5 = 1848 2825 | 1°51 % IV (1)
3 [ | |
[l =533 1 ;52 0 ob66 | o045 | ExperimentV (I)
2 515 ' 18'74 | 1°g2 ‘1oz | " VI (I}
95 LA 1505 | 489 325 w  VIL (2)
? = ' 267 1 17:16 568 | 330 = VIII (2)
; "33 . i T4 52 g5 | ‘B4 ' T IX (1)
—

067 A 1373 EMF ‘884 " X (2
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TasLe o ExreriMenTs—continuned

‘:I,'l:\'EI..'{ TRATION OF THE

oy Poresriar Dhrreresce |
w | @ | o | @ | o |
! | | [ Number of Experiment
| In ' | Final value in
In grammes |gram-molecular]| Tnitial Value Final Value | terms of the
per cent. | per litre % 10=-3 Daniclllx 10—3 Danicll| initial value as
[ | | | | unity
| | |
2 (| +25 | ‘ | 1g67 | 528 | o268 Experiment XI (1)
]
= |
e 211z | 1 | zo72 1228 0593 - XII (1)
U:" b | "
£ 1o | 1 ‘ (130 & S B | A o'gll s XIII (2)
= |
= | 053 : i | 1558 1901 1°220 i XIV (2
o i el S i - = i
<. 5 | | : : :
T~ E . 5'55 I 9 -4 | 354 Experiment XV (1)
25 ||
[':j f 377 ' ‘ 1927 | 1249 | 648 | - AVI (1)
S5 | . ! '
S| 1"39 i 11'00 1840 876 | = XVII (1)
5 | |
| : ' - .
~ 1org” 1 - 17769 436 | czas | Experiment XVIII (1)
= |
E:Q ' 5z | 3 1360 673 | 493 i KIX (2
oo |
g:* |i 2 1 1822 | 1267 63 i XX (1)
= |
- | |
o8 | "3 1 13720 | 1254 | ‘g50 = XXI 2
|
! 585 [ | 20759 277 133 Experiment XXII (1)
| | |
i ! | 292 i | 1716 528 -3c8 - XXIII (1)
= | |
- | 1 1 = | Rt B
= 202 o 1742 ] 25
-‘:-.'..-‘:_‘__I | | 4 | P [ 5703 9 o XXIV (1)
2 | 146 1 20°59 E373 666 = KXV (1)
| [
7 146 1 16763 g 77 IEE - XXVI (2)
071 } 16:63 15°04 ‘)04 ¥ XXVII (1)
e2 || 745 - sz | 1y ‘o9 | (1)
20 | ' =
i—"_': \ 372 | ] 24724 i ggo | oy | (L)
8k . '
F_é i 186 ‘ 1 1478 | i | “hyo (1)
v tl'li.'i.l-l-lil'l'_.' Waiter of tl_l.wl.lll:'.-'.:‘.:'n:r, total w L'i_.'|:!| 122 EFaTHmes ceh
|" Paotassinm 'Eiﬂﬂl.’il‘il_" Solubiens will be found later treated as @ SpaCE al ise, Lie expermient riven hare

are taken from 1'.'(]"'{1!'.“-'."11"- Elven later.
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In this table are collected the results of twenty-eight experiments in which should
be found data sufficient to test any presumed relationship existing between the effects
of immersing the nerve in different concentrations of the same electrolyte, and also
of different electrolytes. "The immersions have been in solutions of seven electrolytes,

'.'.” L'hl(}rllt]‘:}i-
Hydrochloric acid,

Ammonium chloride,
Lithium chloride,
Calcium chloride,
Barium chloride,
Sodium chlorde,
Potassium chloride.

It is of interest to commence with an examination of the relationship which we
preliminarily tested, namely, a variation inversely as the concentration : and also
with solutions of hydrochloric acid, for in their case the real relationship, as will
subsequently be seen, 1s most obvious and convincing.

The concentration of h}'drﬂchlm‘i{' acid made use of are Ek"idﬂntl}' {'ﬂp:[hlu of
producing a wide range of effects. Solutions of ‘025 and 013 grammes per cent.
produce, and in the right relative degree, the typical effects of dilute solutions,
increasing the injury current.  Solutions of -1 and -2 per cent. produce the typical
effects of concentrated solutions, diminishing the injury current, and also in the right
relative degree.  If in addition to this conformity to the general statement, they also
conform to the assumed arithmetical relation 5 then the value of “x’ in each of the

ﬁh”:m'ing cases should be the same:

Experiment [— x = -2 x J= b2
Experimen: II— x = -1 Ry e
Experiment [II— x = '025 x 121 = ‘30
Experiment IV— x = ‘o125 x 151 = ‘19

In the first two of these experiments the value for ‘x’ is the same, and there-
tore, for these two cases, and pru:sunmhl:-,-' for int‘i:r!.-rq:ning -r;xﬂmph:s, it might
be said that the pmuuri;ﬂ difference wvaries Itll'\’L'rﬁt:-E}-‘ with the HI]'L‘T]H”I of the
experimental solution. But when we turn to the remaiming experiments (11l and
l‘h': we find that such a relation no hmgrr uxih‘.tﬁ, as 15 also the case with simlar
solutions of NaCl, i.e., those which also cause an increase in the value of the injury
current.

FFaced with such a fact, it is natural to enquire the reason which induced us to
seck tor, and to appreciate when found, the existence of this inverse relationship of
the value of the injury current to that of the experimental solution. The reason
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undoubtedly was based upon the opinion that the injury current was caused by an
inequality in the *internal” and *external’ solutions of the nerve, and might there-
fore be expected to depend upon the ratio existing between them, e.g. :—

Internal solution

External solution

But such an expectation is not based upon a knowledge of the value of the
potential difference to be obtained from such arrangements of solutions, which varies
not directly with this ratio but with its logarithm ; although for a short range the
two methods of variation might agree, and a too limited examination might lead to
the inference that the more simply relation was in existence.

Let us therefore take the ratios discovered in these four experiments (Experi-
ment I, -31 ; Experiment 1L, -62 ; Experiment 111, 1-21 ; Experiment 1V, 1-51) to
exist between the final and mitial values of the }mrﬂnﬁﬂ] dif‘?::rcm:l:, and examine not

these figures themselves, but the numbers of which they are the logarithms.

Experiment I— o031 = log. 2

|':::]'1.-ri||1|;;nt Il— o6z = log. 42
Experiment [1l— 1721 = log. 162

Experiment [V 151 = log. 3

)

Such a collection of figures becomes of immediate interest when it i1s appreciated that
the concentrations of the experimental solutions used in these experiments bear the

ﬁ:-lInw'mg ratios to Oone :In-r}thur'.

Experiment [ Experiment 11 Experiment [1] Experiment [V
32 14 4 z

it 15 at once realized that a definite relation has been discovered which unites together
COlm plttl_‘]}' tht: ‘I.-"t,"t‘}' Liil‘ﬁ::‘uh[ l:_‘l:ﬁ:{:tﬂ ::-Fthu H{J]thinns nf IHJ.'J]'{}CHhM'iC acid used in these

t:xperi ments.

Final potential difference = initial potential difference x log. = ; where
Toon

‘ k' 15 a constant for all the -_-?{],u:rimz:nrﬁ, and *n’ 1s the concentration
of the solution in gram-molecules per hitre
]‘:w = l‘:“ I{}g.
1
Needless to say, such a formulated expression of opinion can be readily tested by the
Lse E;T‘ the data ﬂ'ﬁ:]'l q:'.t{:h nl'_thg: f{:-ur (_'K]_‘.Iﬂ'i]ﬂr_‘l]l.‘-i, :uhi that in each case the use nr
t}'IL".‘QL' data Ehfmhi lead to tl'u: s,li.*‘.:;-rw::n' nf the same vilue t'cu' cH

5
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Exreriment |

1346 x log. (182, k) = 422
log. (182, k} =31 =log. 2

k= . = -
T II

XPERIMENT 1l

13799  log. (36°3, k) = 871

log. (36°3, k) = 62 = log. 416
k = 'ELS = "II
363

Experiment 111

1584 x log. (1452, k) = 1927
log. (14572, k) = 121 =log. 162
sok= _:..6_:.1.‘ = "II
I'y5:

Exreriment IV

18:48 log. (2904, k) = 2823
log. (2904, kY = 1°51 = log. 325
Kk = 323
290"}

= "I1

‘k’ therefore is in reality a constant, and the law which unites the effects of solutions

of hydrochloric acid is simple, and is—

‘I

Ew = Eq log. =

The discovery of such a *concentration law " has two important results. The
first of these is undoubtedly the strong confirmation of the value of the line of
reasoning which led to its discovery, namely, that based primarily upon the opinion
that the source of E.ML.F. of the injury current is due to a difference between the
solutions in contact with the electrodes, such as may be described as a solution ‘con-
centration cell.”  The second is the strong indication that valuable information is to
be obtained from the observed effects of solutions of other electrolytes ; if attention is
|1:1i1.] to the numbers of which the ratios between the final and the initial pntl:nt'l:ll
difference are the logarithms, and not to these ratios themselves. The value of such
an indication is seen by a consideration of the experiments given in the preceding

table.
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Taking the data from this table, let us arrange them in a manner which will test
the hypothesis, that the law discovered for hydrochloric acid solutions is not pecular
to it, but is common to all solutions of electrolytes.

]':I'" - ]D"
Ea = n

The number, which 1s the logarithm of the ratio between the final and imtial
value of the potential difference, is always equal to a constant ‘k’ divided by the
concentration of the experimental solution expressed in gram molecules per litre.

—— . . Ew .
To test such an opinion it is only necessary to obtain the ratio =% ; to find the

|
number of which this value 1s the logarithm; and to multiply the value thus found by

‘n " the concentration.

Sincck % T k.
n

Found in this way, the value k' should be constant for each electrolyte.

The following tables of data provide the briefest method of describing the
results of this test of the hypothesis.

SoLvTions oF Ammonivm CHLORIDE

Wunber of Experinent . Faan k & Therefore k is
| Eq . equal to
e ST 8 | b
Experiment V ... | 045 = log. 1'1o | i 110
k- VI .. gl [ =S — SR 126 | 1 126
i VII ... A 2711 i 1 103
¥ VIII ... s a1 214 | 1 107
" 1E ... B34 = 51 ‘ ] e
% BE o 884 = ,, | =66 | 1 argh

1 h!
IIJ:._{. - [:ll'I]'!l'I'Lr_‘\;.r
n
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Sorvtions oF LitHivM CHLORIDE

Number of Experiment Ew k i n |!I Therefore k is
Ea n | | equalito
Experiment XI ... =l o268 = log. 185 1 : 1°85
' KII o503 = o, 3'g2 % Igﬁ
" XIII ... .rl ogrL = 815 1 . 2'07
|
1 XIV .. . i 1"220 = 16-60 i 220
Euw

B log. i[:‘lppmx.}

SorvTtions ofF Carcivm CHLORIDE

i B |

Number of Experiment : | _k' n - Thcl:‘tfulr: k is
17 | = equal to
e S —" | PR ) .i.____ | —
Experiment XV ... o354 = log. | 226 ! i 226
- |
= VI ... oyl = ' $oas ] 223
13 XVI1 o876 = ,, ‘ 7az ‘ -1' g8
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SoLuTtions ofF Barium CHLoRrIDE

Wumber of Experiment Et!'_
Ea
Experiment XVIII o245 = log.
1 KIK i D95 = .
T XX I obgs =
1" XTI .. | OO = 4
5 i::} log.

SoruTions ofF SopivMm CHLORIDE

496

891

2 (approx).
= (approx)

Number of Experiment ; En li.

I ]::4'{ [ 1]
Experiment XXII | o135 = log. 136
" XXIII i oo = 203

1 XXIV i orzig = 1°g5
o XV ‘ ohhh = , 463
o HXVI I o388 = 188

o XXVII ogof = ,, 801
Ean log, : (approx.)

Ea oon

i
-
o

Therefore k is

eqital to
1 176
! 157
i 12y
% 1y

Thierefore k it

n cqual to
1 [-_;f_-
i 1°o1
o S 1
1 (R R4]
i 0’97
3 I
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SoLvTions ofF Porassivm CHLORIDE

Number of Experiment . ]'.-M : k | Therefore k is

| Fo i i I equal ta
|
Experiment (a) o'10g = log. 125 i i 128

| |

» (b) | 0407 = ' 2’35 i 127

. {c) O B 430 1 1o

l':u!

o =2 _ lop. > (approx.
Fa = n (api )

It may truly be said that the data from these experiments, arranged in this
manner, need little commentary.

The tale which they tell is evidently a simple one, each electrolyte relating its
not very different variant.

All these electrolytes, NaCl, KCl, BaCl,, CaCl,, LiCl, NH, Cl, produce an effect
upon the value of the irlj ury current which 1s I'n:lin]:,‘ dt.:pl:ndt:nt upon their concen-
tration : and the effects of different concentrations are in each case united |‘.|-}-' a :1i|r|p|1.:
law which 1s :|}l}'|:'||'cr1t]_!.' different for different L:Il';l.‘tl‘l"ll}'[l:!-i-,

The general form of the law 1s constant throughout the series

Ew k

— = log.

Ex = n
it would seem, however, that thereis a value of *k’ proper to each electrolyte.
The determination, therefore, of this value in each case becomes a matter of
itl]pnrr;im;r.'.

The experiments, the records of which are briefly given in the data of the
tabulated lists below, were performed to determine in the case of each electrolyte this
value k' ;

; it being considered temporarily of greater interest to devote time and
material to this cause than to the further exploration of the action of other electrolytes.
The electrolytes already examined, although all belonging to the same group,
chlorides, are sufficiently well known to have materially different influences upon
biological phenomena, to make even their agreement in this manner an anomaly
difficult of explanation upon any other than purely physical lines.  Besides, the same
general statement has been found possible as a description of the action of a quite
different substance NaOH,* although in this case the form of the concentration law
has not yet been determined.

¥ See preliminary communication, Froc. Rop. Soc, po 67
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Fach line in the lLists giw:n below represents the data obtained from a separate
experiment performed as before, each upon a different sciatic nerve (cat). The
solution used was in every case of the concentration of one equivalent gramme molecule
per litre ; as will be seen, a large number of separate experiments were performed
with such a solution of each of the electrolytes in question,

In the case of each :,-Iccrml:-,-rc, one of the ::xpi:]'il'rlvntr-; gin,'n below has been
already quoted.  Every such experiment s marked with an asterisk, and numbered
as previously.

FxperiMENTS PERFORMED WITH THE NoRMAL SoLuTion ofF NaCL

(5-85 grammes per cent.)

(Concentration n = 1 .. k = k)
n

l"‘ill ENTILAL ].}Il FERENDCE

% pa-8 Damell Hatia
Number of Experiment B Iyl l'%m k
Initial Fimal I-‘”
I‘:u ]‘::rr
* Experiment XXII (1) 2039 2777 135 = log 136
|
XHEVIII (1) 1G 40 37004 gl = 1°43
i 4
e XXIX (1) - 1822 317 174 = 1'49
3 9 0.4 i2) 17:16 304 R = 1°co
] XXHI (1) 16737 §°17 10y = 4 1°2f
i XXXII (1) a0 1505 172 14 = 5 1"30
= XEXIII i2) 14°g2 251 168 = |, 148
i XEXIV (1) 10'03 o'g2 agz = ., 24
Average of eight experiments 1647 2ny 127 = lo 1.2

J":r-r E"au li::,:. 42
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ExprerimenTs witH THE Normal Sorvtion or KCI

Mumber of Exru riments

Experiment XXXV
3 XXXVI
+ XXXVII
. XXXVIII
5 XXXIX
. XL
™ XLI
= XLH
R ! XLIII
- XLIV

(I)
(2)
(I)
(1)
(2)
(1)
(2)
(2)
(1)
(2)

Average of ten experiments ...

(745 grammes per cent.)

Potexrian Dhrreresce
x 1a—3 Daniell

Initial

Ew

20713

14°52

1188

1608

Final

]'Tu

1°59

178

- Ew = Eualog. 1-30

N e
1oy = log. 1'27
S ! 1°33
ofo = , I 1°21
oo = ,, | 1°26
134 = w 1°36
g = 1'30
105 = 4 | 127
i3 = I 117
og = : 128
BT =t 1'2g
11z = log. _| 30
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Normar Soruvrion of [aCL

Mumber of J:.::Frl: inent

*Experiment XI (1)
x: XLV (1)
- XLVI (2)

"

XLVII (1)
XLVIII (2)

.-\11:[.13:: of five r.-x|1er'um~111e-

{4725 granmes per cent )

PoTesTisan [DMFFereNcE
% 1c—F Daneell

Ratio

Fe
Lonntnad Final |."“
Ea I':tr'-
:13'57 28 2618
17z O'o7 40 =
1h o 321 282 =
14°52 370 288 =
12°66 383 joz =
1615 462 28y =

A Ew = Ea ln;{. 193

= ]ll_g.

2414
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Normar Soruvrion or NH,CL

Number of Ex periment

Experiment XLIX (1)

L (2)

LI (2)

L1l (1)

LIII (1)

i LIV  (2)

LV (I)

LVI (2)

LVII (1)

it " v (1)
LVIII (2)

Average of eleven experiments

(5°35 grammes per cent )

Poresxtiar [irFeresce
¥ 1o—3 Daniell

Tnitial Final
Ea Ew
2323 2'go
2033 "33
1874 238
1861 1°83
17:16 1'58
160g0 1°43
1676 1°45
1584 11y
k04 TG
14752 ohi
1294 0.7q
17°40 157

Ew = Ea log. 1-22

Ratn
Ew
Ea

‘123

‘ogo

€a9

oga

036

Lot

‘ofg

1°33

1"23

1°23%

|

122

l'll:]
1’13

I'1a

1"z2
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-

Normar Sorvrion oF & (BaCl,)

(104 grammes per cent.}

12°2 grammes per cent. of the l.'r}':-l:L]HH:; salt

]‘l:lll."ll.ﬂl I.'FI}'I-I-HI’!-H'I-:
x 1o=3 Daniell

Mumber of Et]lcrimrnl:

Initial Final

Ee Em

Experiment LIX (1) 19°01 3G
" LX (1) T 17°95 F49

% o XVIII (1) 1761 4730
e LXI (1) | 16rgo 317

- LXII (2) .. 1676 | 449

= LXIII (2) .. | 160 | 396

- LXIV (2) .. . 1346 | 356

i LXV (1) .| w6 | 26y

o IRV (&) .| aes8 | 59
Average of nine experiments 1562 37

Er-;l = I‘-:r: ][I;_", IF'_.}

H_.l.l;.l:l

E

i

Foe

"208

log.

1°61

9
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Normar Sorvtion of } (McCL,)

(475 grammes per cent.)

12°15 grammes per cent. of the crystalline salt

Povewviar Direagncs ol |
¥ 10—3 Daniell Ratio
Number of Experiment — . I"%m .I
Eo o .
Experiment LXVII (1) .. 22°18 6o l 297 = log.
LXVIII (2) .| 2020 6o7 | ‘o=,
y LEIX 1) .| agse cn e e
EX% (2) 1822 541 296 =
i LXXI (1) 176G 449 e
LXXII (2) 17742 502 288 =
LXXIII (1) 1650 502 o (=T
LXXIV (1) | 15°31 475 I c3te=
£ LXXV 2y .I 14752 422 I 290=
LXXVI (1) : : 1412 264 ; gy =
LXXVII (27 .. I 1267 3°04 : 240 =,
Average of eleven experiments 17°1§ 478 | 275 = log.
|

. Ew

Ea log. 1°89

1°97
2'00
184
193
156
194

e

1"95

154

1°8g
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NormaL Soruvtion of 1 (CaCu,)

(5'55 grammes per cent. of anhydrous salt)

MNumber of Experiment

* Experiment XV (1)
ol LXXVIII (1)
T LXXIX (2
,, XC (2}
» XCI (1)

Average of five experiments

SUMMARY OF

The average result of an
immersion of fve minates
dugration m a asrmal
I:I Eraniimie -:u.uil.-a]-:nl ke
cule per litre) solution of

Nall
KCl
]

NH, CI

B

{ BaCly )

Bl

{ MgCl: )

§ (CaCl:)

|
|
|
i
|
1

ParTesTiaL LirresEcs

® 1o—2 Danell
Initial Final
]“.-u | ]:w
19 44 88
1848 : frgy

|

15'C3 5728
1373 528
| 1274 396
| 1593 335

Em = l':u ]II;. 2‘2_.3

Is io give a new value to

the * ill.jl.l1:| »;'uin.'llt,' which

can be expressed as being
equal to the mitial value

PRECEDING

I'|'|1||.Ii|.'|ird h:l.' the follow in!.-

tactar

151
iz
'EH;

‘ol

RESULTS

Ratia

]:.I'l:'

Ea
354 = log
HI= »
1= .
JEE = .
'_?.l:'ﬁ -
'.‘.,1_5{ — II:IH,

This factor can be expressen

a5 i|1 Hla,' formy geven

bl
log. 1-42
o Akgo
1°g3
T -
1'73
w1789
2°23

s

B

-

1
.
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Assuming it to have been proved, that in the case of each electrolyte there is a
concentration law’ uniting the effects of solutions of this electrolyte in every possible
concentration upon the value of the injury current, and that this law is always of the

general form—
k

-. ¥

Ew = Ealog.-

where ‘n’ is the concentration : then in the case of each electrolyte given above we
have a different value for the constant * k.’

Since, in the preceding experiments, n = 1 .. log. :: = log. k.
NaCl k = 142
KCl k =130
LiCl k = 193
NH,CI . k=122
L (BaCl,) k=173
4 (MgClL) k = 189
} (CaCl,) k = 232

The ¢ concentration law’ is evidently not greatly different in the case of these
different electrolytes, the value of the constant *k” varying with each electrolyte to a
not very remarkable extent. It will be seen that an allowance made for the influence
of an important factor, not yet considered, brings even these differences approximately
to naught, and the action of the different electrolytes within the bounds of a law
common to them all.

If the action of all these solutions 1s a purely physical one and dependent upon
their electrical properties alone, then we have hitherto been :u*-:*-‘-::%:;iﬂg the concentration
of the different solutigns at a mistaken value. The salt which is in solution as such,
and 1s not dwnc:cmtmd;ﬁ. the fact of solution, is of no account from the purely electrical
]mmt of nLu, f.i:m:ali-:nng, as it df)us, of neutral molecules. We are alone concerned
with the other moiety of the salt, which has been dissociated by the fact of solution
into positively and negatively charged particles, hydrolysed into “ions.” Such a re-
flection discovers for us a method of regarding the so-called ¢ equivalent * solutions of
electrolytes (used in the experiments of the preceding section) in which they are seen
as no longer equivalent, and which points to the necessity of still further checking the
results obtained by their use. The concentrations of the solutions used have yet to
be brought to a common standard in terms of the dissociated ions contained in them,

betore the results are made strictly comparable.
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“The degree of dissociation of a substance in a solution i1s equal to the ratio of the
equivalent conductivity of that solution to its equivalent conductivity at infinite
dilution.”™  Fortunately, tabulated lists of such equivalent conductivities obtained by
the experimental work of many investigators, have been prepared by FrrzeaTrick,?
to which we may convenmently refer (the same hists are also found as an appendix to
Wuernams' Solution and Electrolysis).  From these lists the following data have been
collected and used in the determination of the dissociation constants :—

| Molecular coniductiviey

Eleciralyie ofthe *eainivslent” Molecular conductivity Drissaciation
) = .‘“Ilpllintl.- at wihmite dilution constant
NaCl , fins 1024 68
KCl gig t216 ' 5
NH, CI o7 1215 75
b (BaCl) | 638 o -
| |
} (MgCl ) . 1" 1o70" 39
|
._'. {Cally ) I 633 1043 B0
LiCl i 591 963 61

The normal solution of NaCl therefore used in the experiments of the preceding
section, did not, as we have formerly represented it, contain one equivalent gramme
molecule per litre of important material, but only -68 of this,

. . k ;
The value of ‘k’ obtained from the result, = = 1°42,is not k = 142,
n

since ‘n’ is not equal to 1, but to *68,

sk = 1742 % 68
= '97

The wvalues of ‘k’ obtained for each of the other electrolytes has similarly to be
corrected by the use of the dissociation constants given above, the results of this

correction are gix-'::n 0 ﬁ}llnwing page.

i. Le Blane, Elecrrocghemrzery, 87, transl,
2. Britich Asociatron Reporii, 1893,
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Electrolyte Dissociation constant Corrected value of k
NaCl 68 I'42 x "68 = 097
KCl ; 75 130 x 75 = 095

NH,Cl | = | 122 x 75 = 0:02

} (BaCl) | 38 - 1'73 x '58 = 100
} (MgCh) | 59 | 189 x 59 = I'I1
} (CaCl; ) | dile 223 5 6o = I'34

LiCl 61 193 x 61 = 117

In this list there is little need to call attention to the extreme similarity in action upon
the injury current of the solutions of these electrolytes. Their action is not only
similar in a general sense, but in an exact quantitative sense ; in each case that action
following a general law
Ew = Ea ln:.__:_
n

[t may be said that this is only approximately general, the approximation is, however,
sufficiently close—

Electrolyie | Concentration Law
NaCl i :: = log. I
KCl i e ?1'3

NH, CI | v = "iz

1 (BaCl, ) e = ‘.':;’E

FMgCL) |, = !.'il_'

}(CaCl, ) o= .'%Jr
LiCl et bl
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The approximation is sufficiently close to pomnt to a very definite moral ; namely,
that the actions of all these solutions are in very definite agreement, and depend
upon a property common to them all.

The property can also be assigned definitely as attributable to the dissociated
moiety of these electrolytes, to the electrically charged ions contained in these
solutions ; since it 1s obviously dependent upon the number of ions present.

Further, there remains the remarkable fact, not yet commented upon, that the
form of the law determines one concentration which should reduce the potential
difference to zero : and that this particular concentration, since log. 1= 0, is n = 1.

A solution of concentration n = 1, one equivalent gramme molecule per litre
of dissociated electrolyte should cause the injury current to vanish.  Such a necessity
logically carries us to an extraordinary conclusion, when attention 1s paid to the main
contention which we have attempted to establish © namely, that the current of injury
is due to the inequality between the * external " and “internal * solution of the nerve.
For equality of these two solutions is the condition essential to the elimination of the
illjl.lr}' current ; and it must be admitted rimr, with the Iigun: jllﬁt lbrh't:n, L‘ulLILlI;I:l.' 15
reached at an extraordinary concentration of the * external solution.’

Such a conclusion necessitates a very rigid examination of the * concentration
law,” and this seems best performed by an exhaustive examination ot the action of one
of those :;h:::tr{}]}'tq:ﬁ over a wide range of concentration.

']‘I]L'l'l,: l;llf}l,'._"i not secm to hL' ':l]'l-\' g!'ﬁ:-ﬂ.t ﬂl,l‘l-'ilﬂt':lg{: {!I"I'tElir'li'lhIE E-I'{]'I'I'I I]'IL' 1.,'|"|.{]IH.'L' {]'- al
speaial electrolyte, the action of all so far being similar.  For this examinaton KCi

has been chosen thus at random.



SOLUTIONS OF POTASSIUM CHLORIDE

SPECIAL ]“.K.-‘l.i'\-i]."h\.’l'lﬂ.‘( oF THE AcTioN ofF SoLuTionNs oF Porassivm CHI.DH![?E

The action of solutions of the concentration of one gramme equivalent molecule
per litre (7°45 grammes per cent.) has already been completely examined (see p. 316),
the average result being
Ew = Ea ﬁag 142,
This relation differently expressed being

. = g7
l‘.-nr = }'_'.n: |ﬂg "”

where *n’ represents the concentration in gramme molecules per litre of the
dissociated portion of electrolyte (*68).
The fn!]tm’ing results, with this, cover an examination of a sufficiently wide
range of concentrations, from 7°4§ grammes per cent. to o-18 grammes per cent.
The experimental method followed is precisely that previously detailed, and
each observation recorded is from an individual sciatic nerve (cat) used for this
observation (injury current before and after immersion in the given solution) and
for no other.
KCL (372 GRAMMES PER CENT.)
{1 gramme equivalent molecule per litre.)

| Poresriar Dirremesce
x 1o—3 Daniell

asbe o Epdrints — 1§ :
I8 S i :
a [ Faew
Experiment XCII b SR | apag | ggo l 408 = log. 236
5 XCIII (2) 17°29 I B.45 489 = 308
o XCIV (1) oo | 1716 568 331 = 214
i XCvV (2) = 14:78 ;02 339 = ,, 214
s XCVI (1) 1452 ! brHo G54 = 285
- ACVII (2) 13 6o : firg R z'gq
b XCVIIL (1) 18-88 oo o=, 3'01
= XCIX (2 | 16°37 2176 A B 299
= C (1) 1822 : 818 W= 2-81
CI (2) 19°27 937 386 = ,, 3roh
Average of ten <.'.*;].'-:.'1":|m:n1:1 1744 !_ 765 ‘438 = Ing.. ¥ _;}_
Average of five experiments marked fi:i 186 737 e 265

Average of five experiments marked |'_z:|.: 16026 [ 748 o = 2-8g

i



KCL (1'86 GRAMMES PER CENT.)

(1 gramme equivalent molecule per litre)

Povesvial IheFesEsce

¥ 1o—+ Danicll |
I‘!\..-I1 i l:
Number of Experiment | = N I',m
| Before | After Fa 4
! Immersion | Linmersion |
| “Ea” | TEw
Experiment CII (1) 22718 | [l I I 203 = log. 319
Vs CIII i2) s | 2138 10°gh g g, 324
|
i CIV (1) 17742 077 ShL = |, 364
' CV (I} | 2218 | 1204 ' 381 = | 383
*3 CVI {2}' | |'5"=)O I 214 =18 = £rai
- CVII ti} ! 15701 : 050 O = s _;-..-’,
% CVIII (2 i 16rgo 10-8z2 ‘6o = ,, 43T
|
va CIX tl:} | |+-H g 3o ﬂh_','i = 440
CX (2) e | 15°08 1R -8 = T
- CXI (1) e | 1346 | g2y 686 = ., 486
i CXII i(2) 1320 843 fyo = ., 437
Average of eleven cxperiments 1740 108 o = log gl )
Average of 2ix L'\I].":.'I"-III'IL'I‘lI!:w marked {IJ 1817 10733 by = 371

Average of five experiments marked (z) 1668 1oy il = o, §35
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Experiment CXIII

¥

¥

CXIV
CXV
CXVI
CXVII
CXVIII
CXIX
CXX

LABORATORIES

KCL (149 GRAMMES PER CENT.)

(1 gramme equivalent molecule per litre.)

Mumber of Experiment

(1)
12)

2}
(1)
(2)
(1)
(2)

Average of cight experiments

Average of four experiments marked (1)

Average of four experiments marked (z)

P-lﬁr':.‘-i'rlﬁl. I]Ih'l-'l KENUCE
® 1o—3 Daniell

Before
[ ramners i

Ea

17742
19°54
1848
1848

zo00h

18R 10

18:94

1724

After

I ragon

Ew

1226
12'87

1165

7ol
“bgo
"GRG

REPORT

Il
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Number of Experiment

KCL (745 GRAMMES PER CENT.)

(% gramme equivalent molecule per litre.)

Poresrial Dhrrerrsce
x 1o—3 Daniell

mean | Siterin
Ea Lo
Experiment CXXI [ 1874 20020
e CXXII 2y --- I 1612 16063
i CXXIII (1) ' z1°38 19°G3
s CXXIV (2) ... | 1742 1822
- CXXV (1) | 15-58 16 24
i CXXVI (2) 13°20 17°95
» CXXVII (1) .| 2020 1742
. CXXVIIl (2) .| 1742 e
. CXXIX (1) 1822 16063
= CXXX 12) 15'05 i 17716
b CXXXI (1) 26066 | 2218
-~ CXXXII (2 21-g1 2308
- CXXXIIT (1) ... | 15°84 : 1795
o CXXXIV (2) ... : 15°05 | 1560
0 CXXXV (1) .. : 15°05 1 =6y
- CXXXVI (2) .. | 1760 1661
., CXRENIT (D) l 1690 1478
5 CXXXVIII (2} ... | 15+84 1478
& CXXXIX (B .| g Feek
" CXL (2} i 15784 16057
= | .
Average of twenty experiments | 1747 | 1784
Average of ten experiments marked |{|]I 18:39 | ] =imip

Average of ten experiments marked (2}

Ratio
|‘.m

log.

Th

log.

L

g7

1o 7y
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So far as the examination of the action of solutions of potassium chloride has
been carried, the ‘concentration law,” as determined in the preceding sections, holds
good, and serves to combine the results obtained. The range of concentrations
examined has been, it will be acknowledged, fairly extensive, from 7.45 grammes
per cent. to 074§ grammes per cent.  The whole range of concentrations used, with the
exception of the last example, bowever, 15 above that of the isotonic solution.

In the fb]lﬂwing table the average results of these experiments with different
concentrations of potassium chloride solution are arranged. The comparison, so
facilitated, will be found to amply vindicate the truth of the ‘concentration law.’

AveEraGE REesvrrs TaBuLATED

CoMCENTRATION OF THE SoLurion | The ptr‘w:ul * Concentration

! Lt o | The Ratie beiween Law"™ as defined by the
| The disgociation el 2

l
| B | I data from cach special case
In gramme | & Skl | Initial Potential | (value of *n' corrected
I !_'u?'i?:w: per Elllli'- :I|t'-!|-|: |'|'|ir|t'¢l.||r5| this conceniration | Diferences = h}'.':]".“ uee of the
cent. per litre | | dgiocation ;nnsia“:}
- | I =
i | | —
(@) 745 I 68 | log. 1°30 ! }:‘:':' ~ log. 9:?
| F I
i . | B | M | I
(4) 372 2 ?B | 2774 | = “?
ir} 186 | ; ‘85 a0 T b e = 5;;5
|
1 132
(@) 1-86 1 ‘85 . e ] | = e
| |
! u 1 .Bﬁ | u IgI
(¢) 0745 x W I050 | o= o4

The gcnuml ;1gr{:cnwr1t 15 shown I}}' I!'u: last ¢n|l.1t'|'ln ot ﬂ'u,: prq:r:::i,iing t;i.hh:, ]t‘
will be seen to be in marked contrast to the results obtained from the action of
solutions much below the ¢ isotonic solution’ in concentration, as shewn by the experi-
ments collected in the ﬁ:EI:m'ing tables., A g];lru;g: at the 745 KCl table will show
how great the individual exceptions are which are found at this concentration.
The truth of the law is here only indicated by an appeal to the average result
obtained : which is, however, conclusive.  Such an appeal to an average is only of
value when no liberty is retained to eliminate undesirable cases from the list, and
this method has been strictly followed in the *745 table. It has also been strictly
adhered to in tabulating the results obtained with solutions still more dilute than
the isotonic, the results of which are given in the two following tables.
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KCL (©°'372 GRAMMES PER CENT.)

(% gramme m|ui1.'.1||.'|1.t molecule per litre)

Number of Experiment | % :a:-P-:u[J el X 10 ]-'_.r,.-” iell i‘::
Experiment CXL (1) ! 1584 _ 1742 1'ag
3 CXLI (2) ! 13746 | 1478 109
o CXLII (1) I 2376 2442 1'o3
o CEXLIII i=z) I 2402 1402 oo
3 CXLIV (1) . 1742 19'01 1°0G
i CXLV (2) 3] 15°50 | 1697 1oh
i CXLVI (1) | 1822 19714 Rt
o CEXLVII (2} 1386 12°02 1'0g
- CXLVIII (1) = 19°01 . 2046 108
& CXLIX (2 | 1610 T 08
- L (1) I 21°32 : 1G5 4 i
CL] (2) i 16-37 1848 113
. CLII (1) e | 21791 21°g1 1'00
" CLII (2 .| wss |  z16; oY
- CLIV 1) ver | 742 1654 1°12
s CLV (2} | 17742 1g 27 1
i CLVI Iy .. 17742 1874 1-o8
CLVII (2) 16063 1g-8e 1" 16
" CLVIII (1) : 1764 1584 o-8g
- CLI1X i2) a1 16 63 1663 1°0
Average of twenty experiments 17°9G 1898 1G5
Average of ten experiments, marked (1) 1G'02 1 6o 1930 =

Average of ten experiments, marked (2) I 7100 15833 1o =

|
¥
da
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KCw (0°186 GRAMMES PER CENT.)

f_"a gramme equivalent molecule per litre).

Number of Experiment

Experiment CLX

CLXI
CLXII
CLXIII
CLXIV
CLXV
CLXVI
CLXVII
CLXVIII

' CLXIX
CLXX
CLXXI
CLXXII

' CLXXIII
CLXXIV
CLXXV
CLXXVI
CLXXVII
CLXXVIII
CLXXIX

-lll.'- L'|'-|g<.' “‘t. L l.'II.|.:|- CAPET i.IIZIL'11 1%

1
Av erage of ten EXperiments marked (1)... |

Average of ten experiments marked (2).-.

(1)
(2)
(I}
(2)
(1)
(2)
(1)
2)
(I)
(2)
(1)
(2)
{x})
12}
(1)
(2)
(1)
(2)
(1)
(2}

Ea

% 15— Dhaniell

1795
17°95
1769
L85
1716
21764
1g°ol
19°54
1822
1822
1452
1figo

14752

1511
19°35

1726

® 1o—% Daniell
Ew

Z4 02
21 g1

20733

2170
2180

2150

Ew

El.ﬂ

1"1g
116

=26

I'Lth-.——]ng. 1 £
1129 =, 135

1'249 = ,, 178
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A
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e
wr

An n:xnmin;‘l,tiun f:i‘ thﬂ.’; ::‘.i:j':t:r'imi:n'f;ll ul‘:*.ii:rv.'iti:}m-; t:!.hLIh]t::d in [i‘u: Wi |;‘|Rt t;lilluﬁ
establishes some confidence n the average umformity of action of the two solutions
upon the injury current of nerve.  Either solution may be truly said to produce an
effect characteristic to itself and different from that produced by solutions of different
concentration,

The results obtained are not, however, as great as was H]l!iu'iih‘il‘m' from the puinr
of view justified by the examination of solutions of greater concentration, namely,
that the results of all solutions of KCI could be summed up in a umiversally applicable
¢ concentration law,’

Em

1
losgr (approx.)
I'..n: " n i

Thus in the case of solutions of 372 grammes per cent. KCI, the concentration
i gr:l_mmu t]]:}]ucuh:t-; per |'|tn:} I, I‘» i.'r.,l'l,l.','l] to ;:.' The dissociation constant at this
concentration 15 *9.  The concentration of the dissociated moiety of the KCI is nearly

that of the total KCl present,
-
20

Euw | _L
Ea 9B )

20
= log. 2222
Ew = 1'345 % Ea
But the actual result of the experiments was not this; the final value was smaller
than such anticipation suggested, and was
Ew = 1055 x Eq
of Ew = Ea ]u:__{. I1°4
Similarly, in the case of 186 grammes per cent. solutions of KCI (! gram. mol.), the
anticipation of the general law is not fulfilled ; is, indeed, further from attainment
than in the last case.

Thus the dissociation constant at this concentration is *g3 (approx.)

< = 203
40

F.m : I':r; ln:_,_{_ ]_

a3

40

Ea log. 43
]':u B I‘E‘j
Whereas the result actually obtained was

Eew Ea = 120
Fn Ea log. 16,
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Nor is this the most severe way in which the difference between anticipation and
reality could be described.  An examination of the first of these two tables will show
that in this series of experiments the anticipated result was not even once approached ;
that in the second table the anticipated result was only once obtained, and then in an
{_'x'l_']l'\"l'i]’l‘]ﬁ“t uprm et Hl:ﬁ:{!l'.ld nerve 3 E]*:xl‘.lﬁri.l“c]]t CI-KK"‘-[]}. .I‘ht: univ::r:;a!i,t}? D'r
the general ¢ concentration law * has, therefore, broken down, while still the general
statements made as to the graduated effects of solutions of different concentration
are unaffected, as will be seen from the collection of the results in the following

table :
Sorvrions oF Porassivm CHLorIDE
Cancentration m Mumber of o | s fnal The F:r"_"'l' lv"'l'm ;
: S'r'; -t _‘; . . SANTEAET 01 : ol 3 L4 I| =l Cx Frt':!.l:d- .ll.'l CTIIS dn
. m:.::::: i :,::cmil:::' E Patential Difference Patential Difference the Imitial Walue
i | A5 UNiLy
e 11 1o arho Daniell [ aol® Damell ol
|
372 10 0174 o ‘0076 5 o 44
| [
|
186 | 1 : DT 5 [ 0103 L orho
1°49 8 I ordl . ' 0123 i (=%
075 20 | ] | ermg < 1oz
037 20 ; ‘o180 - I 0190 & 1-ofb
o'1g 20 ‘ o181 ¥ a1 a 1"z0

It has been pointed out (p. 325) that the © concentration law ™ has an interest of
much greater magnitude than that given to it by the fact, that it successfully describes
the effects of solutions within a wide range of concentrations.

It bas a valwe which is given to it by its own form. The forms,in the first place,
a confirmation of the position which has been maintained in this paper as regards the
method of production of the injury current. In the second place, the actual numerical
values of the expressions contained in this law have a very great interest ; for no
matter what the explanation of the quantitative relation discovered between the results
of immersion in solutions of varied c.'{!m‘l:lltr;'ltiﬂn, whether it 1s the one here taken or

some other, the CXPression Fa = Fe l{}ﬂ'. FIVES r1se mtrmﬁlc:i”}-' to a4 most am-=
ST

portant tll.lu‘.*'.ri{m.
This expression (since fag. 1 = Q) predicts a value for the solution, an imwmersion in
which should reduce the value of the injury curvent to zero; and the prediction is a very
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remarkable one. For the value of the E-rudil:tmi concentration 15 one gramme

equivalent molecule (dissociated) per litre, and 1s, therefore, very great; being that
of a solution capable of exerting an osmotic pressure ten times greater than that of
ordinary * normal saline * solution.

If, therefore, the theory here maintained is the true one, if the injury current is
due to the contrast between internal and external solution, if also the electrolytes of
this internal solution are not very different from the chlorides examined ; then the
concentration law, as found, points to the existence of a solution of this extraordinary
concentration within the axis cylinders of the nerve fibres.

If on the other hand, the theory now maintained and supported by so much
circumstantial evidence is false ; then, if still the ‘concentration law * holds good, au
explanation bas to be found for this relationsbip explanatory of another ndication which 1
bolds foreh, namely, that a solution of greater concemtrarion sutll must veverse the divection of

the injury curvent.

I'or take the expression Ey = Ea log Lo this expression when *n’ is greater

e k ; il : e
than *k,” then log : becomes negative, and with it necessarily also the value of L,
the final |‘rﬂtf;nﬁ:l] difference after immersion.

Inn illustration of this nfﬂ:ﬁﬁit}‘ the ﬂ:"uwing q;:(p;;rimq:nl::-: with solutions of
WNaOH are given. The data given are the results of experiments upon sciatic nerves
(cats) exactly similar to the preceding ones, and like them shewing the effect of

immersions of five minutes duration.

SoLvrions oFr NaOH

"‘l"ﬂ":n""_‘i“". of Initial Potential Final Potential Final _IL. Atk
Number of Experiment . 1.': - "II“II'"] Iln Diference Ditference ""r'l_”"' ! ALIE
BEEMNTATIER Y x 1o—3 Daniell | x 10—3 Daniell of the In
cent. Yoalue as unity
#* (1) ... 0023 130 +23'9 104
Experiment CLXXX (21 ... | 0063 132 + 201 + 160
CLXEXI (1) .. 0'124 132 + 150 +1"14
* () ... o'z 2071 + oo +os
5 CLXXXII (1) .. | 0500 2079 + 19 + 00y
" CLXXXIII (2) ... 1000 | 203 | — 15y —oob I
CLEXXIV (1) ... 1000 ) 133 | _ 23 ) —a16 )

* Experiments previously quoted on pages 2493, 332
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I have shewn previously® that the results of more prolonged immersions in
solutions of NaOH follow the same law (general statement) as that followed by the
results of such electrolytes as NaCl, KCl, HCl. The experiments given above are
the only ones which I have performed with immersions of short duration, and are
given without exception. If attention is paid to the ratios in the last column, then,
the first experiment excepted, the experimental results form an excellent series of
values declining to a complete reversal.  If attention is paid to the final differences
of potential alone then there is no exception, and such a course is justified by the
data and observations of page 100. Exception or not, the fact of the reversal is
definite, and is confirmed by repetition.

The form, therefore, of the ‘concentration law' is of the utmost importance.
Is it to be considered as unfavourably affected by the failure to bring within its limits
the results of experiments with solutions of -37 and -19 grammes per cent. potassium
chloride 7 Without hesitation one answers that it is not, and this answer is based
upon evidence already exhibited in this paper. In the first place, consider the curves
of fig.
; Mot of : o FE T
anomalous effect of solutions less concentrated than the *isotonic’ solution. The

A, page 292, and the experiments from which they were drawn, which shew the

same anomaly has undoubtedly here presented itself in this attempt at quantitative
comparison.

The evidence of those earlier experiments is, however, decisive in its indication
that the anomalous variation is secondary to a primary normal variation capable of
anticipation upon the hines there indicated and now more definitely formulated in the
‘concentration law.”  The considerations there advanced in explanation of this
secondary anomaly may be summarized in the statement—~that the decline of the injury
citrvent is move vapid in solutions befowwe the Cisotonic’ solution in concentralion, because the
diffusion of electralytes out of the axis cvlinders of the werve is more complete.  The decline
in this case 1s, as was then shewn, a real one, and is in contrast to the apparent decline
which 15 experienced in concentrated solutions.

It has been previously asserted (page 303) that the final value after immersion
should be compared, not to the initial value, but to the value as affected by the
normal decline, and that there is no means of doing this. The necessity for such a
correction 1s greater still when it is acknowledged that the experimental modifications
used are inevitably themselves productive of variations in this rate of decline.

The error cannot therefore be allowed for, and necessarily limits the possible
range of experiment : for its mode of action is capable of prediction, but not its
quantitative value. That the error has been met with in these experiments with
dilute solutions is a fact to be recognmized, and regretted, but 1n no way can 1t be
allowed to detract from the value of the remaining experiments.

Preliminary communication, Proceedings Royal Saciery, vol. b7, p. 322
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[ the second place, the results obtained by the immersion of nerves in hydro-
chloric acid (page 309) strongly reinforce such a line of argument.  In that instance
the widest range of effects, from extreme increase to extreme decrease of the injury
current, was obtained by the use of a set of solutions all much more dilute than the
“isotonic " solution.  All these solutions practically formed * vacua ™ into which the
electrolytes of the nerve diffused with great rapidity, the limit to the extent being
determined by the time of immersion and being practically the same in each case.

In this case the effect of the error 1s not obwvious, because 1t 1s always maximal
and the same in the results of every solution used. It is not obvious until the actual
quantities in the ¢ concentration law ™ for hydrochloric acid solution is examined.

Ew foge
Fa ; n

The value of k in this example 1s minimal. One of the reasons which contributes

to this diminution is the factor capable of definite anticipation, namely, the dilution

of the *internal solution’ of the nerve by rapid diffusion processes.

-Ikhﬂ 'F{]]']‘]] f'.ll" th{." L I:l':l“l;:c“trilrlb{}” ]il‘l.'-" : i."i- EI]‘L‘-’EI}',‘] tl"H'_: ST IL"l'!“C,'ElJF-iﬂI”ﬁ lil.'l.lllL'iI"'lI:."
from its form, such as the possibility of reversing the direction of the injury current
are, therefore, inevitable. The actual value of the constant *k * which it contains

Eew k

I".u - ]Ehg. ]

is the same for a very great range of concentrations, and is only varied by con-

[
ditions which change permanently the value of the source of the injury current.
The meantng of this value ‘K’ is fixed by the form of the law, when k = n the iujuiy
coervent vanishes ; “k therefore is the concentration of the solution, an fmmersion i whi b
il reduce the value r{f the f.ry'.fn'_'l; soirce to zevo, and .ln'(.-::,r.:.i'f.-':r I r;’{'ﬁﬁ'ra.r.r _,:"r;;' .-f.i.l':i;n:'.i'r'i,r,"
conditions r{f the nerve.

The particular value of °k,” which is of the greatest interest, is the value which is
true for the effects of immersion in solutions which produce the least permanent effect
upon the conditions of the nerve, that is for the value obrained 111,- :'xprrirnvn!u with
solutions as near the *isotonic * solution in concentration as possible.  The range of
g'm:n;'t,'nh';lrinu., which 1s ﬁl]ggrﬁtud as hl:'ln't: most wnrlh:a,' of accurate L-w;p;-rinwn[, 15
from one-fifth to one-tenth gramme molecule per hitre of the chlonde solutions
which have been examined.

From this |‘m-i]1t of view the ﬁ':“{m'irlg series of experiments with [rllL'uL':;_[h[]]
gramme molecule KCl seem worthy of especial attention.

In order that the real quantitative value of these results may be of permanent
interest, they also are given as they were taken in succession, and are given, without
exception, from a series of cx}ﬁuriuh:rttﬁ |'-1:|'1‘H|'111:.'d one after another in the course of

three days. It will be seen that the imnal values are greater than usual, a fact which



238 THOMPSON YATES LABORATORIES REPORT

is probably explainable in terms of the temperature of the air in which the observations
were made, 23°5°C (July 16, 1901). The solutions were, of course, kept at the
standard temperature of 187 C, but the actual measurements were necessarily affected
by the temperature of the electrodes and of the moist chamber which were at the
temperature of the room.

This average initial value, greater than usual, has induced me to withhold these
experiments from their proper place amidst those previously given; where, had it
been possible, 1 would have preferred to have produced tables in which the experi-
ments were in each case so many and so distributed over different periods of the year
{diﬂ"cr:nt room tu|]1|'rc1';itun:ﬁ] that the average initial value observed should have been
in each case the same. For then the average final values can be expressed in terms
of the general average imtial value.

KCL (‘g3 GRAMMES PER CENT.)

{3 gramme equivalent molecule per litre)

Number of Experiment E: Eu Ew k
' | Fa n
Experiment CLXXXV (1) .. 12744 20°5G o'g1r = log. 8 2-
CLXXXVI (1) ... 21G1 | 21002 oghy = ., g 20
i CLXXXVII (1) ... 21g1 20054 o940 = ﬂ- 8=
» CLEXXXVIII(1) .. 2171 19°54 ofigs = ,, =Ko
e CLXXXIX (1) ... 227790 2322 027 = iy 1053
5 CXC e 22757 2033 0'goo = 8:an
7 CXCI i R 2666 24°29 o9l = , 813

Average of seven experiments all upon i
nerves marked (1) zz°37 2138 o935 = log. 861

Em I":ﬂ ing. H61.

From this case then k .
861
i
'.1]11.15, SiNCe N = ?L x '3_:,’,, the dissociation factor at this concentration beine 8¢,
therefore
861
k i Ny
5
— "‘}I
and the ¢ concentration law,’ judged from this instance, is
- - 0l
.I'.-I:.r‘ ]'-u ]ﬂ_!_.’.r 9

n
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The concentration of the solution, therefore, which is indicated by this result as
likely to annul the injury current, is ‘91 gramme molecule (dissociated) per litre of
potassium chloride, that is a solution of approximately 10 grammes per cent. of KCI.

Contrast such a result, which is in complete agreement with those obtained from
the majority of the examples previously given, with the conclusion to be derived from
an examination of the ¢ concentration law " for a range of extremely dilute solutions,
-2 grammes per cent. KCl, etc.  There, judging from the example given on page 332,
the * concentration law " is

Ew = Eua log. 16
H o= g X ‘G4

Ew = Eq log. 37
I

The concentration of the annulling solution here indicated 1s *37 gramme molecules
(dissociated) per litre of potassium chloride, that is a solution of approximately 3-§
grammes per cent of KCI,

Why should a nerve, which has been immersed for five minutes in an almost
‘1sotonic | solution, be so ri_'|'|-c;ltf_'-.ﬂ}' drawn into }*.-mphcc:.'ing the anmhilation of this
phenomenon of the injury current as the result of an immersion of similar duration
in 10 grammes per cent. KCl, and a reversal of the phenomenon as the result of
immersion in solutions stronger than this : whereas a nerve which has been immersed
for five minutes in a very dilute solution, far below the concentration of the isotonic
!iﬂlll,ltll'l']“] I‘Ir"ﬂi'hhk"f"ui!:ﬂ i i .‘-ﬁl‘rﬁhir L{{H]I]'I ﬁ]r i.t".‘!-l_']!: "I.';h{."ll ICHR Htfiflgﬂ."l]f MOAsSUres are thi.l.'-i.],
against it, namely, when it 1s immersed in 4 grammes per cent, KCl ?

The answer, suggested by many facts exhibited in this research, and also by its
absolute inherent F‘rrnfmhiﬁr}‘, is that the reason is to be found in the removal of
electrolytes from the nerve. A removal which has permanently diminished the value
of the structures giving rise to the injury current, and ‘ weakened the nerve’ by

diluting the internal solutions of the axis cylinders,



THE CONDUCTIVITY OF THE INTERNAL SOLUTION

If, as has been assumed in the previous section, the immersion of a nerve in
solutions approximately isotonic with ¢ normal saline,” and in solutions slightly more
concentrated than this, does not affect to any appreciable extent the pre-existing
concentration of the internal solutions ; it should be possible by measurements of
the conductivity before and after the immersion to calculate the amount of this
which is due to the ¢internal solution.’

The data from the following two experiments may serve this purpose in a pre-
liminary fashion, sufficing until they can, as is intended, be repeated with solutions of
other concentrations.

The first experiment given below, A, serves to shew that a nerve which has been
immersed in a *745 grammes per cent. solution of potassium chloride is practically
unaltered, as far as its conductivity is concerned, by the immersion ; just as in the
last section it was shewn that it is unaltered as far as the difference of potential
between its longitudinal surface and cross section is concerned.

The experiment is produced mainly so that it may be seen that the basis of the
calculation made upon data of the subsequent experiment, B, is not very far from
accuracy. This basis being the assumption that the conductivity of the external
solution pre-existent upon the nerve is practically that of a *745 grammes per cent.

solution of potassium chloride.

Exprerimext A

Sciatic Merve of cat immediately removed from the animal afier death.

I he jin|_'|r:.-|.-.-ing measurements were made before and after immersion of the nerve in *T45 per cent.

KCI (/% normal solution). for five minutes, at I8%C: - —

Before After
Weight 200 grammes * | Weight “201 grammes®
.
Length 4°7 centimetres Length 46 centimetres
Resiztance oo 20,500 ohms Resistance ver 20,100 ohms

* The treatment to which these nerves were subjected was exactly the same as that dealt out
to the nerves used in the experiments of the preceding section : the time of immersion, the tem-
perature of the solution, the method of subsequent drying of the nerve in filter paper, etc.

The attempt was always made in the subsequent drying of the nerve to regain after immersion

the eriginal condition of the nerve, as far as the presence of surface moisture is concerned. To
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succeed in this attempt it was considered necessary to deliberately dry the nerve, even at the
apparent risk of injuring it, until it no longer left any -;,I,m'l.p mark upon the flter paper.

The minuteness of the alteranon u.'uigh!, recorded 1n t:x|:1:r'|[|H_'nt:a A and B s taken as
!;'l.'lldr:nﬂ:: I:'.‘EI t]'li.‘i [l“f..‘l!'l].?t.

The Emiut 15 Tt LIt‘li.1'|!I|J-:'Irl;.|:I1.I;, since the fact which it establishes is of interest from the point
of view that the external solution is a *short circuiting solution.” The fact may be stated as
follows :—

The bulk of the pre-existent external solution, unlike its conductivity, was not affected in
‘tl“.'ﬁl'.l r:xl:ll:rillll::lltri.

From these data the *specific resistance’ in each case can be calculated (for
method see p. 260) and 15—

Befure After

186 ohms 190 ohms

corresponding to a * specific conductivity * in each case respectively of 50°7 and jo-2,
expressed in the usual units,

The alteration in the specific conductivity is therefore extremely small, and may,
for the purposes of calculation from the data of the next experiment, be neglected.

ExreriMment B

Sciatic Nerve of cat immediately removed from the animal after death.

Measurements taken before and after immersion in a 1°49 grammes per cent. solution of potassium
chloride {{ normal solution), for five minuates, at 18° C.

Before After
Weight wes 2035 Erammes Weight wee  C1GO5 grammes
I..t:n[.;th 5 centimetres Length 5 centimetres
Resistance ees 22,276 ochms Resistance «o. 20,500 chms
Specific resistance 181 ohms Specific resistance 164 ohms
Specific conductivity 527 in terms of | Specific conductivity  58°1 in terms of
mercury at 18" C x 1o—* mercury at 18°C x 10—*

In this experiment there is a considerable alteration in the * specific conductivity.’
This increase is also not to be explained by the addition of a new cylindrical covering
of solution in excess of its pre-exisistent one, since the weight has diminished by
4 milligrammes, most probably by the abstraction of water from the internal solution.®

# Preliminary Communication, Frececdings Ropel Soeiesy ; 67y 317,
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3

From this fact and from the following considerations an attempt is made to
deduce the conductivity of the internal solution.

In the first place, it is assumed that an ¢ external solution’ of the conductivity
of 745 grammes per cent. KCl has been replaced by a similar bulk of a solution of
1°490 per cent. KCI, an assumption which is justified by the regularity of the results
obtained in the preceding section of this paper.

In the second place, the alteration in weight is taken as too small to affect the
result.

[t may, therefore, be considered that the following equations represent the con-
ditions present :—

[ The conductivity of the pre-existent ©external
solution,” having the same specific con-

1) The conductivity as L
(1) o ||I i ductivity as one-tenth normal solution of
measured before || = KCl 5

immersion.
+

[ The u‘muiucliﬁl}' of the imternal solution,

The conductivity of a solution of one-fifth

ey e ) normal  KCl, having the same spatial
{2} The rnudll-.'tn'u:.' as I’

: distribution as the pre-existent ‘external
measured after

|i solution.’ i

Hnmersion.

The L'UI'IL!IIi.'li'I-'iI._'I.' of the internal solution.

But these equations are simplified by the fact that the specific conductivities of
one-tenth and one-fifth the normal KCl solution are known and are to one another
practically as 1 is to 2.

Therefore,

(1) 52 [ e
(z) s = 2C. 4+ G

WFL e
-

where C, is the conductivity of the ©external solution’ and C; is the conductivity of
the ®internal solution,’
.". by subtracting (1) trom (2)
Co= 54

That 15 to say, that the conductivity due to the pre-existent external solution is
practically one-tenth of the total conductivity of the nerve.

As a corollary it followws that the conductivity of the axis cylinders accounts for nine-
teiths of the total conductivity of the nerve.

In the sciatic nerve of the cat only one-third of the total area of the nerve is taken
up by the circular bundles of nerve fibres. This figure was obtained by casting the
enlarged shadow of a cross section upon a screen, drawing over the shadow, cutting

up and weighing the paper.
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Let us, as a concession, admit that one-half of the space is so taken up.

In the nerve bundle only one-third of the space is taken up by the axis cylinders
of the nerve fibres. This figure was found by the examination of an enlarged
microphotograph of a cross section of a fasciculus of nerve fibres.*

On this computation only one-sixth of the total cross section of the nerve
consists of cross sections of axis cyclinders.

Let us, as a further concession, admit that the axis cylinders form one-fifth of
the total bulk of the nerve.

Therefore, we find ourselves to bave come to the opinion that structures occupyiung only
ane-fifth of the bulk of the nerve account for nine-tenths of it electrical conductiviry.,

The amount of water in the nerve is not more than two-thirds of its weight.
All the electrolytes which can conduct an electrical current are in solution in this
water,

Let us suppose the water to be uniformly distributed throughout the nerve
trunk, to be all free to take electrolytes into solution, and admit that two-thirds of
the mass of the axis cylinders consists of solutions of electrolytes,

Then 1t follows that solutions occupying only two-fifteenths

b | 2
s oF ths
3 A s

of the total bulk of the nerve account for nine-tenths of its conductivity.
Truly, although the total conductivity of the nerve is small, the specific conduc-
tivity of these solutions in the axis cylinders of the nerve must be very great.

The specihe conductivity of nerve = 3o (Hg. = 10—%).
= g 5
\"C.‘] = — .
: 5 45

The specific conductivity of solutions occupying only 2-15ths of the space, and
accounting for a mmluctivit},-' of 45 15 equal to
15
i

£ or 340 (approx.)

That is to say, upon this computation, that the solutions of the axis cviinder bave a
conductivity as great as that of a 2°6 grammes per cent. solution of KCV.

These figures are large. They are not so large as an admission of any, even
of the necessary, imagination m ight have made them. They are too small to explain
the facts of the previous section, but even in this form they are large enough to
provide a basis for criticism of the “apparently * concentrated solutions of the axis
cylinder.

Fhis Agure was determined by the examination of a square area of the drawing in Bohm Davidoft and Huber 3 po 1473,



GENERAL CONCLUSIONS

It is impossible, in considering the electrical phenomena accompanying manifes-
tations of change in the body, to neglect the primary importance of processes of
diffusion in their production : and in no case is such a statement more apposite than
when it is hrmtghr to bear upon electrical phenomena determined by i:njur}r. For
the L]llfl:lltit'.‘lti'r’t distribution of L'h:crr{ﬂ}'t::zi in the tissues is notoriously by no means
Llrtifm'm, and the l‘t:miq:m:}.-' to Ll]ﬁﬂ‘:rmit}' which follows injur:f 15 I]UCUHEEII'“}' the cause
of their redistribution.

It, therefore, follows that in the case of any remarkable electrical phenomenon,
attributable to *injury,” the part taken in its production by this redistribution of
electrolytes must wecessarily be examined. Where this enquiry has not been elaborately
made, there is reason to undertake it, even if some other cause has, upon apparently
adequate grounds, been previously assigned to the phenomenon.

When, as in the case of the injury current of nerve, the pursuit of the cause has
been abandoned, and an agreement has been come to, to cover the abandonment by a
phrase ; then, such a course can only be justified upon the grounds that the phenomenon
15 of very minor importance, and is better disregarded whilst more fundamental facts are
hr.'ing observed and iiwi:?ir"lgntl::l.l.

In the case of the injury current of nerve the abandonment has been definite,
the justification has not been pleaded ; since under whatever phrases the phenomenon
and its causation have been concealed, it is a matter of common opinion that this
phenomenon may be a crude, stationary, and thercfore useful, instance of the
travelling phenomenon of the nervous impulse.

The lack of justification is not only made evident by such an important con-
sideration, but even better so by another still more important one ; for the evidence
is by no means conclusive, is even fallacious when apparently most definite, which
has been used to prove that the injury current is not the outcome of conditions
pre-existing in the nerve fibre.

As long as it remains possible to regard this phenomenon as due to previously
existent structures newly arranged in regard to one another by the process of injury 3
so long must it be regarded as probably a most important guide to the differences of
structure between the component parts of the nerve; since such differences can be
estimated h}* use of the electrical phenomenon as an index, and the new arrangement
consequent upon injury is capable of being directly studied.

There is no justification, therefore, for an abandonment of the enquiry into the

causation of this phenomenon.
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There 1s one F‘Il‘t!-[:?{iﬁtl:l'll structure ' of the nerve which 11-:-;q:55;1ri]:.' }11.‘1}'1-: an
important part, namely, the barrier (or barriers) which previously to the occurrence
of “injury * had maintained separate and distinct from one another the different
structures of the nerve.

There is another *pre-existent structure’ also of undoubted importance in
determining the value and direction of the phenomenon, namely, the solution which
bathes the outer surfaces of the nerve fibres.

The value of this last factor has been studied in this paper, and 1t has in this
I'L"E\'-HLLF'I.'JI I.'IL'E']'I. d{:ﬁﬂi'ﬂ]}‘ P]‘(J\"CL:I. o I"Iil"l"L' i ";"il]lll..' \.';'h'ii.'l"l. ;:": l]l'l]}' il]'l\l t'[}]'l‘l'l_‘l]l,'[-r_‘l}' gll"n."l,']'l
to it h}r the fact that it is a solution of :,'h:n;'l‘r:ﬂ}'h::i : 4 value which may be altered in
a precise and quantitative manner by modifications of the electrolytes which it
contains ; these modifications adding to it, subtracting trom 1t, and even reversing it.

The strength of the solution, as it exists upon the nerve removed from a living
animal or immediately after death (before the stoppage of the circulation has had
time to lead to local modifications in the lymph), is that of the ordinary ¢ normal
saline” solution ; that is to say it is “entirely pre-existent : ' madifications occurring

later are only sources of error in the estimation of its impnrmm‘c.

The remaing structure upon which the injury current depends, the *internal
solution” of the nerve, as uu,“q:ﬁﬁ;lri]_\' owes all its in'L"b[}rt;Im‘t: and value to the fact
that it 1s a solution of c]l;;:h'u]}'h:ri i and 1t i:-:, as Hl,l.l.'h? ::.'ip.'ihh: of madification |'r:.' the
addition or subtraction of electrolytes,

[ L

The decision as to 1fs pru—:,:xiﬁh:ut Y or m:!.!.'l:..' .'u;u,luin,'.l 4 i.]'l'i]!lf’}l'T.'I]u'L" as deter-
mining the value of the injury current, lies entirely in the answer to this question,

Are the electrolytes in this salution, which vender its value (as a solution)y different from
that of the external * novmal saltne, pre-existent; or are they mew!y comtvibuwled by chemical
change, the secondary conseguence of ifury ?

It 1s considered that this question 1s best approached in the ﬂh||uwil'|g way.

A study of the polarization phenomena of nerve has led to an appreciation
of the fact, that the greater part of the conductivity of the nerve 1s due to the
internal solutions of the axis cylinders,

If this greater conductivity means a greater specific conductivity of these solutions,
then the injur}' current 18 ::xp].'ﬁm.'d in terms L‘rltin:]_'l.' of |‘~1'::—:::-:i&~t¢:rlt structures,  If it
does not, but means a greater volume of *normal saline * solution within the axis
cylinder than outside of it in the nerve trunk, then the axis cylinder solutions form by
tar the greatest mass of conducting structure in the nerve.

Changes in the specific conductivity of this mass, such as would follow the
addition of electrolytes by chemical change affecting each unit of it, and subsequent

to injury, must necessarily add considerably to the general conductivity of the nerve,
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There is, however, no evidence that the conductivity of the nerve is affected by
injury other than such as is adequately explained by the destruction of ¢ membranes,’
structures which are characterized by low specific conductivity. There is, therefore, no
evidence of the addition of electrolytes to the internal solution, nor even of the
addition of electrolytes to localized portions of this solution. There is, therefore, no
evidence that secondary chemical change takes any part in the development of the
injury current,

There 1s, on the contrary, evidence that all the conductivity of nerve is adequately
explained by the presence of its inorganic salts, and, therefore, that all the electrolytes
of normal nerve are inorganic salts. The electrical phenomena of nerve, if such
l:'r'i.llL"l]i:C i“": Cf”]‘\lﬂ,'{:rﬂﬁl a5 l:{'.l-l'l::l'l.lbi‘;"ﬂ, l,i!,:]_]{:l"lﬂ_lﬂ L’]‘]tirl,:T}' 'L[rl‘[:lﬂ thl..' iTl'ﬁrgﬂn.i.c ";il]tq l“'hli':h
1t contains.

It it is proven that the injury current is due to a * pre-existent’ differential distri-
bution of electrolytes, and that all the electrolytes it contains are its ﬁrgunic salts,
then the injury current becomes disappointingly a guide to nothing more than the
differential distribution of inorganic salts in the nerve.

The disappointment is modified, however, when the extraordinary nature of the
differential distribution, as indicated by this phenomemon, is realized. For the indi-
cation it gives is, that there is to be found within the axis cylinders a solution of
extraordinary concentration ; a possibility itself intrinsically of great interest.

When such a discovery is considered solely from the point of view of the previously
determined facts of the conductivity of nerve, and the secondary consequences of con-
duction by a nerve (the electrotonic phenomena), then it appears at once as the
necessary corollary to such facts. Indeed, the probable occurrence of such a differential
distribution of electrical conductors within the nerve, as indicated by these facts, has
often been considered, even if no definite limits have been given to the speculation.
The results of other methods of investigation used by physiologists may be said to
have determined the ::xpccmti:}u of such a cnuditinn, which cxp-_-ct-.uinn these results
have mnp[}' ju,ﬂariﬁud.

When such a differential distribution 1s, however, considered from another side,
there is a very grave difficulty in accepting its possibility. For such a concentrated
solution placed within the cell of an osmometer, separated only by a semi-permeable
membrane from the dilute ¢ normal saline,” would be found capable of giving rise to a
pressure of many atmospheres inside the cell.  There is no knowledge available to
decide the possible magnitude of the strain, which the extremely minute capillary tubes,
in which we may presume this solution lies, would stand ; but it is, in ignorance,
inconceivable that they should stand such a strain as this.

On the other hand, there is reason to believe that in such capillary tubes the
expected osmotic pressure may not arise, although highly concentrated solutions are
present, Thus, there is the fact that fibrillar structures may :u‘hm!l}; concentrate
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within their pores solutions 1 which thc}' are 'm'n‘r'u:r:-;,r:d} so that the pores ﬁrml]:.‘
contain solutions much more concentrated than the * mother ’ solution 1-'.urrm|m{ing the
fibrillar structure. Such a fact 15 extremely suggestive when the extremely fine
nature of the interspaces which he between the fibrillae of the axis cylinder 15 con-
sidered. It is more suggestive still when the possibility of regarding the fibrillae as
themselves tubular 1s taken into account.

Accepting all that is taken as known of the minute microscopical structure of
the axis cylinder of the nerve: then there is no inherent improbability in the sup-
position that the inorganic salts of the nerve might there be held enchained in a
highly concentrated solution free to move parallel to, but not at right angles to and
away from the fibrillae.

fir:mting suich a pnﬁsihilit}', we are, however, faced h:.- the imimrmnt L‘m't}”:u‘}'
th:lt‘ HL":I"I C{]]'Il:l.:l'ltrilti{}l'lﬁ are iT'Il.lﬂ:'ﬂ."li E‘i'll.']'l.il'i!'lﬂ.‘l,,l "hL'I'L‘, El'l'lli,l Are, t]'ll,_'r'k'ﬁ'ﬂ'l._'? 'I,I.I'I:I,!'I']k" [y
exXere an ﬁﬁ['l‘.l[itil' I‘r{:ﬁ-.‘iul'ﬁ:, or |'I}' liiﬁ“ﬁ'}l]g il'ﬂ'ii}' gi"n"k." t'ih'li.." ({8} L'El.'l.'t'l'i(,"ll_l i'l'hl{_’”l"lﬂ'll,_‘“ft_
To explain, in the presence of such an hypothesis, diffusion processes consequent
upon injury, it seems necessary to invent a phenomenon really secondary to thejinjury,
ir\\ﬂ?]\';i]g new ﬂ."f}l!l.,litll{]']l.‘i [!F thL‘ ﬁiu'i”;lr structure.

To vent such a phenomenon is as culpable as the invention of a chemical
change, and the necessity for doing so is equivalent to the necessity for abandoning
this supposition.

On no lines known, therefore, can we explain how we could place and retain n,
and subsequently allow to diffuse away from the axis cylinders, a highly concentrated
solution of electrolytes.  But the physical capabilities of such a position, in the longi-
tudinal pores of capillary tubules so minute, are unknown, and beyond the reach of
investigation,

Granted strong presumptive evidence of the presence of a highly concentrated
solution, and of the possibility of its diffusing away from it subsequently to an
“injury,’ it is essential first to criticize severely the nature of the evidence.

Granted that the evidence is found satisfactory, then the question of possibilities
may be with greater advantage discussed ; since such a case might in itself light up

possibilities,

The t:qu:rimcntat work of this research was carried out with the assistance of

grants from the British Medical Association Scientific Grants' Comnuttee.






