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CHAPTER I.—INTRODUCTION, INCLUDING THE AUTHORS' METHOD AND THE PLAN
OF THE RESEARCH.

Ix the ‘ Proceedings of the Royal Society, vol. 45, 1889, p. 18 (Meeting of November 1,
1888), we published a preliminary account of some of the experiments of which the

results are now given in full detail.
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In that communication we stated that the object of our work then was to
endeavour to ascertain the character of the excitatory processes oceurring in nerve
fibres, when, either directly (artificially) exeited, or when in that state of
functional :1:‘.lit'it}', which 18 due to the passage of Imptﬂm's ulmlg them from the
central apparatus. The most important way in which such a method could be
applied was obviously one which would involve the investigation of the excitatory
changes occurring in the fibres of the spinal cord when the cortex cerebri is stimu-
lated. We must at once assume that the motor side of the central nervous system is
practically divisible into three elements:— 1. Cortical centres. 2. Efferent {|r_v1'm:tﬁ{]ul
tract) fibres leading down through the internal capsule, corona radiata, and spinal
cord. 3. Bulbo-spinal centres contained in the medulla and the spinal ecord, and
fl'.flrﬂ-.l.i“g T.-]:Iﬁ “'L"“'l{tll)"ﬂr'!l IIliL']Ei Ur thl.‘! {:l'illiiq'll :'I.-'H]. iI‘.IHU ”r ',Ill...'-' F-]:Iill:l.l III'l.:'t.l.J'I.’ nerves.

It had already been determined, both by direct observation and by the graphic
method (1) that certain areas of the cortex were connected with definite movements
of various parts of the body, and (2) that while the complete discharge of the cortical
apparatus was followed by a very definite and characteristic series of contractions of
the muscles in special relation with the particular puint exeited, the effectual removal
of the cortical eentral mechanisn and subsequent excitation of the white fibres passing
down through the internal capsule, &c., led to the production of only a pnrtiml of the
effect previously obtained from the uninjured brain.

This method of observation in no wise showed what processes were actually
oceurring in the leirliti and other nerve fibres, and .'u]illm:gh the ablation of the
cortical centre, to a certain degree surrested the extent to which the cortex acted,
nevertheless, it did not aftord an exact demonstration of the same. Moreover, the
data which the graphic method furnished were precluded, through their being
I],TU.SEII].EH' I'J:"l,:{ll'ilﬂ, 'E.i"l'HII l::l.{"t.t"l'tllilii'll;-_f 'ﬁ'h:Li H}lill'ﬁ? 1I. illl:n', l!lt! ].”“'Ef'l' huth-S!iin[l} EE“tl‘il]
nerve cells took, either in the production of the characteristic sequence of contractions
or in the modification, whether in quality or in force of the descending nerve impulses
during their transit.

It seemed to us that the only way to approach this subject would be to get, as it
were, between the cortex and the bulbo-spinal system of centres. This would be
ﬂmﬂ]ﬂ]]liﬁht!‘[l if 20me menns werse lltﬂ\"iHL"‘[l [IF EL‘itf{"l'liliII;“g 'L]:H:.’- ﬂl]lll'ﬂcter l].[. t]]ﬁ
excitatory processes oceurring in the spinal fibres of the pyramidal tract, when upon
excitation of the cortex, nervous impulses were discharged from the cortical cells and
travelled down the eord.

The question as to the extent to which it is possible to obtain physical evidence of
the actual presence in nerve fibres of excitatory processes and thus to arrive at
reliable data for the comparison of their amounts is one which, up to the present, has
been answered only indirectly, and that in two ways, firstly, by the extension of
Hewvborrz's classical experiment of determining the rate of transmission, and
secondly, by observing those variations of electrical states in nerve fibres which
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po Bos-RevMoxp discovered to be invariable concomitants of excitatory processes.
As will subsequently be shown in the historical retrospect, it is well known, through
the researches of pu Boms-REvmosp and others, that the fibres of the spinal ecord,
just as nerve fibres in the peripheral trunks, are characterised by showing when
unexcited an electrical difference between their longitudinal surface and cross-
sections, and furthermore, that when excited a well-marked diminution of this
resting electrical state is produced in the fibres of the cord as in those of nerve
trunks.

Now since such excitatory variations in the electrical state are presumably parallel
in time and amount with the presence in the nerve of the unknown processes termed
excitatory, which a series of stimuli evokes, it was reasonable to presume, if the
cortex were discharging a series of nerve-impulses at a certain rate down the
pyramidal tract, that there would be a series of parallel changes in the electrical
condition of the fibres in the cord tract, and that with a suitable apparatus for
responding to such changes these might be both ascertained and recorded.

If this could be done, then the character of the discharge of the eortical centre
into the spinal cord would be, for the first time, definitely ascertained.

As has been said before, the graphic method to some extent suggested the solution
of the problem, but the graphic method could not exclude, as this newer mode of
Ill‘.’EE[iH‘;ltiun does, the hn“m-ﬁpilml centres. Jll{]gillg from the rate of contractions
of the muscles convulsed by excitation of the cortex, it was reasonable to expect that
the variations in the electrical condition of the pyramidal tract might intermit fifteen
or twenty times per second. If, therefore, they were to be observed or recovded, it
was obvious that some instrument would have to be used capable of quickly respond-
ing to very minute electrical differences succeeding one another at very short intervals
of time. The only instrument available for this task is Lirpmaxs's electrometer,
and, as we have stated in our previous communication, we had the advantage of the
assistance of Mr. G. F. BurcH in obtaining several very sensitive instruments.

This instrument in addition presents the invaluable advantage of its movements
being easily recorded by photography, as originally deseribed by BUrRDON SANDERsON
and Pace.  Such records are given in our previous paper in the ‘ Proceedings’; they
were from the first so definite, and so constant, that they enabled us at once to pass
on to a further development of the same method. It oceurred to us that the method
afforded a means, not only of discovering the rhythm of the nerve disturbances as
they pass along the spinal channels, but also of investigating the line of communica-
tion existing between separated nerve centres, the mode of discharge of such centres,
and the determination of the direet paths, whether afferent or efferent in the
structure of the central nervous system. It is this last wider application of the
method to which we wish particularly to draw attention in the following pages,
inasmuch as althongh it has hitherto been possible by means of division or ablation
of certain portions of the central nervous system, e.g., the spinal cord, to trace by
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the loss of function the probable paths of transmission of afferent or efferent
impulses, yet such a mode of experimentation is always open to very grave
disadvantages and sources of fallacy. Such, for example, is the always recurring
possibility of functional changes proceeding beyond the desired lesion, &e.

The accomplishment of this further purpose, viz., the localisation of both paths and
centres by ascertaining the excitatory electrical effeets in relation with them, was one
of the main objects we had in view.

In carrying it out we found it was unnecessary to employ the electrometer, and,
in fact, that 1t was advantageous to use the calvanometer, the record of which could
be more easily and more accurately noted, since its graduation admits of far higher
magnification. Moreover, with this instrument it was possible, by employing a series
of stimuli, of known number and duration, to obtain quantitative results of definite
comparative value, as will be shown further on; and thus to compare the electrical
effects evoked (1) in different central paths by direct stimulation of these, and (2) in
any one path by excitation of different regions.

The plan upon which the present paper is framed is, first, to give a historieal
retrospect of the work of authors who have opened up the study of electrical
changes in the central and peripheral nervous system ; second, to deseribe at length
our mode of experimentation, with special reference to the modifications which
we have introduced, then to compare roughly the results we have obtained by our
present method with these which had been previously ascertained by the graphie
ml:l,hﬂd, and so introduce the Elﬂﬁﬂript'mn of the facts which we have Eii:-;{mvcred,
elucidating the physiology of the spinal cord both in its relation to the higher centres
and to the peripheral nerves. In deseribing the detailed results of our experiments
we have found that it i1s difficult, from the extent of g‘n}un*j covered by the subject,
to :ulnpt a convenient arrangement of facts, and mode of lhﬂﬂ:r"}ing the same, which
are free from the fault of repetition. We finally determined to gather the results
together into definite groups, each associated with the excitation and investigation of
]'mrticul.'-u' regions, and refer in the briefest manner to any flnlh::rl‘t ant In'hlci|1|ﬂﬂ which
were not directly elucidated by, but only involved in, the particular experiments
under consideration. Finally, we give at length a summary of the general conclusions
which we consider we are justified in drawing from our experimental results.®

* W here wish to express our great indebtedness to Professor Brorpoy Saxpersox for p]m_'ll:g at onr
disposal the instraments and equipment of the Physiologieal Laboratory of the University of Oxford.
We arve also under especial obligations to Mr. G. F. Buren, whose constructive skill provided us with
the requisite electromefers, and who very kindly gave his assistance in preparing our photographic
records.

Finally Dr. Howaro Toors has very obligingly carried out the laborious task of the mieroscopieal
investigation of the spinal cords in those cases where we performed the section of columns antecedently

to the special experiments of the present research.
The expenses of the present investigation have been defrayed by grants from the Scientific Grants
Committee of the Royal Society, and from the Scientific Grants Committee of the British Medical

Assoeintion,
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ON THE MAMMALIAN NERVOUS SYSTEM.

CHAPTER II.—HISTORICAL,

We consider it advisable to give a brief sketch or rather catalogue of the chief
facts which have been ascertained concerning the specific function of nerve centres,
and the conductivity of nerve hhres, so far as the central nervous system 15 concerned,
in order that the various points we raise in the rest of the paper may be rendered
more intellizible when the results obtained by our method are contrasted with those
discovered h:.' other means. It is naturally impossible for us to give on the present
occasion a complete history of this vast subject ; we would enly, therefore, allude
to those points towards the further elucidation of which we have divected the
pt'e:-wnt research,  The |u‘uu;'ﬂdnl‘f.-.‘-:. uttlphr}'t:{l l}.}' various authors with the C}{Cﬂljtiuﬂ
of the galvanometric method may be enumerated as follows :—

1. Electrical and other stimulation with direct observation of the phenomena
evoked.

2, St-illlll,].!lt.‘l.llll W;Lli ;_':'E'LI.EIIIIi.U l'UUIJ].‘l:I. {)!I I“llﬁc“].?'l-r “.-lild I:FT.-]]L"].' IIIﬁTEIII{‘IItH 'E:II'HIIIICI_‘E]_,

3. The method of anatomically observing the degeneration of nerve fibres consequent
upon their separation from nerve centres with which they are in functional relation.

4. The mnbr}ruhl;i:::ll method of observing the l.lr_".'ﬁlu]unulur. or differentiation of
tracts and fibres.

Of the foregoing methods, the first was the one by means of which the |'r|‘in:*iIlIcS
of localisation were earliest determined, and in this connection it is scarcely necessary
to do more than allude by name to Hirzic and Frirscw, FErrier, Mung, Luciaxst,
ArLeertoNI, and others. The results they obtained are to be classed with those
gili“cd h}" TN ﬂi" t.]:l.E f“iﬂﬂllﬂlll! “luthl.”.l. {-f I'U(ftlr'l]i."_::_-"" Il'l.ll:il‘.'l:llq'li' iUll] E:IL.IH;’I' III{T‘L'ET‘III{}HIS‘_
employed in the analysis of the funetions of the central nervous system for the
first time by Fraxgois Fraxck and Prrres, and in the subsequent investigations
of Buexorr and HEIDENHAIN. Tlm:,.' are open to the same u]ti-ﬁ-:iiq:u, viz., that since
the}r involve motor function tht-}' Iu*{:uﬁﬁur“}' exhibit the Eiﬂti\'ll-;r' of two sets of central
mechanisms, and that therefore they only indicate the functions of the paths which
run in the central nervons system in so far as these functions are modified by those
paths being intimately connected with the lower or bulbo-spinal centres.

The degeneration method, in which localisation of a nerve path is accomplished by
means of studving the retrograde changes which nerve fibres undergo when they are
cut off from the lowest nerve centre, with which they are in relation, should they
happen to be paths for ascending transmission, or vice versd from the highest nerve
centre for descending transmission was nitiated by Torek and followed up more
especially by Cuarcor and his pupils, as well as by a large number of investigators,
and neuro-pathologists of all countries. This method is not free from possible
error, since in the case of nerve channels conmected at each end with central
structures, we do not vet know what the nature of the conneection must be which
enables the nerve channel to successfully resist degeneration. Therefore, while the
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existence of degeneration furnishes us with positive evidence as to the presence of a
direct ]Jetlll, its absence does not exclude the existence of such a IHLHI.

The embryological method, which affords a very fair control of the degeneration
method, was instituted h:,' Frecnsig and has since been extended by BEcaTEREW and
others, It gives a fair indieation of the meu_u'linn:l[& number or quantitative relation
of the elements which o to make up any one channel, whether direct or indirect,
but beyond this, and the all important localisation of position, 1t does not carry us,
By a special histological method, introdueced by Gover, the anatomical relation of the
paths in the developing cord have 1'1_!=:cnl;|‘}' received a fuller demonstration, at his
hands as well as Koruiger's, Raymon v Casar's and others.

It will be convenient to tabulate the facts according as they relate to

I. Centres,
11. Paths.
1. CexTRES.

Functional _-‘lun'r'z'e'y qf' Centres.

As regards Centres, the position assumed in the introduction™ is, we believe, as a
matter of fact, tacitly in the minds of observers, if not admitted, and the influence of
-5 lI'I-il.‘!'-ll..l. 1.'-!"]|l|'l.!':'i.I iH II{It. S0 li\'l"!"l.‘l‘}“..‘-l]]]ll.ll_f_:l:_l: illllll'.ll't-:i"t il= 1}I'ig1II=L]i}' HHFPUHEE]. .IJ_"'" t]ll}
older observers. To conveniently combine, therefore, the results without doing
violence to the theoretical views expressed by anyone, it is only necessary to arrange
the fucts in relation to the part which is the seat of experimental investigation.

A. Cortex.

®

{_l.} Leatent Period, —The loss of time which intervenes between the H-l}pli.l.'ﬂtinll of
the stimulus to the cortex and the commencement of the resulting muscular contrae-
tion is ‘06 on the average in the Carnivora. (Fraxck and Prrees, BusNorr and
HEIDENHAIN, SCHAFER, ourselves.)

(2.) FEicitability.—This property of the cortex is greatly altered, s.c., either in-
creased, or diminished by—

(@) Severe hazmorrhage ; (1) deep angesthesia ; (c) cooling ; () drying ; (¢) fatigue ;
( /) peripheral stimulation of the functionally corresponding and other parts of the
body. (Buesorr and HeEmexnaiy, Buzzarp, Exxer.)

The latent period may vary from the effect of any of these causes as well as from
the intensity of the stimulus. (Buexorr and HeipENEAIN and other authors.)

* Viz., that the plan of the central nervous system, as regards its “ motor™ side, eonsists in a cortical
mass of grey matter, and a corresponding mass in the bulbo-spinal part of the central neural axis,
with segmental representation of function, while that finally these two great central apparatuses are
connected IJI}' the direct ]I-Iﬂ'i]h known az the ]l-j'l‘:tl'tlil.l:l.l tract or excitable fibres of the corona radiata
internal capsule, and, we must add, of the lateral column of the spinal cord.  According to this view

the basal cevtres and ecrbellum act on the direct motor apparatus, if at all, as reinforcing mechanisms.
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(8.) Mode of Discharge.—~The impulses generated in the cortex, and which pass
down to the muscles may, according to the duration and intensity of the stimulus, be
of the nature of («) single discharges producing one muscular contraction ; or (b) com-
pound discharges producing tonic muscular contraction, or (¢) a combination of tonic
and clonie contractions. (Frrrscn, Hirzic, FERRIER, Muxk, Franck, and all other
authors.) This last combination is to be looked upon as the complete discharge of the
cortex, vide infire and pp. 3435, 349, &e.

(4.) Natuve of the Discharge.—(a.) The single muscular contraction is move pro-
longed, and ceases move gradually than that elicited by a single stimulus applied to
the motor nerve. (Frawck, confirmed by ourselves, )

(b.) The tonic contraction is regarded by most authors as a fusion of contractions
evoked by many discharges, (Franck, Scuirer and HorsLey ; vide infre © Corona
Radiata.”)

(c.) The tonic and elonic contractions oceur in the order mentioned, and are to be
regarded as the muscular response to a complete ecortieal discharge, i.e., comprising a
primary eftect and aftter-ettect.

(d.) The rate or rhythm with which these muscular responses® appear to succeed
One 11.“(]t-h';-"1' ]fl:ﬂ,H ':FEE-II 1-':1|'iul.!l.‘-:1:r‘ Eﬁt-inlatﬂd I.'l‘:f diﬂbl‘ellt Uh-‘ﬂ@l"fﬂ'm i!‘l d“rlﬂ'ent ll“inlﬁlﬂ-
and with different instruments, and has been ascertained to be from 8 to 10 per
second.

(5.) Relation of the Discharge to the Parts of the Body.—a.) Localisation of the
representation of the gross divisions of the body to definite areas of cortex. (Frirscn
and Hirzic, Ferrier, Muxg, Luciax:, ScuAFer, BEEvor, HorsLEY.)

(b.) Localisation of the representation of segments of the gross divisions to definite
areas of cortex. (Beevor and HorsLey.)

(¢.) Localisation of the representation of the character of the various movements of
segments to definite areas of cortex. (Bervor and HorsLey.)

B. Spinal Cord.

Under this heading we will group the phenomena associated with the functional
activity of the system of bulbo-spinal centres, i.e., those in which the efferent paths
terminate. It may not he :-:11|‘.uurﬂl.1m|,ﬁ to add that the information furnished |r;.' the
graphic method does not differentiate the complex structure of a bulbo-spinal centre,
and that it can only yield a record of the combined action of mainly afferent and
mainly efferent corpuscles in the posterior and anterior divisions of the grey matter.
All methods of observation hitherto employed invelve the activity of the whole
apparatus, and this must be borne in mind in considering the following facts.

* The tracing waves indicating the contractions are frequently summated. (Honrsiey.)

Quite recently the value of these waves as indications of rhythmical nerve discharges has been con-
tested. (Wepexsku, Havomarr.)

MDCCCXCL—B. 2N
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(1.) Latent Period.~~The interval of time occupied in the passage of a nerve impulse
from the afferent to the efferent side of a (reflex) bulbo-spinal centre is given on
p. 481, to which reference is directed. (Wuxor, EXNER, and others.)

(2.) Eecitability.—This funetion of the grey bulbo-spinal matter is modified by the
same causes as those which influence the Cortex, see pp. 272 and 483,

When the excitability of the cord is raised, e.g., that of the distal segments after
seetion, these latter may discharge in a coordinated fashion, see P 423, as was first
observed by Scurrr.

(3.) Mode of Discharge—The bulbo-spinal centres, like the cortex, present three
modes of discharge, but not in the same degree, ¢.¢g., the combined sequence of tonus
and clonus though sometimes present, see pp. 483- 499, nevertheless oceurs but ravely.
I:'1.|,:|'|'tl|'llﬁ:|':I s l,"";'i{lﬁ‘l'll_."f’!ll ll'l}' "I'I.],Hl,,‘-'lllu'l.l" ]!"L'Elh_}li:jﬂﬁl t.l:ll,' IIJH!I}-I:I'-HEJJI.INI], centres 1[1IIIE{II' til diﬂ-
l:h:ll'}i‘l" ;I.t. I‘{,"gll.lﬂl' i'[l.'!"‘l'\':il."!- l|.'|:|I'|:.I.ﬂ:|.1 l!‘{,’l't:'l..i'['l. Uﬂll{ii‘.ill!l:{ HI. iti“lq'llii![l HH[I Hxﬂiwtill]l? ﬂ,_l'}'”
ankle clonus (V.H.). For further detail see p. 483.

(4.} Nature of the Ihscharge. (a.) As in the case of the cortex cerebr the charae-
ter of the muscular response to excitation of the cord is different from that seen when
the exeitation is diveetly applied to the nerve.

(f.) The tonic contraction is usually developed more rapidly than that obtained
from the corona radiata,

(e.) The |*||:~.'t]|n| of the intermittent muscular contractions, fused or not, 15 from
8 to 10 per second or f'r{u!llﬁ_lnt.]}-' the ﬁul'l}' |||llll.i|}1u:~; of this rate.

(5.) Relation of the Discharge to the Parts of the Body.—(a.) Localisation of the
representation of the gross divisions of the body to different regions of the bulbo-
spinal apparatus is well marked. (All authors.)

(b.) Localisation of the representation of the segments of the gross divisions and the
character of their respective movements to different root-origins in the grey matter.
(FERRIER and Yro, Sciirr, ForaUE, BEEVOR.)

11. Parns.
Functional Activity of the Efierent Paths.

The graphic method only permits of a limited analysis of paths, i.c., fibres, inasmuch
as there is of necessity included the bulbo-spinal system of centres for the purpose of
giving the muscular contractions used for record. Hence no result by the graphic
method can be regarded as pure; morveover, it only furnishes information upon the
functions of efferent paths.

In fact, there is no direct evidence forthecoming from any method of observation,
except that of the galvanometer, to prove that the paths themselves in the cord
are excitable. Indeed, it has long been held by many physiologists that all efiects
obtained from stimulation of the spinal cord are due to primary and progressive
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excitation of reflex centres (Scuirr, CHAUVEAU). Consequently, it must be under-
stood that the following ennmeration of facts is written and arranged in the light of
our experimental results, zet forth in the present paper.

A, Corone Radiata.

(1.} Latent Period.—The loss of time intervening between the moment of appli-
cation of the stimulus to the corona radiata and the commencement of the resulting
musenlar contraction is usually “04 see. (Fraxck and others.)

(2.) Ewxcitalafity.—The excitability of the fibres rapidly fails npon their exposure.
Vurriax showed that relatively the excitability of the corona radiata was higher
than that of the cortex. In this he was confirmed by the observations of Bocne-
rFONTAINE, Coury, AscH and NEissgr, and others.

(3.) Mode of Discharge.—The muscular contraction may be (2) a single twitch, or
(b) a tonus. The combination we have termed the complete cortical discharge, and
consisting of tonus and clonus, is never seen where the cortex is absolutely removed.
(Franck, Bupxorr and HEIDENHAIN in part, HorsLEy, ScHAFER and HogrsLey.)

(4.) Nature of the f_?r'.-ﬂ'fm.i'_r;ﬂ,—(u,} The tonus observed is l'u‘_:gur{]e[l as a fusion
of museular responses which commence and end sharply with the beginning and end
of the excitation.

(£.) The rate of recurrence of the individual responses is unknown.

(5.) Relation of the Ihscharge to the Parts of the Body.—Localisation of gross
divisions of the body to certain fields of fibres issuing from cortical centres (all authors
named above).

B. Internal ﬂ'f-!jun'rcf{',
(1.) Eweitability.—The excitability of the fibres forming the internal capsule is
very high., (Fraxer, Guigy, BEevor and HorsLey.)

(2.) Mode of Discharge.—Indistinguishable from that of the eorona radiata, guod
l.-‘i‘ll!'-lrf’1

(8.) Nature of Discharge.—Ditto.

(4.) Relation of the Discharge to the Pavts of the Bodiy.—(un.) Localisation of the
representation of the gross divisions of the body to limited fields of fibres. (Frasck
and Prrres, GLiky, Beevor and HorsLey., )

(i) Loealisation of the representation of segments of the gross divisions of the
body to definite fields of fibres. (Beevor and HorsvLey.)

(¢.) Loealisation of the representation of the character of various movements of
segments to definite fields or bundles of fibres. (Bervor and HorsLey.)
C. Crus Cerebri.

(L) Ezcitability—The execitability of the fibres has been determined by many
observers, (Bupce and others.)

It
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(2.) Relation of the Discharge to Parts of the Body.—Localisation of the represen-
tation of the gross divisions of the body to certain fields of fibres. (Brissaup and
others.)

. L"';].lu'mui' Clorel.

It will be searcely realised, except by those who have made a special study of the
literature of the physiology of the spinal eord, how little has been done which would
enable nus to carry out, strictly speaking, the differentiation of the subject of condue-
tion in that organ, by arranging the facts in the same way as we have just done for
the higher parts of the nervous system. So much so is this the case that we do not
intend to do more at this stage than indicate what we believe to be a fair estimate of
the experimental work already accomplished. In introducing our own work later on,
which directly bears on the |mi|1ts at issue, we shall draw attention to many of
the more salient details which 'r'i.-r|uE|'t‘-. attentive discussion. We will, therefore
now content ourselves with furnishing a general review of the function of con-
duction in the cord. We may note in passing that almost all the literature is to be
found in the writings of vox Bezovp, Ecknarp, GRUNHAGEN, Scuirr, IMMANUEL
Muxk, and others. We would, in the first place, urge, what we have reason to do
with greater weight later, that not one of the foregoing methods, 2.c., graphic degene-
ration, embryological, &e., is capable of answering the question of conduction or its
localisation in an absolute manner. The great difficulty in eonsidering conduction by
the cord is the disseverance of the action of the bulbo-spinal centres from that of the
nerve fibres which happen to pass through or by them, and this difliculty does not
appear to us to have met with the amount of attention that it would II.'ltllt'El”}" S
to deserve. In faet, to our mind the g.-_u].'.':um]ni_-.trit} method is the un]}' means within
our reach at present by which a solution can be arrived at, and even that method
requires to be cousiderably further elaborated.

Dividing conduection in the spinal cord into the two great classes of —

I. Conduction of impulses downwards ;

2. Conduction of impulses upwards ;

we are able to smnmarise the facts which appear to be thoroughly reliable as follows ;—

(1.) Conduection of Impulses downwords.—In Man and the highest Apes direct
conduction downwards, v.e., from the cortical centres to the bulbo-spinal system,
appears to be provided for in the upper half of the spinal cord by both the anterior
column, close to the margin of the anterior fissure, and, speaking roughly, by a
triangular area in the posterior part of the lateral column, just external to the
posterior horn of grey matter.

(2.) Conduction of Tmpulses upwards.—There is known to be an entrance from each
posterior root into the postero-external column of fibres, which run directly from the
ganglion of the posterior root as high as the medulla oblongata. These direct fibres
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are further known to gradually tend towards the middle line of the cord as they are
displaged by others Ellt.m'ing the cord in proceeding upwards. Further these direct
fibres are strictly unilateral, so far as is known at the present time.

There are, in addition, also other known systems of ascending channels, but these
are not dirvectly continuous with the root, but start ill:lil‘m&ﬂ}' from central mechanisms
which, to judge from the degeneration method, although this is of course not absolute,
appear to intervene. These are (1) the direct cerebellar tract which runs up the
posterior and outer surface of the lateral column, and (2) the antero-lateral tract
which oecupies a similarly lateral position further forwards on the margin of the cord.

In addition to the foregoing, there is some evidence to show that internuncial fibres
run in the lateral column in about the inmer third of its centre, or a little posteriorly
to this point. Of the existence of channels for transmission of impulses upwards in
the opposite posterior column to the side of the root by which they enter the cord
nothing is known for certain.

History of the Galvanometric Method of Determining the Action of the Nerve
Centres and the Course of Nerve Channels.

As we have before f‘l_'evrruentlj' u{:l:llm*.']ieﬂg&f[, the real basis of the g;ﬂvum\vlnﬂﬁc
method was the discovery by pv Bois-ReEvmoxp® of the negative variation produced by
excitation in the resting electrical difterence of a nerve path. Since that discovery,
the idea has doubtless oceurred to various physiologists that, by this means, we might
discover the mode of functional activity of nerve centres. Caront was the first to our
knowledge who directly employed the galvanometric method of determining such
variations for the investigation of the actavity of nerve centres, and the localisation
of the same. He connected points on the external surface of the cortex with the
galvanometer, and he found that the uninjured external surface of the brain was
usually positive to a section of the same. When any part of the cortex thus
investigated was thrown into activity, the resting difference showed distinet negative
variations. Thus, in the Monkey, after the cortex had been prepared and the
electrodes applied to the eentres (Fernrier) of rotation of the head and mastication,
the negative variation or action current showed itselt when these movements were
ImrfnrmucL Further, in the Rabbit, when the area of the cortex which subserves the
movements of the E}'Elid.‘i wWias itwem.ignlu&, the Itu;_;‘:LLite varviations showed themselves
when the opposite retina was illuminated. Serscaesxow] was the first to our know-
ledge who connected the medulla oblongata with the galvanometer. He noticed
certain periodic variations in the resting electrical difference, which he attributed to
periodic changes of the funetional activity in the bulbar centres.

# ¢ TTntersachongen liber Thierische Elekiricitit.

% ¢ British Medical Journal,’ 1875 ; also ‘Transactions of the IX. International Medieal Congress, 1887
$ © Archiv fir gesam. Physiologie,” Priitcer, vol. 25, 1881, p. 251,
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We commenced our researches in 1888, and published a preliminary account of the
same as stated in the introduction to the present paper. Moreover, we demonstrated
onr method in 1889 hefore the Physiological Society, and further, at the International
Physiological Congress, held in Basle, in September, 1889, we made a general
l'_'lillll'lll“li.i_".'lt-ilflﬂ ol thlj ||I['t|]l::ll]., ﬂ"l! HII(I“’(‘!'] HE {:'H'EHI}IE.':tU l.'-'.'il]{‘!l'illl'[’llt- 1.".'{-]:!{" IIII}'}"-iU]ﬂgiEtﬁ
there assembled. An abstract of our paper in the * Proceedings of the Royal Society,’
was published in the ! Centralblatt fiir ]’h:,':-'-inlugit'.,’ 1889, and the account of the
demonstration at Basle was pu blished in October, 1889, not uu|}' in the ‘ Clentralblatt
fir Physiologie,” but in the °Progrés Médieal,’ 1859, and elsewhere.  We have
published, on the occasion of a priority discussion presently to be alluded to, in the
* Centralblatt fiur Physiologie,” 1891, the varions publications we have made of our
method arear lguﬂ in chn‘nmi::;:fcai order. It was not until the elose of 1890 that we
learned that the galvanometric method was being employed abroad.  On the 8th
November, 1890, there appeared in the * Centralblatt fiir Physiologie,” a paper by Dr,
A. Beck, of Cracow, who, ignorant zqap:u‘elatjy of our lnuhlimltiuus and demonstrations,
described the cralvanometrie methed, and pointed out the value of it in {]t:tm‘lllining
the localisation of contripetal or afferent nerve function in the brain and spinal cord.
This paper, however, was really but an abstract of a full paper which was presented to
the Academy of Science in Cracow, in 1890, a copy of which we owe to the kind courtesy
of Professor Cyrurskl, and in which is given a brief reference to the Basle demonstra-
tion, but no reference to our publications in 1888, or to Professor BIEDERMANN'S
abstract of the same in the * Centralblatt fiir Physiologie,’ 1889. The appearance of this
paper produced a priority reclamation by Professor Ernst Frescar von Marxow, of
Vienna, published in the ¢ Centralblatt fir Physiologie,” on the 6th of December, 1890,
In this communication Freiscarn showed that, as long ago as the 7th of November,
1883, he had deposited in the archives of the Imperial Aeademy of Science in Vienna
a sealed letter, in which he announced that he had employed the galvinometric
method for the same purpose, vide infie, as Beck and with the same details.
FrLEscHL, in this reclamation, does not mention any more than Beck, the prior
investigations of CaroN, or our publications and demonstrations of the last three years.
Although Frescawn appears to have independently thought of employing the galvano-
meter as an index of functional activity in the nerve centre, when it is the seat
of centripetal or afferent disturbance, his method of recording his idea in a sealed note,
diseounts the credit that otherwise might fall to him. All these authors have dealt
with the employment of the galvanometer as an index of the changes going on in the
nerve centre, i.e., nerve I:!U]"E!'LI!-_H;_‘.I{’:S, when that nerve centre is directly connected with
the instrument. We will allude divectly to the results obtained by Brck and by
FrEmscHL, but we wish to point ont that from our own observations made in the same
way, we are not at present satisfied that the basis of these researches is entirely
trustworthy (see Chapter IX.), and that they deal with but one point in this extensive
subject. So far as we are aware, we were the first to determine by use of the electrical
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method the localisation and guantitative estimation of either centripetal or efferent
impulses issuing from nerve centres in functional activity, and, in addition, we first
employed it for the determination of the localisation of paths or channels of nerve
function, particularly in the spinal cord.  After this preliminary statement, which has
been rendered necessary by the publications referred to, we will refer to the results
which were obtained by Frescnrn and Beok t‘t‘-:-;|1~£'.{:tiﬂfll}r, althongh, as we said Just
now, these results are, we consider, for the reasons we discuss on p. 296, not to be
immediately accepted. FreiscuL (foc. eit.) econnected, by means of non-polarisable
electrodes, two symmetrical points on the surfaces of the cerebral hemispheres with
the galvanometer, and found that in the resting condition there was little or no
electrical difference. If, however, a sensory end organ, whose corresponding arvea of
the cortex was thus connected, were excited, the effect produced was an electrical
difference as recorded by the deflection of the galvanometer. This effect, he especially
obtained when the visual centre discovered by Munk was connected with the
galvanometer and the eye illuminated, whereas little or no difference followed ex-
citation of cutaneous nerve endings. Finally, he tound that profound nareosis with
chloroform or ether abolished this effect, and that speeial precautions must be taken
ugailmt. L‘*tmlllllg of the |:|I'l.!E:IHI‘4'lT,It{,1I!H.

Beck (loe. eit.) removed the brain, spinal cord, and sciatic nerve of the frog en
bloc and placed the preparation on a glass plate; he then applied non-polarisable
electrodes made of kaolin and 06 per cent. salt solution to the longitudinal surface of
the spinal cord and connected them with a Hermann's galvanometer. He found
that there was ﬂUTlHtii]]fI:_\-' an electrical difference of such a nature that the {:uutri'n;::{l,
t.e., proximal parts of the nervous system were always electro-negative to centrifugal
or distal parts. If then the sciatic nerve were excited this primary difference was
inereased, provided the galvanometer electrodes were placed above the lumbar en-
largement. If, on the other hand, the sciatic nerve were excited while one of the
non-polarisable or leading-oft' electrodes were placed on the lumbar enlargement, there
was observed a negative variation of the primarvy difference. In another series of
experiments on Dogs and Rabbits he connected two points of the surface on one
|1L*1lli$'[JII(’I‘1.E with the galvanometer, and found that there were more or less recular
swaying movements of the needle, and which he regurded as “action currents.”
Excitation of the retina caused the visual centre of Muxk to become neg.'ltiv » to the
rest of the hemisphere,

DANILEWSKY® has quite recently published the results of five experiments which
he |wri'm'm{-u] in 1876, and in which he found that when uuu-]_:ul:l,ris;l_b!e electrodes
were connected with the cerebral hemispheres (whether superficially or deeply) and
-with a sensitive du Bois-Reymond galvanometer negative variations of the resting
difference were observable as consequences of various modes of sensory stimulation.
The portion of the |u3.|ui5|_iiu:m from which these effects were obtained was the

* * Uentralblatt fiie Physiologie," April, 1891, p. 1.
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!m.-:h-riul' part alone, and in most eases opposite to the side to which the exeitation

wils .'qn[:iirn!,

CHAPTER TIL—DETAILED DESCRIPTION OF THE METHODS EMPLOYED IN
THE PRESENT RESEARCH.

The description of the methods may be best effected by considering, in suceession ;—
The method of anwmsthesia employed.

2. The operative procedure.

3. The recording and exciting apparatus.
The g-.:nul'ul procedure and the I}I‘L‘{"{Iutiull.'-'. used.

Secrion L—MeETHon oF ANESTHESIA.

The anmsthetic employed in these experiments was, in almost all cases, ether, the
exceptional cases being those in which some bronchial or nasal catarrh vendered it
advisable to substitute chloroform, this latter giving a more even and steady narcosis,
though at greater risk to the animal.

’]hp physiological action of ether has received cunsulm able attention lately, and a
few points in connection with it are of sufficient importance as bearing upon our
experiments to warrant a more detailed notice.

In the first place, it has been shown {]Iutrl‘ER, Semox and Horsrey, Bowprres,
and others) that ether when present in the cireulating blood through inhalation,
appears to have a distinetly differential effect upon the two kinds (red and white) of
muscle, or upon their innervation, t.e., centres, fibres, or nerve endings.

Further that the direct application of the liquid or vapour of ether to the trunk of a
nerve causes paralysis of its physiological conductivity.® (Hoorer and BIEDERMANN.)

The investigations of Frovresst in 1847 had elicited the fact that the inhalation
of ether produced physiological effects, in which the functional activity of the reflex
centres was abolished before that of the conducting nerve paths, and this has been
substantiated by the work of other investigators,

It is with special reference to the action of ether upon these two structures that
the present remarks are introduced, since, with the exception of the few exper-
ments in which we employed the graphic 1m.=thu:l, onr work has been entirely confined
to the study of the changes in nerve centres and nerve fibres,

It was consequently of primary importance for us to know to what extent the
inhalation of ether has a differential action upon nerve centres as distinet from nerve
tibres.

In this connection experiments (Horsney and Spexcer) have shown that the

* MikpkrMary, ' Wien, Akad. Sitzber.,” vol. 97, 3 Abth., 1885,
t Froviess, * Comptes Hendus,” vol. 24, 1847, p. 161,
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instant effect of ether inhalation is a remarkable fall in blood-pressure, such a fall
in blood-pressure as the early experiments of Vurpian showed would of itself, if
sufficiently pronounced, cause a diminution in the functional activity of all the
nerve elements, such diminution oecurring first and most markedly in the centres,
and even a comparatively slight fall may be followed by a loss in the exeitability of
these, although the nerve fibres might not be appreciably affected.

The effect of ether, therefore, in diminishing the excitability of the cortex and
lowering its functional activity may be in part due to changes in the circulation.
It is probable, however, that the ether in the blood exercises a direct toxic effect
upon the nerve struetures, of a similar kind to that which is brought about by the
direct action of the vapour already alluded to. We are not aware of any experiments
as to the direct toxic action of ether vapour upon nerve centres ; but it is extremely
probable that sueh action occurs and that the centres should be affected by an
amount of ether in the ecireulating blood which is too small to affect in any sensible
degree the fibres,

Whatever the share which the two factors, blood-pressure changes and ether in the
blood, may respectively have in the production of the effect, the result is that
profound general narcosis serves to abolish the functional activity of nerve centres
hefore that of nerve fibres. We have therefore made use of etherisation, with due
caution, to assist us in analysing the compound excitatory effects observed when a
complex struetural arrangement of centres and fibres has been stimulated, and we
have in all cases observed great care in noting as accurately as we could the degree,
whether profound or slight, of narcosis at the time of each experimental observation.

There is one possible disadvantage in the use of large quantities of ether during a
considerable period of time which is not very obvious at first sight, and that is the
amount of vapour which is present in the air of the room. It did not oceur to us that
this coyld act injuriously upon the preparations under investigation until we noticed
in three prolonged experiments in which, owing to the method of inhalation, a large
quantity of ether was used in a warm close room, that both the exposed cortex and
the sciatic nerve suddenly lost their excitability, which they did not regain. The
possibility of this heing due to that injm'iu-uﬁ action of the ether vapour dimlﬁng in
the ]iqlti[lﬂ upon these struectures, which was pnintnd onut h_'}.' BEI;‘.IJT-‘,]L\L-\K?I, then
oceurred to us.  The effect of the vapour in the room was increased, perhaps, by its
dissolving in a warm bath containing 06 per cent. saline, which mixed with the blood
of the animal was employed for irrigation, &e., of the nerve structures. Although
the failure might have been due to other causes (exposure, &c.), still the fact of its
not occurring when speecial precautions were taken to avoid the excessive evaporation
of ether into the room and the contamination of the saline, leads us to conclude that
the cause mentioned is at any rate a depressing factor which onght, as far as possible,
to be excluded.

The use of ehloral or morphia would undoubtedly entirely exclude any error of this

MDCCCXCL—B. 20
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kind, but it has the enormous disadvantage that it is impossible to alter the degree of
narcosis, and, as will be seen, such alteration is an essential condition in experiments
of the kind which we have undertaken.

As regards the practical administration of the anmsthetic, the best results were
obtained by pushing the etherisation at first to a profound degree, so as to abolish
entirely superficial reflexes, and always by causing profound narcosis before per-
forming any upr:'l'.'lt,iull, such as division of the spinal cord, &e., which would, if the
narcosis were less deep, entail depressant effects upon the centres concerned with
systemic life through the damaging influence of shock. Subsequently when, the
q_|11|;-r.'|.1:iw_-. |1|-.:u_,=t'u'||:_r{r. having terminated, the actual observations were being made, the
narcosis was rendered less and less intense as the slow collapse inseparable from the
experimentation asserted itself. This slow collapse, since it involves the gradual
failure in excitability of the nerve structures and primarily of the nerve centres,
has the same effect as an anwmsthetic in producing narcosis, which was preferably
intensified by the administration of ether in small repeated doses rather than in few
large ones.

SecrioN 11L.—OrERATIVE PROCEDURE.
1. FEeposuire tt.r" the Cortex and of the Corone Radiata,

(A.) Corter.—The animal, having been deeply anwesthetised in the manner stated,
was further immobilised on a firm support, upon which a metal vessel was placed so
as to be underneath the thorax. This was kept filled with hot water and, combined
with suitable coverings for preventing loss by radiation, served to keep up the
temperature.

The dura mater was then exposed lege artis to the necessary extent and over
the reguired region, all hwemorrhage from the bone being instantly arvested by the
use of soft modelling wax, &c. As soon as the dura mater was cleared the wound
was elosed, and kept covered with sponges soaked in hot 0°6 per cent. saline solution,
whilst the further operatious necessary for the experiment were undertaken,

The cortex was finally exposed by taking up the dura mater by means of ividectomy
forceps or fine curved needles, and dividing it, care being taken to keep it always
protected with hot saline sponges unless an actual experiment was in progress,

(B.) Corona Radiota.—The cortex having been thoroughly exposed, a sharp
scalpel was passed horizontally through the hemisphere in the plane of the centre of
the coronal gyrus, and the upper and anterior thirds raised as a lid of a box. Pieces
of amadou were then gently laid and pressed on the edges of the cut, thus arresting
the free bleeding from the vessels of the pia mater. Care was always taken to
determine precisely the topography of the section, and to accurately apply the
electrodes to the fibres coming from the requisite area of the cortex. The necessity
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of this care is obvious to those who are familiar with the limitation of the fibres in
the corona radiata, but we think it well to mention the fact, as a malposition of 2 mm.
is suflicient, with the stimulus we employed, to prevent the production of the effect.

2. Exposure of Peripheral Nerves.

The great sciatic nerve was usually selected for this purpose, and was exposed in
the thigh for 6 centims. of its length. It was then divided near the knee, and ifs
eentral end ligatured, care being taken to prevent any pull upon the structure, or any
injury to the arterice comes nerve ischiadici which was always included in the Ligature,
When not required for purposes of immediate experiment it was irrigated with 0°6 per
cent. saline solution, and covered over by the skin and muscular flaps. During use,
whether for purposes of excitation or in connection with the non-polarisable electrodes,
it was always so fixed that no movement of the animal could pull upon the structure.

3. Preparation of the Spinal Cord for Observation.

The spinal cord afforded naturally more difficulty in its preparation, and this
requires therefore a more detailed description.

The objects in view were—

(7.) To expose aud divide the cord.

(£.) To preserve as far as possible its civeulation.

(e.) To fix the spinal ecolumn so that no accidental movements of the animal should
affect it.

(d.) To avoid the depression due to cooling, drying, &c.

(e.) To secure for the purposes of electrical investigation as complete an isolation as
possible of its different parts.

These requirements were met as follows :—

(e0.) Ewxposure and Division—The muscles were l':‘:[ﬁi.ﬂ}" exposed over the dorso-
lumbar region, and then partially extirpated and cleared from the vertebral lamin ;
hemorrhage was treated by frequent irrigation with 06 per cent. saline at a tempera-
ture of 50° C., and pressure of hot sponges. The exposed vertebral arches were then
l.‘,:u'{:l'u”y removed I}it:!f:cmﬂal for 6 to 8 uﬂntilns_, h}r the aid of Puwurl'ul but fine-
pointed bone f'urwph

In those cases in which the 1'131]-3‘-: affects of the lower fragment of cord were inves-
tigated, the cord was only exposed for a wery short distance by the removal of one
lamina and then divided under profound anmsthesia. The small wound was then
closed and kept covered with hot sponges.

When a long portion of the cord was exposed the theca was divided in the middle
line with great care, the division being especially free at that portion of the exposed
area which was to remain in cuntinuit}r with an ullexlwsud 1‘egim], so as to avoid

20 2
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any rl.-mg';q-r of sf_r.—mgn]nl‘.iun when the freed ]mrl.inn of cord was .‘suhﬁﬂquc-.nl;h.r raised,
On reflection of the dura, a “g:lt.ll‘l'u WS umll‘.imlﬂ]}" ['.ril.‘ssed around one end of the
exposed cord, the end chosen varyving in accordance as it was desired that the
observed portion of cord shonld be in communication with the brain or with the
sciatic nerves. If the former, then it was knotted gently round the lower end so as
to securely close the vessels, and the cord divided immediately below the ligature.
The (central) end was now raised by the ligature, and the nerve roots exposed and
divided one by one until the whole portion of the exposed cord was freed from all
attachment except at the upper end, where it was continuous with the central
unexposed region. In the case of experiments upon the cord severed from the brain
but in connection with the sciatic nerves, the ligature having been applied round the
upper portion of the exposed traet, the cord was divided on the central side of the
ligature and the exposed portion freed downwards in a similar manner to that just
described.

{b_:] Preservation of Circulation.—The cirenlation in the exposed }m:)rtiun wWis
maintained as far as possible by the ligature of its cut end, including the main vessels,
and by keeping the cord in connection with an undisturbed portion, and aveiding any
strangulation of that connection.

(¢.) The Immobilisation of the Spinal Column.—The fundamental importance of
fixing the vertebre necessitated the employment of a special clamp. This clamp was
applied so as to firmly grasp in its powerful vice-jaws the transverse processes of the
spinal column in the immediate neighbourhood of the exposed cord. The jaws were
fixed on a stem, and approximated by an ordinary double serew. In order to avoid the
extraneous electrical effects which the presence of metal surfaces in contact with moist
cut tissues necessarily involves, the jaws were made of stout pieces of ivory. The
stem carrying them was fixed to a powerful upright attached to the experimental
table, and so arranged as to secure a fixation vertically above the preparation. (See
Plate 29.)

(d.) Cooling and Drying.—The exposed cord was kept bathed with the warm
saline solution until it was actually the subject of experiment, when, if it were raised
in air, care was taken to keep steaming sponges in its immediate neighbourhood.

(¢.) Isolation.—The necessity of isolation for purposes of galvanometric observation
will be referred to later on. This isolation was produced by raising the ligatured end
of the exposed portion of cord, so that the portion swung in air without pulling upon
its deep attachment. The electrodes, &e., were adjusted as described in the succeeding
sections.

4. Division of the Exposed Portion of Cord by a Longitudinal Inecision.

For certain purposes it was desirable to observe the galvanometric effects in each
half of the cord independently. These were (1) the determination of the comparative
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value of the cord excitatory effect direct and erossedd when the cortex is excited,
(2) the determination of the bilaterality of representation in one hemisphere, and
(3) that of the extent to which fibres cross from one side of the cord to the other.

We therefore devised the [j]_ﬂl] of dividing the exposed portion of cord by a longi-
tudinal incision, either in the lateral or antero-posterior direction.

The former was effected as follows :—

The cord, having been exposed, was severed, freed from its attachments, as previously
described, but not ligatured. It was then kept bathed with warm saline, and placed
upon a thin sheet of warmed cork with a shallow groove in it. The posterior fissure
eould always be easily seen, and a longitudinal incision was then carried through it from
the posterior to the anterior fissure by means of a razor or sharp scalpel, the incision
commencing at the attached end of the cord. It is essential that in this operation
the instrument should neither pull nor press upon the cord unduly, but, since the
division involves both pressure and pull, the infliction of injury can only be miti-
gated by slowly making drawing incisions, first only through the posterior fissure,
and subsequently deeper and deeper until they have passed into the thickness
of the cord. The exposed portion is partly divided in this way down to its point of
transverse division for a distance of 2 centims. or more. Irrigation with warm saline
being maintained, the edges of the wound are gently separated, when the central
canal of the cord will be seen in the bottom of the cut ; with this as a guide, it 1s easy
to continue by similar incisions the mesial division, until a complete separation of the
cord into two halves is effected. (See Plates 31 and 33.)

Each half thus prl_‘.parud was now |ig=LLII1'E5d close to its cross section, and raised in
aiv for the necessary isolation when it was desired to subject them to electrical
observation. They were kept apart by the ligatures being carried to the respective
ends of a glass T-piece, or of two vuleanite rods arranged as a V.

Frequently the cord, when thus prepared, bled rather freely from the central end
of the cut.

The simplest way to check this was found to be to press into the lips of the cut a
small fragment of soft dry amadou, and leave it in contact with the bleeding point.|

It might, perhaps, have been expected that such division would seriously impair
the physiological eonduction of its fibres. It will be seen in the following pages that,
as far as the lateral tract is concerned, such impairment is not evidenced by our
observations, but that uIHIuL'll:-tmllj-' the |Juslarim' columns in the immediate IlEig]l—
bourhood of the incision are injuriously affected by the process.

We have also divided the cord into a posterior and anterior half by gently raising
it when freed and passing through it a thin-bladed knife from side to side opposite the
attachment of the higamentum denticulatum, and ecarrying it forward to the free end
of the preparation,
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5. Preparvation of the Spinal Cord for Excitation,

Another mode of preparation remains to be referred to, that, Imm[:i_‘,", in which the
cord, when severed from its connection with the brain in order to investigate the
functions of the lower fragment, is to be exeited.

It was necessary for these experiments to sever the cord as high as possible,
though, as a matter of fact, it was found advisable not to perform the operation at a
higher level than that of the 7th dorsal vertebra, otherwise, serious impairment
of respiratory and vaso-motor functions followed, and Ijruf'uum] shock vitiated the
experimental results.  When the upper end of the lower fragment of cord was to be
excited, this was further exposed, and a piece 5 mm. in length execised on the peri-
pheral side of the section, so that by locking into the gap the structures on the eut
surface of the cord eould be seen and the excitation localised. The gup was made
absolutely dry with amadoun and small pieces of sponge when the eord was to be
excited.

Finally, a series of E:x|n‘.=1"t|nt‘=nt$ involved the division of the cord at two levels, A
]’m]'tiﬂll was thus eut off, both from the brain and from the lumbar l}lc:v;m;, and ]Jrnpared
so that one end could be connected with the non-polarisable electrodes and observed
whilst the other was excited. In all these cases the upper division was effected first,
so as to diminish the shock which the further operative procedure connected with the
lower division eaused. The end with which it was desired to connect the electrodes
was then carefully exposed, ligatured and freed from its connections, as already
described under (3), whilst the other end was prepared for exeitation.

6. Prepavation of the Roots of the Nerves.

The posterior and anterior roots were in some instances prepared for exeitation, in
others for observation. In both cases the roots chosen were those forming the caunda
mpu}m, and t}jE}‘ werg ex pusml ]J_}’ a suitable u|mlling of the E|1ilml canal and theea in
the manner previously indicated. The roots were ecarefully separated and when
required each one was ligatured near its peripheral attachment and divided. Great
care is necessary to avoid pulling, drying, &c., in the case of the roots. (See
Plates 34 and 35.)

7. Section of Colwmns of the Cord.

In many experiments it was necessary to make a section of one or more of the
columns of the cord between the part exeited and the part observed. The method
employed was to expose a portion of cord for the purpose and then to make the
section by means of BEER'S cataract knife, completing it by means of a fine-cutting
needle or occasionally fine-pointed sharp seissors. In every case the limitation of the
gection was ascertamed by post mortem examination. When a hemisection of the cord
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was to be made, an additional precantion was adopted to ensure its accuracy, the
cord being fixed by a fine needle.

In some instances it was desirable that such intervening localised sections™ should
be made some weeks previous to the actual experiments. This notably increased the
labour of the research, but is an essential eontrol to such an experimental enquiry as
the present one. The animal was in all instances etherised and the seat of operation
having been carefully shaved, disinfected, &e., the necessary exposure and section were
then made under all aseptic precautions ; the wound uniting by first intention when
treated in the manner described by one of us in previous experiments of this kind.

In eonclusion, it may be pointed out that sinee almost each experiment involved
exposure, &c., of several different |1{}rtim|:-] of the central nervous system, we ur],nptczf
the pl:m of |‘.|13I‘r::r‘t'm1'ng these EIDWI:,F, teﬂ-:itlg at least an Lhour or more in the I]l‘l!]illli]].‘ll'}"
operative part of the experiment. We found that in this way less general shock
oceurred than when the various parts were rapidly prepared one after the other.

SeCTION 3.—RECORDING AND EXCITING APPARATUS.

The recording and exciting apparatus used in the present vesearch was chiefly that
adapted for determining the comparative amounts of the electrical changes in the
spinal cord and nerves at rest and when subjected to an excitation of definite intensity
and duration.

The apparatus and its arrangement will be best indicated by separating it into the
following groups :—

(1.) The apparatus nsed in connection with the observation of the electrical changes.

(2.) The apparatus used in connection with the excitation.

(8.) Extra apparatus used for determining the characters of the musecular contrac-
tions.

1. The Electrical Appavatus for Observation.

Both these instruments were used to indieate the electrical changes evoked in the
spinal cord and nerves.

(a.) The capillary electrometer was made by Mr. G. J. Burcn.t  The mercurial
column was magnified about 300 times by the special microscopic arrangement
employed, and was sufliciently sensitive to show perceptible movements when con-
nected with a difference of potential of gy Daniell ; its reaction was quick enough
to enable it to respond to a difference of 23 Daniell when connected with that

* The localisation of all points or regions of the cord exposed is expressed in terms of the body of the
vertebra, or intervertebral dise, 1r|1pu:~5l<' to which the section was made. We furnish in ;'Llj|u_:1'|_|:lix A the
topographical relations which the spinal segments bear to the superficial origing of the several nerves
from the spinal cord.

t Proceedings of the Royal Society.
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difference by means of a rheotome for only 1¢l5g second. The ocular of the mieroscope
was fitted with one of ZEss's micrometers, the scale hl_-ing worked across the field
by a serew mechanism.  In the partieular arrangement employed, the seale bore such
a relation to the actual dimensions of the capillary that one division corresponded
to yo'p millimetre of the ohject. A difference of potential of 'y Daniell when
connected with the poles of the electrometer produced a movement of the mercury
amounting to 5y millimetre, and this, when viewed by means of the eyepiece,
amounted to five divisions of the secale.

The element of uncertainty in connection with the movement of the electrometer
under different conditions and the difficulty of obtaining reliable records of changes
differing from one another by constant but small amounts, induced us to abandon the
instrument for the quantitative observations which make up the bulk of the present
research. It was, however, often used as a means of ascertaining the existence and
character of electrical changes during the initial stages of a new series of experiments,
and proved in this respect a useful guide.

The movements of the meniscus were in mwost cases observed by the eye, but in some
cases they were photographed upon a travelling sensitive plate, as in the experiments
described in our previous publication.

(b.) The galvanometer was the instrument upon which we relied for results suscep-
tible of quantitative comparison. It was made by Messrs. ELriorr upon the lines of
Tromsox's reflecting instrument, and had a resistance at 16° C. of 20,564 ohms. The
light magnetic system was effectually damped by being enclosed between two plates of
glass 2 mm. apart, the aluminium vane of the ordinary Thomson being dispensed with
to secure a decrease in the inertia of the system.

The degree of sensibility employed was such that the needle and mirror gave a
deflection amounting by the reflecting method of observation used to 650 scale, when
the instrument was connected through a resistance of 10,000 ohms (external to its
own resistance) with a difference of potential amounting to *01 Daniell, and when
m]]}' 155 of the current in the eircuit was allowed by the shunt to traverse the instru-
ment. The small mass of the system enabled it to respond to currents of very short
duration, thus with an additional resistance of 10,000 chms in the cireuit, a difference
of *01 Daniell produced a deflection of 5 seale when connected by means of a rheotome
with the galvanometer for a period of only 15'gg second.

The deflections of the magnetic system were measured by the usual reflecting
method ; a biconvex lens of 4 inches focal length was, however, introduced almost
3 centims. in front of the source of light between it and the concave mirror (of
40 inches radius) of the system. The sereen behind which the light was placed was
pierced by a circular aperture bisected by a vertical cross wire, and the reflected
image on the scale was thus a large well-illuminated disc with a sharply-defined
vertical shadow dividing it. The position of the edge of the vertical shadow on the
scale could be thus observed with great accuracy, since the moving illuminated disc



ON THE MAMMALIAN NERVOUS SYSTEM. 289

was of sufficient size to embrace in its field a cousiderable range of the figures of
the darkened scale on each side of the shadow of the upright.

Fig. 1.
I RECORDING CIRCUIT.
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The arrangement by which either of the above-deseribed instruments could be
connected with the experimental cirenit, and thus with the particular structure,
whether spinal cord or nerve, under investigation, is shown in fig. 1.

In the above ,wm“f_.‘rg"mnt. the mcthm] of {umpl-nml.mn and the method of
connection with the tissues call for a few descriptive details.

(¢.) The compensator was of the pattern used in the Physiological Laboratory,
Oxford, and was similar in its general plan to that deseribed by Burpox SANpERsON,
as used®in his work on the electrical properties of Dionea.™

The total amount of wire in the instrument offered a resistanee of 10 ohms, of this
a portion at one end, 125 centims. in length and of 1 ohm resistance, was exposed and
lﬂ-}' tig]:t.l:-,r stretehed upon a hoxwood scale. U]mn this boxwood bed a |!L‘:u'_}r block
carrying a wire was allowed to slide. The block was furnished with a pointed index,
the under surface of which, covered with platinum, formed the sole contact with the
wire ; its position was easily read upon the seale beneath it.

The battery used in the primary eircuit of the compensator was the Calland
pattern, which is a Raoult battery without any porous cell. This had been found by
one of us to be the simplest and most satisfactory battery for the purpose. As used
in the present rescarch, it consisted of a glass jar containing about a litre, into this

#  Phil. Trans.,’ 1882

MDCCCXCL—B. 2P
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about 300 grms. of sulphate of copper crystals were placed, and the whole filled up
with distilled water ; a coil of sheet copper, with insulated connections, is immersed
in the erystals, and a ring of zine in the superficial liquid.

The cell was always prepared forty-eight hours before use, and since the subsequent
alterations take place with great l':!;;u]ur]!,}' and are E-'.lmr];l,' ]'-rl:rihli:cil, the cell,
when evaporation is prevented, is very steady, and is thus particularly suitable for
the purpose indicated.

The value of a given interval between different points of the compensator wire
when the Callaud eell was eoupled up with it was always estimated before each
experiment and contrasted with that produced by a known fraction of a carefully
preparved Daniell cell.  This latter was determined by the ]::1]:ir|{:]||g method t_‘mployetl
by pu Bois-Revmonp and described by him in connection with his use of the “ Rund
l:_.!n||1|1f.*.ll.'-‘e¢ltm"' in his standard work on the imrhn'u{tm of ]ﬂlyﬂiqﬂngic:tl g&xpm‘hncnts
involving observations of electromotive changes. The measurements by the com-
pensator, although made with the Callaud, were thus all translated into terms of
a Daniell cell.

(i) The non-polarisable electrodes which formed the connection with the tissues
consisted in some instances of two pairs. Each pair was then joined to the two
screws on one end of a Pohl's reverser (without eross-wires) to the middle serews
of which the wires forming the main circuit were connected. Either pair of
eleetrodes could thus be vapidly conneeted with the recording instrument by
turning over the switch. In this way the changes in each of the two prepared
sciatic nerves, or in each separated half of the isolated and longitudinally divided
cord, could be ascertained one after another in rapid succession.

In the majority of experiments only one structure was examined, and one pair of
electrodes was therefore used and introduced into the main eircuit.

Each electrode consisted of a U-shaped glass tube containing a saturated solution of
zine sulphate with a well amalgamated and annealed =zine dipping into one limb.
This form was preferred in consideration of the experimental necessity of keeping the
electrodes exposed for an hour or more, in order to minimize the alterations due to
evaporation.

It was of the first importance that the connection of the electrode with the
investigated structure should be so firmly attached as to suffer no displacement from
any chance movement of the animal, and that they should be of such a nature as to
readily permit an adequate isolation of the structure from all its neighbouring tissues.
This was effected in the case of each electrode by means of thread cables made out of
the soft strands of such wicks as are used in ordinary parvaffin lamps, since these
readily imbibe and become soaked with moisture. Two strands 10 centims. long, were
usually taken and soaked in 06 per cent. solution of NaCl; they were then plastered
with powdered kaolin, made into a paste in similar liquid, and thus united into a
double eable. This eable was passed under the strueture investigated and tied gently
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round it ; the two ends of the tie were then united together, thus forming a cable of
four strands. The end of this eable was fixed into a plug of kaoclin moistened with
similar sodium chloride solution, which was united in the usnal way with sulphate of
zine kaolin paste, and this with the liquid in the one end of the U-tube. Since from
4 to 5 centims. of this yielding cable thus hung between the rigid part of the electrode
and the attached strueture, this latter could be moved so as to isolate it from the
neighbouring tissues without interfering with its electrode connection, whilst, owing
to the soft eable being tied around the strueture no displacement of the point of
contact was possible in consequence of such movement.

2. The Exciting Avrangements.

The method of excitation involved the use of («) electrical, (b) mechanical, (¢)
chemical stimuli, Of these the electrical, as alone admitting of accurate graduation,
is the most important.

(er.) Electrical Exeitation.—The exciting arrangement involved in almost all cases the
production of a rapid succession of induction shocks. These were obtained from the
secondary eoil of an induction apparatus of the general pattern of that devised
by pu Bois-Revmonp, and usually employed in physiological research, The par-
ticular coil used was made and standardised in Berne, under Professor KroNecKER'S
direction, and differed from those ordinarily used in having a scale which denoted for
every position of the secondary coil, with reference to the primary, the relative
intensity of the eurrent induction effect. (Bowpircn.) Since the ordinary scale,
that of distance in centims. is most generally known to physiological workers, we
append the comparison of the numbers of the two systems showing their relative
intensity.

Du Bois-Reymond induetorinm scale,
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Two Daniell cells coupled for intensity were used in the eivcuit of the primary
induction coil ; this contained an automatic electro-magnetic vibrator, which closed
and opened the cirenit 50 times per second.

The interrupted circuit was a derivation bridging the primary coil (Helmholtz side-
wire), so that each interruption should induce make and break currents of approxi-

ately equal intensity, thus avoiding the aceumulation of polarisation after-effects in
the excited tissue. The electrodes were well insulated platinum wires with points
1 millim. apart. When placed on the tip of the tongue, a slight acidity only was

2 p2
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perceptible with the secondary coil at 2000, the tingling effect becoming first dis-
tinctly felt at 4000, and painful at 12,000,

The arrangement of the exciting cirenit is given in the preceding figure 1, p. 289,
the only feature calling for remark being the use of a revolving mercurial key in the
secondary circuit.

This key consisted of a hard paraffin bed, supporting two semi-circular narrow
vuleanite tronghs contaiming mercury. Into these dipped the two ends of a loop of
stout platinum wire, which was carried by a horizontal revolving vulcanite arm.
Each mercurial pool was connected with one terminal of the secondary induction coil,
so that when the platinum loop connected the two pools ashort circuit was made for
the secondary coil. The arm was driven by a clock at such a rate that a whole
revolution oecupied a period of 10 seconds.

By means of the key (1.5.) shown in the plan, the secondary coil was additionally
short-cirenited, and the revolution of the arm thus made ineffectual ; when, however,
it was desired to excite the preparation, the key was opened for one revolution only,
and the secondary coil was thus disconnected from any short circuitous arrangement
during 5 seconds. The interrupted induction currents were thus allowed to traverse
the tissue between the platinum points of the exciting electrodes for this period only.

(b.) Mechanical stimulation.—The importance of obtaining evidence of physiological
effects by different methods, as a control to the definite results obtained with
electrical excitation, led us to employ mechanical stimulation wherever practi-
cable. The simplest form of mechanical stimulus, and the most effectual, is un-
doubtedly that obtained by the complete and sudden severance of a tract of fibres.
This we accomplished, when the position of the parts allowed of it, by the use of sharp
scissors, thus severing, for instance, the sciatic nerve, and observing the electrieal
change which the division evoked in the spinal cord, and vice versd.  As, however, in
some cases the metal blades of the instrument coming into contact with the moist
tissne cansed localised electrical changes, derivations from which affected the
salvanometer and electrometer, we substituted the stimulus occasioned by the sudden
tightening of a ligature, and also that caused by erimping the tissue, nerve, or cord,
by squeezing it suddenly (sometimes so as to divide it) between the jaws of a pair of
specially constructed ivory scissors.

The method of stimulus heing used only as a control, the disadvantage of few
repetitions being possible was not a serious one.

(e.) Chemical Excitation.—In addition to the previous methods of excitation, we
have made use of strychnia, in intraperitoneal injections, in order to obtain pronounced
reflex discharges from the spinal cord.

Further, we have frequently employed, with notable advantage, the method of
exciting the brain first investigated by Maenaw, viz, the production of nerve
umpulses from central apparatuses by the toxic influence of certain substances,
especially the essence of absinthe.
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Just as the mechanical stimulus affords, perhaps, the best control of the electrieal
stimulation of fibres, so the chemical, since it excites centres powerfully, affords a
means of producing electrical changes in the efferent fibres from such centres which
cannot possibly be due to actual escape of the exeiting current.

For the performance of this method we have prepared the cord or nerve for
connection with the non-polarisable electrodes as described previously, and then
exposed for a short distance the external jugular vein, applying a small clip to the
latter.

Two minims of the essence of absinthe were then injected with a hypodermic
syringe inserted through the vein wall into the freely flowing blood stream.

The animal was then carefully observed and the first twitching indicating the
commencement of a cortical discharge noted. It coincided in time with the beginning
of large electrical effects as evidenced in the galvanometer. For further facts relating
to this method we would direct attention to the Chapter dealing specially with the
results thus obtained, vide p. 511,

3. Extra .-[lu],uﬂ.i'fr.fwx_

The apparatus used for investigating the muscular changes evoked by excitation of
the central nervous system was either adapted for a divect record of the character of
the muscular contraction or for ascertaining the moment of its commencement.

When necessary the muscular contractions, whether evoked h;.r cortical or spinul
excitation, were recorded by means of a spring lever, made on the pattern of that
employed by Fick for obtaining isometric muscular effects. The muscle was attached
so that any changes in its tension were communicated to the spring, the small move-
ments of which were magnified fifty times by a lever attached to its end. The lever
recorded its movemwents on the blackened paper of an ordinary drum driven regularly
h}-" il [J].l]l"k.

When it was desired to ascertain the moment of the commencement of the
muscular contraction, however evoked, the method employed by TigersTEDT was used.
The Mammalian musecle was attached to the light *“ unterbrecher,” which carried a
weight of 10 grm. placed upon its axle, to ensure a steady pull upon the large muscle
and a proper tension of its attachment. The unterbiecher, as in TicERSTEDT'S method ,
formed a key in a separate cireuit, which included a battery of three Grove's cells and
one of SMITH's* new electromagnetic signals.  The break of the key and the consequent
movement of the signal was recorded upon the glass plate of a spring myograph
(pu Bois-Reymonn's Federmyographion) which travelled at a rate of 2 centims. in

RS v
100 =60 l]!lll.

# ¢ Philosophical Magazine,' 15839,
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Section 4, —Tne GeNeraL PrROCEDURE AND THE PRECAUTIONS USED BY THE
AvrHons,

A. The Method r'lf,i" f'.'.-“rar'w'mwuf.

In any individual experiment in which excitatory electrical changes were observed
the procedure we adopted was as follows :—

The animal having been anmsthetised and immobilised, the structure to be
investigated was exposed and prepared in the manner indicated. It was always,
whether spinal cord or IIE-‘.'I‘:L'E, divided, and the soft cables of the non-polarisable
electrodes were then tied, one round the structure close to the point of division, the
other about 1 centim. away round the swrface, The ligature upon the eut end
enabled this portion of the tissue to be suspended with its cables in air, without
dragging on the remaining portion of the tissue which remained in sitw.  The cables
were then eonnected with the non.polarisable electrodes.  (See Plate 29.)

The electrical difference between the two contacts was first observed and balanced
by the introduction by means of the compensator of a suitable difference opposite in
sign to the tissue difference. The general characters of the latter and the amount of
the balancing difference were then noted, both the galvanometer and electrometer
being used for this purpose.

One of us devoted himself to the observation and record of the electrical changes ;
the other to the maintenance of the animal in a uniform condition of anmsthesia, to
the prevention of the drying, &e., of the investigated tissues, to the observation of
the muscular contractions, and to the excitation,

The tissue to be excited, which had been exposed with that under investigation,
was then finally prepared, and the points of the electrodes were brought into contact
with it under all the precautions to be immediately described.

The electrodes were kept short cirenited as already stated by means of a key under
the control of the observer at the galvanometer, &&. When everything appeared
favourable and the galvanometer needle had been brought to its zero position by
suitable compensation the revolving exeiting key was set going and the control key
opened for one revolution of the revolver; an excitation of deflinite duration and
intensity was thus applied to the excited tract, whether cortex, corona radiata, spinal
cord, or nerve, The extent of any deflection of the galvanometer needle or the move-
ment of the meniscus of the mercurial column was noted, and special attention paid
to its character. The extent recorded was always that between the previous resting
position and the point where the moving recorder, whether spot of light or image of
meniscus, stopped and commenced its return. If no return occurred but only a
deflection produced which continued to creep on then the observation was disregarded
as worthless. Such an effect was found to be generally associated with some move-
ment of the animal which caused a slight displacement of the electrode contact.



ON THE MAMMALIAN NERVOUS SYSTEM. 295

Whilst one observer noted the electrical effect, the other noted the extent and
character of any muscular movements by which the animal responded to the stimulus.

It need scarcely be said that the whole method involves the use of special pre-
eautions to avoid the introduction of fallacious and misleading effects, especially
when it is desired to obtain a succession of results which will admit of quantitative
comparison.

These precautions are, in the opinion of the authors, of the utmost importance and
must be considered in some detail,

B. Precautions in Connection with the Method,

The speeial precantions may be grouped as follows :—

(1.) Those connected with the isolation of the particular region under observation.
(2.) Those connected with the condition of the non-polarisable electrodes.

(3.) Those connected with the condition of the animal.

(4.) Those connected with the localisation, &e., of the excitation.

(1.) The Lsolation of the Particular Region Observed.

It is, in our opinion, an essential condition for the accurate employment of any
method of localisation which velies upon the evidence of electrical changes in a given
region, that the region in question should be as far as possible isolated. In the
galvanometrie experiments alluded to in the History (p. 279), as carried out upon the
cerebral hemispheres, such isolation was not affected ; a door was thus left open for
introduction of errors which it is not easy to control.

We have repeatedly had occasion to observe that when a pair of non-polarisable
electrodes 1s placed upon the cord lying in situ, or upon the surface of the exposed
brain (see fig. 26, Chapter X1.) electrical differences present themselves and influence
the galvanometer, this being evidently due to the fact that the parts with which the
contacts are made, since they form one directly continuous mass with the structures
around them, lie in the path of the derivations of currents, whose primary electro-
motive source is far removed from the eleetrodes.

In this connection we may refer to the derivations of the electrical difference
between the different regions of the beatiug® heart which are present in the body.

On connecting two points on the surface of the exposed brain by means of non-
polarisable electrodes with the galvanometer, any reflex movement of the sealp muscles
lying outside the exposed region was found to evoke electrical changes in the points
of contact, and if structures so far removed from the seat of observation can affect the
contacts, how much more easily will these be affected by sources of electromotive differ-
ences situated in the deeper fibres, &e., of the hrain. The fact that electrical

* WanLgEg, * Phil. Trana.!
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changes manifest themselves between two surface contacts is thus by itself no proof
that these electrieal l":;mg-.*i-; have their source in the tissue in the immediate m-lglp
bourhood of the contacts, It is, however, easy to ascertain whether the opposite con-
clusion is or is not true, by slicing off the two portions of the surfice to which the
electrodes have been attached, destroying their vitality, and replacing them in contact
with the E.lll:li;lt.‘{'nl'., iiHh‘.ul.‘H, 80 as to act as mere moist conductors.  If under these cir-
eumstances electrical changes are observed in the eleetrode areas, then it is clear that
since all structural and physiological continuity is destroyed, these changes must be
due either to (1) physical properties of the observed region, which are in no way asso-
ciated with physiological vital changes ; or (2) to the physical spread of derived
currents from electrical changes of physiologieal origin in the deeper uninjured tissues.

The further distinetion between these two alternative causes is effected by observing
to what extent the electrical changes disappear in consequence of systemic death,
since this obviously will affect the second class but not the first,

It is, in our opinion, essential in all exact experimental investigations carried out
upon a particular region of such a mass of conducting material, as the body of an
animal eonstitutes, to use a method which ean by strict investigation carried out along
the above lines be shown to exclude such discrepancies.

It may be pointed out that whilst we have selected the brain mass as a typical
instance, the same objections apply with equal or greater force to the investigations of
the spinal cord in situ.  When it is remembered that the exposed cord Iying in its
cavity is brought into immediate connection with a large mass of muscles, some unin-
Jured, some cut for operative purposes, and with the whole contents of the abdominal
and thoracic cavities, it is not to be wondered at that the slightest movement of the
animal should cause very large electrical changes between any two portions of the
surface of the exposed cord, these being simply due to an alteration in the position of
muscles or other structures, all of which are the seat of electromotive change. Such
alterations must seriously influence the particular effeet which may manifest itself
when any two portions of the t:x]:usud cord are connected with the guh-‘:mmnetcr.
The force of these considerations is strengthened when it is borne in mind that
the particular effects which the electrical method is to gauge, are excitatory in
character. Of what value would any excitatory effeet be, if, when it is evoked,
there are, as is almost always the case, not only marked excitatory electrical changes
in other organs, muscles, &e., but general movements and displacement of subjacent
parts as the result of the excitation ?

Enough has now been said to point out the necessity for the utmost possible isola-
tion of the observed region, if it is desired to ascertain by the electrical method the
presence of electrical changes due to electromotive differences oceurring in that region
only, and which may be therefore interpreted as indicating the presence therein of
excitatory conditions.

The most complete method of isolation is obviously the removal of the structure
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under observation from all contact with other tissues. This is not possible in the
case of the Mammalian central nervous system; it is, however, quite feasible in the
case of the spinal cord to ensure an isolation which we find to be sufficient. This, as
has been detailed in the section dealing with the operative procedure, as regards its
essential feature consisted in always dividing the cord, freeing it for several centims,
from all its attachments, ligaturing the divided end, and suspending this portion in
air by means of the ligature (see Plate 29). The cord is thus only in connection with
the structures by its deep end, and any spread of electrical currents, &e., which have
their source in extraneous regions, can only oceur in this portion of cord as “ extrapolar
effects " ; further, the electrodes being placed one upon the extreme end (cross section),
the other only half to one centim. on the proximal side of this, such extrapolar deri-
vation effects, if present, must be still move diminished by the distance, 3 centims.,
between the electrode contacts and the deep connections of the cord.

The necessity of the above careful isolation has been impressed upon us by the ease
with which it is possible to introduce errors even where this mode of connection is
earried out. If, for instance, either the proximal contact be allowed to slip down and
to approach too closely (within 1 eentim. or less) to the deep structure, or if the
latter, by the presence of large quantities of liquid, &c., be brought into connection
with a portion of the isolated tract close to the proximal electrode, then, even with the
remaining electrode contact well isolated, electrical effects manifest themselves between
the contacts, which we have no doubt are really due to extrapolar spread from
changes in the deeper tissues. Thus, for instance, the anterior roots, even when
divided and one end isolated, present great difficulties, owing to the shortness of the
tract intﬁ:l‘vening between the contaets upon them and the cord from which t]l.u_'l.‘ 8] Wi,
Electrical E:\:{:il.uf,urf effects can be obtained on execiting the brain, which arve apparently
situated in the anterior roots, but which are in this arrangement largely due to
eleetrical changes, situated in the cord, and oceur as extrapolar derivations in the
anterior root. This is veadily proved by using the method of control previously
referred to, viz., cutting off the attachment of the root to the cord and then replacing
it in its old position, when, in spite of the want of structural and physiological con-
tinuity, the changes are still found to oceur.

We cannot lay too much stréss on the necessity of careful isolation as far as prac-
ticable, and of careful investigation by both the methods indicated, and other similar
ones, of the extent to which observed electrical effects are due to mere physical
spread through the moist tissues of changes in other regions than the observed ones.

It will be understood, therefore, that in the following experiments, when the cord
or sciatic nerve was observed, the length of the tissue afforded every facility for
placing the electrode connections at a safe distance from the point where each of these
structures came into relation with the general mass of the body, and in consequence
a position eould be chosen in which all danger of extrapolar spread might with
ordinary cave be gmarded against. When, however, the roots were observed, since

MDCCOXOL—B. 2q
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inereased, and the experimental rvesults had to be controlled with great cave; this
danger was most formidable in the ease of the anterior root, as owing to its anatomical
relations it could not be so eonveniently separated from its contiguity with the mass
of the cord, and the errors thus introduced have been at present sufliciently serious
for us to abandon these roots for direct connection with the galvanometer, and rely on

those experiments performed upon the seiatic nerve with all the posterior roots eut.

(2.) The Condition of the Non-polarisable Electrodes.

It is scarcely necessary to observe that one obvious precaution in connection with
the electrodes is to ascertain, before commencing the experiment, that between the
electrodes themselves there is only an extremely slight and constant electrical differ-
ence, and noting its amount in terms of the compensator.

There is one difficulty, however, which appears to be inseparable from a method
which involves a long bridge of kaolin moistened with 0°6 per cent. of saline, exposed
to the air of the room, and that is the alteration of resistance due to slow evaporation.
This alteration does not affect the results when observed by the electrometer, owing to
the very high resistance offeved by the latter. It may, however, seriously affect the
galvanometer results. It will be obviously mitigated by employing a cirenit of very
high resistance, and this we always took care to do, the full resistance of galvanometer
and electrodes amounting to little short of 50,000 ohs.

It 1s, however, necessary to keep in mind the presence of such alterations, and
to ascertain by repeated measurement of the galvanometrie effect produced by a given
difference in the compensation cirenit, whether the resistance has so altered as to
vitiate the value of the results. Where experiments follow one another closely, as
was the case in all the instunces in which the different columns of the spinal cord
were excited, any alteration would be obviously too slight to exercise an appreciable
influence upon the results, which admit, therefore, as far as this feature is concerned, of
strict quantitative comparison.

It is obvious that remoistening of the electrodes must only be effected at the
commencement of a fresh series of observations, and must on no account take place

during any given series.

(3.) The Condition of the Animal,

(¢.) General Prelimunary Condition.—In all the experiments this was a very
important factor, which we early recognised as determining the success or failure
of the particular observations. If the animal were ill, or had been much exhausted
by the preliminary anmsthetisation, &c., it was noted that the electrical changes,
whether due to currents of rest or of action, in both nerve and spinal cord were
comparatively small in amount. This was especially the case in the Monkey,

(b.) Anesthesia.—The degree of narcosis is an extremely important factor. It will
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be seen in the chapters which deal with the different groups of results, how the effects
obtained in slight anmsthesia differ from those obtained with similar stimulation in
profound nareosis, It was, thervefore, extremely important to keep the condition
of anwmsthesia as far as possible even, and to note as a guide to that condition
the presence or absence of museular movements, when any part of the central nervous
system was stimulated.

In one respect, the degree of etherisation was most useful, since it served as
a valuable control against error due to simple electrical escape from the exciting
into the gulv:umnmtric cirenit. It is evident, if on imt-;hing the [Iugrcr;s of nareosis
the electrical changes in the observed tissue are very much diminished or even
abolished, whilst the execitation by electrical current remains unaltered, that no
physical conduetion of dervivation currents from the exciting into the galvanometric
circuit can be present.

(e.) Collapse.—Sinee the experiments are often necessarily spread over a consider-
able lmrimi of time, the gnu'[lm] collapse of the animal is not mfrequent.  Its onset is
readily distinguished, and can be allowed for by diminishing the amount of etherisation
(see p. 282), and by increasing the intensity of the stimulus used.

(d.) Hyperexeitability.—In connection with this part of the subject must be noted
the variations in excitability of parts due to section.

As regards the cortex it has oceasionally happened that it has been slightly punctured
by an electrode point, &c. Whenever this happened the effect was to heighten the
excitability of the immediate neighbourhood, and to produce thereby a very marked
epileptogenous change. A more extensive injury has the further effect of abrogating
not only this increase of excitability, but the normal degree as well.

As is well known, the excitability of nerve filres is raised by their section, and
from a rapidly attained acme the excitability steadily diminishes, passing the normal
point and becoming subnormal. Fraxgors Frawck has shown the same to be true
for the reflex centres in the spinal cord, when division of the latter has been carefully
made high up and without notable haemorrhage. We have always borne this in
mind, and have diseounted the rise and fall of excitability due to the section in each
observation,

(4.) Localisation of the Excitation, de.

Many precautions had to be observed in carrying out the stimulation of the cortex,
spinal cord, and nerves respectively, especially when the excitation of these structures
was electrical.

A. Cortex.
to keep the surface of the cortex both warm and moist, this being especially achieved
by replacing the skin and by irrigation with warm saline solution. To avoid short

As previously stated, it was, of course, found imperatively necessary

circuiting and eonsequent irregular intensity of the exciting stimulus, the surface of
the brain was always carefully dried with soft sponge or amadou immediately before
2 3 ;
202
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the application of the electrodes, Fatigue of the cortex was avoided by suitable
intervals of rest.

The intensity and chavacter of the stimulus is referred to under apparatus, p. 291,
but it may be here stated that the electrodes were fine platinum points 1 to 2 mm.
apart,

B. Corona Radiata.—To expose the corona radiata 1t was necessary to raise the
cortex by a horizontal incision, and then to check the bleeding from the pial vessels
with pieces of amadou around the eut border of the area exposed. If after several
excitations the exposure had lowered the exeitability of the hibres, the electrode |minta
were sometimes inserted 1 mm. deep into the substance of the corona, instead of, as
usual, resting gently on the surface. The electrodes employed were the same as those
tor the cortex.

C. Spinal Cord.—The excitation of the spinal cord, especially for purposes of
differentiation of the columuns paturally demanded special attention. We obtained
our initial generalisations by means of exeiting needles fixed on either side of the
cord or pressed against the longitudinal columns, vide pp. 369, &e.

This method we soon discarded (Section 6, Part V.,) for that now to be detailed,
viz., the excitation of the cut sections of the eolumns of the cord, inasmuch as the
differentiation of the bundles of fibres could thus be accomplished at the same time as
other objects in view. The cord having been previously divided in the manner stated
above, and the sumrface and .'5u1'rnumi‘m}_-; tissues ]}&‘ing {'Iil'l."'"“:{ dried, the fine [:I:llimlm
electrodes, 1 mm. apart were used. It was our aim to provide for the exctation of
as many fibres in any column as possible in order that the largest galvanometric
effect might be evoked, and at the same time to avoid extrapolar excitation of
neighbouring columns. These partieulars were fulfilled by applying the two electrode
points, as indicated on the accompanying fig. 2, i.e., vertically on the anterior and
posterior columns, and horizontally on the lateral column in the region of the crossed
pyramidal tract.

Photograph of a transverse section of the fresh spinal cord (Cat) at the 7th dorsal nerve, slightly
magnified. The remarkable differentiation of the posterior columns in thiz animal (ScHiFr) is

well seen,

That these measures were effectual in localising the stimulus was demonstrated by
the fact that the placing of the electrodes on the neighbouring sections of the grey
columns evoked no electrical changes, as evidenced in the galvanometer connected
gither with the issuing nerves or with another portion of the cord; so that the
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lmﬁit.iva electrical results f'ollowing stimulation of a eolumn, the |mterim'. for instance,
were to be attributed entirvely to the localised stimulation of the structures upon which
the points of the electrodes rested.

A further point is the special diffienlty of maintaining the electrodes properly in
position, i.c., in contact with the cord, inasmuch as the spinal muscles on their
contraction shake the cord a little, although the spine be fixed. This, of course,
applies only to the end execited. Imperfect apposition of the electrodes was best
avoided by holding them in the hand, the latter being suitably supported. As is
described on p. 292, the duration of excitation was provided for by the revolving
mercurial key ; consequently, after the proper contacts had been made as above, each
observation was comparable with another as regards the degree of the excitation.
The important bearing this has on the quantitative value of the galvanometric readings
is sufficiently obvious.

D. Nerve.—In electrical excitation of the nerve, we were chiefly anxious at first, to
avoid possibility of spread. Beginning with ordinary sheathed electrodes, into which
the sciatic nerve was laid, we very soon laid these aside for the more aceurate and

simpler plan of applying platinum electrodes to the nerve raised in the air by a thread,

The mode of exciting a nerve in relation to its cross and long diameter respectively,
has for some time been the object of research (Hermaxx, Bernsteiy, and others).
GAD.* ili l‘e-ﬂjl'!'h!g t{} Ll'lﬁ J;].K:-t.-i[l]l Ur ﬂ!l-l.'l]l}l'lilc ﬁ{:il.[, illll] ﬁﬁf!lﬁﬂ[:l”}" l.,:lr E‘I,IIL'.UIIU.I., (1] t.lll}
excitability and econductivity of nerve fibres, raises this question again, and
strengthens the fact that transverse excitation i3 much more adequate (5-6 times)
than stimulation applied longitudinally. Apart from incidental polarisation it is clear
that the larger number of fibres lying in the principal axis between the poles chiefly
eonditions the result.

To produce a maximal effect we have, therefore, always applied the platinum
electrodes, so as to bend the nerve sl Eghtl]' between the terminal points. (See [Eg, 3.)

Fig. 3.
&
e
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Inasmuch as we always sought to obtain, with as weak an excitation as possible, a
maximal effect for purposes of quantitative as well as qualitative comparison, it was
especially necessary for us to excite, without fail, all the fibres in the nerve.

The usnal method of simply placing the nerve on the electrodes, as, for instance, in
using sheathed or hook patterns, only enables a few fibres to be excited—those
immediately in contact, or nearly so, with the metal. Thus, Beevor and HorsLevt

* ¢ Archiv fiir Physiologie,’ (vv Bois Revuoxp). 1888, p. 850.
T ‘Roy. Boe. Proc.," 1888,
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have seen differentiation of a mixed nerve on applying the electrodes to one or other
side of the trunk of the hypoglossal above the descendens noni branch.,

We have, of conrse, found that great differences are produced according to variations
in the condition of the Mammalian nerve under varying circumstances.

The nerve must not be dragged upon in any way and the electrodes must be in
good moist contact with the bared fibres, the intervention of fat or faseia or dried
epineurium being sufficient to diminish or prevent the excitatory effect.

CHAPTER IV.—THE RESTING ELECTRICAL DIFFERENCE IN THE MAMMALIAN
NERVE AND SPINAL CORD.

The experiments which form the subject of the suceeeding sections furnished us
with a large number of observations as to the amount and character of the persistent
electromotive difference which exists in the Mammalian nerve and spinal cord
between the cross section and surface.

The number alone of the experimental observations would he sufficient to warrant
their introduction at this stage in a chapter devoted to their consideration ouly ; but
as in addition they seem to furnish valuable side evidence as to the relations of the
Hpill:l] coridd both to the cerebrum and the is-;.f-iuing nerves, such an exclusive s-;l,u{l:,.r
becomes a matter of necessity.

It is well known that when by means of appropriate contacts the cross section is
compared with the longitudinal surface of a living nerve, an electromotive difference
is found to exist, of such a character that if examined galvanometrieally the surface
18 positive to the cross section. The current associated with this difference was
termed by its discoverer, pu Bois-Revmoxp, the nerve current (nervenstrom), and
by others, HErMan®, Herixg, the demarcation current, since it is presumed by them
to have its seat in the zone of tissue which at once bounds and divides the l“eginn of
living from that of injured and dead or dying nerve. The use of either of these terms
is, we consider, objectionable in the present instance, since our object is merely to
state the actual fact without invelving any cause thereof ; we will therefore designate
the persistent electrical difference just referved to the resting difference.

The difference was in all cases estimated in the following manner. By means of
the long cuompensator, described in the preceding chapter on apparatus, a known
difference of electrical potential was introduced into one part of the electrode cirenit
of u sign opposed to that present at the electrode contacts, and the former was then
adjusted until the galvanometer showed no current to he present in the cireuit ; the
original difference between the two electrode contacts is thus given in terms of
decimal fractions of the constant external source of difference of lml'ﬂlltizl.]. As
already indicated, this source was the Callaud cell, the EM.F. of which was itself
estimated by a similar balancing method in terms of a carefully prepared Daniell cell.
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The special structures investigated fall into three classes—
A. Seiatic nerve,
B. Posterior root.
C. Anterior root.
D. Spinal cord.

A BoraTIc NERVE
1. Amount of Difference.

The resting difference between the cross seetion and the longitudinal surface of the
Mammalian nerve was estimated by pu Bois-REvMmoxp as -026 D. in the case of the
Rabbit ;* a much less marked difterence, 005 I)., was observed by Israrrt in the
sciatic of the same animal. The amount of the difference in the sciatic nerve was
observed in various Mammals by Freperice,f who obtained the following results :—

at . . . . D17 to 018 Damell.
I}u_y" P L ML S | [ L T
Rabbit . . 015 ,, 028 -
Ihgelss . e 034 026 &

Horse . . .. 004 .. '007 i

Our own results were obtained with the Cat and Monkey, 1In all cazes the sciatic
nerve of the anmsthetised animal was exposed in the popliteal space, ligatured, and
divided below the i]g:lturu.:.

The results obtained with 69 sciatic nerves in the Cat are given in Appendix B, L,
these are separated into those in which the cord, and thus the nerve, was connected with
the brain, and those in which the cord was divided. The average result of both sets is
the same, being 0094 Daniell in both. The influence of complete section of the nerve
at the sciatic notch was also observed in some cases, and was found not to affect the
amount of the difference for the first minute or two. The highest difference ever
observed was Cat (70)§ and Cat (75), when it amounted to ‘018 Daniell, the lowest
was "004.  Whilst then the average amount is mueh lower than that which previous
observers above referred to obtained in the Rabbit, the maximum corresponds to that
noted by Frepericq in the Cat.

The results obtained in the case of the Monkey are shown in Appendix B, I.  Twelve

# ¢ Gesammelte Abhandl,’ vol. 2, p. 250,

t Iseakn, * Avchiv f. Anat. n. Physiol.,” 1877 (* Physiol. Abth.,") p. 451.

I Freperiog, * Arvchiv f. Aunat. u. Physiol.,’ 1880 (* Physiol. Abth.,") p. 65.

§ In all cages where o number in brackets follows the mention of an animal, .., Cat (70}, it refers
to the page in our note ledger. The number of ohservations is so large that, for purposes of control and
corvection, we have been compelled to thus check the record.
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nerves were examined and the average difference amounted to only 005 Daniell,
whilst the highest difference observed was ‘007, and the lowest -003. This diminu-
tion in the case of the Monkey eannot be attributed to the smaller size of the seiatic
nerve in the common Macaque Monkey, which is generally experimented upon, since in
two cases large Rhoesus Monkeys with big nerves were used, and in these (333), (368)
the highest difference is 007, and the average *0055. (Compare the proportions of the
nerves as shown in Plates 30-35.)

Moreover, as the previous results obtained by Frepericg show, the amount of the
difference does not vary directly with the size of the nerve when different classes of
animals are used, of which the high difference in the Rabbit and the low difference in
the Horse is a notable illustration,

It will be seen that the spinal cord resting difference in the Cat and Monkey
exhibits the same contrast as that of the sciatic nerves,

It has been stated that the resting difference in the nerve is not pereeptibly affected
by division of the spinal cord, when the division is carried out at the time of the
observation. It appears, however, that section of the cord one to two months prior to
the experiment does affect the amount of the difference. This influence, thongh small,
seems to be sufficient to enable the observer to judge, when the cord lesion has been
unilateral, upon which side it is situated.

Thus in an animal, Cat (227), in which the left lumbar posterior roots had been
divided, the left nerve difference was “007, that of the right -009. In another animal,
Cat (223), in which the right posterior column had been divided, the right nerve
difference amounted to -005, the left <008, and in an animal (259) upon which a
hemisection on the left side had been effected, the left nerve difference was 007, the
right "008.

In one case after section of both posterior ecolumns (Cat) the difference in each nerve
was *012, an amount which is somewhat in excess of the average.

2, Alterations in the Kesting Ii'{ flerence.

The alterations in the difference ocenrring whilst the nerve was under observation
may be divided into :—

(a.) Those due to physical changes, affecting the contacts and derivation currents,
and due to loss of moisture from evaporation, change of temperature, &c.

(b.) Those only to be accounted for as connected with slow physiological changes in
the tissue, the chief agent in such alteration being loss of vitality, due to arrest of
the circulation, and to other eauses,

(¢.) Those directly connected with the production in the tissue of excitatory
physiological processes.

We will now examine these separately in detail.

(a.) Physical Changes.—With regard to the effect of physical changes, such as
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temperature, drying, &e., these influence the electrical resistance of the tissue sur-
rounding by altering the moisture with which it is infiltrated. The result is to cause
an alteration in the balance previously existing between the currents due to the tissue
and the compensator source. The character of this will be made evident by citing a
case.

The seiatic nerve, prepared as above, and hanging free in air, was connected by its
eross section and surface with the galvanometer electrodes, the resting difference
between the contacts was compensated at first by a difference of ‘01 D. The nerve
was then moistened between the econtacts, this necessitating a reduetion of the
compensation to 0085 D. This alteration is obviously due to the fact that the
inereased moisture has decreased the resistance in the surface of the nerve, and
thereby increased the intensity of all eurrents which are present in that region.
These currents are, first, a portion of the balaneing current, and secondly, the derivation
currents between the surface and eross section of the nerve. Whilst these two are
equally affected between the points of contact of the electrodes, the result as regards
the galvanometer cireuit is very different. This will be rendered clear if we remember
that the tissue difference is usually that obtained by connecting two surface points of
a series of closed cirvenits, throngh which currents flow, and that the resistance of the
circuits varies inversely with the amount of tissue moisture, so that the amount of
spread, and thus the particular derivation on the surface, is diminished by the
increased moisture. The final result is that, as regards the galvanometer cireuit, there
15 now a current in the direction opposed to that due to the tissue difference, this
being due to the over compensation, and rendered more distinet by the lessened
resistance in the whole galvanometric eirenit which the moistening involves.

The effect of drying must be the reverse of that indicated. It became noticeable
in our prolonged experiments upon the Mammalian nerve and spinal cord, since it was
essential for our purpose to perform the experiments in a room at about 70" F. As
far as possible the errors due to this were obviated by the use of steaming sponges
placed under the structures, but a slow steady rise in the amount of the difference
during the first 5 or 10 minutes after the electrodes have been applied, and
maintained unaltered, is usually seen in the cord, »ide infra, and although not a very
noticeable feature in nerve, may, when present, be partly attributed to this cause.

As just indicated the temperature was kept tolerably constant, but, as HErMANN
and others have shown, the gradual rise in the temperature of the experimental room,
may cause a similar slow inerease in the amount of the difference. This alteration
is, however, strictly of physiological origin, being related to a change in the molecular
condition which lies at the foundation of the difference.

This brings us at once to the alterations which may be more especially ascribed to
physiological changes.

(b.) Slow Physiological Changes not Obviously Ewxcitatory.—The alterations of this
kind in the resting difference due to physiological changes are in the case of nerve

MDCCCXCI.—B. 2R
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usually a fall in the amount. Sometimes it has happened that a rapid rise for the
first few minutes has been observed which did not admit of explanation as being
caused by either of the two agents just indicated ; and the presence of such a rise
to a very marked degree in the ease of the spinal cord as well as its presence in the
isolated nerves and museles of the Frog, renders it probable that in the Mammalian
nerve, when present, its origin 18 physiological.

The fall is undoubtedly connected with loss of vitality, and may vary between the
slow diminution which follows arrest of the eirenlation, and the rapid fall produeed by
injury of the nerve in immediate proximity to the surface contact.

The alterations which especially eall for remark here are those which are entailed hy
the death of the animal on the one hand, and by the severance of the nerve from the
spinal cord on the other. The first is probably due to several factors whilst the
second is due both to arrest of the local circulation and the destruction of the con-
tinuity of the nerve fibres with their trophie centres in the cord.

In the case of the sciatic nerve, the alteration seemed to us to be the same in
extent whichever event oceurred ; that is to say, the resting difference for the first
30 minutes slcm'l}' diminished in amount at the average rate of totss Daniell per
minute, this rate of diminution Immming less afterwards.

It is, however, qlﬁ-s[immhhz to what extent in the suspended and isolated nerve, the
physiological conditions which are dependent uwpon continuity with the cord are
maintained by any facilities which the preservation of vessels affords for keeping up a
circulation in the nerve, sinee this must be, undoubtedly, greatly impaired by the
exposure. The conditions of vitality would rather seem to be linked with the
maintenance of physiological connection with other nerve structures, around which
an active circulation is still being carried on, and which, therefore, retain their normal
vital characteristics. That this is probable is shown by the fact that when, as some-
times occurs, the nerve difference, owing to rapid drying, shows a steady rise in
amount, which rise continues even when no evidence of cireulation in the exposed
nerve is obvious, the rise is immediately counterbalanced and converted into a fall on
systemic death of the animal, this fall occurring paid passu with the loss of excita-
bility in the central nerve structures.

(e.) Physiological Changes Connected with FExeitation.—The alterations due to
excitation were after effects, that is, they followed the development of the fransient
excitatory change and consisted in a permanent slight diminution in the previously
existing difference, such as has been observed to follow nerve excitation in the case of
the Frog.

The slow after effect can be readily distinguished from the transient rapid electrical
changes due to the actual presence of excitatory processes evoked by the application
of the stimulus, since these are synchronous with the excitation, whereas the after-
effect is very variable in its duration, but always follows cessation of the stimulus, and
persists for many seconds,
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We have noticed that it is more pronounced when the etherisation has become
slight in degree.

In addition to the after-effect due to excitation there are seen under certain cireum-
stances, particularly that of inadequate etherisation, ehanges in the nerve difference,
which in the galvanometer indicate their presence by the needle now slowly rising
30 to 50 scale, and now falling. These disappear when the anwmsthesia is rendered
more profound, and are much more marked in the case of the spinal cord ; they are
probably due to the oceasional discharge of groups of minimal nerve impulses, and are
analogous to those first observed in the medulla of the Frog by Serscuexow.,

B. PosteErior Root.
1. Amount of Difference.

We have made six experiments upon the posterior root, In these a lumbar posterior
root was exposed, ligatured, and divided as close to the ganglion as possible, without
involving this strueture, and the root thus left connected with the cord was suspended
in air by the attached thread. The particular root chosen in five cases was the 7th of
the lumbar series, since this is the largest in the Cat of the roots forming the lumbar
plexus (see Plate 35). The galvanometer electrodes were attached, as in the nerve, by
means of thread cables moistened with ‘6 per cent. NaCl, to the cross section and the
longitudinal surface, and the amount of the resting difference determined by the
balaneing method.

The result in the five animals was found to be -026, -02, -02, ‘018, and 016 Daniell
respectively.

Hence although the 7th lumbar root is less than half the size of the sciatic nerve,
the average amount of the resting difference, -02, is about twice as large. (The Gth
lumbar root was observed once, the difference being -012.) This remarkable circum-
stance is very significant when the proximity of the structure to the spinal cord is
taken into consideration, and deserves a more extended investigation. It may be
pointed out that Scuirr observed that there was a resting difference between contacts
when placed upon a more central and a more distal portion of a continuous nerve, the
central contact being positive to the other; also that excitation of any portion of the
tract caused an excitatory change, in which the tissue under the first contact became
galvanometrically negative to that under the second more remote one.

Further, both GrRUNHAGEN and BERNsTEIN have noticed that the central portions
of the nerve are more excitable than the distal portions. Now whether the persistent
difference be fundamentally the same in kind as the transient excitatory electrical
change or not, there is an undoubted quantitative relationship subsisting between
the two. It is, therefore, not surprising that there should be found an increase
in the amount of the resting difference obtainable in the posterior roots as compared
with the sciatic nerve.

2R 2
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2. Alterations in Resting Difference.

(a.) Physical Changes.—The alterations due to drying probably have the same
influence as that already alluded to in the case of the sciatic nerve. The amount of
the difference noticed immediately after section generally increases slowly and steadily,
and, at least pal‘i‘.iu“_}', from this cause. There is, however, a noticeable check in the
rise after the first five minutes, after which the difference then only in some cases
begins to fall.  Hence either the rise is accentuated at first by some other agency, or
it is counterbalanced by the depressant effects due to loss of vitality.

(0.) Plysiological Changes.—The amount of the difference in the root diminishes
with greater rapidity than in the case of the nerve trunk, in consequence of systemic
death. A similar fall oceurs if' the root is severed from its central conmection. This
is illustrated by the following series of experimental observations made before and
after the death of the animal.

Lerr Tth Lumbar Posterior Root.®  (Cat, 362.)

Root Divided near Ganglion and Central End Connected with Electrodes.

Trme of Amonnt of
“EJHL"FTHHUH. d'iﬁl'l'{'“lil‘-'-
11.42 019 |
11.45 03
Excitation experiments earried ont . { 11.51 QUIELH ‘
11.5a 019
Syetemiedenth . . . . . L L 12.0 '
1212 018

Roor cut off from Cord.

Time of observation. _ Amonnt of difference.

12,13 | 175
12.14 017
12.15 | G
1216 | 0155
12.18 i g B

In another animal after systemic death had caused a decline in the amount of
difference, severance of the root caused no further appreciable decline.

* Spa Plate 55,
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The root, therefore, in this respect behaves, as far as these two experiments enable
us to judge, like the nerve.

(e.) Changes following Excitation.—In consequence of either direct excitation of
the root or its indirect excitation through the cord, the amount of the difference is
decreased, an after-effect following the passing away of the true excitatory change
similar in character to that seen in the nerve.

The 1‘isin;_[ and Elmng in the amount of the difference when the anmsthesia of the
animal is not sufficiently profound is rather more marked in the case of the posterior
root than in that of the mixed nerve.

(. AxteErior Roor.

With regard to the anterior roots, we have only performed one experiment. There
are considerable difficulties in the way of connecting the anterior root satisfactorily
with the electrodes, so as to exclude all possibility of obtaining results which are
derived from electrical changes in the cord. These difficulties are mainly the shortness
of the root and the characters of its anatomical relations with the cord, it being
difficult to obtain a sufficient length. Moreover, our purpose being rather to obtain
the evidence of exeitatory than of resting electrical changes, the shortness of the root,
when combined with the movements of the animal, eaused serious errors in observa-
tion, due to the displacement of the electrodes and their being thus brought near to or
in contact with :~-H.I|'|'ul|1t|.1|5u}_a,r structures. In the siuglu case in which the 6th left
lumbar anterior root was divided and its central end connected with the galvanometer
electrodes, the difference (Cat) was found to be only ‘0045 Daniell, whereas the Gth
lombar posterior root of the same side, when examined, showed a difference of
012 Daniell.

). BrinaL Corp.

The fact that the cord exhibits, like the nerve, both a persistent difference between
its longitudinal surface and its eross section and a true excitatory effect, was dis-
covered by pu Bois-REvmonn, and has been sinee confirmed by other observers, notably
SETSCHENOW.  The general features of the same were deseribed by us in our preliminary
communication made to the Royal Society, but a systematic analysis of a number of
observations has never, that we are aware, been made, nor has the amount of the
persistent difference been determined. In the course of our investigations we have
noted the amount and characteristics of the resting difference in the spinal cords of
sixty-three Cats and fourteen Monkeys, and the results arranged in groups are given
in Appendix B.

The most striking characteristics of the resting difference in the cord and the
contrast between this difference and that of the nerve may be roughly seen after the
death of the animal (Cat, Rabbit, &c.) by rapidly exposing a length of cord and of
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the sciatic nerve, removing the exposed portion of each, placing it on a glass plate
and bringing one electrode in connection with the cross section, the other with the
longitudinal surface of the preparations. It will be found that in the Cat the nerve
difference amounts to little over *01 Daniell, whereas the cord difference amounts to "025
to 03 Daniell or more.  That this contrast is not merely a question of cross sectional
area is shown by experimenting with the dorsal cord of a small (young) animal and
with the large nerve of a full grown adult animal of the same species, when the same
relations will be found to still hold good, viz., the cord difference twice to three times
the amount of that of the nerve.

For purposes of experimental investigation however, the spinal cord was exposed in
the lower dorsal or lumbar region under all the precautions mentioned in the
paragraph upon operative procedure; it was then divided and freed as required on
either the central or peripheral side of the division for 4 or 5 centims. from all its
attachments, the severed end was ligatured and this portion of cord raised from the
canal and suspended in air by a ligature, still retaining its continuity with the
exposed cord at its deep attachment. The raised portion was in some cases that on
the central side of the section, in which case the continuity with the brain was pre-
served, in others that on the peripheral side, in which case the connection with the
sciatic nerves was preserved.

| .—dmount of Difference.

(2.) Whole Cord.—If an average of the various results obtained in the case of fifty
Cats i1s taken, the e:qmse& cord being normal and ulw:ty.f-: in connection by its deep
attachment with a portion of cord @n situ, but without distinction of the nature of this
attachment, it will be found that the average resting difference in the Cat is 032
Daniell, the highest difference being 046 Daniell, the lowest 014 Daniell.

A similar average of the results in nine Monkeys gives a resting difference of 022
Daniell, the highest difference observed being 029, the lowest *013.

It is thus evident that the relationship between the amounts of the resting
difference obtainable in the Cat and Monkey holds good for both the sciatie nerve
and the cord, the amount in the Cat being very appreciably larger than that in the
Monkey. The notable increase in the size of the resting current in the cord as
compared with the nerve of the same species will be rendered evident if we place side
by side the average results of the two. Thus :—

Cat cord _ 032 _ 373
Cat nerve 0095 1 °

Moukey cord __ "022 __ 44

e — i_ -

Monkey nerve ~ 005

That this increase in the proportion of about 4 to 1 is not merely due to increased
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size has been roughly indicated previously; this will, however, be more clearly
exhibited by the consideration of the ratio which a similar comparison between the
difference in the cord and in the posterior root of the Cat shows :—

A verage Uﬂ,t {:m'{]

Average Cat posterior root

= |t
B
| &n

03¢
02

| e B D

£

It is probable therefore that the larger difference is in some way correlated with
the structure of the cord and the trophic and other physiological influences which
that strueture implies.

This explanation is supported by an analysis of the results obtained in the two
species of animals when the cord is placed under different conditions as regards its
central connections. Such analysis involves the grouping together on the one hand of
all those determinations in which the cord was still in eonnection with the cerebrum and
its central end investigated, and on the other hand of all those in which the portion
of cord examined was that of the lower fragment unconnected with the cerebrum.

The first group shown in Appendix B, I11., gives the average result in the case of
the lower dorsal cord of fourteen Cats, this average being 034 Daniell ; the highest
amount observed being 046, the lowest 025,

It also gives the average result in the case of five Monkeys, this being ‘025 Daniell;
the highest reading being ‘029, the lowest 018.

If now, we turn to the second group, the average in the Cat of all the readings in
the dorsal and lumbar regions respectively when the Cat’s cord is severed from the
brain, amounts to :—

Dorsal region, 24 cases, average *029
Lumbar ,, 10 ; 033

44 cases
Gross average = 03 Daniell.
Highest = 043 ; lowest = ‘014.

In the Monkey a similar average of four sets of experiments gives *019 Daniell ;
highest -027, lowest -013.
A comparison of the two groups of results may now be made as follows : —

at—
Cord connected with brain . . . . . <034
Cord severed from brain . . . . . . 03
Monkey—
Cord connected withbrain . . . . . 025

Cord severed from bramn . . . . . . *019
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The comparison shows that the amount of the resting difference in the anwsthetised
animal is larger when the cerebral connections are intact,

This eonclusion is Rllp}mrtﬂl by direct l_".\.:|'|I‘I".It1ll!'11[:’ll-ifll1'1 upon the influence of
severance. Thus in an anmsthetised animal (Cat) the cord was exposed and divided
at the level of the 4th lumbar vertebra and the central end ligatured. It was then
suspended in the usual way and the electrodes attached to the eross section and the
longitudinal surface. The resting difference amounted to *044 Daniell, whereas, when
the cord was severed higher up at the 7th dorsal vertebra, a notable fall to 037
Dianiell oceurred.

In another experiment (Cat, 315) the cord was divided at the 13th dorsal vertebra
and similarly prepared. Its central end was then connected with the galvanometer
electrodes as above. The amount of the difference between the surface on the central
side of the eross section and the cross section itself amounted to 04 Daniell. A
hemisection of the cord at the &th dorsal vertebra was now made and the difference fell
rapidly to ‘38 Daniell, the rapid fall then ceased, but a slow fall continued for some
time.

These experiments suggest that severance in an anwmsthetised animal of the cord
from the brain causes a direct diminution in the amount of the resting difference
below the point of severance, whether by the interference with the cireulation which
such severance may imply, or by this aided by the interruption in the path which
joins at any rate some of the (pyramidal) fibres with the cells with which they are in
direct connection and which govern their nutrition. As will be seen later there is no
evidence of a similar diminution being produced when the cross sections are made
upon a portion of cord already severed from the brain by an interruption higher up.
Hence the inference that the fall is correlated with the interruption (in the pyramidal
fibres ?) is strengthened.

Finally the region of cord investigated has some relation with the amount of the
resting difference. This is shown in Appendix B, 1L, in which observations made in
the dorsal region are separated from those in the lumbar region.

The average of the dorsal region = 029 ; highest 043, lowest ‘014,

The average of the lumbar region = 033 ; highest ‘04, lowest 028,

Although the average seems to show that the difference in the dorsal cord is
less than that in the lumbar, yet an examination of the highest and lowest limits
suggests that the preponderanee, in the latter case, is due to the fact that in the
dorsal cord several very low readings were obtained. (See Table (2); Appendix B,
IIL, Cats 194, 289, 349.)

We have endeavoured to get some notion of the relations of the different regions by
exposing in an anmsthetised animal (Cat 36) the whole cord.  This was then divided
into three equal lengths, comprising the cervical, dorsal, and lumbar regions respee-
tively, and the three placed in a warm moist chamber for examination,
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The examination was made as rapidly as possible in the order given below, and at
the various regions indicated.

Lumbar segment—
From 4th lumbar 035 to about 11th dorsal 04,

Dorsal segment—
From about 11th dorsal ‘043 to about 3rd dorsal ‘037.

Cervical segment—
From about 3rd dorsal 035 to about 3rd cervieal ‘037,

After a quarter of an hour’s interval, the experiment was repeated in the reverse
order, commencing with the cervieal and ending with the lumbar segment. The
results were as follows :—

Lumbarsegment . < . o o0 o o o 2085 036,
Doreal sepmienti« oo« o o ow g L 080 2021
Carsical scpmenty 46 20 Gt Lanal “029.

In this experiment, the dorsal cord resting difference is greater than that obtained
from either enlargement, but it is more affected by the injurious influences of
severance and loss of circulation. It must be remembered, that there are three
possible factors in the severed cord which determine the amount of the resting
difference in any given region ; the number of fibres, the amount of grey matter, and
the maintenance of vitality through circulation, &e., this last being influenced by size
of vessels, &e. All these vary in different regions, but the first is preponderant in the
dorsal regi{}u, the others in the Ettlul'geu'lents.

(B.) Cord Divided Longitudinally.—In the course of experiments to be detailed
hereafter, we had oceasion several times to divide the cord |011gitu:1iiml|}? into two
halves. This division was carried out under all the precauntions indicated in the section
dealing with operative procedure, and was always in the form of a longitudinal eut
::-unm?.q:ting the anterior and posterior fissures, and extended from the eross section of
the divided cord for three centimetres. Since it was our main object to establish a
quantitative comparison between the crossed and the direct excitatory cord eflect
evoked I-‘}’ cortical stimulation, th-P.- cord was g_geunl'a“_},-' divided in the lower dorsal
region, and the lower end of the fragment on the central side of the division was splic
in the fashion just described. (See Plates 31, 33.) The results in seven Cats and five
Monkeys are given in Appendix B, 11L

Each half of the split cord was connected with a pair of non-polarisable electrodes
by the cable arrangement :1|rc.:ur1}’ indieated, and the amount of the difference between
the cross section and the surface in each then determined. It will be seen that the
average amount for each side in the Cat is ‘02 Daniell, the highest and lowest readings

MDCCCXCT,—R, 28
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being 029 and ‘01 in the case of the left side, and -027 and 014 in that of the right
side.

In the Monkey, the average result for the left side is *016, that for the right -011.
It will be noticed that in each animal the sum of the two readings is slichtly larger
than the average for the unsplit cord.

A further table (4} ;_fh'u the results of a similar s]llittiug upt*l‘utiun carried out on
the upper end of the lower peripheral fragment of the divided cord in two Cats.

[n one Cat (137) the left half of the split cord showed a resting difference of 007,
and the I'i:_:lli. ‘016 ; in the other Cat {I-I:I} the left half showed 021, and the right
013,  The amounts are considerably below those just mentioned, one reason doubtless
being the fact that the portion of eord upon which the operation was carried out was
severed from the brain.

(c.) Cord previously operated wpon.—It has alveady been pointed out that, while
severance from the brain seems to induce a condition in the separated cord in which
the amount of the resting difference is less than it otherwise wonld have been, further
operations upon this severed fragment do not seem to notably affect the difference,
provided they are made in such situations as to leave a part of the cord both intact
and in sitn between their seat and the portion ohserved.

That is to say, the difference in the lower fragment of a cord severed from the brain
is not further diminished by exposing it again in its continnity and performing there
either section of one or of several columns.

It is different, however, when such operative lesions have been performed several
weeks before the experimental investigation. In these cases the average amount
of the resting difference observed was 022 Daniell, that is less than the normal.
but the differences between the experiments are best shown by reference to the column
in Appendix B., 11L (5). They will then be found to vary between ‘012 (cord one
month after section of posterior roots), and 038 (cord four months after hemiseetion
on left side). This last is an exceptionally high result when compared with that
obtained after a very similar two months’ previous hemisection when the amount of
the difference was only ‘017, and also that obtained after a one month's previous hemi-
section on the opposite side, when the amount was “018.

In a ease of one month's previous lesion of both posterior columns, the amount of
the resting difference was found to be 022, and after a lesion of one posterior column
it was found to be -025.

If *030 is taken as the average amount of the difference in the normal Cat, after
severance of the cord from the brain, then a descending series occurs in these cases, as
shown in the table, in all of which with one exception the demarcation current is
below the normal, and the average of these, when this exceptionally high and contra-
dictory result is exeluded, wonld be (019 Daniell.
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TasLE of Results after Previous Operations.

‘012 after section of posterior roots.

017 ., hemisection.

DL s
022  ,, section of both posterior columus,
gl P T 2 IO ITE ok o

Taotal .. 094

Average.. 019 Daniell approx.

2, Alterations in Resting Differcnce.

The electrical difference between the surface and cross section of the spinal cord
alters during observation in the manner already described in treating of the sciatic
nerve and root, but the alterations are much more marked.

(a.) Physical Changes.—The effect of drying is the same as in the case of the
nerve, the amount of the resting difference continuing to rise steadily after exposure
and isolation of the cord unless great care is taken to keep it moist. It is difficult to
ascertain with precision to what degree this physical change is capable of eausing a
rise in the difference, this rise being about 0001 Daniell in five minutes ; but that it
is by no means the sole agent is shown by the fact that even when the exposed
cord is kept moist by steaming sponges with as much care as possible, the rise con-
tinues, t|lm1gh maore :1|:m'|y than when no such }nrecuutiuns are used, as also l}y‘ the
facts to be referred to in the succeeding paragraphs. It is, however, important to
keep in view in the consideration of alterations supposed to be due to strictiy physio-
logical agencies the inflnence of these purely physical ones.

(b.) Physiological Changes not obwviously Ereitatory.—-The alterations duoe to
physiological changes are associated with both a rise and a fall in the amount of
difference, and are much more marked in the ecase of the cord than in that of the
nerve or the root. The amount of the rise is demonstrated in the following obser-
vations, in all of which the cord having been exposed, ligatured, and divided, was
suspended by its unattached end and connected with the electrodes in the manner
{lﬁSU]'ilHﬂl] I]Eﬂ}l'ﬁ,

It was then observed that in every case the 1'{!3Ling difference between the surface
and cross section increased rapidly for the first five minutes or more after the isolation
had been made, provided that the cord was still in conneetion by its deep attachment
with a part which, being in situ, was in its normal physiological state of nutrition.
The amount of this initial rise varies considerably in different cords, but the average
in 19 cases amounted to "0016 Daniell, the highest rise being 003 and the lowest
'001.  The duration of this comparatively rapid rise is, on the average, about five

252
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minutes. This initial increase is probably of the same character as that observed
by pu Bois-Revaoxn, Hervmaxy, Exaermasy, and others in both musele and nerve,
and is in some way related to the development of changes produced by the cross
section.

The difference continues very slowly to inerease in the unstimulated cord, at a rate
of about 0001 in five minutes, this change being probably connected with interstitial
drying. There is, however, a marked inecrease in the difference when the cord is
aroused by successive stimulation, and this last rise is the most striking and novel
feature flis-tpl-'h}"mi h}' the cord : it will be treated of under the ux(:ii:llul‘}' r:hungaa

If systemic death oceurs, the difference immediately begins to decline, and this is
such an invariable result that we have often observed the first approach of death by
the behaviour of the grlh.‘tl]mm‘.tﬂ‘ needle. On t-:.f_*[mruL'H n of the cord from the Imd}r
a similar decline oceurs, the rapidity of which is shown by the following vesults ;:—

Decrixe in Difference ﬂr“uw[ng S:,-‘Hh-lnil* Death.

5 10 | ) ] 30 |
minutes. minntes., | minutes. | minutes, rrinubes. minuates,
Cat (246) . . . 29 ‘(128 G 024 023 (k22
Cat (258) . . ] 13 225 (e b1 (kg 023
([ Cat(323) . . .| -039 LI e i e 4 03
| Cat(343) . . .| ‘04 (7

From the above cases it will be seen that on systemic death the resting difference
declines to such an extent that in half an honr the total fall amounted to -007, 008,
and 009 Daniell. How far this fall is associated with the cessation of the eireulation
in the actual portion of exposed cord under investigation is a moot point, but the
reasons bruught forward on p- 283 with reference to the similar i]l.!{":-ﬂ,ilr!lj in the case of
the sciatic nerve are applicable to that of the spinal cord. The local cireulation is
undoubtedly seriously impaired by the exposure; it is, therefore, rather to the
structural connection with the portion of cord in situ, in which the circulation is
ﬂdl.'tluul'(‘]_}' maintained, than to the iutcgrit,_}' of its own blood suppl_}' that the main-
tenance of the difference in the case of the living animal must be ascribed. It 1s
wonderful what prolonged exposure a portion of the spinal cord will sustain without
lﬂsillg its exeitahllitf, ]lrmrhfﬁil ﬂni_}' that the local conditions of ;u'iequu,te maisture
and warmth are fulfilled and that a struetural conunection is kept up with normal
unexposed eord substance.

The above decline is contemporancouns with a marked lessening of execitability. As
is shown in the chapter upon cord excitation, all evidence of excitatory change in
response to stimulation disappears a few minutes after systemic death.

If the fragment of exposed cord is wholly removed from the animal, the difference
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apidly subsides, as is shown in the ur{pﬁrilm*nt described on p. 313, as made upon
such pieces of spinal cord.

The decline in the difference thus produced, seems to occur with greater rapidity
than in the case of systemic death. It is illustrated hy the following experiment
upon the cord of the Cat (354), in which, at the elose of an exposure and series of
investigations, which had lasted an hour and a half, the exposed picce of cord was
cut free from its IIEﬁp :.H.tudlinu::!Llﬂ:r and the consequent decline in the ﬂ*stih_;_r
difference noted.

This difference had previously been rising all through the experiment, ever since
the cord which had been exposed and divided at the st lumbar vertebra was first
examined, The portion investigated galvanometrically was on the central side of the
above section, but the upper part of the ecord was not conneeted with the brain, since
a second complete section at the level of the Tth dorsal vertebra had been made for
purposes of stimulation.

The amount of the initial resting difference between the cross-section and surface
of the investigated portion observed (at 11.4) was ‘033 Daniell ; at the close of the
experiments (12.39) it was 038 ; the exposed portion of cord was then severed from
its (]Ei.*.]! attachment 2o as to be ".'r|1u]|:.‘ detached ; in two minutes {I:!.:iEF:J it was 037 ;

PRI o 036
e b 034
2 1y s R 033
RIEATN s ‘032

That is to say, a fall in the difference amounting to "006 oceurred in ten minutes ;
in another hour the difference had fallen to half its original amount = 019 Daniell.

Both the slower fall in consequence of systemic death and the more vapid fall in
consequence of a complete detachment from the rest of the nervous system, contrast
with that produced by the change following injury sustained hy the cord even when
in sitw.  The mechanical injury which seems most fatal to excitability, is that pro-
duced |1~_‘,r -‘;tl‘ctching of the cord, a sudden |1-||]| ]:eing followed almost hnuw:sliutv]_v h:,r
the disappearance of any execitatory effect and by a rapid fall in the resting
difference  Thus, in one animal (Cat 126), the difference was 035, but owing to the
arrangement for ﬁ:{ing the Spille._ &c., hf?f:mnillg loose, the s-;lmlw,rnclurl cord was pulled
by a movement of the preparation, and the difference fell suddenly to 017. The
whole cord, however, was not injured, but only the portion observed, for a new
dissection f.‘:-:lmril:'rl a fresh part and a higher section was then made, which rave a
difference of 028,

(c.) Physiological Changes conneeted with Ereitation. —It has been already indi-
cated that a characteristic feature of the spinal cord difference is the alteration pro-
duced in it h:,r stimulation. It will be seen by the experimental details, which are
set forth in the following chapters, that marked excitatory electrical effects arve evoked



318 MESSRS. F. GOTCH ARD V. HORSLEY

in the cord by stimulating either the cortex of the brain, the different regions of the
cord itself, or the i:-i:-ming }m.'-til_'t'im' roots. These effects resemble in character those
evoked in the nerve trunks themselves; the electrical change commences with the
stimulation, is opposed in direction to the resting difference, and subsides on the
cessation of the stimulus.  Following this true excitatory effect is an after-effect,
which is characterised by an inerease in the previous difference.

In any given experiment the after-effect shows itself thus. The eord having been
L'KIIL'ISL“LL divided, prepared, and connected in the usual way with the electrodes 'l_l:,.r its
cross section and its longitudinal surface, the amount of the resting difference was
noted, This difference rises as just stated for the first few minutes, and then remains
very nearly steady. The cord is now excited in any of the three ways mentioned
above ; an electrical change oceurs, i.e., a eurrent opposed to the difference is present
in the galvanometer circuit which, on the cessation of the stimulation, subsides. The
galvanometer needle, which evidences the existence of this current, having moved
from its resting zero position through a certain deflection, returns to its previous
position. If the nerve were the tissue under investigation, this retwrn would be not
quite complete, but with the spinal cord it is characterised by eontinuing beyond the
zero position to a point considerably the other side, after which the needle slowly
moves back again towards zero, which, however, it does not reach. As the result of
excitation, therefore, the previously balanced difference is no longer compensated ; a
current persists in the cirenit in the divection of that produced by the difference, and
to compensate this, and thus ]u'[ng the needle back to zero, the |}:L]=1I:c1||g circuit has
to be 1‘t'.'|:]_i11:itl-c1.

In short, the excitation has caused, after the usual negative wvariation, a
permanent rise in the resting difference between the two electrode contacts. This,
positive after effect is not unknown in other structures, it occurs oceasionally in both
musele and nerve preparations of the Frog (Hermng, Heap), but the conditions
necessary for its production are but imperfectly ascertained. It is, however, as far as
we know, invariably present in the case of the spinal cord of the Cat and Monkey,
though its amount is very variable in different preparations,

In almost all cases the amount of the rise is dependent rather upon the condition
of the preparation than either the intensity or duration of the cord stimulation. It is
areatest as a consequenece of the earlier stimulations, and becomes less and less with a
repetition of the stimulus.

If, therefore, a series of experiments are made involving the stimulation of
the cord at successive intervals, the resting difference rises at first rapidly, and then
more slowly, until atter 20 to 30 stimulations in from 30 to 45 minutes, the rise
finally practically ceases.

The stimulus used, whether applied to the eord or to structures connected with the
cord, was in all cases that of the alternating induced current previously alluded to in
the chapter on the experimental method. The amount of the total rise observed in
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different cases varied aceording to the seat of the stimulus which evoked the cord
change. This seat may be either (A) Brain, (B) Nerve, ov () Cord, and the cases
in which we specially noted this change are as follows :—

A. Corrican Excitation. Cord connected with Cortex.

Initial difference. Final difference. Total rise,

Cat (114) . Ua7 L) 2
w124 . 046 047 003
w128 . i (40 QL
w  (S08) . LI (K3 (W03
e 318y, (30 035 5
L ) 032 043 001
Monkey (234) . . 026 020 gils}

Average rise 003

B. Nerve Excitation (sciatic). Cord severed from Cortex.

Total rise.

| Initial difference. Final difference.

Cat (121) .
w  (L43) .

L odn CHESD
(148) .
(153) .

T

w (194) .
[t 2Ty
{ . (339) .
w  (348) .
SR LI

(31 a4
2 035
2 O35
023 (26
(25 (20
1 B0
017 20
{23 id4
2 diE{
(il (125
R {2y

Ave rage ]‘[Fl'

(3
(M3
(¥
(0
‘(4
Oy
003
1011
(=
(03
{110

005
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C. Conrp Excitation. Cord severed from Cortex.
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These results indieate (1) that the rise in the difference is oceasioned not merely by
the direct llIlE:"l;::Ll,iﬂll of the stimulati ng agent to the eord, but as a consequence of
the presence of a sevies of excitatory processes, whether these are produced by nerve
impulses entering below by afferent channels, or from above by cortical efferent ones.
This conclusion is supported by the fact that a similar rise follows a large reflex
discharge of energy from the cord, when this is produced in the strychnised animal
I}}" .."'-Hlllfil.'ll"r ﬂiillluhlliulh

(2.) They also show that the rise is least in the case of the exeitatory cord changes
evoked by cortical stimulation, in which case the limit of rise is not only small, but
soon attained, the average rise in the instances given under A being <003, the
maximum = 003, the minimum = 001, When the sciatic nerve or pl}:-;lﬁriur root of
the cord (severed from the brain) is excited, the rise is seen to be much more
pronounced, being on the average *005, maximum 011, minimum -003. Finally,
when the columns of the cord itself are excited, the rise is greater, the average being
006, maximum 013, minimum 002, {Tlm average rise in this case would be still
greater if the three very low and exceptional readings of ‘002 were omitted from the
table ; it would then be «0075.) In the same experiment performed on the Monkey
(232) the rise in half an hour following twelve excitations was 006,

It would thus appear that one of the main features in the rise is the extent to
which the nerve structures in the cord are thrown into activity ; the result of
cortical excitation is to awaken impulses in a more limited avea of the cord than is the
case with execitation of the sciatic afferent nerve fibres, and this latter does not cause
such a widespread awakening as is produced by direct cord stimulation.

From these results alone no conclusions of a definite kind can be drawn as to the
relations subsisting between the cord and the brain on the one hand, and the cord
and the nerves on the other, but if the amount of rvesting difference may he truly
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taken to be an indication of the amount of potential energy, which the nerve material
is ecapable of making kinetic in the form of a nerve impulse, then this remarkable
rise, and the conditions which determine it, would appear to show that the physio-
logical characters of the strueture upon which the storage of energy depends, are such
as to be rendered more efficacions with use, and that the central structures (cells) of
the cord play the most prominent part in this influence of functional use upon
efficiency.

CHAPTER V.—ON THE ELECTRICAL EFFECTS EVOKED IN THE SPINAL CORD AND
MIXED NERVES BY EXCITATION OF THE CORTEX CEREBRI

The primary object of this work being the determination of the mature of the
impulses which issue from the excitable or so-called motor cortex, considerable
importance attaches to positive results on this point. As, however, usually happens
in the employment of a new method, we have found that more actual advanece was
made 'E:_ﬂ..r upplﬁng}; it to the study of the lower centres and fibres through which these
impulses pass than by attempting to elucidate the functional relations exmting
between one part of the cortex and the rest of the encephalon.

One fundamental fact stands out, however, prominently, viz., that, as we shall see
directly, it is possible to aseertain and judge the nature and comparative amount of
the electrical changes which aceompany the descent of the cortical impulses in the
spinal cord, and so to learn the character of the cortical discharge. Practically, there-
fore, the results of our special investigation of the excited cortex will best be
arranged according to the part of the nervous system in which the electrieal changes
were observed. A further subdivision of such a classification will be necessary in
order to bring out the wider points of interest which have received elucidation by the
usze of this method, and this is furnished by the summary and arrangement we have
given on pp. 272-276, of the facts discovered by other methods, of which the most
notable are those of simple inspection and of graphic record respectively.

In accordance with this plan, therefore, we will commence with considering the
case in which we observed the electrical changes in the dorsal cord, with the ohject
of ascertaining the character of the descending nervous impulses in consequence of
stimulation of the cortex.

We have employed in these experiments on the relations of the cortex cerebri to
the bulbo-spinal and peripheral systems fifteen Monkeys and thirty-two Cats,

MDCCCXCL—E. 27
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ExcrraTion oFr CORTEX.
1. Electrical {.?r-’huyf.’-‘f Obsgerved in the Spimu’ Clord.

The arrangement expressed in the above headings is the fundamental experiment
designed to elucidate, if' possible, the nature of the impulses which pass from the
cortex to gnin and traverse the lmnmvﬁ]:iual centres.  The :IE!-:h*:*.hiliL}‘ of :lvui{]ing
shock, which so markedly lowers the excitability of the cortex, led us to choose to
investigate the electrical effects which accompany the impulses as they pass through
the mid dorsal region, so that the section of the cord was made in the Cat imme-
diately below this point, and in the Muukﬁ}-‘, just. above or through the uppermost
part of the lumbar enlargement. (See figs. 4 and 5.)

This selection of the seat of section had the additional advantage that it enabled
us to proceed at once to the determination of further points, viz., the localisation of
the upper and lower limb areas in the cortex, and thus to generally control the results
obtained, as will be shown presently. We will first deseribe a typical experiment.

The anwesthetised animal having been arranged as described (Chapter I1I1) the dura
mater was exposed over the so-called motor area of the lower linb ; the spinal cord
was then exposed at the level of about the 7th dorsal vertebra, raised in air and
connected to the non-polarisable electrodes. The character of the resting electrical
difference between the cut end of the cord and the uninjured surfaces of the columns
was noted as set forth in Chapter IV,

() Eifects seen in the Electrometer.

The electrodes were, in the first instance, connected with the capillary electro-
meter.

The dura mater was then opened, and the surface of the cortex excited (vide p. 299).
The effects observed in the electrometer were— ;

(1.) A persistent negative variation of the difference lasting as long as the excitation
was applied to the cortex.

(2) A series of intermittent negative variations commencing (sometimes after a
ghort interval had elapsed) from the cessation of the excitation, and continuing for a
variable period according to the state of the cortex.

We may with advantage at once briefly review the general questions raised by
this result, as such a discussion will make cleaver the object of further researches.

The effect seen in the electrometer was so identical in character with that obtained
from the muscles in an epileptiform convulsion started by similar excitation of the
cortex as to suggest that the essential features of the muscular convulsion are
wholly due to the character of the cortical discharge. This is illustrated by the
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Fig. 4.* Figr. 5.
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* The central nervous system displayed in this and succeceding figures is a photographic reduction of

a full size I'I"“I"'-:':"'Pll of an actual dissection, as shown also in Plates 30-33. By this means, exact topo-
h v X LEH])
graphy of all experimental details (i.e position of electrodes, &c.) has been preserved. It is, perhaps,

hardly necessary to add that the amount of cord exposed 15 shewn in Plate 29,
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annexed woodent [;ﬂj-,'_'. G, in which two recorids, one of the I:tll.t.‘-'r|1', the other of the
movement of the electrometer, are contrasted. The lower [|'.'|('i.:||:_':| (z, is that of the
muscular movements of the rectus femaoris of the Cat : the upper, |‘1., 15 that of the
movements of the i"".i""["‘l -II||:|:_5'r.- of the mercurial meniscus of the electrometer
photographed on a sensitive Jll.'l.ll.'. The Juxtaposition of the records was effected l.l-_':.'
i IIllHlH:_:’I'::EIII]I.! reduction of the two [I'L'll_'JII!I.:_['*. It is necessary Lo puiJLL out that exact
comparison is not possible, since the two records were obtained from different animals ;
th'}' are, however, Efilttlll:ll.':lijllf in this sense, that since we have selected in each case
fits of about the same degree of intensity, the gmn,-r;d fused character of the first
stage, and the i]lh‘l']‘l.lfﬂ.{'i]: character of the second stage, is similar in each,

Further, the :r]]:u:gu in character of the iIIL'-‘L'l"l][!IlL‘,il stage itself as the fit draws to
its close is very noticeable, the great increase in the extent of each elonie Spasin
accompanying the slower rhythm is, as will be seen, a feature common to both records.

It will now be advisable to consider in more detail the character of these electrical
variations.

A reference to the phnlugl'.‘t}nh of the movements of the electrometer, in hg. 6,
will show that the first stage of the effect ||rmiuf:n:ri in the uml-h_}-' L::-:c:ifl.ing the
cortex, t.e., the tonic variation lasting during the period of excitation, is a i:(:lnl:]uw
fusion of itll.l]lllﬁl‘?i, so that 1t 18 with our present instruments impursaiblu to detect
any waves or intermissions in 1t. In this respect the tonic stage exlubits no

Fig. 6.
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E. Photograph of movements of electrometer.
G. Tracing of contracting muscle.

t. Tracing of time signal with intervals of (;th sec.

difference from the tonus obtained by E.'}CL'i.ti.i]:_f the corona radiata after the cortex
18 removed, It is otherwise with the H‘I'illﬁlliﬂ method, see p- 273, in which a
rhythm or period can be seen, showing the tonus to be an imperfect fusion of
contractions. Until the question is re-examined with still more delicate instru-
ments, it must be left entirely open, as the absence of intermittence in the
electrical record may be due to instrumental inadequacy. We cannot, however,
refrain from suggesting that it may be possibly a gemuine phenomenon, and that
the waves seen often on the tetanus curve, in the graphic method, may be in

relation with blocks in the motor path : one such block we have found to be offered
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by the bulbo-spinal centres to the passage of the impulses, from the spinal cord out
into the nerve (see p. 458, Chapter X.). The further recent experiments of WepeExskr®
seem to suggest that these waves in the muscular record may be to some extent
in relation with the block offered h_'}-’ the motor muliugs of the nerves in the muscles,
since he finds that such muscular intermittence may be produced by stimulation
of the nerve itself with rapid rates, an intermittence which, not being synchronous
with the rate of stimulation, but having its own rhythm, is presumably referable
to the neuro-muscular mechanism.

As regards the atter effect, the clonic stage, it is frequently separated from the
tonic stage by a distinet pause or interval ; this is of course visible in all methods of
exploration, to which the electrical investigation of the spinal cord is no exception.
When it oceurs, therefore, it is obwvious that after the cortex has been roused to
discharge, thus evoking the tonic stage, it possesses the power of again emitting
impulses when thrown into a high state of execitation, The period at which this
clonic discharge commences is variable, there being in some instances a pause or
period of delay, whilst in others the intermittent or clonic stage may even overlap
the tonie eondition, which, consequently, ceases prematurely, while yet the excitation
s being continued.

The clonic stage, or after effect, has a distinet rhythin (see graphic method, p. 273),
in which the muscles respond to intermittent impulses. Exactly the same is seen in
the electrical changes of the spinal cord. This stage, or after effect, as it truly is,
presents three chief features for study :—(1) Its commencement ; (2) its development ;
(3) its mode of termination ; these being common to both the muscular and the spinal
records.

(1.) The clonic stage invariably begins with small, often single discharges, vide fig. 6,
these soon increase in strength. This is of course closely imitated by the graphic
records of the musecle, the contractions of which, minimal at first, become, later,
maximal.

(2.) The further development of the stage is marked by summation of the impulses,
the rhythm of which, directly measured, appears to be about 10 per sec., but we
have not yet had time to thoroughly investigate this point. (Vide graphic method,
- 2?3.}

The summation of the electrical variations very obviously harmonises with all the
other facts relating to the persistence of the muscular contraction, when produced
by cortical stimulation. (See also Fraxgors Franck and Buexorr and Hempexnam,
loc. cit.)

(3.) The termination of the series of intermittent variations is marked by their
becoming fewer, larger, and finally ceasing abruptly (vide fig. 6), very rarely
diminishing to final disappearance.

* Wepexskn, * Archives de Physiologie Normale et Pathol.” (Brows-Séquarp), Jan., 1891,
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The absolute values obtained in the electrometer varied in the two stages, as
estimated by the eye, and the rough estimate thus formed is supported by the better
evidence of the photographs. They average 2 divisions, rarely 3 divisions for the
tonic stage, and 15 divisions for the clonie stage.

[t would appear that this is true for the Carnivorous animal, as represented by the
Clat (eleven animals observed). Whether these electrometer figures are the same for
the Monkey we are unable to say, as we devoted our attention in the experiments on
that higher Mammal (seven animals observed) to photographing the results.

The absolute electromotive values obtained by the electrometer and recorded photo-
graphically, are being examined by Mr. G. F. Burcn at the present time, and we,
therefore, will postpone the further consideration of this most important point.

(b.) Effects seen in the Galvanometer.

The total effect produced in the galvanometer when it is connected with the spinal
cord, and the cortex is excited, resembles the records of the musenlar contractions, in
that there are two distinet stages. It need, however, hardly be said that the slow
swing of the galvanometer needle is incapable of recording intermittently, and con-
sequently both stages ave composed of a series of summated effects. The rate of
movement of the needle is notably different in the two stages, and the elose observa-
tion of this feature I,'I-['-I,_'t\."ﬁi,l_ of much value in other c:{pcl'illwntﬁ, Imt;lhl:,r those on the
corona radiata, see p. 337.

In the first stage the needle generally begins to move soon after the commenece-
ment of the cortical excitation (see Method, p. 299), but often owing to one of the
depressing circumstances mentioned on p. 272, the cortex is not normally exeitable and
the effect it produces when stimulated is consequently delayed. The needle swings
steadily during the excitation, but when this ceases there is a distinet check,” and
then as the after-effect develops the needle slowly swings on and gradually comes to
a standstill at the end of the second stage or after effect. The mode of termination
of this last is slow and deliberate in its gradual diminution, thus contrasting markedly
with the :i.l}l'upt. cessation of the gai'h-'mmmeter excursion, when the corona radiata or
spinal cord is excited. This gradual dying out of the effect is so absolutely
characteristic of the cortex that it can be used for differentiation.

Though well aware of the small value to be attached to the quantitative use of the
g:ﬂvmmmﬂtric rﬂmlingﬂ thus obtained, we venture to add a few remarks on these in
view of the novelty of the point.

When the central end of the whole cord is connected with the galvanometer, and

® What 15 said on p. 200, &, relating to possible errors and fallaciez may be here remembered as
showing that this check is purely a physiological phenomenon, there being no possibility of the excitation
current affecting the delicate galvanometer,
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one cortex (i.e., lower limb foecus) excited for a definite period, an electrical excitatory
variation is produced in the cord, the amount of which is indicated by the following
average of several observations.

Duration of Average strength Average
| l excitation. of excitation. | variation,
1
I |
Cat il 8 seconds =al) | 104"
Monleay =0 a0 gl 3:0 i A5 1757

The brain of the Monkey was stimulated for a shorter time, and with far weaker
excitation than that used for the Cat, in consequence of our desire not to make the
cortex hyperexcitable. Even then the excitatory effect in the Monkey is nearly as
lurge as that in the Cat. The truth of this position is also evidenced by numerous
observations we have made under other cireumstances, the Cat always requiring a
stimulus, which in the Muuku}f would have evoked a far higher excitatory effect.  As
with all results obtained by the method of averages, no doubt this point would repay
accumulation of observations, sinee, -:l].leugh no absolute value can be givcn to the
ficures, they seem to show specific differences.  With the cord divided longitudinally,
and the excitatory effect observed in each half, this absolute difference apparently
disappears (see p. 354).

Before proceeding further, it is essential that we should indicate the experimental
evidence on which we base our interpretation of the electrical changes in the cord.

That the changes are due to the discharge of excitatory impulses from the cortex is
clear, but it may be asked what evidence apart from the parallelism discussed on
p. 324 there is to show that they are the concomitants of the passage of actual nerve
imlmlsﬁiﬂ:-; tlarmtgh the l]{u'l,iml of exposed cord, and not the results of conduetion from
the electrical changes evoked in all the surrounding museles which are thrown into
spasm.

The evidence which shows that the change is one localised in the nerve fibres of the
exposed cord may be grouped as follows : —

(1.) The position of the electrodes being arranged to ensure isolation, as deseribed
in t_.‘lmptvr EIT. . p- 295, this isolation is sufficiently complete to allow of the surrounding
muscles being thrown into activity without any electrical change in the exposed
tract being evident in the galvanometer.

{2,} In observations made in the Monkey with the l'ruul:l}- exposed cortex, the
initial and immediately suceeeding stimulations of the lower limb area evoked effects
which, with the strength of the stimulus employed, were so exactly circumseribed
that, since the cord was divided and the lower limbs thus cut off, no demonstrable
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muscular movement of any kind existed, yet a marked and distinet electrieal ﬁh:i-llgf#
of the usual kind was present in the cord and evideneed both in the electrometer and
the galvanometer.

When, further, owing to prolonged exeitation, exposure, or sligchter degree of
etherisation, hyperexcitability of the cortex became established, subsequent excitation
evoked a more general discharge, and although the muscles of the trunk and upper
limb were now thrown into active contraction, the change evidenced by the electro-
meter and galvanometer remained similar in character to that previously observed.

(8.) If in any given instance with the central end of the spinal cord in the lower
dorsal region exposed and connected with the galvanometer electrodes, the cortical
avea for the upper limb was exeited, no effect was observed in the galvanometer and
electrometer, although the muscles of the upper limb were thrown into convulsion.

(4.) The injury (entting off, &e.) of the cord between the exposed region and its
deep connections abolishes the effect in the cord, even although the muscles are
thrown by cortical exeitation into violent spasm,

(9.) In addition to the above, the whole mass of results to be detailed in this and
the succeeding chapters is convincing evidence of the truth of our interpretation,
sinee, as will be seen by separating the fibres in the two sides of the cord (longitudinal
section), by interrupting the fibres on one side only (hemisection), &e., we obtained a
differentiation in our results which admits of no other explanation than the one
upon which we base our deductions, namely, that the electrical effects observed are
due to changes localised in the exposed cord, and, moreover, in the experiments
under discussion localised particularly in the nerve fibres which form the pyramidal
tracts.

The fact above alluded to of the absence of electrieal effects in the dorsal cord when
the area for the upper limb was excited in the Monkey, involves matters of such
importance that we now pass on to consider it in some detail.

(e.) The Localizsation of j-;:ﬂ;:n‘ni Revpresentation in the Cortex as ascertained by the
Flectrical Method.

It was clear from the commencement of this research, that our method afforded
means of differentiating the centres in the cortex and their correlated fibres in the
spinal cord. 'We accordingly made observations of the following character :—

Having exposed the cortex freely, and connected, as before, the eut dorsal cord with
the electrometer, we proceeded to obtain the usual vesult by exciting the lower
limh area with a minimal but adequate stimulus, evoking thus an effect without at
the same time developing an epileptic hyperexcitability of the ecortex. We then
explored the rest of the surface of the so-called motor region with the electrodes and
the sane strength of excitation, to see how far we could determine whether there was
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any electrical change in the cord, i.e., the pyramidal tract, really belonging to the
lower limb, when other parts of the cortex were excited. As will be now shown, our
instrument gave no indications of such diffused effects, but in this relation we must
draw attention to the animals used (Cat and Monkey).

Considering that the minute differentiation of efferent motor function in the cortex
of the Cat is relatively insigniﬁumlt t:.uu:lp.‘lred to that in the Monkey, we Em]ﬂn}'ed
the former animal for the preliminary investigation of the aceuracy of the .gEueml
position which is involved in our first statements. But we also found in the Cat that,
while with a given strength of excitation, stimulation of the lower limb cortical area
gave the definite result of a movement of two divisions in the electrometer (the con-
nection of the cord, &e., being as stated before), the excitation of the oceipital lobe
and the temporo-sphenoidal lobe respectively gave no result at all.  Upon this point
it may be remarked that in some instances we were able in the Cat even to differen-
tiate, as we easily could do in the Monkey, between the upper limb and the lower
limb areas. That is to say, that if the dorsal cord were observed, we got a well-
marked effect by exciting the lower limb focus (as indicated by Ferrier), whereas
excitation of the fore limb foeus produced no visible change in the cord’s state, as
evidenced by the electrometer,

Thus the following facts were noted in the Cat (126).

Corp led off' at Lower Dorsal Region.

. Effect in Eleetrometer.
Btrength of i l

“i_’l’fil:l'lls |:-II cortex 1_'h|'i.‘||_"||, [ =
= excitation.

| Tonie stage. Clonie stage.
{a) Lower limb foeus. . . . 18,100 Rise 2 divizious 15 divisions
(6) Oceipital lobe . . . . . 100, O Nil Nil
(¢} Temporo-sphenoidal lobe . 103 (b0 ' Nil Nil

(d) Fore limb foems . . . . 10, Oy | Nil il

For the points a, b, e, d exeited, see Plate &0, |

Turning now to the Monkey, we carried this mode of investigation still further by
the employment of minimal stimuli. The following general result was obtained. The
dorsal cord being ohserved, the greatest effect was produced when the excitation was
applied to the centre of the lower limb area, i.e., just at the hallux focus,™ and this
effect diminished as the electrodes were removed from that point towards the mesial
surface of the hemisphere or downwards over the eonvex surface towards the superior
frontal suleus. (See Plate 52.) It was interesting to observe that opposite this suleus,

* Beevor and Horsver, © Phil, Trans,.” 1800, &c.

MDCOCXCL—E. LA
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where, according to Beevor and oune of us, the upper and lower limb areas tend to
overlap, with the same stimulus asin the latter ease this region was the last from which
any effect eould be produced in the fibres of the dorsal cord. Even in the case where
the whole cortex was very excitable, and where a generalised effect was thus easily
evoked, and where, consequently, electrical effects in the cord followed stimulation of
the upper third of the upper limb area, the general effect was, nevertheless, most
markedly graduated from the centre of the lower limb area in diminishing order as
the electrodes were removed downwards and passed the level of the superior frontal
H'IIL'IIH,

We may now allude to the obvious inference that might be drawn from these
experiments, namely, that although there is no sharply marked line of demareation
between the cortical foci, there is nevertheless in the facts we have just stated a
certain amount of evidence against the assumption that the lower limb, for example, is
represented to any marked degree in the upper limb area of the cortex. We do not
speak with great positiveness on this point, becanse it may well be that the instru-
ment we chiefly used in this branch of our work, the electrometer, was not sufficiently
delicate to show the extremely minute variation which might be supposed to result
from the excitation of only a very few fibres. That this indeed seems probable is
shown by the results of two experiments which we performed with the galvanometer
instead of the electrometer. Un fortunately, however, they do not enable us to speak
with greater certainty in the directions indicated, because in each instance the cortex
was hyperexcitable from the commencement of the experiment. This, however, is
clearly a branch of enquiry which might with advantage be followed out by subsequent
observers,

In this connection the experiments of SHERRINGTON® are very suggestive, and we
shall refer again to this part of the subject in describing our experiments on bilateral
representation.

(d.) The Amount of the Galvanometric Readings.

Although, as has been stated, no exact comparison for quantitative purposes can
be made between different deflections of the galvanometer, when, being connected
with the central end of the exposed spinal cord, the cortex is excited, yet the
amounts of the different readings are in themselves of great interest, owing to the fact
that it is always possible with an excitable cortex and a sufficiently strong excitation
to obtain very large galvanometric deflections. It is obvious that the deflection is
dependent not merely upon the intensity but the duration of the stimulation, hence
the excitation was limited by the revolving key, previously described, to 5 seconds.
Since, however, the cortical discharge lasts a variable time after the stimulus has ceased,

® ¢ Proceedings of the Physiological Society,” 1890,
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the galvanometric effects display, as might be expected, great inequalities; these,
however, will be seen to be in strict relation with the amount of visible contraction
evidenced in the muscles of the trunk, &ec., and hence are really determined by the
force and duration of the cortical discharge. Bearing this in mind, the following
table is very instructive, as indicating the size of the deflections, which vary, as is
seen, from 63 to 510 scale. The intensity of the stimulus, the particular cortex
excited, and the character of the fit evoked, are in each case noted.

It will be seen that the average of these readings, which were all taken in four
animals (Cat), as far as possible under similar econditions of etherisation, &c., amounts
to 193 scale. It will be also seen that it is always easy to produce by a sufficient
intensity of stimulation readings which are in excess of this.

Garvanomerric Effects produced in Spinal Cord of Cat by Cortical Excitation.

o | |
Intensit ¥ of |

l | Galvanometric | Muszcnlar
| | Excitation. | | Effcet. |  Movement.
| |
| Cat (815) . . .| 5,000 5" left eortex 63 | Slight fit
i 8,000 | o l'ight o 115 o ;.-
: o000 | el 108 [P
9000 | . right . 250 | Good fit
Bt b\ T e 8,000 | w efks o 50 Very slight fit
{10,000 e : a2 Fair fi
- | 120000 [ S F;; i(;ﬁrll"ﬁt
[ | 8,001 w Tighb 130 | Slight fit
| I 100, (00 - 4 185 Fair fit
[ R T 230 Good fit
w (819 : 10,000 | P [ 7 a0 Blight fit
[ 12000 | P i 170 Faar fit
| 10000 | 1 right . TS e
| s R0l S i 260 | Good fit
[ {824y . . . 6, (100 w Tafl 260 | Blight fit
| | 8,000 e . BT Fair fit
! 10,00 gt e altl Powerful fit
' |
| [ 17 = 3288 |
! e ——
. Average. . . . 143

e e —

The interest of the results will inerease when we compare the average amount with
the highest obtainable value of the galvanometrie reading afforded by the effect of
cortical excitation in the seiatic nerve. It must be now pointed out that in all cases, it is
essential to reject observations in which there are sudden irregular changes in the resting
electrical difference of the cord, since these are in great measure due to slight failure
of the anmsthesia and to the consequent semi-voluntary discharge of cortical impulses.

] [
= I
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(e.) Electrical Change in Cord produced by * Semi-voluntary " Cortical Discharges.

During prolonged ethevisation it is well known that animals of all kinds, including
Human beings, oceasionally make uneconsecious, but semi-voluntary, purposive move-
ments, These movements arve abolished by very profound anmesthesia.

Electrical effects manifest themselves in the observed portion of exposed spinal
cord when these semi-voluntary movements oceur in the upper limb and trunk musecles.
The effects are evidenced in the galvanometer connected with the tissue by deflec-
tions, which, thongh resembling the excitatory variations in being always opposed in
sign to that of the resting difference, vary very much in amount and rapidity of
development, It is obvions that the excitability of the cortex and the intensity of
the exciting agency, must be the chief agents in determining the amount of this
effect. The extent of such a deflection when, as evidenced by well-marked move-
ments of the muscles on both sides in the upper half of the body, a considerable
cortical discharge of energy was taking place, has amounted in the Monkey to 360
scale ; it was however, at once abolished by profound anmsthetisation. As a rule the
deflections amounted to from 20 to 60 scale; no doubt they would have heen larger,
had it not been for the fact that, since their appearance interfered with accurate
observation of cortical effects evoked by stimulation, we always took care on perceiving
them to so alter our conditions of anmesthesia as to abolish this souree of error.

2, Electrical Changes in the Seiatic Nerve.

After having thus considered the electrical changes produced in the spinal cord by
the functional activity of the cortex, we next turned our attention to the more
complex question of what oceurs in the peripheral nerves when the cortex is excited.
This is uhvimmly more complex, because, nltlmugh we are still exciting the cortex, we
have now introduced into the mechanism the bulbo-spinal system of centres, so that
we are brought at once face to face with the question as to how far the changes which
we have just been studying in the spinal cord are modified by the as yet hypothetical
termination of the fibres of the pyramidal tract in the said bulbo-spinal centres.

We are justified in expressing this query in a still simpler fashion : what becomes
of the cortical impulses when they reach the bulbo-spinal centres? Other things
being equal, it might have been expected that we should have got very clear evidence
of the effect of active excitatory change in the peripheral nerve, seeing that if this
had been still in connection with the muscle, the muscle wonld have been thrown into
a powerful series of contractions. It was, therefore, with very considerable surprise
that we observed what a relatively small electrical variation was obtainable in the
sciatic nerve when the corresponding portion of the cortex was excited. The experi-
mental procedure was extremely simple, and as follows :—The cortex was exposed, as
described, and the sciatic nerve on the opposite side of the body was also exposed,
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ligatured, divided below the lizature, and its central end eonnected in the manner
indicated in [.IE|!|_'|I-|I'!' [IT. with the _l_’:||'.;|||4|:t:--";|-r or electrometer electrodes. (See
fier. 7.)

We found that exeitation of the cortex in MOost CASEs ]l]'-rl]l'l-.'-':l (hln] ill'!'*'l']"-..i]r]v
r‘ﬁi-wt.‘d 1I.1|-|||Z"|| IE.I' l':|E|i||.‘|T.\.' E-|e.‘r'[t'-lr||e-re'|' WS i:J L'--||.‘:-'1'Ii--r1 'L'.'ir.|L ‘.1.|:- Herve, :|.'ui 'ﬂ'hl'n
1!1'L';|*-'l||]|:in}' effects were seen, their 1‘!!]1]]*]11!' absence in other i.!l‘c-:i!ll'l'l"‘:l and their
rapid disappearance on repetition, threw doubt on the observations.

"l.‘l."|1_|1 151!" _L_g':l|1.'.'|!u'1||-"._--|', ]n'-'-.'.x-'-.rl‘, l.'Illll'l'l.H .:-..|||-_|_ :|_|'.1."|1'-,'.-. ha 08, l||u|;,~_f|| l][-!"-'m*
were very small in amount as compared with those observed in the spinal cord.  In a

1':-1.1' CAsSes, -:I""-'-"'"-'I.'I'. in which the execitat iull. "li']'“"'l to the cortex was Very EII'.'L']I-“-.". S0
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as to arouse very violent and prolonged bilateral fits, the deflections observed
approached in size the smallest of those obtained in the cord. The general results
will be seen by the following table, in which the effects observed in the nerve on the
opposite (i.e., eorresponding) side to the excited cortex of eleven Cats and two Monkeys
are separated from those observed in the nerve on the same side. The table is so
arranged that the weak fits are given first and the stronger prolonged ones last.

It will be seen that the amount of deflection varies from a mere trace to 80, the
larger readings being always obtained in the case of powerful prolonged and bilateral
fits. The average of all the readings in the nerve opposite to the excited cortex is 31,
whilst under no circumstances, even with the most powerful fits, is an effect obtained
equal in amount to the change evoked in the spinal cord.

Intensity | Daoration Eg-c::lt_m ;;{fﬂﬂ b
I of i of erye | e : Character of Fit.
Excitation. | Exeitation. | UPP&SILE isnm:: Side as
| . to Cortex. | Cortex. | I
S, l
| Cat (201) . . . . 12,500 | 5 2 Weak
R R e 10000 | | i o
| t 0
» (206} g X L1, (00 = ] -
[ ] o i
. I 12 A Sligeht
| | 20 s Fair
[ R R 12,0000 | i | 12 11 Wenk
- b1 | : Fair
| 10 i qm "
(2008 & o o 5 : 1= - |
| ]ﬂ -
22
S T i, 000 < 20 HE
Monkey (54) . . . 5,000 3% 16 4 (oo
1= 1 .
i (217 . 4 25 15 '
1= o Moderate
16 & i |
Cab (208 . . . . 12,5040 s 28 5 Gronnl
' {.Tr.:' i k e = 2% " :j'ﬁ S L1
| 1 EE i bl
100, (B0 v | 35 Sk Violent J
| H5 i | Prolonged
aRfa) K = i
PR ) S 12,200 1 ﬁ |\ Prolonged powerful
80 # fits
o R - i 3 5 Prolonged powerful
A g fita
i i L ISR SRR 12,000 o T sk Prolonged powerful
e fits (morphia)
| es—ges

Avernge . .| H |
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If we select out of the whole table those readings which were obtained with fits of
a unilateral chavacter, thus disregarding the whole of the larger numbers, we find
that the average amounts to 20, this being very much below the average unilateral
effect in the cord. (See Chapter VIL.)

It might be imagined that this difference in amount between the nerve and cord
effect was entively connected with the difference in sectional area and thus in resist-
ance ; that this is not the case is shown by the following considerations :—

(a.) The total resistance in connection with the preparation is made up of the
electrodes with their cables and the tract of tissues, of these the resistance of the
cables is far in excess of that of the tissue, and hence any difference in resistance
between the spinal cord and nerve preparations due to the sectional area of the tissue
1s but a small fraction of the whole.

(b.) The absence of effect in the capillary electrometer, when connected with the
nerve, shows that any unusual resistance which may be offered by the nerve as com-
pared with the cord is not the cause of the diminution, since the amount of the
electrometer movement is unaflected by changes of resistance.

(¢.) The sectional area of the nerve of an adult large Cat is nearly as great as that
of the dorsal cord of a young animal or a small Monkey, yet the effect is small in the
former and large in the latter structure.

(d.) As will be seen in Chapter VIL, on bilaterality of representation, it is possible
to obtain large effects in only one-half of the cord, split longitudinally, This portion
has appawntl}' less sectional area than the seiatic nerve, but the electrieal change in
it, as will be seen by reference to the tables, is far in excess of the nerve change.

(e.) The change in the cord is undoubtedly one connected with the fibres of the
pyramidal tracts, it is therefore with reference to their sectional area as compared
with the area of the motor nerves in the seciatic nerve that any eriticism on this head
should be directed. There is, however, every reason for supposing that the pyramidal
tracts in the dorsal region are smaller in cross section than the sum of the anterior
roots of the lnumbar plexus.

These considerations serve to emphasize the conclusion to which, as it appears to us,
the foregoing results tend, viz., that the extraordinary difference in quantity between
the electrical effect in the cord and in the sciatic nerve when the cortex is excited,
must be attributed to an alteration in the quality and quantity of the nerve impulses
in their passage from the cord into the nerve, and that the structure of the spina
centres, through which the impulses must necessarily pass to reach the issuing nerves,
so influences the transmission as to cause this striking change. This view is
strengthened by the remarkable confirmation which is given to it by experiments in
which both the spinal cord is directly excited and the centres in it discharged reflexly
by stimulating its posterior roots. It will be seen (Chapter X., p. 478, and Chapter
XI., p. 494) that under these circumstances the electrical effects produced in the sciatic
nerve are extremely small and resemble in amount those above referred to.
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The largest effects we have ever seen in the nerve in consequence of cortieal
excitation have been obtained by the use of absinthe. The |]1:\‘-’U1‘ﬁ1] general fits
which followed the introduction into the blood of this drug being evidenced in two
animals (Cat) by effects which have amounted to 272 scale. It need hardly be
pointed out that such fits are of extremely prolonged character, and that in the spinal
cord electrical changes occur which give deflections in very many cases too large to be
read (off screen).

Cortical Localisation as Evidenced by Electrical Changes in the Nerve.

The electrical changes in the nerve, as evidenced by the galvanometer, although
small, are quite definite, and afford additional proof of the localisation of cerebral
representation.  Thus, when an adequate stimulus was employed, which  was,
however, only intense enough to evoke unilateral muscular contractions, the electrieal
change in the nerve was entirely confined to that on the opposite side to the excited
cortex. 'This subject will be discussed in detail in Chapter VIL, which deals with
bilaterality of representation. 1t may, however, be pointed out that no other operative
interference than that already described as necessary for cortex and nerve exposure
having been performed, it is perfectly evident that if the stimulus was maximal, as it
usually was in this experiment, a bilateral fit could and did happen, so that from one
nerve an effect might be and was obtained due to discharge of both hemispheres.

It is, moreover, interesting from the point of view both of control and of localisa-
tion, that in cases where a strength of stimulus which did not evoke a general
discharge was employed, whilst the application of the stimulus to the so-called lower
limb area of the Cat produced definite electrical changes in the nerve, its application
to the focus of representation of the upper limb evoked little or ne change, even
though the stimulus was followed by marked epileptic convulsions in the upper
limbs. The localisation of the foci of representation of the movements of upper and
lower limbs in the Carnivora, which has heen determined by other observers, is thus
corroborated by the use of the present method.

CHAPTER VI1.—ON THE ELECTRICAL EFFECTS EVOKED IN THE SPINAL CORD AND
MIXED RNERVES BY EXCITATION OF THE CORONA RADIATA.
Excrramion oF CoroNa RADIATA.
L. Electrical Changes in the Spinal Cord.

We will consider first the general character of the changes as evidenced by the
movement of the capillary electrometer.
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() Effects seen in Electrometer.

The cortex and spinal cord having been exposed, the central end of the cord
divided in the lower dorsal region was connected with the instrument in the manner
already described, and the corona radiata displayed by the method detailed in
Chapter I11., Section 2.

We have already stated that it was early shown by Fraxgors Fraxek and others
that removal of the cortex and excitation of the corona radiata no longer gave the
characteristic sequence of tonic followed by clonic muscular contraction, but simply a
tonic contraction synchronous with the duration of the excitation, the first stage, as it
were, of the cortical effect. In our earliest experiments (see * Roy. Soe. Proc.”), we
found that a similar difference occurred in the character of the electrical changes
observed in the spinal cord, as evidenced by the eapillary electrometer. The character
of the change in the two conditions is well shown in the facsimile representations of
the photographic records which are given in our former paper, the corona radiata
effect being simply a persistent tonic negative variation, the amount of movement of
the meniscus being about one division of the eye-piece secale.

The small size of the electrometer change, and the consequent difficulty of appre-
clating its comparative guantitative value under different ecircumstances, led us to
employ the galvanometer as an index of its amount.

(b.) Effects seen in Galvanometer,

When the effect in the cord is observed with this instrument it is seen to be unlike
that evoked by cortical excitation in this respect, that the deflection of the needle
commences with the application of the stimulus, and ends sharply with its termina-
tion. The amount of the deflection is thus very definite, but of less extent than
that obtained when the cortex is excited.

In the following table a series of observations made on three Cats are given, in
which precautions were taken to insure that the state of anmsthesia, &e., should be in
all eases as far as possible the same. The deflections vary from 37 to 175, the
average being 102.

MICCCXCL—E, 2 x
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Errecr in Spinal Cord.

Intensity Duration Effect
of of in spinal Character of muscalar effoct, |
exeitation. . excitation. | cord. |
| |
Hisca. | | |
Cab (98) . . 12 SO0 5 43 I Tonic contraction
:“r 1 1 |
a0 - =
o (288). . 10,000 3 118 Well marked tonie conbraction
':-'H | EL] ny P
]:'.'I} I 12 ] LE] L1} I
G2 1] 3 1% |
11,000 o 10 Well marked tonie contraction
110 | " Ve ¥
'FI a4 Tl v
170 31 e ]
| w (309).° . 8000 | B 125 Well marked tonic contraction |
[ 175 ] iz s 45
- B,000 | 5 135 " " "
| 129 . h, 5 |
| |
|

Average. . | 102

We would pass from this part of our subject, since our knowledge of the process
of secondary degeneration has shown that in the arrangement of the experiment all
we do is to observe at one (the spinal) end of a column of fibres the changes evoked
by stimulating these fibres at the other (corona radiata) end, were it not that the
above effect is eapable of modification in a manner which demands consideration.
Moreover, we wish to emphasise the fact, that in its simplest form the corona radiata
effect, as observed in the cord, is an example of the application of the galvanometric
method to the determination of direetly continuous nerve tracts in the central
nervous system. This, as we shall see later in dealing with the spinal eord itself, is
one of the most valuable uses to which the method can be put. Thus when a definite
tonic effect, and that only, is evoked by the excitation, the application of the stimulus
to any fibres of the corona radiata, except those immediately underlying the focus of
representation of the movement of the lower limb, produces no electrieal changes in
the lower dorsal cord, even though the muscles of other parts are sent into tonic
contraction. The modifications we have referred to above, are those which have been
observed by most workers with the graphic method, and consist in the presence of an
after-effect in no wise differing from the clonie stage of the full cortical discharge save
in duration and completeness. The assumption is naturally that in the arrangement
of the experiment, it is impossible to avoid exciting association fibres (fibre arcuatee,
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&c.), which arouse the neighbouring cortex cerebri, and cause a discharge from cor-
puscles in which the peripheral part under investigation is yet represented.

We have little doubt but that this is the true explanation, and believe that
excitation really limited to the fibres of the corona radiata is never followed by such
an after-effect. This will, however, be again referred to in Lh.tptul VIL

2. Electrical Changes in the Sciatic Nerve.

As in the result of cortical stimulation, so in that of excitation of the corona radiata,
there ‘is a striking difference between the effect in the cord and that in the sciatic
nerve. We have never yet observed any effect from the nerve when the electrometer
was employed ; in the galvanometer, however, such effects are generally seen, although
the necessary stimulus has to be 8o strong as to run the risk of evoking discharge
from the uninjured portions of cortex. Whenever such epileptic discharges obviously
oceurred, as evidenced by®the muscular movements, the observation was regarded as
worthless,

The following table gives the results observed in eight Cats, all those being
exeluded in which, owing to the degree of anmsthesia l}éing less, the exeitation
brought about general museular movements.

As in the ecase of cortieal excitation, so here, the deflections observed in the (corre-
sponding) nerve on the oppoesite side to that of the excitation are placed in a separate
table to those observed in the nerve on the same side, the latter being given so as
to show when bilateral effects werk produced.

It will be seen that the amounts vary between 4 and 68, and that the average of
all readings is 26.

2 x 2
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Frecrricarn Eftects in the Nerve.

Intemsity of | Duration of |'I.ﬂ'.1-1’.'t i .II'ITI":"? e Musenlar effect
SR R responding NErve on e
exotation, excitation, SRR R observed.
| | | 1
Cat (2007 . - 12,000 0 | 7 0 Tonns only
[ 0 0 . o |
[ B PR 12,504 a ‘ 0 L Woeak tonns '
(292) . . . 9,000 b a0 12 Good
1= o
10,000 | | a0, s o lirets:
6 | 2 Sk ;
e T 12,500 5 12 0 Good i
| o208 . . . 12,000 | 5 | 4 0 Weak .
127080 | 43 11 i Good .,
oL LS e 12,000 T | 4 2 | Powerful hilateral tonns
. 61 26 s
: 10 - 1] Weak tonns
i L 10,000 ) i 12 Bilateral tonus
| 28 Lt = o
| o B 2 2
CBO5Y T 8,000 5 j 52 14 | Powerful
| i 33 Rilateral
{ 23 i) Fechle A
! 10,0000 5 | afl 2o Giood i [
{ 10 1 Very fecble tonns |
1| 13 | Fair tonns '
(= 12 Bilateral good tonus

Special attention must be drawn to the fact that higher numbers than those given
were sometimes obtained ; however, these large deflections accompanied general
movements of the animal, due, in part, to the fact that it is extremely diffienlt to
maintain a proper degree of anwmsthesia. If this is too slight, the stimulus causes a
general awakening of the whole cerebral system.

The question of bilaterality will be referred to in the next chapter. It remains to
institute a general comparison between the galvanometrie effects observed in both
cord and nerve when the cortex and corona radiata are respectively excited. Such a
comparison will lead to a better understanding of the part played by the bulbo-spinal
centres, though any complete inquiry into this difficult question must be postponed to
Chapter XI., which treats directly of the matter.

If we arrange the parts of the nervous system here dealt with in their anatomical
order, they form the following series :—

1. Cortex.

2. Corona radiata.
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3. Spinal cord (dorsal region).

4. Bulbo-spinal centres.

5. Nerve.

6. Muscular nerve-endings,

The combinations of these parts involved in our experiments may be grouped as
follows, and to each group is affixed the highest and lowest galvanometric reading
obtained in the case of the Cat :—

Galvanometrie effects,

Part stimulated. Part observed. |

: | H igh esk, | Liowest. A verage, |

1-3. Cortex . . .| Dorsaleconrd . . Al0 . A0 193 '

1=5. 2 S Seiatic nerve . il 7 a0 |

2-3. Corona radista . | Dorsal cord . . 175 | a7 10 [
2=a. = - + | Soathe nerve . s | 4 26

From these figures, which apply to the Cat only, it is very evident that the specific
element distingnishing the cortex from the white fibres of the corona radiata leading
away from it is the energetic discharge of its own structure, the corpuscles. Reverting
now to the question raised at the beginning of this section, it is plain that the
average amount of the effect produced by the corona radiata forms practieally half, viz.,
102, that, viz.,, 193, evoked by the cortex, the remainder naturally corresponding with
the clonic after-effect. The levelling process effected by the block in the connection
between the pyramidal fibres and the nerves through the corpuscles of the bulbo-
spinal centres is so severe as apparently to reduce the increase due to the after-effect
to too low an intensity to make itself felt in the galvanometer in any marked degree,
for it will be seen in the above table that the figures for the sciatic nerve are
practically equal.

Beyond multiplication of experiments to check and control these observations, we
did not see that further investigation in this direction would be so profitable as
examining the relations and action of the bulbo-spinal centres when separated from
the cervical region of the spinal cord (see Chapters VIIL, IX., X., XL), since the
phenomena of conduction in fibres arve far more easily studied than those in which
corpuscular mechanisms are involved.
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CHAPTER VIIL—ON RBILATERALITY OF REPRESENTATION IN THE CEREBRUM, AS
EVIDENCED BY THE ELECTRICAL CHANGES IN THE SPINAL CORD AND
MIXED NERVE.

The galvanometric method affords an excellent means of determining to what
extent any bilateral movements obtained in the lower limbs on exciting the cortex are
associated with impulses proceeding down both sides of the cord.

It is obvious that a most important question is involved in this inquiry, that,
namely, of the share taken in the production of bilateral effects by the different parts
of the nervous system. When bilateral movements of the lower limbs are evoked by
excitation of one cortex, it is conceivable (@) that in the portion of cortex excited,
muscular movements on both sides are represented ; (b) that the excitation has
aroused the corresponding cortical areas in the opposite hemisphere, and thus
produced the bilateral effect ; (¢) that the excitation has aroused the basal ganglia,
cerebellum, &e.; (d) that the descending impulses, although unilateral when they
come into relation with the spinal centres, are then brought into relation with both
sides of the body.

In order to investigate this, the first problem to solve is that referred to last under
(). This, the present method, and that only is capable of doing, since by it we can
determine the characters of the actual dl:scunding impulses in the cord before they
come into relation with the bulbo-spinal centres. In this way we can ascertain to
what extent the impulses which descend the cord from the brain already show a
dual (bilateral) grouping.

We devoted a very large number of our cortical experiments to the further eluecida-
tion of this question, feeling that the great importance of any approach towards its
solution, in consideration of its bearing upon the physiological characteristics of the
cortical cells, was a sufficient justification.

It is necessary, before stating our results, to give a short categorical account of the
work already done in this subject, and this is the more desirable since we cannot find
any such résumé published.

PrEviovs WoORK ON THE SURJECT.

The question whether both or only the opposite of the two sides of the body are
represented in one cortex cerebri on the efferent or motor side has been approached
experimentally by relatively but few authors.* As the results hitherto obtained do
not by any means decide the important questions which offer themselves for solution,

* The subject has also been considered fully from the theoretical point of view by Brosppexr
(* British Medical Journal," 1876, pp. 533, 401), this author believing that bilaterality of representation
is always effected by commissures between the bulbo-spinal centres.
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it is impossible to tabulate the facts in the definite manner used for the historical
retrospect of the graphic and other methods.

Moreover, since the interpretation of the results is completely dependent upon the
methods of experiment in each case, it will be better to arrange the facts as follows :—

(1.) Excitation experiments on the cortex.

(2.) Execitation experiments combined with division of commissures, i.e., corpus
callosum, &e.

(3.) Excitation experiments combined with the excision of the opposite “ motor ”
area.

(4.) Excitation experiments combined with hemisection of the spinal eord or bulb.

(5.) Ablation of one hemisphere.

(6.) Ablation of the “motor " area of one hemisphere followed by ablation of that
of the opposite side.

(7.) Excitation of the corpus callosum.

(8.) Degeneration of fibres after excision of portions of the cortex cerebri.

We will now briefly state the more important facts Jetermined by the above
methods of experiment, postponing for the present any criticism.

1. Ezxcitation Frperiments on the Corter.

It was first observed by Hirzre,* later by Ferrier,t Angerroxsr,} and Mok, § and
subsequently by FrRANCK and Prrres,|| that powerful excitation of one hemisphere in
the Carnivora produced movement not only of the corresponding or opposite side of
the body, but also of the same side as that stimulated.

Franck and Pirres| showed further that when the muscles of the same side were
thrown into action they contracted ‘01 second later than those of the opposite side, a
most important observation.

Busxorr and Hemexaam,Y Carvicie and Durer,¥ confirmed these facts.

JANICKE™® observed that while in dogs bilateral representation of the facial muscles
was very constant, in the limbs on the contrary, unilaterality was the rule, but that
to this there were exceptions. His views were confirmed by UxvERRIcHT.

Lewascaewtt noted that the movement on the opposite or corresponding side was
a coordinated one (like a voluntary action), whereas that of the same side, besides
being late, was only a simple tonus.

¥ ! Untersuchungen iiber das Gehirn,” Berlin, 1874, pp. 48, 134,
t * Fanetions of the Brain," 1st ed., 1374,

I ‘Lo Sperimentale,’ 1876,

§ * Gesammelte Abhandlungen,’ 1890.

|| * Compt. Rend. Laboratoire,’ Marey, 1878, 1879,

o Loe. eif,

#* ¢ Uentralblatt fiir klinische Medicin," March, 1883, p. 177.
tt Loc. cit.  See p. 346, infra.
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Scuirer and Horstey® noted that bilateral representation of the facial muscles
existed in various species of Monkey, but that the trunk and limb muscles were
unilaterally represented.

ScuaArer and Morrt confirmed these observations.

Beevor and Horsuey] further showed in more detail that in the Bonnet Monkey
(Macacus sinicus) the limbs were unilaterally represented, but that other groups of
muscles, e.g., the tongne, bucecinator oris, &c., &c., were bilaterally represented in each
hemisphere. They discuss this point also in another Paper on excitation of the
internal capsule.§ and confirm the above statement relating to the trunk muscles.

Semox and Horspey|| have shown that in all animals the voeal cord movements are
absolutely bilaterally represented in the excitable area of the eortex ; this bilaterality
was previously observed by KrausEk in the Dog ; it has been contested by Masisi

BrowN-SEQuarp¥ in one experiment on a Monkey found that execitation of the
gyrus fornicatus produced movements of the same side of the body, whereas exeitation
of the paracentral lobule immediately above evoked movement of the opposite side.

Asc and Nesser*® found from (but a few) experiments in Rabbits that exeitation
of the cortex produced movement of the muscles on the same side, and, subsequently,
those of the opposite side, whereas excitation of the corona radiata gave movement on
the opposite side. The narcosis in their experiments was incomplete.

Coutyt occasionally also observed the same phenomenon exceptionally in Rodents,
but only in the absence of narcosis. StErrannyi observed oceasionally bilaterality of
movement in Rabbits to follow execitation of one hemisphere. Brauxy similarly
noted bilaterality in the absence of narcosis.

2. Excitation Experiments on the Cortex combined with Division of Commissures,
Le., Corpus Callosum, de.

Exxer||| observed that in the Rabbit, after section of the commissures, and even
after ablation of one hemisphere (see No. 5), bilateral movements (nature not detailed,
possibly tonus, p. 189 of his paper), occurred.

® i Phil. Trans.,” B., 1885,

+ ¢ Brit. Med. Jour.,” 1800,

I ¢ Phil. Trans.,' B, 1887, 1888, 1890,

& * Phil. Trans.," B., 1830,

|| ¢ Phil. Trans.,” B., 1890.

" ¢ Comptes Hendus de la Soeiété de Biologie,' 1887, p. 261.
*# ¢ Arcliv fiir d. pes. Physiologie,’ von Priiicer, 1887, p. 191.
t+ ¢ Compt. Rend.;” vol. 96, 1883, p. 506,

i1 Eckmarp's * Beitrige,’ 1888, p. 97.

£§ Eckmanp's * Beitvige,” 1876, p. 127.

Il ¢ Wien, Akad. Sitzber.’, 1881, 3 Abth,, p. 185
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Fraxgois Fraxck and Prrres® found that in the Dog, after division of the corpus
callosum, the anterior and middle commissures, or even the pons, “les réactions
bilatérales ” persisted (! tonus only).

Grikyt also found (see No. 4) bilaterality of movement after dividing all parts in
the middle line to the nu;!.'-:encephnlﬂll, in the Rahbit.

HorsLey | showed that in the Dog after division of the corpus callosum and com-
missures, as described by Fraxck and Prrres, although bilateral movements could
be obtained upon excitation of one hemisphere, yet the movements were not the same
in character on the two sides; the true cortical effect of tonus followed by clonus
being only obtainable in the side opposite the excitation, whilst the effect on the same
side was only a feeble tonus (vide also LEwascuew) and often absent.

3. Ercitation Experiments on the Covtex combined with Kuecision of the Opposite
* Motor” Avrea.

Fraxck and Pirres§ observed in the Dog the bilateral movements to persist
(¥ tonus only on the same side) even after the opposite motor area had been removed
(“ centres corticaux opposés au centre excité”), and Ex~eg| also in the Rabbit noted
the occurrence of bilateral movements if one hemisphere were excited, even when the
whole or major part of the opposite one had bheen excised.

HorsteyY found the same in the Dog, but noted that while the limbs opposite (i.e.,
corresponding) to the side excited developed the usual combination of tonus followed by
clonus, the limbs on the same side exhibited only tonus. Further, that as in Nos. 1
and 2 the complete (tonic plus clonie) discharge from the cortex of one hemisphere
could be obtained by adequate exeitation without any bilateral movement whatever.

He also found the same to be true when the excitable region of one hemisphere
was ablated and absinthe injected into a vein. In the resulting epileptic convulsion
only tonus was noticeable in the limbs corresponding to the seat of ablation, whereas
the typical tonus plus clonus was exceedingly marked in the limbs opposite the sound
hemisphere. This ditferentiation was often very precise, i.e., the tonus on the side of
the sound cortex was very weak, even in the Cat.

In the Monkey the tonus mentioned was extremely slight, and possibly in Man is
absent (OBRE) under these circumstances.

¥ Too. oif.

+ Eckmarv's © Beitriige," vol. 7, p. 170, 1876.

{ ‘Brown Lectures and Reports.

§ See for full discussion Fraxcors Fraxce : * Fonctions Motrices du Cervean,' 1887, p. 59,

| Loe. cit.

% ¢ Brown Lectures ' since 1825 ; also, * Reports of the Brown Institution,'
MDCCOCECL—B. 2y
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SemoN and Horsnev® observed that in all animals examined, i.e,, Rabbit, Cat,
Dog, and Monkey, the bilateral movements of the voeal cords were still perfectly
obtained on excitation of the one cortical 1'0111‘::3:-5{!:1!;;11;,;011 after that of the ul:pmqit,g
side had been removed.

4. Ercitation Experiments on the Cortex combined with Hemisection of the Spinal
Cord, de. (Ecknarp’s Method).

Frawck and Prrrest observed that in the Dog hemisection of the spinal cord on
the same side as that of the hemisphere excited failed to abolish the bilateral move-
ments in the limbs.

Lewascnew] followed the French authors by similar experiments in the Dog, from
which he deduced the same idea, viz., that the bilaterality was accomplished by means
of commissural fibres in the spinal cord.

H.-‘LLHHIHH}: observed that in the Rabbit the u!:'m{miie, ne., tt{}l‘ll‘j:l“:r' ﬂ{;rrr{::-;|]{}||ding_
movements were not abolished by hemisection of the bulb opposite the lower border
of the pons and on the same side as that of the hemisphere excited, whence he con-
cluded that the erossing of the excitable fibres begins to oceur as high as the lower
border of the pons.

Bavtignrax also showed that in the Rabbit, excitation of one hemisphere failed
to elicit movement in the opposite limbs if the corresponding part of the spinal cord
had been divided.

Scairr| found that in the Dog after section of the right erossed pyramidal tract
excitation of the cortex with four Leclanché elements produced no rvesult (whereas
before the division this formed a maximal stimulus), and only with a current of
fourteen elements were movements of both the hind limbs obtained,

Griky¥ showed by hemisection of the bulb that in the Rabbit the pyramidal tract
crossed below the centre of the fourth ventricle, and that a tendency towards
unilaterality of representation prevailed.

STEFFAHNY, ™™ applying this method in Rabbits, came to the following conclusions :
that the path of the crossed impulses for the innervation of the extensors of the fore
limb is in the uppermost part of the cervical cord, the anterior column, and lower
down in the lateral ecolumn, and further that there are paths for bilateral movements,
and that these lie in close relation to those for the ordinary crossed effect.

Loe. eil.
Twc. eil.
Priiicer’s * Archiv fir die gesammibo P']g.-;i:ﬂn_qi.u;‘ vol. 26, 15885, I 270,
Ecknanp's * Beitvige," vol. 7, 1875,
|| Pruiicer’s * Archiv,” vol. 30, 1583, p. 248,
8 Eckmakn's ¢ Beitcige,” vol. 7, 1876, p. 186.
** Ecknarp’s * Beitriige," vol, 12, 1888, p. 43.

By e e #
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ScHIFF,” by limited section of the parts of the cord, was the first to find that after
division of the crossed pyramidal tract in Dogs, no movement of the leg on the same
side as the lesion followed upon excitation of the opposite excitable area.

Duruyt stated that in the Dog opposed hemisections of the cervieal region of the
cord when separated from each other by about 1-1'5 em. did not interfere with the
production of movements in the lower limbs on exciting the cortex cerebri.

5. Ablation of one Hewasphere,

To test localisation in principle Gorrz} has in the Dog removed large proportions of
the brain, and n:meni;l}'ﬁ succeeded in completing the ablation of one hemisphere.

The animal under these circumstances ecould walk, run, and use the limbs in all
antomatic movements of feeding, &e., there being no obvious persistent hemiplegia as
in Monkeys and Men. For many weeks, however, there is in the Carnmivora marked
hemiplegia of the opposite side to the lesion (all authors), and according to Hirzic
the loss of the “ muscular sense ” is permanent in these animals. This fact, as well as
the concomitant |]L"‘t'HthUl]L‘l" of anmsthesia to moderate tactile in:lpre.f-mil'rns, is also
confirmed by the observations of Scuirr, and one of us (V. H.).

Semox and Horstey| found that in all animals examined after removal of one
hemisphere the “ antomatie™ i.e., respiratory, movements of the vocal cords were
perfectly bilateral.

6. Ablation of the ** Motor " Avea of one Hemisphere, followed by Ablation of that of
the Opposite Side.

Carvinie and Durer” investigated the matter by removing one so-called motor
area, and observing the paresis caused thereby, noting that the paresis gradually dis-
appeared as if by substitution on the part of the opposite sound hemisphere.
Removal of this latter, however, did not rveproduce the parvesis of the limbs on the
same side.

7. Excitation and Degeneration of the Corpus Callosum.

The results of excitation of the corpus callosum by Scuiver and Morr,** as well
- L - - ® -
as the degeneration observed by SHErrINGTON™ to follow localised ablation of portions

® ¢ Archiv f. d. ges. Physiologie," vol. 30, p. 248,
+ * Compt. Rend. Soc. de Biol.”
: “Yervichtungen des Grogshirms,"” Provagr's © Avchiv,’ vol. 34, 1883, p. ofk

§ Demonstration at the lst Internat. Physiol. Congress, Basle, 1889, See also the full account given
by LaxcrLey and Grissavs, “ Jomrnal of Physiology,” vol. 11, 1300,

| Loc. eidt.

o f Archives de I"Ii_}'}:iﬂlﬂgiu ' (Paria), 1875, p. 446, e

&% ¢ Pritish Medical Journal,” 1890 ; also * Brain,” 1890,

+t ¢ Proceedings of the Physiological Society,” 1880,

iy AL
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of one cortex, suggest that the corpus callosum is a true commissure between the
excitable or “ motor” areas.

Browx-SfiQuarp® had previously shown that the corpus callosum was excitable
about its middle third, and he conseqnently regarded its fibres as commissural between
the hemispheres.

8. Degeneration of Fibres after Excision of Portions of the Covter Cereliri.

The phenomenon of bilaterality of function has also been referred to the normal
exercise of those fibres which degenerate bilaterally (Prrrest) in the spinal cord after
lesion of one hemisphere. Although the degeneration method has established com-
pletely the existence of such atrophy of channels in both lateral columns of the cord
consequent upon a unilateral cerebral lesion, we do not, unfortunately, know whether
these channels are “ recrossed,” as suggested by Snerringron,} Ciarcor, and others,
or what is their destination, or whether they are to be regarded as of constant
ocenrrence.  As regards the latter point, it is certainly at present .considered that
they are not constantly affected by a cerebral lesion, and yet more rarvely degenerate
after a hemisection of the spinal cord. As yet, therefore, the method does not afford
anatomical means of deciding the questions at issue.

Reramion oF THE Forecoiwg Facrs o oUR owN EXPERIMENTS.

[ir summarising the facts thus collated on this subject, it is diflieult to avoid discus-
sing the theoretical interpretations advaneced by the authors quoted, but we do not
think that anything is to be gained by such a procedure, and intend now to merely
point out what conditions yet remain to be satisfied before anything like a full con-
clusion can be arrived at.

All agree that in the intact nervous system a nerve impulse from one hemisphere
may readily pass to the other, excite it, and thus bring about bilaterality of movement
as a result.

Nothing. however, can be judged as to such crossing to the other hemisphere being
necessary for bilateral function until it is clearly defined in which part of the body
such funetional effects oceur,

We must for this reason exclude altogether from the present discussion the
facial movements, since these§ (see p. 344) are in great measure bilaterally repre-

* { Compt. Bend. Soe. de Biol.," 1879, p. 165 ; 1881, p. 204.

t ¢ Archives de Physiologie,” 1884, p. 142.

1 ‘Journal of Physiology,’ 1885, p. 177. See also summary by Toorm: “ Gulstonian Lectures on
Secondary Degenerations of the Spinal Cord,” 1889,

& OF. Paxern; also TTNvERRICHT.
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sented in the excitable cortical areas of each hemisphere. The question, therefore,
narrows itself down to that as to whether the highest, i.e., purposive, movements of
the limbs of both sides of the body are represented in the cortex of one and the same
hemisphere. Theoretically, we are compelled to admit (following the teaching of
HvucaLinGs Jacksox) from the evolutionary standpeint such bilateral representation
of the limbs. The important point for experiment to decide, however, is whether such
bilateral cortical representation exists in more highly differentiated animals to a suffi-
cient extent to cause movements. The opinion of most anthors is evidently that it
does so exist. We feel, however, very strongly that the methods hitherto adopted by
these authors are not definitive, and do not establish the positions claimed. We are led
to this conclusion from the consideration of certain facts now to be discussed which have
come under our notice in the present research, as well as of others previously dis-
eovered, the importance of which has of late become more recognised. DBy welding
the fresh information, which the use of our method has given, to the old, we hope to
help forward the solution of this apparently simple but very complex subject.

(1.) Narcosis.—As is séen from the foregoing retrospect, some authors have employed
narcosis to a greater or less degree. The statement that a narcotised cortex could in
any way “ completely discharge " is always, of course, open to objection, and hence
observations in animals narcotised to unconscionsness have been held by some to be
incomplete. The answer to this ohjection, however, is simple and, we believe,
sufficient ; it is included in that of the next paragraph, in which “ecomplete discharge ™
of the efferent apparatus of the cortex is seen to be effected even in unconsciousness.
Clinical experience of epilepsy also affords evidence of the truth of this contention.

To look at the question from the opposite standpoint, although electrical excitation
of the cortex is not in any way painful, still it is elear from observation of the
influence of such stimuli in imperfect narcosis that the effect spreads rapidly from centre
to centre, i.e, to the opposite hemisphere, &c., and hence renders any topographical
eonclusions impossible.

The observations, therefore, which have been made in this way, though very
valnable as throwing much light on synchronous excitation, e.q., in epilepsy, &c.,
eannot, as yet, form a basis for the determination of the presence or absence of
bilaterality of representation so far as the limbs are concerned.

(2.) dn adeguate stimulus which completely discharges the cortex at one given focus
of representation of one limb produces movement in that limb only and none in the
limb of the same side.

By the term * adequate stimulus which completely discharges the cortex” at one
oiven spot, we mean an interrupted induction current of sufficient strength to evoke
a strong movement in the limb represented (in the present research the leg), and to
produce a slight excitation also (by overflow of nerve impulses) of the nearest lying
centre or focus, which in our experiments was naturally that for the fore or upper
limb, If the strength of the stimulus and the condition of the cortex be accurately

L
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gauged beforehand, so that the latter is not thrown into a hyperexecitable state, then
the above mentioned phenomenon ecan invariably be obtained, and this not anly in
the Monkey but also in the Cat. It might be objected that the cortex was not
completely discharged, but we regard the overflow of the excitatory changes into the
m-ig]]hnul'in;‘ foer as sufficient evidence of the r‘w’llli'l:'l,'{l (*(llﬂ}:ltti_’:llt‘ﬁﬂ_ Moreover, the
COIVEeLrse puﬂitiun, viz.,, the appearance of ]ﬁl:tll-l'rllit.}' tells the same {':-'-t.ur‘v see pp.
354 and 359), and thus forms the crucial argument.

If we are warranted, therefore, in our view that the cortex under these circumstances
is completely discharged, the above deseribed phenomenon negatives the practical
existence of bilateral representation of the limb museles in these animals.

(3.) When (* bilateral ") movements of both limbs follow excitation of one hemi-
sph:-r:- f{.u";!r’i’ the excitable corter qf' the nppu.w'r‘(f .I'IH’.HIFF.L““.I’!!'!J"!" hers been thrown ot qf' e
by ablation, division of the commissures, d&e., &e., the movement of the limb on the side
opposite to the cortex excited is the complete cortical effect of tonie followed by clonie
contractions, whereas the movement of the limb on the same side as that of the cortex
ercited is nni’y e tonic contraction.

If bilateral movements of both limbs receive their ::l'jgi!mt'tng; illll}IIIHI'B l]i]‘Ei‘.t]J’
from one cortex, it is not comprehensible why the above-mentioned striking difference
in the kind of movement of the limbs should exist. This difference, specially insisted
on by one of us,® has been also observed by several authors (LEwascnew, &e.), and
it suggests that the movement noted on the same side as the excitation is of some
origin other than the cortex (its corresponding cortical apparatus being destroyed, be
it remembered), for a simple tonus lasting during the excitation is characteristic not
only of the cortex but of the cerebellar or other lower centres,

(4.) When bilateral movements of limbs are observed, those of the limb of the same
side as the cortex excited are alwa ys later in commencement than those of the opposite
side. (Fraxck and Prrees.) '

This delay in movement of the limb of the same side is attributed by most to loss
of time in traversing basal commissures. There is no means of testing this view
except by some arrangement in which the exclusion of the said commissures is
provided. As far as the commissures in the ecord are concerned, this might be achieved
by ascertaining the time relations of such excitatory electrical changes as will pre-
sently be shown to appear in each half of the longitudinally divided cord upon
stimulation of the cortex.

(5.) All experiments on this subject have fncluded in their anatomical plan the
cerebellum, without exeluding its functional influence.

In our own experiments about to be described, as well as those of the authors
already quoted, the cerebellum has been left in normal connection with the central
structures excited.

In performing the experiment of exciting one hemisphere after ublation of the

* N.H., loc. et
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other, it is clear that the association through the superior peduncle of the cerebellum
affords a means whereby the opposite lobe of that organ might be aroused, and so
produce the tonic contractions of the limb on the side of excitation. This view is
suggested to us more especially by the teachings of Dr. HucHuiNGs Jacksox, and it
obviously must be excluded before a positive opinion ean be expressed as to the
bilateral representation of the limbs in the excitable cortex of one hemisphere.

From none of the foregoing researches can it be determined to what extent the
bulbo-spinal centres are associated with bilateral movements, since in all experiments
in which muscular contractions are taken as an index their functional activity is
included.

Having laid before the reader these general considerations by way of preface, we
will proceed to deseribe our own experiments, as far as they suggest fresh evidence for
or against the different views just enunciated.

EXpPERIMENTAL RESULTS IN CONNECTION WITH BILATERALITY.

The obvious elimination which the use of our method enables the experimenter to
obtain is the removal of the influence of the bulbo-spinal centres.

This elimination is effected by the division of the spinal cord in the dorsal region,
and the observation of the electrical changes occurring in its central end when the
lower limb avea of the cortex cerebri is excited. It is, however, essential to divide the
descending tracts in the cord into two halves. This is done by splitting the cord
longitudinally in its antero-posterior plane. The mode of operation employed has been
deseribed in Chapter LII., Section 2,* and the preparation shown in Plates 31 and 33.

* It might reasonably be conceived that this operative procedure would serionsly impair the eon.
ducting power of the cord. Althongh, as we point out in Chapter ITL, the posterior eolumns suffer some-
what, this is not the case with the lateral columns, the seat of the pyramidal tract to be :i_u\'l"_lit.igrlhﬂll

An example of this is to be seen in the following case, where the effects in the divided cord of exciting
but one hemisphere do not, when summed, fall far short of the effects obtained before the longitudinal

soekion :
[Muration I | Galvano-
Clat. (324). Part excited, of ex- | Coil. | Pavt observed, meter | Muscalar effect
citation, : ]Tﬂllihg’. norted.
|
Boes, | , !
Whole Cord r’l':xvit:i'lﬂe arca  of 5 6,000 Whole cord R Shight fit
divided and left cortex
connected to J - o i P | 8,000 = = S U Fair fit
| galvanometer ' |
at 13th dorsal | o 100 ORHH | - = 510 Powerfal fit
vertebra . | |
Cord  divided | [ . [ [ Left half alk . -
longitadinally || * T " 1" 6,000 1 Right half aun | Good fit
and each half |< | Lieft half £ 5] ;‘L
econnected with £ o = o 8,000 | : 195 | ; % |
galvanometer L | : ‘ Right half | { 210 !J 1 '
| |

—_— - = s —
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As regards the method of observation, the electrical ehanges in each half of the longitu-
dinally divided cord were recorded by means of the galvanometer, since it was essential
to obtain results which admitted of relatively strict comparison as to their amounts.
Fach half of the cord was therefore attached to an iJ]lh‘l]t:ll-Ll!..‘l:lt, I]:!.il‘ of n{)n-lmluriu-
able electrodes, and an arrangement made by which either pair could at any desired
moment be switched into connection with the wires leading to the galvanometer, &e.

The result of this experimental investigation may be divided into groups, each one
of which we must consider in detail.

I.— Frcitation of Cortex (whole Encephalon intact).— Electrical Changes in each
half of Longitudinadly Divided Cord.,

The cord having been divided, and split as just indicated, one cortical surface
was exposed and the animal having been brought as far as possible into a perfectly
steady, t.c., constant state of narcotisation, the same strength of stimulus was then
applied to the cortex, first one hall’ of the cord being in connection with the galvano-
meter, and then the opposite half (see fig. 8). The results obtained, i.e., from the
opposite side of the spinal cord, and from the same side respeetively, were then
gathered together and averages taken.

It will be best to begin with the results of special experiments. Of these, the
first we will refer to were made upon an animal (Cat 237), in which, from the move-
ments of the upper limb, it was very easy to ascertain when the muscular contractions
were unilateral or bilateral. It was seen that when the said contractions were strictly
unilateral, the exeitation of the hemisphere produced no result in the half of the cord
on the same side, but a marked result in the half of the cord of the opposite side, viz.,
275 degrees of the scale.

In this case complete unilaterality for the lower limb existed as far as the pyramidal
tracts in the cord were concerned, for the cortex was, as we have before indicated in
the first of our considerations, completely discharged, the discharge being evidenced
by the large effect in the corresponding half of the cord, yet no electrical change
could be seen in the other half indicative of descending impulses.

In another experiment made upon a Monkey (215), both cortices were exposed for
excitation. In this animal, it was easy to confine the excitation apparently to one
hemisphere, although, judging from the contractions of the muscles of the upper limb,
the cortex excited was very eompletely discharged. In this instance, the cord was
divided as described between the 10th and 11th dorsal nerves; the resting electrical
difference of the two halves was in the proportion of two to one, the smaller being
the right.

For the convenience of brevity, we will speak of the halves of the cord as the “ right
cord ” and *left cord ” respectively.

Excitation of the left hemisphere gave, with the coil at 5000, an effect in the right
half of the cord of 425 degrees, and then, the right cord still remaining in connection
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with the galvanometer, the right hemisphere was stimulated, the result being an effect
of only 22 degrees. This last result, in addition to |-L'-|||3_1 1|i||_1.' a twentieth of that
evoked by the corresponding cortex was probably due to discharge from the left hemi-

sphere, for, after the cortex had been allowed to rest, this pair of observations was

repeated with the following striking results, viz.,, the right cord being observed, the
lett Iu-rui:-:phn-t'e- was excited, with a t'e~:=1||1i||:__f variation of 865 degrees. The same
cord being still led off, the right hemisphere was excited, i.e., the hemisphere of the
same side, and no -r_'f.f“fr'-" Wias Jr'l'nl[u-”.'-l in the ll'_;_ill"-.'illl'iltll'l't'!'t'. The same I.].1‘5-_5'L'E'l.' of
narcotisation being maintained, and the same strength of coil being employed as that

MDPDOCCACL, I5. a7
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just mentioned, viz., 5000, the left cord was then connected with the galvanometer ;
excitation of the right hemisphere (i.e., that of the corresponding side) pave 375 degrees,
and excitation of the left hemisphere (i.e., that of the same side) only gave 8 degrees.
This mode of pairing the observations is clearly one likely to give the most useful
results, but we also paired the observations in the following way, viz., by connecting
first one side of the cord with the galvanometer and then the other, in each case
stimulating the same hemisphere.

The foregoing two selected experiments illustrate the conditions which are observed
with the hemispheres in a normal state. Before considering the further evidence
afforded by massing our observations, we must draw attention to the greatest
difficulty in connection with this branch of enquiry, and which prevents us from
speaking so positively upon this point, when the results noted at the beginning of
any experiment are added to those recorded at the end. We refer to the great
tendency of the cortex to become hyperexcitable after one or two excitations, and,
consequently, for the excitatory state to pass from one hemisphere across to the other.

This is especially liable to occur when through repeated excitation the cortex has
been thrown into a hyperexcitable state. This is, in fact, the objection which may
be urged against any conclusions derived from massing together results, many of
which being repetitions invelve previous excitation. The same objection ean a lso be
urged with equal truth against the results of most of the observations of earlier
experimenters ; but upon the question whether this objection accounts for the whole
of the results to be immediately given, we have no means of expressing any decisive
judgment. It is, however, easy to understand that a considerable proportion of the
bilateral effect noted in the two halves of the cord when all the results are taken
may be due to this circumstance.

The average amount of the bilateral effect obtained in the two halves of the split
cord when one hemisphere is directly excited is as follows :—

Cord.

- —

e ————

| Opposite half. Same half.

Cat—Average of 12 observations. . .| 157 i)
Monkey— Average of 31 observations . 1 158 32

It will be seen that when all results are averaged together there is an effect on
both sides of the cord,and that its amount in the half opposite to the excited cortex
is five times as great as that in the half which is on the same side.

The close identity of the figures in the two animals is remarkable, and not what
our early observations had led us to anticipate.™

® One of us (V. H.), however, had ﬁlreadf shown by experiments with absinthe combined with
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The method under consideration, with both cortices exposed but intact, is not,
however, favourable for testing bilaterality, since we have often had ocecasion to
observe the great inequality in the excitability of the two hemispheres, which appears
to be to a large extent connected with the necessary exposure of one eortex before
the other.

From the result of other experiments we are inclined to believe that the effects
(average 32) observed in the half of the cord on the side of the cortical excitation is
due to the passage of impulses which have descended from the cortex opposite to that
directly stimulated, but several interpretations are, of course, possible. In this con-
nection it must be remembered that we do not yet know whether a direct pyramidal
tract exists in the Carnivora (most authors denying its presence), and, further, that
possibly even the galvanometer may not show an excitatory disturbance if the fibres
by which the hemisphere of one side might be in relation with the same side of the
spinal cord were very few in number.

II. Excitation of Cortex.—Effect in Cord after previous Hemisection,

The next step was to ascertain the effect of a previously performed hemisection of
the cord between the encephalon and the observed region, the experiment being made
with the wview of e]inﬁuuting any presumahl}r crossed discharge from the cortex
opposite to that excited.

The following experiment was made : In a Cat (225) the right half of the cord was
divided under antiseptic precautions at the level of the lower border of the 9th dorsal
vertebra. In this case there was well-marked motor paralysis in the right hind limb
with rigidity, and diminution of perception of sensory stimulation of the same limb.
The right knee jerk was exaggerated. When partly etherised the right hind limb
became flaceid and the left somewhat rigid, the knee jerk then on the right side was
greatly exaggerated and marked clonus present. These facts were noted just before
the experiment now to be described. Eighty-four days later the cord was exposed
and divided below the lesion, and the central end of the whole cord connected with
the galvanometer electrodes. (See fig. 9.) The two cortices were then exposed and
excited with an intensity of stimulus indicated by coil 8000 for 5 seconds.

The following definite results were obtained :—

In the first place excitation of each hemisphere evidently produced unilateral
epileptic fits. The effect in the descending (lower limb) fibres of the cord was as
follows, it being remembered that the right half of the spinal cord had been divided.
Excitation of the right cortex which produced unilateral fits on the left side of the
body, gave a variation of 82 degrees in the galvanometer, whereas excitation of the
left eortex, although it produced a good unilateral fit in the parts above the seetion,
i.€., right upper limb, gave nothing in the galvanometer, although the whole cord

ablation of one hemisphere or excitable area in Cats, that apparently in that animal eomplete unilaterality
of the true cortical discharge (i« tonus plus elonns) existed.

A
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was the zeat of ;;‘.'||1..'|'||->m|-l|'in- obaervation, In this wiy it was obvious that, when the
i"\l'i'.-I'.-II‘II Wils RO r‘lllilr‘-] Lo one l|ll'n]i=~|.l|tl'!'-' s to 1||‘|!u||l1--' |r||l_'..' IL!Ji[;Lh'I':li JIJ||3-\-I"|-|.1:“'

movements, no 1mpulses descended the fibres on the same side of the spinal cord

Ot 223

Note the hemizscetion of the cord on the ]'i-:{]m side at the level of the 9th dorsal vertebhra.

and all impulses passed down the side opposite to that of the hemisphere
excited.
That this conclusion was correct was confirmed by observing that even when on

repeating the experiment a bilateral fit was obtained from stimulating either cortex,
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whilst the cord effect evoked by the right cortex was increased to 134 scale, an effect
was also evoked by exeitation of the left cortex, though it amounted to only 15 scale.

The cord was next divided longitudinally and the electrical change observed on
the two sides with the following result, it being remembered that the right half of the
cord had been intr—:rrupt&tl h}' the previous hemisection.

Exeitation. Leefr half, Right half. |
| — .I
Lefbcordox & . . . 1 GOHDY, 5 sees. tree frace [
Right . . = # alk
| Left M, e I, Ghod, ., trnee frace
TLAPA | s A o 215
Tieh L S 000 i, I 8000, . a, 6, 20
Right e i i 150 |

It is clear from this that in the half of the cord (left) which offered an
uninterrupted channel, the excitation of the cortex of the opposite side evoked large
results, whilst the excitation of the cortex of the same side side evoked no results
until a considerable intensity of stimulus was used and a bilateral fit produced. On
microscopical investigation the lesion in the cord showed that the whole of the right
half of the cord was destroyed, and the anterior third of the left posterior column, and
the left posterior median., The descending degeneration, therefore, affected the right
pyramidal tract in the lateral column only. The ascending degeneration affected both
postero-median columns and the right cerebellar and antero-lateral tracts.

It should be mentioned that ScHIFF's observations on hemisections made just
before excitation of the cortex show that the same relationships prevail as regards
muscular movements.

IIT. Excitation of Corona Radiata.— Electrical effect observed in each Half of Split

Clordd,

The general electrical phenomena observed after excitation of the corona radiata,
and especially as contrasted with those elicited by exciting the cortex are described
in Chapter VL, but in attempting to still further elucidate the subject of bilaterality
we arranged a third variety of experiment, originally designed for the graphic method
by Fraxck and Preres and others, viz., the investigation of the bilateral phenomenon
noted after excision of the cortex, and consequent upon excitation of the subjacent
corona radiata.

We have considered, on p. 338, the errors it involves, and have always endeavoured
to minimise them as far as possible just as in the case of the cortex. Although
the results are thus of necessity only to be accepted with reservations on the
points already mentioned, which we must again briefly notice, nevertheless they do
afford some very suggestive deductions.
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We will first give the results obtained in the longitudinally divided cord by exeita-
tion of one corona radiata,

In this series of experiments we connected either half of the longitudinally divided
cord with the galvanometer as in the cortex experiments previously described.

We have not yet seen any absolutely unilateral effect, as in the case of stimulation
of the cortex. Very often the effect in the same side of the cord was extremely
small (once only a trace), e.g., 4°, 6% 8°, &e., but it was always present. On massing
the results together, i.e., adding the observations in the Monkey to those in the Cat,
we obtained the following proportionate averages :—

Half of cord on same side as excitation of corona—14° mean of 12 observations.
Half of cord opposite or corresponding to the corona excited—50° mean of 13
observations.

The proportion, therefore, is 7 to 2, whereas the cortex proportion is almost 5 to 1,
and often purely unilateral. Consequently it appears that bilateral phenomena are
more easily elicited by exciting the corona radiata than the cortex cerebri, provided
the same care is employed to avoid as far as possible in both cases errors due to
spread, &e.

The explanation of this is not far to seek, and, if correet, throws more light on
bilaterality. It simply consists in the obvious fact that removal of the cortex lays
bare a crowd of association fibres, the excitability of which is heightened by the
section removing the cortex, and that it is the spread of the excitatory effect along
these fibres to other central mechanisms in the encephalon, i.e., opposite cortex, cere-
bellum, &e., which produces the bilateral phenomenon. It is thus extremely likely
that bilateral tonus should occur after stimulation of but one corona radiata.

In accordance with what we have said before respecting the influence of ether, this
reagent afforded an opportunity of testing the truth of the foregoing views, since the
influence of bilateral eentral mechanisms could be by this means in part excluded, and
it could therefore be seen whether or no there was a eorresponding modification in the
bilateral character of the effect.

We found that deeper etherisation invariably tended to restore in a great measure
the inequality between the two cord effects, the difference between the two being
much greater in proportion as the degree of anmsthesia increased. This again seems
to indicate that any markedly bilateral effect is due to an additional functional
activity in the cortex on the opposite side to the excited corona.

IV. Excitation of Corona Radiata.—Effect tn Cord with previous Hemisection.

It was necessary now to repeat the design of the graphic experiments as employed
by Fraxck, Scuirr, Lewascaew, and others, using, however, our present electrical
method, that is to say, rhhﬁﬂl'vil]g how far a hemisection of the cord between the
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encephalon and the part observed interrupted the propagation of impulses from
the corresponding corona fibres,

The hemisection was made in the case (Cat 225) before referved to, p. 336, two
months beforehand, at the 9th dorsal vertebra. For the observation the cord was
exposed, divided, and split longitudinally at the level of the 1st lumbar vertebra.
Both coronse radiate were then exposed and excited alternately, the effects evoked

being given below.

_ = e —— —
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In this case it is evident that the effect was almost completely unilateral.

In another ease in which the hemisection was made at the time, there was no com-
plete unilateral effect, but excitation of both coronm elicited changes, the corresponding
corona evoking an effect which was twice as large as that produced by stimulation of
the one on the opposite side to the lesion. By means of etherisation the proportion
was increased to 3 to 1, but since the alterations in exeitability, due to the lesion
being performed at the time, were disturbing factors, the influence of which could not
be gauged, the experiment was not pursned further. It may be fairly concluded,
however, that the more perfect the elimination of such complications, the more
complete is the unilaterality of representation.

V. Excitation of Corona Radiata after Complete Removal of one Hemisphere.
Effect in each Half of Dhvided Cord,

In order to endeavour to ascertain whether the bilateral effeet was in relation, not
merely with the discharge of portions of the cortex of the hemisphere opposite to that
of the excited corona, but also in relation with the basal ganglia and the cerebellum,
we have in one animal (Cat 309) observed the influence of complele removal of one
cerebral hemisphere.

The cord was, in this case, split longitudinally, and both coron® exposed for
alternate excitation, the results of several observations being given below,
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The left cerebral hemisphere was now removed, and the effect of excitation of the
right eorona observed in each half of the cord.
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The result is to show that the bilaterality continues, and apparently to the same
extent as before.

The experiment is one which needs careful repetition, and special precautions to
prevent errors.

V1. Ezcitation of Cortex and Corona Radiata.—Effect in Sciatic Nerves.

It has been already stated (Chapter V., Section 2, p. 332) that the excitation of the
cortex evokes electrical effects in the sciatie nerves; and, further (Chapter VI,
Section 2, p. 339), that similar effects are evoked by excitation of the corona radiata.
A comparison between the amounts evoked in the nerves by excitation of one cortex,
or by ohservation of the changes in one nerve consequent upon alternate excitation of
each hemisphere, throws additional light upon the question of bilaterality of repre-
sentation of the limbs now under discussion. It will be in the remembrance of the
reader that the nerve effects derived from cortical excitation are remarkably small in
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amount ; in consequence of this, the comparison necessarily becomes less exact when
the method of averages is nsed.

The f'n]hm'ihg table gives this {,‘:ﬂmp:u'iﬁﬂn in the case of six :ll‘lim;ﬂs, four Cats and
two Monkeys. In three cases, («), (b), (¢), the effect was observed in one nerve and
ach cortex alternately exeited; in the remaining three cases, (d), (¢), (), the
observations were made upon each nerve, one cortex only being exposed and

stimulated.
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From this table it is seen that, in the large majority of cases, unilaterality strictly
prevailed. The small average amount of the bilateral effects, ll{*]iﬂl]llt’-!!i, MOTeOver,
as it is upon a very few high readings, suggests that these results are due to that
constant source of error in experiments upon bilaterality of representation, viz,
hyperexcitability in other parts of the encephalon, preduced by the operative
procedure.

Examination of our records shows that when one corona is excited, and first one
nerve and then the other connected with the galvanometer, the following average
results were obtained :—

Corona radiata exeited.
Average of all effects . Nerve opposite side 26 (23 observations).
Nerve same side 11 (20 observations).

This average, however, is the result of all the observations made, some of them
being markedly bilateral in character. There are, however, no less than six cases
in which no effect at all was observed on the same side as the excited corona,

MDCCCXCT.—B. 3 A
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and four cases in which the effect was under 10, and averaged only 4. 1t is, there-
fore, only by including cases of bilateral effects produced by powerful tonic discharges
that the above total average is so comparatively high.

If, therefore, these higher figures were separated from the Table, we should find that
the average effect on the same side would be not more than one-sixth of that on the
opposite side ; whilst, with evident and Imwuri'ul bilateral discharges, the former effect
amounts to one-half of the latter.

Summary of Facts.

The facts brought forward in the preceding pages seem to show that it is possible
to obtain completely unilateral effects in both spinal cord and nerve when one
cerebral hemisphere is excited, but that an increase in the intensity of the stimnlus,
and a diminution in the degree of narcosis, favour the production of bilateral effects—
the inequality between the crossed and uncrossed effect becoming less and less marked
in proportion as these favouring eircumstances are angmented.

The conclusion to which the previous observations seemed to tend, that in one
cortex bilateral mlrt'v.u'-f*.lat.:i.i.im] of the limbs exists, does not seem to he ﬁ11]1|u}|‘l.t.-1] |.1_:-,-'
the present experiments, since such bilateral effects as may be witnessed are specially
brought out by agencies which may be supposed to bring into play other portions of
the central nervous system, particularly the opposite excitable cortex, the cerebellum,
and basal structures. We feel, however, that without definitely proving this, our
experiments have the result of making the (iucﬂt.iun of bilateral mpl'e.t;eut:r,tin:m in
one cortex an open one, at least for the Carmivora.

To this position all we wish to add is our view that the weight of evidence goes to
show that, where the excitation is properly limited to the cortico-pyramidal system,
unilaterality of representation of the lower limb muscles appears to exist.

How far this is correct only further researches by the electrical method will, we
believe, be successful in showing ; and we hope that others will forward the investiga-
tion of this point.



ON THE MAMMALIAN NERVOUS SYSTEM. 363

CHAPTER VIII.—ON THE ELECTRICAL EFFECTS EVOKED IN THE SPINAL CORD BY
THE EXCITATION OF THE YARIOUS PARTS OF THE SAME,

Sectivn  L—Tnbroductory.

Beetion 2.—Propagation of Impulses by the fibres of the Cornd.

Bection  3.—General charucters of electrical effects in the Cord following its excitation.

Seetion 4. —Exeitatory electrical effects in the Cord, ns evidenced by the Eleetrometer.

Section H.—Electrical effects evoked by localised stimulation of the Spinal Cord; plan of
experiments,

Seetion 6. —FEleetrical effeets in the Lombar Cord, following excitation of the Dorsal Cord.

section  7.—Electrical effects in the Dorsal Cord, following excitation of the Lumbar Cord.

Section B —Eleetrical effects in each half of the divided Cord,

Section 9.—Influence upon electrical effects in the Cord of intervening sections of the various
calumns.

Section 10, —Summary of results of experiments,

SECTION 1.—INTRODUCTORY.

The electrical changes produced in the cord by excitation of the cortex, and of the
fibres of the ecorona radiata, whilst due to the passage of nerve impulses along
tracts in the spinal cord, derive their interest from the further knowledge which they
give us with reference to the functions of the excited parts in the encephalon from
which those impulses spring.

It is otherwise with the material of this and the succeeding chapters ; since
the electrical changes, now to be described, ave evoked by the excitation either of the
different parts of the cord itself, or its nerves. The method of determining the
characters of the functional activity of nevve tissue, by the study of those electrical
effects which undoubtedly accompany and indicate the extent of that activity, is thus
to be now applied solely with relation to the cord.

Since the functions of the cord are naturally divisible into those connected
especially with its fibres—conductivity—and those comnected especially with the
activity of its cells, of which reflex action is the example, the present method was
applied in any given experiment with special reference to the elucidation of one of
these two branches of enquiry, it being always borne in mind that, as a matter of
fact, the two groups of function overlap.

The question of the localisation of paths, in the fibres of the cord alone, has at
present been only approached in reality by the method of histological experiment,
including the embryological and degeneration methods, sinee previous physiological
observation, relying on movement as an index, has always included the whole of the
neuro-muscular mechanism.

The sole method for obtaining actual indications of the conduction of physiological
processes in the fibres of the cord, is that of determining the presence in them of
excitatory electrical changes. We have, therefore, carried out a very large number of

3 a2
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experiments upon the spinal cord under very different conditions, with the express
purpose before ns of obtaining data which should give clear evidence of the condue
tion of nerve impulses in its fibres and centres respectively. The results furnished by
oy L‘N|ll't'il|u'l|t.~; may b :-i|b]il up imto the 1i11lt'rx\"|r|g Lroups —

A. The experimental evidence of definite loealisation of the channels of condnction
of nerve impulses afiorded by electrical changes in the cord, when evoked by stimula-
tion of its different parts, whether distal or proximal,

B. The evidence of the localisation in the eord of fibres which enter it by the roots
afforded by electrical changes in the cord when evoked by stimulation of its nerves.

C. The evidence of the relations of the spinal cord to the nerves afforded by
eleetrical changes in the nerves, when evoked by stimulation of separate parts of
the cord.

). The experiments elucidating the complicated group of phenomena in relation
with the reflex :u'livil}' and function of the spinal nerve cells. This may be expressed
as follows -

The evidence afforded by the electrical changes, in both cord and uerve, of the
nature of the rile of the nerve corpuscles in the cord.

To obtain a suflicient mass of evidence, to establish even a few conclusions in these
four subjects, a large number of experiments have been carried out, constituting by
far the kuger share of the work we have done since our preliminary communication in
the ¢ Proceedings of the Royal Society,’ in 1888,

The groups of data just indicated, in which these results are expressed, will be
treated of in the succeeding four econsecutive chapters; group A. in the present
Chapter VIII., B. in Chapter I1X., C. in Chapter X., and D. in Chapter XI., this
being the order which seems to us at once the wost natural and the most likely to
present, the conelusions in a logical and thus intelligible manner.

We therefore now pass to the consideration of the experiments, confining ourselves
in this ['ll:iiﬂ{‘t' to the electrieal l.:llill!l:_;‘{ﬂ.‘i evoked in the ﬁ]iilml cord ]':_}' stimulation of
its different parts, and these only.

It is, however, first necessary to say a few words on the general question of
conduction in the nerve fibres of the cord.

SecTioN 2.—Propacation oF Imrurses gy THE Fisres or THE CORD.

It has been maintained that the nerve fibres of the spinal cord do not respond to
direct stimulation, in the same way that the fibres in a mixed nerve do,* and that it
is the eellular elements alone which respond to exeitation, the resultant nerve impulses
being therefore, according to this view, indivect. The experiments to be detailed in
this and the snceeeding chapters will give convincing proof, if that is necessary, of the

* Vax Derx, * Nederl. Tijdschr. v. Geneesk.,’ vol. 3, p. 303. MoLescmorr, °© Unters. = Naturl..,' 1860,
vol. 7, p. 380
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erroneous character of this view. The nerve fibres in the cord respond to direct exci-
tation, like those in the nerve roots and nerve trunk ; that 1s to say, nerve i!l!]llli.‘ﬂ.:'-‘i.
with their rutc:nrnp:ill_x'iug' electrical effects, are ]il‘n'i]‘rugut{‘:l in both directions along
any confinuous nerve fibres which may exist in the exeited arvea; but, in addition,
complications are introduced by the connection of a large number of the fibres with
nerve cells, this connection mulﬁfuj_f now & pDHHihif_‘. decrease in the total electrical
effects, presumably by the blocking of the path and the falling out of certain
impulses, now an inerease, presumably by the awakening of cells which lie in the path,
and the accession of fresh impulses generated in these struetures.

We will first state in general terms upon what facts rests our present knowledge
of the mode of propagation of nerve impulses, from an execited area of the cord along
continuous paths to a distant unexeited area.

(.) It has been already pointed out in the historical introduction that the
methods of hi:-;t::-iﬂgic:d ill\'[‘ﬁtigntiﬂl!} |1:n‘1.;i¢|l]:1l'|}' those associated with the presence
of 1]::-1'ﬂ|n'] mmental and degenerative changes, have unravelled from the skein of nerve
fibres in the cord certain tracts, and grouped them into columns of a continuous
character in the lateral and posterior regions respectively. The limits of our
knowledge have already been alluded to, but the inadequate character of the method
is shown by the large number of fibres which are displayed in each transverse section
IIEI lI]E:" R'i}l'll, H,Ilf; 'ill.‘! L"L'llllii'rlf'llt.l\.'[‘ll'}? SIHH,I], I!'llIIII}E,:I' 0= t.U "n\']liﬂh H Y 'I:UHi.illl.ll}“E. Ci}l]l]ﬂ:ﬂ[ii!ll
with other parts of the cord has been demonstrated.

(b.) When we turn to the results of physiological experiments, the only method
which has furnished H.‘lt.'[ﬁi?;l.l}tﬂ]‘}' indieations of direet ph}'niq_}lugiuﬂ] ::nn[i:mit}' in a
tract of nerve fibres is that employed by WoroscuiLorr, Scuivr, and others, of
exciting the peripheral end of the ecut cord below the medulla and observing the
museular movements of the lower limbs, in one case with the lower part of the eord
intact, in another with a section of some structurally known column. In this way
it has been shown that a group of fibres in the lateral column forms a path of such
direct continnity between the seat of excitation in the cervieal region and the lumbar
cord that its section interrupts the passage of the descending nerve impulses gene-
rated in the former region, and it is therefore inferred that this path is, physiologically
speaking, directly continuous,

(¢.) Another method of determining the character of propagation in the spinal paths
is the classical method EIIII_JID_‘,'L"[l |1:,' Heryvuorrz in the case of the nerve trunks, that
is, the measurement of the transmission time. This, in the ecase of the fibres in the
nerve trunk (Frog, Rabbit), is generally held to be about 33 metres per second,
though in Man the conduction along sensory fibres is stated to be twice as fast.
The experimental determination of this latter is, however, complicated by the
methods used, which include the measurement of the individual reaction time, and
introduce, therefore, additional uncertain factors which blur the clearness of the
results,
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Similar attempts have been made to determine the rate of conduction of nerve
impulses in the spinal eord, both eentrifugal and centripetal in character. Mozt of
the experiments have been made upon Man by measoring the reaction time, and are
therefore more or less untrustworthy owing to the conditions just mentioned. Exser*
obtained thus a mean vesult for centrifugal impulses of 11 to 12 metres in 1 second,
for centripetal impulses of 8 metres. On the other hand, vox Wrrrien,t by the use
of a similar method, had previously obtained a rate of 26 metres for the centrifugal
impulses,  We have been unable to find any deseription of observations upon the Cat
with regard to conduetion, though such might easily be carried out by the use of the
eraphic method, and since it was important for us to know the behaviour of the
fibres in the cord in this respect, we devoted a few preliminary experiments to the
determination of conduetion time only.

These experiments may be briefly deseribed as follows : —

The cord was exposed in the anmsthetised animal in the lower cervieal and lower
dorsal regions respectively ; the rectus femoris muscle was then selected for graphic
record, The advantages offered by this muscle are—

(1.) Its anatomical relation with the pelvis, enabling the leg and trunk to be fixed,
and the musele brought out at right angles to the bady.

(2.) The ease with which it eould be svin:uutcfl from the ::'.111'|1;r||n:{ii];_'; parts.

(3.) Its own structure—that of a long thin musecle, with parallel fibres.

The lower tendon of the musele was divided and ligatured ; the ligature was then
attached by means of a pulley to the lever of TicersTEDT'S break key,t so adjusted
that the smallest contraction of the muscle was sufficient to raise the lever, and thus
break an electrical contact. This contact formed part of an independent cireuit,
including one of SMirTH's new chronographs§ and three storage eells ; it was ascertained
that the movements of the chronograph armature occurred within 3/10000 second of
the break of the cireuit.

The movement of the chronograph lever recorded upon the travelling glass plate of a
spring myograph (Federmyographion), the rate of movement being 25 centims. in
1/100 see.  The lateral column of the exposed cord was excited by a single
induction shock, which was obtained by allowing the traveller to break, at a given
point of its course, the primary circuit of a Kroxeckers inductorinm. As the
moment of break was always the same, the break induction shoek obtained was
umform in all cases, both as to intensity and time of occurrence ; the position of the
secondary coil was 2000,

The following measurements were obtained of the duration of the period between

* Exxer, Prulork's © Archiv,’ 1873, vol. 7, p. 632.

+ v. Wirricn, * Archiv f. Pathol, Anat.,” 1869, vol, 46, p. 476.
1 Lov. it

& Loc. cil.
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exeitation and commencement of muscular response, when the former ocenrred at the

level of the 5th cervieal and 2nd lumbar nerves l'PHEI{:[:ti‘;‘UI}' —

CaT (163).

Execitation at Execitation nt Diffirancs
ath eervical. Ond lumbar. S i
0217 0150 0047
0210 (LTI LIREEL
0217 0172 045
' 0241 | Q200 (01
Average 0221 | 0175 0043

The distance between the 5th cervical and the 2nd lumbar was found to be
17 centims., and since the average difference of time between the muscular response
evoked by the excitationat the two regions is "0043, this difference indicates that the
cord tlts.l;l:}-' is such as would be caused if the nerve impulses starting from the cervical
region travelled along the cord at 394 metres per second. This experiment, therefore,
seems to show that the time occupied by the conduetion of nerve impulses in the
Mammalian cord closely resembles that oceupied by their conduction in nerve trunks ;
and it confirms the view that there is an efferent path in the cord leading from the
cervieal to the lumbar region in which a physiologieal continunity exists similar to that
which forms the hasis of nerve conduction in the fibres of mixed nerve trunks,

It will be noticed that the more exact physiological methods just referred to rely upon
the observation of muscular movements. This involves serions disadvantages, sinee,
in the first place, the method is thereby limited to the efferent fibwes, and thus the
physiological scope of any inguiry is narrowed ; whilst, in the second place, the struc-
tural connections between the efferent fibres in the cord and the anterior roots of the
nerves 18 to a great extent unknown, and certainly involves cellular elements, thus
introducing new physiologieal conditions.

There is, as it seems to, us, 1:-“1_},'" one line of axpﬁrhnent.al,] l;‘.ll(ll,il[l':f which s free from
these objections—that, namely, of’ ascertaining the existence of the nerve impulses in
the fibres of the spinal cord itself, through careful quantitative observations of the
electrical effects by which they are accompanied.

The present chapter will be devoted to the consideration in detail of the results of
snch observations in the dorsal and lumbar regions of the cord respectively. The
|-.m~e|t}r of the method, and the il|111f11'1.1111|:. hﬁ:uring which the results have upon the
physiology of the cord, we trust will warrant this extended treatment.
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changes and those indirectly produced by the refiex discharge of the cortex, us
described in the preceding chapters. To avoid this and to obtain uncomplicated
effects the cord was always severed from its connection with the higher centres.

The plan followed in the experiment was, therefore, as follows : two situations
were selected, in almost all cases about the level of the 8th dorsal and 2nd to
8rd lumbar vertebrze ; the cord was then first exposed for a short distance at the
upper one and divided. It was then carefully exposed in the lower region and
divided again, the upper division being made first in order to diminish, by cutting
off all connection with the higher centres, the shock which subsequent operations
necessarily involved. The portion of cord (see fig. 10), included between the upper
or 8th dorsal section and the lower or 2nd lumbar one, formed thus an isolated
fragment, and since it was upon this portion that the experiments to be detailed
were carried out, this fragment may be termed the *experimental region™ of the
cord. A portion of this experimental region was always prepared for observation at
either its dorsal or lumbar end, the preparation consisting in the exposure of from
4 to 5 centims. of the cord in immediate connection with the cross section and the
division of all root and other attachments. The cut end of the portion was then
ligatured, and the preparved part raised from the canal and suspended in air, carve
being taken to avoid all undue pull upon the structure. As previously described,
(see Plate 29) the trunk was immovably fixed by holding the vertebrze in the ivory
jaws of a eciamp, which was rigidly attached to a metal rod fixed into the experi-
mental table.

The ligatured end of the cord thus freed was attached by the before-mentioned
cables of thread zoaked in -6 per pent. Nalll solution and 1}|n,5tc1'E{| with kaolin, to the
galvanometric non-polarisable electrodes, one cable being tied round the ligatured end
and eross section, the other round the longitudinal surface about 1 centim. distant.

The usual resting difference between the surface and cross section was found to
be present in all cases, and was always kept carefully compensated ; its characteristics
have been fully gone into in Chapter IV., and it will therefore not be further alluded
to here.

If the other exposed end of the experimental tract were now excited, either by
thrusting through it a pair of needle electrodes, or by placing upon the eut end the
]mints of a Imil‘ of l"}l'llillit]'.}? p|nt.1|111m electrodes, an excit:nlnr}" electrical effect was
seen in the portion conmected with the galvanometrie electrodes. This effect is
always of such a character as to be opposed to the resting difference ; it is suddenly
developed with the commencement of the stimulation, and subsides on its cessation,
being followed by the rise in the resting difference which is deseribed in Chapter IV.
It is evidenced both in the gu] vanometer and the mpillar}' electrometer, the amount
of deflection of the needle and of movement of the mercury being dependent upon

(1) the nature, intensity, and number of the successive stimuli, (2) the condition of
the animal.

MDCOCXCI.— B b M0 1
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(1.} Relation i:f-f.;rr' f!j'f’tf ta the Stimunlus,

A. Natwre of Stunulus,

() Single Induction Shock.—The effect can be evoked by a single stimulus, but in
that ease gives only slight deflections in the galvanometer, but Ll[ﬁl]ll’-{!izll:‘ﬂ movernents
in the electrometer. Thus, in one experiment (Cat 122) in which the dorsal end of
the experimental tract was connected with the non-polarisable electrodes and the
lumbar end with needle l'll'til'n{]t.'!-i, on excitation h}' i Hiughr break induction shock
the electrometer showed a sudden transient movement of the mercurial meniscus of
considerable size, seven divisions of the eyepiece scale ; with the single make shock,
a movement of five divisions was observed, both movements being opposed in direc-
tion to that produced by the I‘e:-:lil]g’ difference.

(b.) Repeated Induction Shocks.—When the eord is excited by a rapid suceession of
l:ﬂl'l.l!il H.H.l] E'I.H.I:fl'":'lllfl}r t.].i]"L"ctl}{.l ind“ﬂ!.iﬂ;l H-Ill:lﬂks:. 1one l}!_'l:li]t}“l]-l'_‘.‘ﬂfl L‘]{'[‘t[’iﬂ.ﬂ,l l'_:lj_:'l_"g-f"ﬁ
anre IH‘(}L]llﬂ{ﬂI iﬂ lhﬁ UUT[.I; t-lhﬂ amount Hr t.IIE‘.- g}ll\'u]]ﬂ"iﬂtriﬂ (fl];l]'lgf_" ]jm”l“ﬂﬁ \'ﬂ]":.-’
appreciable, amounting in some cases to two or three hundred scale, the amount of
the effect in both the galvanometer and the electrometer varying with the intensity
and direction of the successive stimuli, The best general idea of this effect is
obtained with the latter instrument. The mercmy is seen to leap at the moment of
excitation in a direction opposed to that of the movement previously due to the
uncompensated resting difference, this sudden change of level amounting to from 10
to 15 divisions of the evepiece ; it then slowly continues to rise until the successive
stimuli cease, when a rapid subsidence to rather below its original level occurs.

(e.) Mechanieal Stinulus.—If with one end of the experimental tract in connection
with the electrodes the other end receive a sudden mechanieal stimulus, an electrical
effect is evidenced in both galvanometer and electrometer. The most effective
mechanical stimulus is that of sudden complete division or squeezing of the end of the
cord ; for this purpose 1vory scissors were first used, but we afterwards found that if
insulating precautions were taken, sharp metal scissors could be employed with more
advantage, since the keenness of the blades ensured a clean cut and avoided the
(hﬂjgﬂt'.‘i (Iuﬂ to L] I"ﬁggi"g 011 thﬂ cﬂlﬂ. S-I.Il_']l H E!i\.‘iﬁ.i”!] l'lrﬂdl_“_'ﬂ'ﬁ H | Hlllﬂ]l []ﬂ'ﬂf‘{:t;U" ﬂf
20 to 30 scale in the galvanometer, and a pronounced movement of from 5 to 7 (eye-
piece divisions) of the mercurial meniscus.

After injection of strychnia, the slightest mechanieal irritation of the cord or
sensory impression evokes marked eleetrical effects in the galvanometer and electro-
meter.

B. Intensity and Number of Stimuls,

Other things being equal, the cord electrical effect varies directly with the intensity
and number of the successive stimuli, a limit bei ng reached in this respect, the change
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being conditioned in the same general way as is the well-known electrical eflect in the
excited Frog’s nerve.

As far as the galvanometer is concerned, since the falling time of our instrument
was 10 seconds, the effect for successive stimuli kept up for less than 10 seconds must
be obviously directly proportional to the time, hence, in all exact experiments involv-
ing this instrument, it was essential that the duration of the period of stimulation
EI.]]I',I th[! T'|_I.'l,l'l'hl,'.ﬂ:."'l.‘1 t]"l(‘!'l'!_,‘!ﬁ.}l'ﬂ: 0{' t.hf‘ Sllﬂﬂl‘ﬂﬁii‘u’(‘: Htil“l_l]i I_ZIHI,‘EI:]. Hiltﬂ]l{l i'l'f’ I,IIE’J snme. I|-Iullif']
was effected by the revolving parafin key described in Chapter 1IL., which ensured
a strietly uniform period.

(2.) Condition of the Animal.
A, Anwsthesia,

The character of the effect in the cord, unlike that in the nerve, is varied not only by
the ini‘cnsit‘v of the stimulus, but also I;:-; the introduction of -:"Im'ng_;ﬁs-: in the condition
of the animal. These are connected with the awakening of the central cellular
elements of the cord through the intensity of the stimulation used. The condition
of the animal largely affects the limit of intensity at which any stimulus becomes
m]e.rln_zltc to arouse these ci_}r':uﬂmllur elements. Thus if profoundly anmesthetised a
strong stimulus is necessary, but if the narcosis be but slight, a weak stimulns may
evoke the result.

Althongh the subject of anmsthesia has been already referred to in Chapter IIL,
it has such an important bearing on the present results that it must be reintro-
duced at this juncture. Our experiments abound with instances of the following
character : in a Cat (371) the lower (lumbar) end of the experimental tract was
connected with the gu]'.':u:(ul]utel', and the lateral |'(=giml of the cord in the upper
dorsal section was excited with a series of 500 successive equal and opposite induction
shocks (100 a second for 5 seconds). The galvanometric effect obtained was a
deflection of 230 scale, the anmsthesia though complete as regards consciousness
being of a comparatively slight character. The ether was now pushed and the
anmsthesia made more profound, abolishing reflex movements, when the effect of a
precisely similar exeitation was indicated by 142

In another animal (Cat 375) electrical effects similarly produced in a state of
Eumﬁmu[] and Hlight anmsthesia :-!.hnw, when CDII‘I[&II‘Ed, the same rii[‘]brcncﬁsJ both with
minimal and maximal intensities of stimulus.
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Thus the degree of anwmsthesia in which the animal happens to be influences the
result very eonsiderably, and is a convineing proof of the true physiologieal basis of
the cord electrical effect, viz., that it is dependent nupon the number and intensity of
excitatory impulses in the observed region. It may be pointed out once more that
this influence of anmsthesia is also sufficient to show, what might perhaps be otherwise
suspected, that there is no objection to the use of the electrical method of stimulation
through its possibly invelving errors due to eleetrical escape.

Further proof that with the method of isolation used no such escape oceurs is
shown by the similarly directed effect evoked by both the make and break induetion
shocks, and by the production of the effect by mechanieal stimulation. A still move
convineing proof is, however, the complete disappearance of the effect on systemic
death. (See Chapter 111, section 4.)

B. Systemic death and injury.

The influence of systemic death upon the physiological eondition of the spinal cord
has been already referred to in connection with the resting difference. It was there
stated that the difference keeps up and inereases in the exposed portion of cord as
long as it is in connection with a part which through the maintenance of an unim-
paired cireulation retains its normal state of nutrition.  When systemic death oceurs
the difference immediately begins to full, and in a very few minutes (2-5) the
excitatory eleetrical effect disappears, the loss of excitability oceurring in the case of
the spinal cord with much greater rapidity than in the ease of the sciatic nerve.

This disappearance occurs withont systemice death if by any movement of the animal
the cord is pulled upon, or if it is bruised in preparation at a point intervening between
the seat of excitation and that of observation. Finally, the functional endurance of
the tissue is dependent upon the animal used, differing in different species and in
the different animals of the same species.

The most important general conditions by which the cord electrical effect is con-
trolled, having heen thus set forth, we pass on to consider what information a detailed
examination of the characters and amounts of the electrical effects evoked under
different circumstances, furnishes as to the structure and functions of the spinal cord.
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In our earlier experiments we made use of the capillary electrometer, and we will,
therefore, first briefly describe those made with this instrument.

SectioN 4.—Excrrarory Evgcrricarn Errecrs 18 tae Corp [NVESTIGATED BY
Meaxws oF THE Cariinary FELECTROMETER.

The electrometer, owing to the rapidity with which the mercury moves, furnishes
valuable information as to the alterations in character and amount of electrical
changes which follow one another in rapid succession. We have already indicated
the experimental advantages which this confers in the examination of the cord effects
evoked by cortical stimulation.® Since, however, the conditions which increase the
sensitive characters of the instrument are to a great extent those which diminish its
rapidity, it is almost impossible at present to obtain an instrument of sufficient
sensibility for our purpose, without so slowing its movement that it takes more than
15 second for the mercury to complete its rise or fall.  If, therefore, a series of transient
electrical changes similar in direction, following one another at intervals of less than
15 second and all of equal intensit v, are allowed to affect the instrument, then sinee the
movement of the meniscus due to the first change would take ' second for its comple-
tion, the second change will occur when the mercury is either in movement or has just
completed its excursion and not returned ; a second movement is thus super-imposed
on the first ; so a third on the second, until a limit of fusion is reached, this being
dependent upon the fuct that with each additional displacement the counter-pull of
the surface tension inereases, and finally the displaced mercury is maintained at a
new level without any additional displacement perceptible on either side of the level
attained. It is probable that an extremely fine vibration synchronous with the rate of
successive electrical effects exists, but when the successive electromotive changes are
uniform i amount, direction, and time relations, such a vibration must be extremely
small.

A very different eondition is introduced when these electrical changes are alternate
in direction, since now each displacement by one effect, whilst still in progress, is
counteracted by another in the reverse direction due to the succeeding change being of
opposite sign to its predecessor. The effect of such a series of electrical changes even
when following one another at such short intervals as 5 second is thus clearly visible,
whatever level the mercury may have reached, as a blurring of the edge of the
meniscus. The appearance to the eye may be deseribed as a grey border to the
otherwise black opaque column when viewed under the microscope.

This peculiarity of the electrometer at once enables us to judge whether, in a series
of brief electrical changes, these are similar or dissimilar in direction, and we will
first draw attention to this point in connection with the electrical effects in the
spinal cord.

# Heo this paper, p. 324, also * Roy. Soe. Proe.,' Nov., 1888 (vol. 45, p- 18).
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The present series of experiments being planned for purposes of quantitative
measurement, the least complicated and most constant conditions were in all cases
selected, these being associated with careful isolation, and with the presence of one
electrode only in contact with the natural surface. It is probable that with these
conditions the total excitatory electrical change in the electrode civeuit is chiefly that
produced by alterations affecting this one electrode.

We will now proceed to deseribe the character of the movements of the mercury
when, with the capillary electrometer connected by the electrodes with an isolated
portion of cord, this structure is stimulated by a series of induction shocks alternate
in direetion and following one another at intervals of ¢} second (Helmholtz side-wire
inductorinm).

It has already been stated that one end of the * experimental tract” is prepared
for connection with the non-polarisable electrodes, the other for excitation; so far as
the character of the effect revealed by the electrometer is concerned, it makes no
appreciable difference which end is respectively used for the purpose. In both cases
a minimal excitation evokes an electrical change in the other end of the tract which
affects the mercury of the electrometer, so that it moves rapidly up to a certain point,
and there remains steady without visible oseillation, while it falls on the cessation of
the stimulus, the mereury rapidly returning to its previous resting position.

With more intense stimuli a larger excursion of the mercury is obtained, and
;l]tllullgll no evidence of r.'upil]f vibration i1s detected, the character of the movement
often becomes irregular, rising and falling at intervals in a more or less abrupt
MATTET.

Whilst then it was clear from its character that the movement of the mereury is in no
wWay connected with any electrotonic or other escape from the exciling cireult, since
there is no evidence of rapid rhythmical alternating effeet, synchronous with the
number of stimuli, it was desirable to ascertain to what extent the irregularities just
referred to were true indications of changes in the cord.

To ascertain this, experiments were made in which (see fiz. 11) the cord was divided
at one point only, the 8th dorsal, and the upper end of the lower fragment connected
with the electrometer. The rectus femoris muscle was then prepared as indicated in
the preceding paragraphs dealing with the transmission time (p. 366), but the attached
ligature was fixed to a strong spring (Fick's isometric myograph), the movements
of which, as recorded by a lever, were magnified 50 times. The cord was then exposed
in the lumbar region and its lateral surface excited, the muscular contractions were
observed and recorded, and at the same time the character of any displacement of the
mercury of the electrometer was ascertained as far as possible by the eye, and roughly
drawn upon paper.

It was thus ascertained that the electrical effects in the dorsal region of the cord
evoked by lumbar excitation, and evidenced by the mercurial movements, coincided
in plan and character with the muscular effects.
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were limited, presumably by the anatomical relations of the paths along which they
were conducted, to gire-;] tracts of fibres in the different colnmns.  We thus llt_‘Higm-f]
our work to ascertain the scheme upon which the fibrous structure of the cord was
arranged, and this for both ascending and descending impulses.

We found that the eleetrometer was not a suitable instrument for this investigation,
since with mwinimal stimulation its movements were too small to admit of sufficiently
accurate estimation, whilst the uncertainties connected with the conditions regulating
its sensibility rendered exact comparisons of small differences between different sets
ut'c-x|-m'inn-ntﬁ 1:11|um*-;ih]u, We therefore used the gzt]'ﬂllullnl-lm‘ in all the rrm:liiﬁllg
experiments, obtaining with it results which could be better relied upon for purposes of

COMPAriso,

SectTioN 5.— ELecTtricAal CHANGES PropUcEP BY LOCALISED STIMULATION OF THE
ClonLuMxs oF THE CoRrb,

Plan of Experiments.

In order to obtain quantitative comparisons between the effects evoked by localised
excitation of different columns in the cord, the plan adopted was to divide the cord in
the mid-dorsal and lumbar regions, and prepare one end of the isolated experimental
tract lying between the sections for connection with the galvanometer electrodes and
the other for excitation. The method of eonnection has been already fully described,
namely, at the cross section and the surface 1 centim. away, by means of cables,
under all preeautions previously indicated. The preparation of the other end for
execitation was effected by removing about a centimetre from the end, and thus
exposing the cross section of the cord, in which it was possible, using the precautions
described in the chapter on operative procedure, to stimulate, with a pair of fine
plativum electrodes, the section of each column thus exposed, anterior, lateral,
posterior, or the grey matter,

The experiments showed us that with moderate intensities of stimulating eurrents,
electrical effects were always produced in the observed end of the experimental tract,
when at the other end the eross section of either lateral or posterior column was
excited, but that only very small and rare effects were caused by a similar excitation
of the anterior columns or of the grey matter. This suggested that no continuous
strand of fibres united the excited portion of these latter tracts with the obzerved
portion. We shall refer to this result again later on ; since, however, the stimulation
of the lateral and posterior columns alone gave notable effects, we limited our excita-
tion in the majonty of instances to these eolumns.

The majority of these experiments were earried out on Cats (17 animals), but we also
made a considerable number of experiments on three large Macaque Monkeys. It wiil
be presently seen that the results differ in the two animals in a most interesting way.
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The experiments all fall into two great groups, distinguished by the fact that in
one the lumbar end of the isolated fragment of cord was the seat of galvanometric
observation, whilst, in the other, the dorsal end was observed and the lumbuar end
excited. In the first case the electrical changes are obviously due to the discharge of
nerve impulses down the cord, in the second to their discharge up the cord.

We will now proceed to a detailed deseription, first of a typical experiment, and
then of the results obtained from several experiments under these two opposite con-
ditions, and we will take first the case of impulses descending the cord, these impulses
having been produced by excitation of some one column, as displayed in the dorsal
section of the * experimental region ” of cord. The galvanometric connections having
been made with the lower lumbar end of this tract, electrical changes were evidenced
in it when the descending impulses reached that part which was in connection with
the electrodes leading to the instrument.

BECTION 6.— ELEcTRIcAL EFFECTS EVOEED IN THE LUMBAR CorD BY EXCITATION
oF THE CoLuMns ¥ THE Dorsan REciox.

(a.) Typical Experiments.

Since the results in the ease of Cat’s cord, as mentioned in the preceding paragraph,
are different from those obtained with the Monkey's cord, it is desirable to separate
out the experiments made upon each. We will therefore deseribe a single typical
experiment and its results in the case of these animals. In order to avoid repetition,
the general procedure, which is the same in both animals, will be deseribed more
minutely in the case of the Cat (this being taken first) than in that of the Monkey.
To make clear the relationship of the excitation to the galvanometric connections,
the actual positions in a typieal case of the seat of operation and of both sets of
electrodes is given in fig. 10, p. 368, which represents the spinal cord of an animal
thus experimented upon.

The cord of the Cat (243) was divided at the level of the 7th dorsal vertebra; it was
then exposed in the lumbar region for 3 centims. and divided at the level of the
grd lumbar vertebra, thus isolating an experimental region which extended between
these two levels. The distal (lombar) end of this isolated fragment was now ligatured,
and all connections having been divided, was raised in air by the thread. By means
of cables the transverse section was connected with one non-polarisable electrode, the
longitudinal surface at 1 centim. distance by a similar cable with the other. The
electrodes were fixed, as before, on a stand, and arranged at such a height that a con-
siderable length, two or three inches, of thread cable hung loosely between them and
the cord, all error due to mechanical displacement, as in the cortical experiments,
being thus gnarded against.. The upper end of the isolated fragment or experimental

MDCCCXCL—B. ] 1
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tract of cord was now exposed for about a eentimetre, and a fresh division made so as
to expose a more excitable section for stimulation.

The portion of cord investigated showed, when connected with the galvanometer,
the usual resting electrieal difference between the surface and ligatured cut end (see
Chapter IV.).

When after compensation the galvanometer needle was steady, the exciting elec-
trodes, guarded by a short-circuiting key, were carefully held Ly one observer against
the cut end of one column of the cord, as deseribed in Chapter I111., every precaution
being taken to ensure that the surface should be dry. The key was now opened by
the observer at the galvanometer, and by means of the revolving paraffin key the
column was stimulated for a definite time (31 seconds in this case), by a series of weak
induetion currents (100 per second) produced by the usual magnetic interruptor, and
made equal and alternate by means of the Helmholtz side-wire. The intensity of the
exciting currents had to be adapted to the varying condition of the animal, etheri-
sation, &e., but the results aimed at being to stimulate the fibres in the separate
columns rather than to arouse the reflex activity of the cord, it was thought advisable,
at any rate in the commencement of an experimeut, to use currents only just sufficient
to evoke definite effects ; such excitation will be termed here “ minimal.”

[n this particular case one Daniell cell was used in the primary exciting cirenit and
the secondary coil stood at 500. The excitation of either anterior column produced
no electrical change ; that of either lateral produced a very distinet effect, of the usual
excitatory character, that is, an effect which commenced with the stimulation and did
not persist after its cessation.

The effect indicated the establishment of a transient electrical state, opposed in
direction to that of the original resting difference. The galvanometer deflection, which
recorded the change, was very distinct in its commencement and termination, so that
its amount could be determined with accuracy. The deflection was 41 when the left,
and 57 when the right lateral column was excited. The stimulation, in exactly the
same way, of the cut end of the posterior columns produced much more pronounced
effects, amounting to 96 in the case of the left, and 94 in that of the right column.
Every precaution was taken to ensure that as far as possible the degree of narcosis, &c.,
should be the same during the four stimulations, and an interval of 1 minute was
generally allowed to elapse between the suceessive applications of each.

When a stronger stimulus (double the strength, coil 1000}, of precisely the same
character and duration was employed, larger effects of the same kind were produced,
stimulation of the anterior regions being again followed by only a mere trace of
etfect, that of either lateral by well-marked deflections (left 105, right 140); and that
of the posteriors by very large deflections (left 290, right 208).

It will be seen that this relationship of maguitude of effect is one which is retained
in all the results obtained in this way by differential eolumnar excitation of the
divided cord of the Cat.
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..". vary l“”ll't'l:'llt !'vl:ninllx]lip 1|!'-C. |l'll‘|".'l"-'l.'['._ |1-|Il]||| L0 v.‘-‘.]HJ "-'l-']'ll'll 1.E]I' :-ili--lll.'ll -;'Hl'li 1-!- I.||E'
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The HE|'L]|;:] cord of a _'||1.-|[‘:||i|11_~ I'I-IH-HI_-{I_":-.' {f:}ﬂ]l was divided at the 10th dorsal vertebra

for excitation, and also at the 2nd lumbar, where having been freed from its nervous

Fig. 12.
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und other attachments, it was |'|;_r:|tl1|'1'c] near its divided q-m[. raised as in the ]H'I'*'I'!”II_E
experiment, and by means of cables connected with the leading off non-polarisable
electrodes at its ligatured end and at its surface (see fig. 12),
'Hur II.-:lL:Il |'L'H[E]|;-_|" i'EI.H'Ll'-h'.:I_I 1“”’1'[;'!'“1_‘{! Wias nhm:]".'i_':l u]u-u 1]|1_- L'il"i‘l_'l"lllll.'.‘l Were
connected with the ralvanometer, and was n;_:ﬂi]]lrf‘h&_‘-;ltl_-rl_ Each eolumn was now
3¢2
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excited where it had been exposed in the dorsal eross seetion, the excitation being as
in the prece line case, viz., that of the ifL|1'|'t'|l|I11"-|. induection currents (100 per --l'.'|-||'|JI

with the Helmholtz side-wire, and the period of excitation being 31

| seconds.

As i the Cat, the 1"~:I'i|-lli'H| Ufl either :Lllre'l'inl‘ colummn ]IJ‘-H]III'-'-] no etfect o that of
each |:L|"IJL|. ]|--~.'.1"'.:-|', evoked a marked I':"I'[I'ii‘ll.l 1'['li'l'|, the two i:L|l.,'I':I|.'-i .-_f:,'.,']“_-_'r
|'----.|u-|'|i1.:~|.'.'. left 75 and t'll_'_;'lll 62, the deflection ]l"‘llll':': in each case H|l}---=~1'l] i
direction to that of the resting difference. Excitation of either posterior eolumn
was Tollowed }-:. a much smaller defection than the L;-ll'l‘r-—'llbll-'lih:,_:‘ |.'|E-'t':||__ the left

oiving 34, the rignt 40.

When a stimulus of double the ht]'i_'rtgili {r-:ik HJEJHJ but of the same duration was
employed, very large deflections were produced, but the relationship of the results
still held good, as excitation of the left lateral gave 210, whilst that of the corre-
sponding posterior gave 165, and similarly exeitation of the right lateral gave 140,
whilst that of the EI‘“']‘]'PR|H)IH|][L1'_: |n:"}.‘+tf-1"|n|' gave 120,

If the comparative value of the electrical change produced in the eord by “ minimal ”
excitation of the different columns he represented graphically, as in the annexed figure,
a glance is sufficient to show the striking contrast between the result obtained in the
Cat and that obtained in the Monkey, since in the latter case the laterals pre-
dominate over the posteriors. (See fig. 13.)
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(b)) Average of Experiments.

The two experiments just described are types of all those made upon normal
animals. The following table gives the results of the readings obtained in four Cats
and one Monkey, with stimuli which were varied in one particular only, that of
intensity.

It will be noticed that the average in the Cat of the deflections produced by
excitation of the posterior columns is twice as great as that following stimulation of
the laterals.

In the Monkey, on the other hand, the average of the stimulation effects obtained
from the lateral is about half as large again as that produced by the excitation of the
posterior columns.

Excrrarion of Cut Dorsal Cord (Peripheral Surface). Electrical Effect in
Lumbar Cord.

e — — — - — e — e —— a

Eleetrical effects evoked by stimulation of
[
Region Begion | Intensity of : T
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A further result which an analysis of these effects shows, is the difference between
the average deflection in the case of the posterior and the lateral column with weak

Illiliilll.‘ll Ht-i't'll.llliltil]ll HII{!. IIIIIKiI!!H.I Et-illl'lll.'lt.illll I‘EHIIEGt{‘H_‘!I}F_

AVERAGE eflect evoked by stimulation of one lateral column,

Cad, Monkey. |
Minimal stymulation . . ik 5
Maximal o el 27 175

AVERAGE effect evoked by stimulation of one posterior column.

|

: Cat. |  Monkey.
| ' | |
| Minimal stimulation . . . o3 31
[ Maximal i L R 170 142 |

[t is seen that in the Cat both minimal and maximal stimulation evoke effects
which are twice as large in the case of the posterior eolumns as in that of the
laterals.

In the Monkey the lateral column etfeet with minimal stimulation is, on the other
hand, twice as large as that produced by the stimulation of the posterior columm, but
with a stronger stimulus this relationship does not hold, owing, possibly, to the
increased reflex discharge which excitation of the posterior column now evokes.

The difference between the results of excitation of the columns in the two animals
is, therefore, best marked with the weaker intensity of stimulus. Tt is evident that
this must depend upon the number of fibres which form direct connections between the
excited dorsal and observed lumbar region, along which fibres as constituting paths of
least resistance the nerve impulses are almost entirely propagated from the excited
area, when the fibres this contains are aroused by a weak stimulus,

This seems to us to afford an experimental proof of the relatively larger number
of continuous lateral column-fibres which must exist in the Monkey as compared
with the Cat; this greater proportion may, in the light of the previous results
described under cortical stimulation (Chapter V.), be aseribed to the more complete
development of the fibres forming the pyramidal tracts.

The histological investigation of the fibres in the tract in the two animals seems to
support this view, there being apparently many more fibres in the pyramidal tract of
the Monkey than in that of the Dog, as determined by the degeneration method. 1t
is, moreover, to be expected that the fibres in question must increase in number
with the completeness of the differentiation of those cortical structures from which
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they spring ; and it need hardly be pointed out that, whilst minute localisation of
representation of movements on the cortex of the Monkey has been clearly demon-
strated, such perfect differentiation has not been found in the Carnivora.

We will now pass on to the consideration of the results obtained when the dorsal
portion of the experimental tract of the cord is connected with the galvanometer, and
the columns excited in the lumbar region, thus evoking impulses which, to produce
effects, must pass up the cord.

SeEctioN 7.—ELEcrRicAL Excrrarion ErFrecrs EVOKED IN THE Dorsar Reciox or
THE CorD Yy Excrration oF THE CoLumxs 1N THE Lumear REcrox.

In these experiments the cord was divided in two places, as deseribed in the
preceding paragraphs; but, since the electrical effects in the dorsal end of the
tract thus isolated were to be investigated, the cord was prepared for several centi-
metres at the upper dorsal level. At the lower lumbar section the cord was prepared
by execision of one centimetre for purposes of execitation. The exciting and galvano-
metric arrangements were of the same character as before, their relative disposition
being sufficiently indicated in the annexed fig. 14.

(a.) Typical Experiments,

We will again first describe the results of an experiment selzcted as a typical one,
and carried out on the spinal cord of the Cat (244), as follows .—

The cord was divided at the 7th dorsal vertebra and prepared for observation as
before deseribed : it was then divided at the 2nd lumbar vertebra for excitation.

The upper end of this experimental tract showed the usual resting electrical
difference between surface and eross section, which was compensated.

The eut lumbar surface of each different column was now excited for 3} seconds by
the interrupted current, 100 per second (Helmholtz side-wire), and the galvanometric
effect observed.

Although the secondary coil stood at only 500, the preparation was very excitable.
Excitation of the anterior columns was followed by a slight but distinct effect, 22 with
left side, 28 with the right; these, however, did not oceur on repetition, and are
exceptional.

On exciting the left lateral column, a deflection of 120 was observed, whilst on
exciting the left posterior column, a deflection of 215 was produced ; finally excitation
of the right lateral was followed by 100, of the right posterior, by 190.

The general relationship of magnitude of electrical change evoked in the cord of the
Cat by lumbar excitation of the cross sectional area of its different columns is thus
the same as that obtained by dorsal excitation.
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That iz to sav, whether the nerve illl[-ll]m'a !l]nr-'-u! down the cord from an upper
excited to a lower observed area, or up from a lower excited to an upper observed area,
the anterior column fibres rive no effects or only small ones, the lateral give marked

effects. but the poste ror oive still more pronounced effects,

Fier. 14

ezl

Aeleelt 3

If we turn now to experiments upon the Monkey's cord, the same contrast with the
results in the Cat appears as was described before. Thus in a Macaque Monkey
(271) the eord was exposed and divided at the 8th dorsal veriebra and was then

freed from its attachments, ligatured on the peripheral side of the section and raised
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from the canal ; it was then connected with the electrodes exactly as in the case of
the Cat.

The lower section and exposure occurred at the level of the 1st lumbar, and the ecut
surface of the eolumns was then stimulated as in the preceding case. The necessary
strength for minimal excitation was only found when the coil was 2000. The
anterior columns {‘\'u]-nwi no definite effect, but excitation of the [:I.tl"‘t':l[:—: evoked
];n':_fq‘ effects, left. 190, t"l.ﬂ'ill 235, whilst similar excitation of the ]ha-:-;iq-|'in]'-c evoked
smaller deflections, left 112, anid L'i;:]n 120,

Fig. 15,

L
e

Montkey

up cord

The results of these two typical experiments will be rendered still more obvions
by the annexed figure, in which the value of the excitatory effects in the Cat and
.1'I|--I||{:_“'I.' are r][a‘]ll:i:.'n] in a :'_[‘I'JL!lhii‘ form. It will be seen how {_‘-r1]]|:lefﬂg']:; the relative
"‘:ixl" ‘.lr tl“' {'”::':.'r !"lu-l:'l'h:l_'ll lll:'ﬁr f"\[iflll.l]l'[i.”]l '[- E]JL‘ ‘t'lu‘ull'| ]{i]l[.l..‘; |F1I 1'IF||!]]!]| |‘-\- '|'1"‘|-t'.|1‘-'|'.| |'I

the two animals. (See fig. 15.)

I:_h_] Ave e I_'."I .I'r'-.l'fJf':"—JrH s,

We will now take the average of the observations in which the condition of the
animal, &e., was, as far as possible, the same throughout, and the effect evoked in the
dorsal cord by stimulating the lumbar columns accurately noted.

MDCCCXCIL—B, 3D
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Excrrarion of Cut Lumbar Cord (Central Surface).

Cat (355)

;|

Monkey (233)

Cat (197) .
Cat (244) .

Clat (256) .

Cat (375) .

|
Monkey (271)

Rewion

ohaerved,

10 dorsal
8 dorzal

111

i
8 dorsal
8 dorsal

{1}
0 darsal

7 dorsal

5]

an

HORSLEY

Electrieal Effect in Dorsal Cord.

Electrical effects evoked by stimulation of

IRegion ]llrl"ll.iill'h" of | rin
excited. stimnlus. e
| Ant. Lint. | Post
! )
! 1 lnmmmbar 000 max. ] g 145
o T I trace | g 120
] 5 W 28 124 215
| LE] L5 ¥ n lﬂﬁ |_.]'I}
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| 83 | 3 ¥ - b Hi S
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. G50 min. [H ] 46
o i L (i} =
T 1M 192 a7
i 1O 248 ah5 |
£ | alk) 160 1400
I 1761 | 2138
‘ Avernge : 117 148
1 lnmbar SO
. SO0 e ae
2 DRI 190 | 112
|  Awverage . L i) 112

Ant.

trace
28

14

Right.

Linut. | Puost.

332 ‘

1G5
95
100 | 190
(i 10D |
125 | 140 |
20| 90
140 o
142 | 105
115 | 175
145 7
41 | 54
81| 98 |
165 905
2110 10
68 | 215
1545 | 2357 |
103 157
120 o2
75 24)
225 | 120
140 | 77

It will be noticed that the general relationship holds in the case of impulses passing
up the cord, namely, that in the Monkey the most marked effects are evoked by

excitation of the lateral, in the Cat by excitation of the posterior columns,

There

are, however, differences in the precise characters of the relationship as compared with
that indicated in the preceding group of observations when the nerve impulses were

descending.

These differences are exhibited by separating all the lateral and

posterior column effects, in accordance as they were obtained with the minimal and
maximal stimulation, respectively.
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Exorratiox of Lumbar Cord. Electrical Effect in Dorsal Cord.

Cat.—Average effect evoked in the Cat by stimulation of one lateral eolumn.

Mimimal stimulation ., . . . . . . . . 55
Maximal & P o il e L [
Average effect evoked in the Cat by stimulation of one posterior column.
Minimal stimuolation . . . . . . . . . 74
Maximal Y SRRl R L G

Monkey.— Average effect evoked by stimulation of one lateral column.
Maximal stimulation . . . . . . . . . 133

Average effect evoked by stimulation of one posterior column.
Maximal stimuplation . . . . . . . . . 86

The chief differences between these results obtained when nerve impulses proceeded
up the cord and those obtained when they travelled down, are the following - —

(1.) The maximal effect in the Cat is more than twice as great as the minimal with
stimulation of both lateral and posterior columns when the impulses are ascending,
i.e., the lumbar end excited. On the other hand, when the impulses are descending
the maximal effect was less than twice as great. There is thus a gain in the amount
of the effect, when the stimulus is on the lumbar side of the region, in proportion
as the excitation increases in intensity.

(2.) The minimal posterior column effect with ascending impulses is larger than
the lateral in the Cat in the proportion of 3 to 2, but this proportion is less than that
obtained when the dorsal cord was excited and descending impulses evoked, since this
was 2 to L.

(3.) In the Monkey the lateral column effect is larger than the posterior in the
proportion of 3 to 2, when ascending impulses are evoked by maximal stimulation ;
with descending impulses similarly evoked the proportion is 9 to 7.

The characteristic predominance of the lateral column of the Monkey is however
marked, whether the excitation is dorsal and the descending impulses investigated,
or lumbar as in the present case, and the aseending effects observed.

The differences above deseribed seem to indicate that the generated impulses travel
not only along direct but indirect paths, that is along paths involving cells, and that
the structural relations and physiological effects of the interposed structures are such
that these influence, in both animals, traversing nerve impulses differently according
as their direction is centripetal or centrifugal. It is particularly as regards the
lateral column effect that this influence of direction 18 most marked ; it would,
therefore, seem that the lateral column comprises among its fibres some (presumably
internuncial) which offer less resistance to ascending than to descending impulses.
This view will receive confirmation, and be again referred to in the later experiments
on the relations of the cord to the nerves. (See Chapters IX. and X.) It is sup-

3 D2
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ported by the series of experiments to be next detailed, in which the result of
intervening localised section of columns upon the electrical effects evoked by excita-
tion of the same is set forth.

SEcTION 8.—THE Erecrricarn CHANGES IN EACH HALF OF THE LONGITUDINALLY
Divipep Corn,

The 11"5*31 ion as to what amount of the electrieal effects, and thus of the l.‘ax(:il.utur}f
processes underlying these, when evoked by stimulation of one column, is due to
changes confined to that colomn only, is one of such importance in respect to the
well-known views as to conduction by the different groups of fibres in the cord that it
seemed advisable to approach this subject by particular experiments. In the case of
the changes in the cord following exeitation of the cortex, we had found that it was
possible to split the cord longitudinally without destroying the excitability of the
two halves, and so to obtain evidence of unilateral localisation of effect. This seemed
the most straightforward means of getting information as to localisation when the
columns of the cord were the seat of the execitation ; at the same time we felt that
the operation of longitudinal division must in all probability seriously affect the
functional continunity of the posterior columns, whose excitation in the Cat, as the
foregoing experiments have shown, is productive of such marked results. To these
experiments attention must now be given.

We have only performed two successful experiments ; both upon the Cat.

In the first the cord was divided at the 9th dorsal and at the 4th lumbar
vertebrae,  The upper dorsal end of the fragment was prepared for exeitation, the
lower lumbar end was freed and split in a manner similar to that employed in the
cortical experiments. (See fig. 16.) Each half was connected with a pair of non-
'[J{JIEIl‘i.‘jEI,blt! electrodes, as in those exp::rimunt.!s, and either I-air could be switched into
the galvanometer cireuit and its electrical changes observed. The general arrange-
ment of the eircuit in this case is shown in fig. 1.

When the columns were excited for 5 seconds with the secondary coil at 2000,
and the right portion of eord investigated, then—

Excitation of the right lateral produced an effect of 31,
s left 2 ,, no effect.

On the other hand,

Exeitation of the right posterior produced an effect of 53,
o 5 left & 8 s 15.
The left portion of cord was now investigated and the same strength of stimulus
employed. It was found that—
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Excitation of lett lateral Elt'ﬂIIIH'E”! effect of 42 1 56

right = 4l " i 0
lett e aterior ] o 87
right - n A 45

T I

Cexl.
Adult 3

.

On repeating this experiment with a stronger stimulus (coil 3000), the unilateral
character of the t'i_:_':]]' lateral column became less ]J]::I']{1'1|_. whilst the left and I‘i;.‘ht

]m:-.il'r';n]' columns Fave now e-|1||.'|] bilateral results ; thus—
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!'I,x1'-l|:|| i:-r: l'r- 1!'” ].‘lh'l'itl Elf'nl]ll:'l'il :'11:,'1." 1!1. i

right 2 h : 36

left i sterior e = Jb

. rigrht ¥ 13 - 59
i, 17

{ XD

[t thus appears that when half the .‘«'p“l. cord is observed and the columns excited
on the central side, the excitatory electrical change, produced by weak excitation of
the lateral column is entirely confined to the side stimulated, whilst that produced by
similar execitation of the ['{'HLt['iul‘ column 18 but ||:|4|=ir|i_\' confined to the stimulated

side, while when the excitation is of suflicient intensity it is produced equally on
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both sides. This, therefore, suggests that descending impulses in the lateral column
are, to a very large extent, confined to these fibres, but those in the posterior column
cross into similarly situated fibres on the opposite half of the cord.

A second experiment of the reverse kind was made on another oecasion, the excita-
tion being now in the lumbar region, and the impulses evoked thus being ascending.
The cord was divided at the Tth dorsal and 3rd lumbar, and the upper dorsal portion
wias pl'elmred for galvmmmetri[: observation, and sp]it ]ongitmlijmily, whilst the
lower lambar portion was prepared for exeitation ; the general arrangement is shown
in fig. 17.

When the right half of the split cord was examined —

Excitation of the right lateral produced an effect of 38

- lett ” v 1 3
; right posterior 4 40
b IE'F'L T 1 'y 14

The cord was then again divided a little centrally to the seat of the previous
excitation, so as to expose a fresh surface for the stimulation, and now—

Exeitation of right lateral produced effects of 86 ; 94

left .. ., . 16 15
i right posterior . s 81 112
LE) Iﬂft' 1 L5 ] " 52 6O

The left half of the cord when observed gave the following results .—

Excitation of left lateral produced effect of 33

L nght' L] LE] L1 3
" left posterior o - 40
5 right + = ot 7

The general conclusion to be derived from these experiments is that the excitation
of the lateral column produces an effect which is limited to a very remarkable degree
to the side excited. On the other hand, the excitation of one posterior column
produces with appropriate excitation bilateral electrical effects, but the effect is twice
as great on the same side as it is on the opposite one.

It must, however, be borne in mind that the operation may, by depressing the
excitability of the posterior columns, be a source of error which can interfere largely
with the above results, since the posterior columns are more hable than the lateral to
suffer by the procedure of splitting, and earlier experiments have convinced us that if
they are injured the electrical change produced by their excitation is very largely
affected.

The extent to which the effects and thus the nerve impulses are localised in the
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columns excited was, therefore, now approached by another method, that, namely, of
intervening sections.

SECTION 9. —INFLUENCE oF INTERVENING SECTIONS UPoN THE ELEcTRIcAL (HANGE
IN THE CorD FoLLowINGg ExcrraTion orF tae DiFFeErReNT CoLuMNs,

The extent to which the electrical change in the cord following excitation of the
cut columns is dependent upon direct continuity of nerve fibres between the part of
the column excited and the part of the cord observed is more clearly indicated by the
experiments now to be deseribed.

In these the excitatory and galvanometric arrangements were similar in all details
to those employed in the two preceding groups of experiments; but the experimental
tract had been suhjected to important additional operations, some particular column
indicated being divided at a position intervening between the region of excitation and
the observed region, and the result of such division as affecting the electrical excitatory
change being then estimated.

The section, the influence of which was thus investigated, was made in most cases
at the time of the experiment. In a few cases the section was made three or four
weeks beforehand, in order not only to ensure a more striking alteration of effect by
the degeneration of the continuous nerve tracts involved, but also to provide against
any transient disturbance due to the operation, affecting the excitability both of the
particular tract and of other nerve tracts than the one ﬂ[:lf}l'.;],tf!l'] L ron.

Since the influence of each separate intervening section had to be studied in the
case of excitation evoking both descending and ascending impulses in the experimental
tract, the experimental results of uny section naturally fall into the two groups
already indicated in the preceding Sections.

(1.) Electrical Effects in the Lumbar Cord Evoked by Ewxcitation of the Dorsal Cord,

A. Influence of Hemisection.

The experiments were made upon three animals (Cats), in all of which the inter-
vening hemisection occurred at the level of the 12th dorsal vertebra; in the first on
the right side, in the second and third on the left side.

Each experiment was conducted precisely as those previously deseribed; that
is to say, the cord was divided at the 8th dorsal and 2nd lumbar vertebrse, The
lower end of the experimental tract was prepared for connection with the galvano-
metric electrodes, the upper for excitation. The different columns were first succes-
sively excited before the hemisection in the usual manner, and the electrical effects
observed. These are shown in the preceding table, see page 381, and were of the
kind indicated in Section 6 (). The cord was now exposed at the 12th dorsal, the
hemisection made and the electrical effects of the excitation of the different columns
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nnder these circumstances were then noted. The following is a table showing
the results obtained :—

Evecrricar Effects in Lumbar Cord Evoked by Excitation of Dorsal Cord after
Intervening Hemisection on the Right Side at 12th Dorsal Vertebra.

Electrical efects, |

| : L:ITT:-I r}i:::il: ;II Stimulns. Lieft. Right. :
| Lant, Post. | Liat. Post.
=i | =
Cat (351) | 2nd luombar | Fth dersal SO0 min. 45 7l | 0 0
I . Tmim, i3 45 i 0
[ s Iin. 43 h i 1]
[ | 1004 max. 1K =1 i 1] |
M max. 20 145 [ 26 i
2000 max. | 150 145 12 a1

a1 - . 2 e ——

IsTERVENING Hemisection on Left Side at 12th Dorsal.

i Electrieal effects.

Region Region

: bat 1 s. 1 Right.
|  observed. excited, R | ket Righ
| —
I Lat. Post, Taat. Post.
Cat (371) 1st lumbar | Sth dorsal 500 13 i 132 | i
i 18 i 124 ]
i 15 12 110k HHE
1000 49 24 201 163
= | 29 26 124 182
£ Cat (278) | 3rd lumbar | 9th dorsal T 1] i 47 56
' 1000 14 34 148 198

The average rvesults of the excitation of the lateral and posterior columns,
when grouped, as dependent upon the intensity of the stimulus, show the following
quantitative comparison.

Averace Effects obtained by Execiting Columns on Side of Section.

Minimal Maximal
atimnlation. stimulation.
j) |
Lateral . 2 24
Posterior a2 29

MDUCOXCL—E, 3 E
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Averace Effects obtained by Exciting Columns on Opposite Side to Section.

Minimal Maximal
stimulation, stimulation.
_I e i
Latersl . . . . .| 74 , 183 |
Posterior . . . . G2 i

From this table it will be seen that the electrical effects observed in the dorsal
region are profoundly modified by an intervening hemisection of the cord. With an
excitation of minimal intensity, the application of the stimulus to the ecolumns
at the dorsal end situated on the side of the section evokes little or no electrieal
effect in the Jumbar region. The interruption of the directly continuous fibres by
the hemisection has thus reduced the effect to such an extent, that in two Cats it was
completely abolished, and only present in one.

With the same minimal intensity of stimulus, excitation of the posterior column
evoked no effeet at all, except in one instance ; the interruption in the fibres of this
column thus abolishes the electrical effect.

With & minimal stimulus, therefore, the electrical effect in the lumbar region
obtained by excitation of the columns in the dorsal region is dependent upon an
unbroken GGIIHIHI'LL}-' in the fibres {,It!!‘«{'-l!]"ll:].iﬁg :L!nu;_{ the same side as the excited
columun, It is thus clear, that not only are the stimulating induetion currents which
traverse the excited end of the exposed column confined to that side of the cord, but,
in addition, that the nerve impulses generated by this stimulus travel down that side,
since 1t is the arrival of the nerve impulses at the lumbar end of the tract which
produces the electrical effect and this is practically abolished by the interruption
oftered by the hemisection.

Whilst the experiments thus furnish strong evidence against any direct and con-
tinuous tract of nerve fibres passing from one side of the cord to the other, the
presence of effects on the two sides of the cord, when evoked by more intense stimuli,
shows that the interruption of hemisection is not a complete block. With inereasing
intensity it will be noticed that excitation of both lateral and posterior columns on
the side of section evoke electrical effects in the cord below. These must be due to
the passage of nerve impulses from the excited area along paths which are in relation
with cells, i.e.,, indirect, since these are the only known channels across the cord.
These impulses may discharge, in a reflex manner, the cellular energy of both sides
of the cord, the opposite side in a much less degree than the same side; a crossed
electrical change would then indicate the sum of the nerve impulses evoked in the
opposite side by a discharge of nerve cells. Similar effects would, however, be
obtained if, without any reflex influence being present, an indirect path crossed from
the columns of one side to a eolumn of fibres on the opposite side. Both agencies may
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be presumed to operate in these cases, though the results of the experimental observa-
tions set forth in the succeeding chapters all favour the supposition that the fibres
which form the indirect crossed path are almost entirely derived from the posterior
column, whilst the internunecial fibres, by which the snecessive segmental groups of cells
are associated with one another, are mainly confined to the lateral column. It will be
observed that the crossed effect is only } to } of the divect effect evoked by stimulation
of the side opposite to the lesion ; hence either the nerve impulses, of which the effect
is the index, are either greatly reduced in quantity by their passage through the grey
matter, or comparatively few nerve impulses take this erossed path.

Finally, as regards the effects in the side opposite to the lesion, it will be noticed
that, r;{;rlul:-m'ing the relative wvalue of the two effects, dvue to excitation of the
posterior column is now less than that of the lateral eolumn. This is probably due
to the necessary exposure of the columns at the 12th dorsal vertebra acting injuriously
upon the exci.tahiiit}' and l:ﬂllthl{:ti'l."ll:," of the exp:n-;ud but otherwise uninjured
posterior column not included in the section.

A glance at the full details of experiments 351 and 371 will show (see table,
Section 6 (b)), that the same relation was present in most cases before the hemisection
was made ; the subject will be referred to in more detail in the next paragraph, which
deals with the result of section and injury to the posterior columns.

B. Dhifluence of Section of Posterior Colunins.

The influence of the section of both posterior columns in the lower dorsal region
upon the electrical effeet evoked in the lumbar region, and thus upon descending
nerve impulses, is shown by the following experiment :—

The cord was divided in a Cat (357) at the 9th dorsal and at the 2nd lumbaz
vertebra, it was prepared for excitation at the former region, for attachment to the
galvanometric electrodes at the latter. The cord was then also exposed at the 11th
dorsal vertebra, and, before any operative lesion, an l,-xlwrllﬁi?nl, of the eustomary kind
was made. The excitation, with stimulus 500 of' the two laterals, gave deflections of
30 and 65, average, 47 ; that of the two posteriors gave 130 and 130, average, 140,
After division of both posterior columns at the 11th dorsal, similar excitation of the
lateral columns evoked effects of 60 and 105, average, 8§2,* whilst that of either
posterior column evoked no effect whatever; unfortunately, the effects evoked by
stronger stimuli were not observed.

The interruption, therefore, as regards the posterior columns was complete with
this intensity of stimulus, and hence all nerve impulses generated by such ““ minimal ”
excitation of either column in the dorsal region are propagated to the lumbar region

* It will be seen that the average effect obtained due to excitation of the lateral columns after section
of the posterior columns is increased. A similar exaltation occurs in the experiments detailed in
Chapter IX., Section 7, €, where the causation of the phenomenon is discussed.

J R 2
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along fibres which do not pass out of these columus, and a strict localisation of nerve
impulses is with this intensity of stimulus possible,

The posterior columns are particularly suseeptible to injury, since they are especially
exposed to danger of 1h‘j.'illg, &e., in the preparation of the cord. This circumstance
must be always kept in view when experiments inveolving an intervening exposure of
the cord are made, We were much puzzled by the result of two experiments in
which, after dividing the cord in the dorsal and lumbar regions, we had exposed a
portion of the experimental tract in the intervening pact, about the 12th dorsal, for
subsequent operative lesion.  The following results were obtained :—

Diorsal eord excited. | Linvmbar cord abserved.
' Stimulus, Lieft. Right.
Observed | Excited | | i
| end, | wend. ‘
| Lt Post. | Lant. Post.
- |
Cat (316) | 2nd lumbar | Sth dorsal i, L | 31 103 | 28
| L. 180 | 130« | g5 |
M. 165 | G 93 | 115
Cat (371) | 1st lumbar | 9th dorsal [ min. 145 | 112 140 l 124 [
i, 132 HE 144 104 |
[ max. 170 L0 240 182 |
| max. 280 | 145 193 | 195 |
[ max. 142 | 179 155 205
| muin. | g2 | 48 i S0
I General |average . . 153 | 106 141 117

In these cases therefore all lateral column effects average with minimal stimulus
111, with maximal 166 ; whilst all posterior eolumn effects average with minimal
stimulus 70, with maximal 145. Tt is seen that these results are exceptions to the
general rule (see p. 3835) of the effect from the posterior being in the Cat larger than
that from the lateral. That this was really due to the prolonged exposure at the
12th dorsal injuriously affecting the posterior columns is shown by the fact that such
exceptional results were only obtained when an intervening portion had been thus
exposed. If IH'D|unnrc<1 exposure is avoided by performing the necessary oper: ation
mmediately before the desired intervening lesions are to ln. made no such lowering
of the amount of the posterior column effect is observed. . In this relation it is
possible to explain the comparatively small posterior column effect (see p. 385} of the
Monkey as in some measure due to a loss of excitability in these columns, which
seem to be much more susceptible than the laterals (CHAUVEAU).

Tafluence of Section of one Posterior Column.—It is possible to interrupt one
column only, and thus to obtain conclusive evidence of the extent to which the
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electrical effects evoked I_]-“f its stimulation are due to the pl‘n]‘:ﬂ{_ﬁmtiun of impulscs
along fibres which are confined to the column.

This lesion was effected in three Cats on the left side, the results are seen in the
following table :—

Erectrican. Effect obtained in the Lumbar Cord by Execitation of Columns in the
Dworsal Region after intervening Section of Left Posterior Column.

f Left. Right. |
Stimulas,
| Laat. Post. Lat. I Post.
| el e
Cat (357) | 2nd lumbar | 10th dorsal SO0 min. (i 12 £ 45
.  min. 70 14 120 | 70 |
Cat (371) | lst lumbar Pth dprsal 250 min. =G ] 89 | a4 [
SO0 min. 115 i 145 Hio
100 max. 193 45 120 170
v INAX. 169 26 146 130
Cat (378) 500 min. 59 3 75 26
L0 max. 144 a4 131 193

AvErage Effect obtained from Side of Section.

Minimal
stimulation.

P | R =il
Posterior . . . . L
|

Maximal
stimulation.
170

E
niad

AvEeErace of Effect obtained from Side O|l|mite Section.

Minimal
stimulation.

7% g Y e 1k
Posterior . . . . al

Maximal
stimulation,

-
o

154

It will be noticed that with minimal stimulation the interruption occasioned h}f the
unilateral section is almost complete ; hence we conclude that—-
(@) The stimulation must be localised to the column on which the electrodes are

|}|a<'.m| 5

(b.) The electrical effect in the lumbar cord, following excitation of one posterior
column, must be due to perve impulses proceeding down channels confined to that

column ;
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(¢.) No tract of fibres in other eolumns can have direct and continuous connections
with the fibres in one |m:-=h=t"mr column.

With maximal intensity of stimulation the interruption is sufficient to lower the
posterior effect in the proportion of 164 (that of the uninjured posterior) to 35, that
is, 80 per cent. The effect still obtained, in spite of the interruption, must be due to
indirect paths which come into relation with cells ; these paths may partly eross or
be continuous with fibres contained in the uninterrupted lateral eolumns on the side
of the lesion. The next experiment to be detailed (C) will throw some light upon
this point.

C. Influence of Section of both Pesterior Columais and one Lateral.

By making a hemisection and then dividing the remaining posterior column, a lesion
is made (MIESCHER) in which the only intact fibres in the cord are those of one lateral
column, one anterior column, and the fibres in one half of the grey matter.

Such a lesion was made in two animals at the 12th dorsal vertebra, with the
following result on the electrical changes in the Iumbar cord,

HemizeerioNn on the right side and section of the left posterior column.

Lieft, Right.
Cord | Clopd T e
ohserved. | excited. | Htimulga.
| Lat. ‘ 1*ost. Tt Post. -
Cat (357) . . 2nd lumbar | 9th dersal Ak min. HLL I o | { 0
. 7o | 0 ¥ ]
Cat (351) . .| 3rd lombar 7th dorsal 2000 max, 14D 32 | 11 16
135 |
|
125 [

It will be seen that with a “ minimal” stimulus no electrical effect was evoked
except by excitation of that lateral column (left) which remained intact. Hence, the
lateral column minimal effect is as strictly localised to its contained fibres as that
of the posterior column, and the presumption is that it contains no fibves which
are directly continuous with those which form at the level of the 9th dorsal the
other lateral and the two posterior columns,

On the other hand, with a maximal stimulus, excitation of each column evokes an
effect, which is, however, much less pronounced than that obtained by the excitation
of the uninterrupted lateral. It will be noticed that the posterior column on the
side of the uninterrupted lateral gives far the most marked of these effects. If the
effects are taken to mean that there exist indirect channels by which nerve impulses
may pass from the fibres of any excited interrupted column into those of the uninter-
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rupted lateral, then the preponderance of the effect evoked by the left posterior
column would show that such indirect communication between the fibres in the
posterior column and those in the lateral consists chiefly of posterior eolumn fibres,
which do not eross the cord. It may indeed be doubted whether the small effects
evoked by excitation of the lateral and posterior columns of the side opposite the
uninterrupted lateral are any evidence of veritable erossing nerve impulses, since 1t is
probable, that with the strength of stimulus used (2000), the excitation of any
column may cause reflex discharges from the eells in the grey matter of the upper
dorsal portion of the cord, and the effect transmitted by the uninterrupted lateral
would therefore be due to spread of the awakened activity involving the cells which
are connected with its own internuncial fibres, and which thus send forth nerve
impulses to be transmitted down the uninterrupted channels.

However this may be, there is no indication by this electrical method of any large
indirect crossed path, in connection with the lateral column, of fibres such as would
conduct nerve impulses downwards from the dorsal to the lumbar cord. The interest
which attaches to this negative result hangs upon the presumed connection of the
lateral® tract with nerve fibres on both sides, and upon the circumstance that it
forms the first of a series of results all pointing conclusively in the same direction,
which will be set forth in Chapters 1X, and X,

(2.) Electrical Effects Evoked in the Dorsal Cord by Excitation of the Lumbar
Cord, after intervening Sections.

A. Influence of Hemisection.

Since the characters of the normal electrical effects in the eord are not the same
when the nerve impulses are ascending, t.e., evoked by excitation of the lumbar
region, as when descending, i.e., evoked by excitation of the dorsal region, it is not
surprising that the influence of intervening lesions upon the former group of effects
should differ from the influence already described upon the latter group.

The influence of hemisection upon ascending changes was studied in two animals
(Cats), one with minimal, the other with maximal stimuli, the experimental tract
being situated as shown in the following table, and the hemisection made on the left
side at the level of the 13th dorsal and 10th-11th dorsal vertebrae respectively.

* MigscHEE, ‘ Arbeiten aus dem Physiologischen Institut in Leipzig,’ von C. Lunwis ; WoroscHILOFF, ibid.
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IxTERVENING Hemiseetion on the Left Side.

Laaft. Raght.
Cord cut for | Cord ent for s ;
k = S =timulos.
ohsoervation, excitatiomn,
Lt Pasat. Lat. Post.

Clat (375) sth dorsal Ml lnmbar Sl = i =i A
Cat (355) < - 1 (MR il L 105 | =
! ] 26 LG £l

] A0 120 L3

“ Minimal " Stimulation.—1In the first Cat (375) the “minimal ” stimulation in the
lumbar region of the lateral and posterior eolumns on the side of the section evoked
no appreciable effect in the dorsal region, the negative result thus confirming our
Iu'cvinus conclusion, that the direct fibres in these columns are l.‘u:ll!lllt‘.h.‘]_‘gr' confined
to one side of the cord. This, it may be pointed out, is sirictly in accordance with
the present state of minute anatomical knowledge, as obtained by the study of the
degeneration and developmental histologieal changes.

Average of Effects with Maximal Stimulation.— With the maximal stimulus, no effect
was evoked by the stimulation of the lateral column on the side of the interruption.
This contrasts with the fact that when the nerve impulses are propagated down the
cord, as in the p].‘f,n—'iml:ﬁ]"l.' deszeribed experiments, such stimulation evoked .'_1pprt';t:iﬂh1u
effects.

The remaining columns gave average effects of

44 for the pustm‘inr column on the side of the section,
110 ,, lateral 3 = opposite to the seetion,
87 ,,  posterior on the opposite side.

The posterior column thus contains indivect fibres which come into relation with
cells, but through these with fibres in the column on the opposite side of the cord, and
this connection is such, that apparently it offers less resistance to the passage of
ascending or afferent impulses than it does to that of descending ones, or possibly
special facilities exist for the discharge of cells in response to impulses ascending in
the posterior column,

B. Influence of Section of Posterior Colwmns.

The influence of the section of hoth posterior columns upon the effect evoked by
excitation of the lumbar cord was studied in the case of such lesions made upon three
animals (Cats), in two of which the section was carried out at the time of experiment
at the level of the 12th dorsal, whilst in the third it was done 28 days before at the
level of the 10th dorsal vertebra. The results are displayed in the following table :—
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SectioN of both Posterior Clolumns.

| | . ' ' Left. Right.
Cord eut for | Cord ent for @y ; ; | 120 B
e ] AR | Stimulas.

| obaervation. | execitation. '
| l Lat. | Post. Liat. Post.
| (| [ | * L
| Cat (256) | Sth dorsal | $rd lombar | B a0 i 45 1a
1000 max. 240 | i 10 | 105
Cat (197) | 11th dorsal | 4th lnmbar 2004 (123 i ] | 32 a5

| 1

PreEvious Operation, Division of both Posterior Columns,

Cord cut for | Cord ent for Siing el Ii"ll_t' : _'_ . _R_lnl't' 4 ‘
observation. | excitation, i |
Iat. | Posk. Lat. Post. i
Cat (251)*| Gth dorsal | 2od lombar 1000 fis 1] Al 10 l
i, bt a2 10 i [
max. (less bl 20 a6 28 |
ether)

The differences between the results obtained from sections made at the time and
beforehand, are perhaps those involved by the necessity in the latter case of using a
slightly stronger stimulus. And since the different column effects ave similar in both
cases, the massed average of both lateral and both posterior effects evoked with the
minimal and maximal stimulus vespectively may be taken from ali three animals.

‘ffect evoked by lateral columns,

Minimal exeitation, 55 ; maximal exeitation, 136,
Effect evoked h}' |:t:|3l.m'1ur columns.

Minimal exeitation, 4 : maximal execitation, 46.

It will be seen on looking at these averages, that with minimal excitation the
posterior eolumn effect practically disappears as the consequence of the interruption
produced by the section ; thus the view as to the localisation of both stimulus and
cenerated impulse to these columus is true of afferent as of efferent impulses, when
the former is sufficiently weak.

With a relatively more intense stimulus (or with the animal less etherised), this
localisation of the effect does not oeccur ; the excitation of the lower and posterior
columns now evokes effects above the interruption, the average amount of which is as
much as one-third that produced by the stimulation of the laterals, that is to say,

* Far fall -.h.-.lu,::l'fl'r!ium of this animal as r{'gmﬂﬁ itz condition ﬂlll'ilig life and the ;:Irr:i! moriem appear-
ances of the cord, see p, 439,
MDCUCXCI.—E. 3 F
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there ave indivect fibres in the posterior coluomns which are not interrupted, and
which conneet these through cells with the lateral eolumns, This we have already
seen in the ease of the lateral column exelusion experiment (see p. 398), to be also true
for efferent i1|J[I1I|Ht‘H. henee each |u-5i<'|"|ur column is indirectly connected with the
lateral of its own side.

We now pass to the experiments made in similar preparations on one posterior
{"lli'l.l!llll l']ll_}'.

Influence of Section of one Posterior Colwmn.—Our experiments upon this point
were made on two animals, but in each ease with a strength of stimulus which was not
minimal, since, although in one animal the absolute intensity of the exciting currents was
that generally used for minimal stimulation (500), yet the l}l'(tp:‘:l'ﬂt-im! was in a hyper-
excitable state owing apparvently to the lumbar section having hit the entrance of a
|:umlﬂriul‘ root. That the Inl‘t‘*p:l:‘utinll {(;':Lt 3?."}} Wils ]L:,-'Iml'exf-ll;ll}hs at the moment
when the intervening section was to be made, is shown by the fact that with this
weak intensity of stimulus the excitation of the lateral columns gave deflections of
166G and 285, and that of the posteriors of 168 and 202, We endeavoured to lower
the excitability by more profound etherisation, but the results evidently belong to that
class which have been considered as evoked by maximal stimuli. The true effect of
minimal excitation was not, therefore, observed. The left posterior columun was divided
in both animals at the level of the 11th dorsal vertebra.

Erecrrican Effect obtained in the Dorsal Cord by Exeitation of Columns in the
Lumbar Region after intervening Section of the Left Posterior Column.

1 I
Cord eut for | Cord ent for Left. ng]l't'
observation | excitation Stimulns, |— —
= i Lat. ‘ Post. Liat. Post.
| e o N =
Cat (375) .| 9th dorsal | 2nd lumbar | 500 max. 108 26 | 115 a8
Cat (197) .| 11th dorsal | 4th lumbar | 2000 max, 70 45 20 205
1 |
Average effect evoked by excitation of the
(1 S lserternd eol e =t fa e i S s WG SURIE o Rl T
(2) Posterior columns on sule of lesion . . . . . . 37
{:3} Posterior columns on side i_}|'npr)5it{r lesion: < ., & . I3l

The interruption in the left posterior column thus did not abolish, but only redueed,
the electrical effect PI‘(‘-HEIII} in the dorsal cord above the intm'ruptinn, when the column
was m:‘ixiln:lli}' stimulated below in the lumbar rcginn, The amount of the reduced
effect is one quarter of that which ecan be evoked by maximal stimulation of the
apposite uninterrupted posterior column. The existence of even a reduced effect is
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presumably due to nerve impulses proceeding up channels which are composed of fibres
starting below the section in the posterior column, but brought, by the intervention of
cells, into relation with fibres contained in the lateral column of the same side, and in
the posterior of the opposite side.

An instructive experiment bearing upon this subject remains to be detailed. We
divided the posterior roots of the 5th, 6th, 7th lumbar, and lst and 2nd sacral
nerves on the left side. After twenty-one days the animal (Cat 227)% was used for
experiments on the cord. These were of the same kind as the previous ones, the
cord being divided in the dorsal and lumbar regions, and the experimental tract
prepared for attachment to the galvanometric electrodes at its dorsal end and for
stimulation at its lnmbar. The excitatory electrical effects obtained with excitation
of the different columns are given in the following table,

Division of Left Posterior Roots of Sciatic Nerve.

= e P ——
‘ Cord eut for | Cord ent for Left. | Right.
observation | excitation =timulus. — |[————
at ab | Lat. Post. Liat. | Post.
- — — — o — - | o — e — P e — e — -| - — I
Cat (227). .| 10th dorsal | 3vd lumbar [LLE 82 (i l 7l 105 |
| 125 71 [ 145 205 |
| 4 | 61 |
| 30 | &5 |
I | - |
Average effect obtained by exciting both lateral colomns . . . . . 106

j\vf:ragc. effect obtaimned ].,}; exel I,ing ]mslurinr column on side of lesion 59
Average effect obtained by exciting posterior column on opposite side
O EL T L | e e e G R T e S R g ]

It is elear, therefore, that the result of the division of the root was to reduce the
posterior column effect on the side of the lesion, the diminution of effect amounting
to about a third of what must be considered its full value, since the posterior column
effect on the side opposite the lesion is probably lower than it would be in the normal
animal,

If, therefore, the stimulus had been of sufficient intensity to evoke impulses trans-
mitted by divect fibres only, then this diminution would mean that a third of these
direct fibres had degenerated in consequence of the section. The stimulus, however,
WS L"l.'{lieut.h' too strong to be classed as “ minimal,” and all the effects must be con-
Eil’IEI'Hd = i[lﬂ[’ﬂ'&lﬁ[‘{i I]"p t]'l.l'! :llﬂ:lﬂiﬂif"t H{r illl].llll:ﬁf_‘ﬂ- I]I'l'll._.’l.'{"l]i'll:_"; uj:l illlli]".LL:l Illllllﬂ.
Hence, the u_\']mrimt—'nt:ﬂ results sugorest that from the total number of direct and
indirect fibres uniting the lumbar region of the left posterior column with the dorsal

# For full deseription of this animal see p. 46,

dF 2
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recion, the seetion of the pu:-:h‘l'im' roots has withdrawn from active service a pro-
portion equivalent to about one-third. and rendered them incapable of conducting
illl]'ﬂ]!H{"H,

It is conceivable that the eells in the posterior horn, which, in some animals,* are
in relation with the |1-u.'-tlvrim‘ root fibres, may have their functional :'H'.I'n'il:n.' illqr:lil‘ml
by the section and consequent degenerative changes, and that a small part of the
diminution may be due to the withdrawal of impulses possibly generated in them,
(See Chapter X1.)

B f”:;hfrmwr of Sect 100 of both Posteirtor Columns and one Lateral,

[n order to aseertain to what extent :1s¢ulldii]g i|||1|11|:-'.1:5 started h_!.-' lumbar exeita-
tion of the lateral column arve interrupted by its section, a similar experiment to that
described with descending impulses was carried out.  An intervening hemisection on
the left side and a further division of the posterior column on the right side were
made ; there remained only the lateral of one side, the contiguous grey matter, and
the anterior columns to bridge across the interruption (Miescner).

The cord was prepared and exeited as in all the previous experiments, two strengths
of stimulus being used, both more than “ minimal.”

Cord eat for | Cord eut forr Let. | Right.
observation | excitation Stimnlus,
at atb I Lat. |  TPost. Lint. Most.
Cat (355) | Sth dorsal | 2nd lumbar 1000 | | 0 1o |19
| 2000 | iy | | 1) 220 40
: |

— e ——— e ——

It is evident from this experiment that (1) the excitation of the uminterrupted
lateral colunin of the right side alone produces a marked effect ; (2) that the excita-
tion of the posterior columns can evoke effects in spite of the interruption in the lateral ;
(3) that efteets can be obtained from the posterior column of the same side with an
intensity of stimulus which is not effectual in the case of that of the opposite side ;
(4) that even with the strongest intensity of stimulus used, excitation of the inter-
rupted left lateral column evokes no result. We may, therefore, infer that afferent
tracts in the cord lying in one lateral column are brought into relation with the
posterior but not lateral column of the other side. The importance of this result will
be realised if it be remembered that it has been concluded from the result of physiolo-
gical experiments (W OROSCHILOFF, &e.), to be detailed in the next chapter (p. 419), that
the majority of sensory fibres entering the cord pass into the lateral column of the
opposite side, the remainder continuing in the lateral column of the side on which

* See FrREUD's paper on the cells in Pq’.'l'i“u:ril:'.':l'.'rrl.



ON THE MAMMALIAN NERVOUS SYSTEM. 405

they enter. It has been shown by the present experiments that, as far as the
nerve impulses aroused hy electrical excitation of nerve fibres in the cord are con-
cerned, no such extensive crossing oceurs in the dorsal or lumbar regions; and the
experiments in Chapters IX. and X., on the relation of the cord to the lumbar nerves,
show that no such extensive erossing into the opposite lateral column oceurs when the
impulses are generated in the entering nerves themselves,

It is diflicult to perform a satisfactory experiment on the influence of section of one
lateral column, since the extensive lesion alters the excitability of the posterior column
of the same side, and this interferes with the sharpness of the results. To avoid this
we made the experiment upon an animal (Cat 259)* in which thirty-four days pre-
viously the lateral column had been severed on the left side at the level of the 10th
dorsal vertebra. The cord was then divided and prepared in the dorsal and lumbar
regions, and the following results obtained :—-

| H I H Vv
Cord ent for | Cord ent for | Left. [ Right.
| | observation excitabion Stimulns, | |
! i ak | Lat. | Post. | Lat. | Posb. |
| —. .....
| Cat (259) | 4th dorsal | 1st lumbar | 1000 0 7 (e gy S| g |
. | l Trace il | a7 73
Average of lateral on side of section. . . . . Trace,
Average of lateral opposite to section iy 57,
Average of posterior columns . . . . . . . al.

The lateral column interruption with this intensity of stimulus, which from the
inexecitable condition of the cord was practically minimal, is thus sufficient to abso-
lutely block any transmission upwards of nerve impulses generated in those fibres of
that column which lie below in the excited lumbar region.

¥ In this animal, just before the experiment, it was found that there was spastic paralysis in the left
hind limb with diminished sensibility. The koee jerks were equal and normally present. On micro-
scopical examination the lesion was found to have destroyed the lateral column of the left side, the
outer portion of the anterior column, and the dorsal two-fifths of the posterior cclumn ; while, on the
right side, a portion of the pestevior medinn was injured.  Of descending degeneration there was
noted the pnuh.—l'im' thivd of the left lateral and the median }mrti-m of the left anterior column, OF
ascending  degeneration a section at the 5th dosal showed degeneration in both postero-median
columns, extensive on the left side, but only few fibres in the centre of the right column.  Left cerebellar:
and antero-lateral tracis degenerated.
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SECTION 10.—SuMMaARrRY oF REsvLTs.

It will be well now to express the general conelusions founded upon a eomparison
of all these experiments, especially those involving the influence of intervening sections
upon the eord electrical effects.

[. If a portion of cord be severed by a dorsal and lumbar section from its eonnee-
tions above and below, then stimulation of either lateral or posterior column at one
end evokes electrieal effects at the other, which are r_]clu:utlunl for their amount on
the uninterrupted structural continnity of fibres in the particular eolumn excited ;
and the electrical changes are thus the index of the arrival at one end, of nerve
impulses generated at the other, and propagated mainly along the fibres in each
column.

I1. If the stimulus used be minimal, then the int(:]'l"uiitiun due to the section is in
every case sufficient to practically abolish the effect ; hence, with this stimulus, the
nerve impulses aroused by loealized stimulation of fibres, which are exposed in the
section, are entively confined to the particular column exeited. This is true, whether
the stimulus be central or peripheral to the ohserved region, that is, whether the
i“llﬂ‘ll:ﬂ.’ﬁ alre ilHi‘l!tl{]]tlg or ill:hi_'f’.ll{llllf__f",

I1I. If the stimulus be maximal, then a gi'ﬁil.”:,.’ reduced effect i1s still obtained, in
spite of the interruption.  This effect is due to nerve impulses, which must at some
period be conducted along indivect fibres outside the excited column. Its average
amount varies in the different columns. These amounts may be arranged in series as
shown in the following table, in which the nature of the exeitation and of the inter-
ruption is noted, and the average effect evoked by maximal stimulation is given.

Character of

3 5% Colomn excited, Column interrnpted, Effect.
impulses. I
| | Section of same posterior . . . . . | 52
| | Section of both posteriors . . . . . 46

Hemisection snme side . . 44
Section of both posteriors .y,ml |n\t.01 |.]
of opposite side . . . . . . . 40

Ascending .| Lumbar end of cut posterior . <
|
L :
Section of same posterior . . 35 |
| rl}urml end of cut posterior heﬂtmu e s QFFQE'LE ’ |

R lateral . . . . o~ 8 32
Descending . |4 Hl_rmsl_chnn HAITIE sulu il AR 29 |

| Hemisection same side . . 23

Section of both posteriors lml IEL(‘I'.I.l
| of pamesidad D N e L 19 {

Ditto . . 16

| 1 Dorsal end of cut lateral
Ascending .|  Luombar end of cut posterior .

Dorgal end of cut posterior
Deseending . =ection of hul b pw-’t.l.lli.lnhlllﬂ hﬂ'ml l:r'

Dorsal end of ent lateral I
| same side . . . e Sel S 11 ‘

Hemizection same z-ll].i NS L
Hemigection same side and see hun u-l'
| I:uslumr of opposite gide . . . . . L
Section of lateral same gide . . . . L

Azcending .| Luombar end of cut lateral .

e —- —— T
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IV. The table just given indicates that the indirect path along which impulses are
conducted from the excited end is not confined to the column, and suggests that the
size of the effect evoked indicates the amount of indirect connection H]t'uu{:h cells with
other columns.

V. The magnitude of the indirect effect evoked is greatest in the case of the
lumbar excitation of the posterior columns ; the afferent indirect connections leading
upwards from this eolumn ave, therefore, either very numerous or offer little resistance,
and spread largely into other regions.

VI. The efiect is still comparatively large when evoked by dorsal exeitation of the
inl,n:':l'l'ul}tetl Posteriur column.  There are, thevefore, indivect connections h':cu]ing
downwards towards the periphery, possibly the same to some extent as those just
mentioned in V., but either less numerous or offering more resistance, or spreading to
a less extent into other J‘eginlm.

VII. The excitation of the dorsal end of the interrupted lateral eolumn evokes
electrical effects, hence indirect connections are thereby suggested spreading from the
lateral column downwards into other regions; these, however, are less numerous or
offer more resistance than those mentioned in VL.

VIII. The excitation of the lumbar end of the interrupted lateral columm evokes
no effect, hence all the channels in this column, by which impulses could pass
upwards, are absolutely confined to the column.

IX. The striking feature of the preceding conclusions is that the connections of
the fibres of the posterior columns are framed on a different plan from those of the
laterals. The posterior column fibres spread into other columns both as they ascend
and to a less degree as the_'-,r descend ; the lateral fibres, however, 3|l-l'{*:l.-:1 into other
columns particularly as they deseend. The posterior columns offer thus special
facilities for conyeyance and distribution of afferent impulses; the lateral special
facilities for the conveyance and distribution of efferent impulses.

It will be remarked that the conclusions just suggested as to the relations of the
columns are in accordance with the views of Scmirr, “ die Hinterstriinge bis ins Hirn
hinein bilden die Legislative, die Tiirck'schen Biindel erwecken die Exekutive.”

In conelusion, we draw attention to the general indications as to the structure of
the cord which the whole of these experiments imply.

Sinee the electrical effect obtained by the “ minimal ” stimulation of the cut end of
one column is apparently due to the excitation of the direct fibres in that column
only, the average amounts obtained in the case of the different columns is related
to the excitability and number of the fibres contained. As regards the excitability
of the direct fibres in different columns, there is no reason for supposing that these
direct fibres, which have no connection with cells between the two ends of the experi-
mental tract, are in any marked degree more excitable in one column than in another,
The amount of the “ minimal * effect must therefore depend upon the number of fibres



408 MESSRS, F. GOTCH AND V., HORSLEY

excited, and a comparizson of the amounts in the two columns would thus give a
rungh estimate of their 1'Hlll}i:lrrlli‘r+‘ number,

In the Cat the effects up and down evoked by the minimal excitation of the
|rE‘|HtE'I‘iL1t' column arve 92 and 74, that 1s an averase of 83 ; those .‘-ii|||i]';|.|'|"l,' evoked |}:-r
minimal excitation of the lateral eolumn ave 42 and 55, gi\'lng an average of 48.
Henee we infer that the direct fibres in the Cat between the dorsal and Iambar
regions are ||f::u']_'!,r twice as numerous in the posterior as in the lateral columns. In
the Monkey similar averages are 31 for the posterior and 75 for the lateral ; hence in
this amimal we infer that the direct fibres arve at least twiee as numerous in the lateral
as in the posterior column.

“minimal " exeitation of the anterior columns at one end of the
experimental tract evokes a doubtful effect at the other end, and we infer that there

In both animals

are few, if any, directly continuouns fibres leading in these colunns between the mid-
dorsal and the lumbar I':*ginnﬁ. Indeed, the cord may be divided in its anterior
region® without in any way interfering with the production of electrieal effects, either
on the peripheral or central side of the division. Further, the application of more
intense stimulation to the anterior columns although producing local movements evokes

no constant electrical effects, the only results ever obtained being either with the use of

considerable intensity of stimulation or with the animal but very Hli;_-;]tl,iy etherised.
In these last eases, the magnitude of the local movements renders any strict localisa-
tion of the stimulus upon the Jeupl_‘;—' situated anterior columns illl]:'.ID.‘-Z«!‘i-i]:.llﬂ ;oany results
obtained under such eircumstanees we therefore rejected as absolutely untrostworthy.

[t must be borne in mind that in all the preceding experiments a degree of

anwesthesia was used, with which no violent movements were eaused by any of the
stimuli employed. How far the relations of one column to another can be detected in
the unanmesthetised animal h‘}r the umplu winent, of similar methods to those now used,
does not seem to us a :|11E:-1l,iun likely to yield fruitful results by its ut-h:n:lpi.ml
solution. The nervous impulses generated by the direct stimulation of fibres arve
undoubtedly far more intense in their character than those which form the flow of the
sensory and motor processes in the normal animal.  This is especially true when the
fibres in the pustﬂriur roots and the cord are subjected to external stimulation, possibly
because some mitigating influence of the eells in the posterior root ganglion is removed.
Hence, when such external stimuli are used, it is desirable that these should be of the
weakest character consistent with obtaining definite results, and that the animal
should be in a state of narcosis suﬂ"i:;ieutl}r Ilr::rul1tltl not merely to cause complete
insensibility to pain, but the abolition of all viclent reflex movements.

The conclusions as to the conduction of nerve impulses in the cord of the Cat and
Monkey, to which the study of the foregoing experimental details has brought us, are

only true when these impulses are generated in the mode hitherto employed, viz., that of

® These experiments will be published in detail in a later communication in which we shall specially

deal with the anterior colnmns.
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electrical excitation of the fibres of the cord itself. We have, however, used for the
sake of control, a method which did not involve such stimulation, that, namely, of inject-
ing a dose of a 1 per cent. solution of acetate of strychnia sufficient to ensure toxic effect.

Under those circumstances, whether the upper or lower end of the experimental
tract is connected with the galvanometer, marked electrieal changes, evidently
excitatory, are produced whenever by touching the afferent nerves of the experimental
tract a strychnia convulsion is evoked. Hence the impulses thus generated in the
cells of the cord pass both up and down along the nerve fibres. As to the channels
in which they pass, we can only say that since a section of the whole ventral or
anterior portion of each half of the cord did not sensibly diminish the amount of the
electrical changes, whilst a section of the whole dorsal or posterior portion of each
half of the cord did notably diminish the amount, it would seem that these channels
along which the discharge of the cells passes arve situated in the dorsal half of the
cord, that is, in the posterior or dorsal third of the lateral columns, the posterior
eolumns, and the posterior horns,

In another experiment of the same general kind, we divided the upper end of the
cord into two halves, dorsal and ventral, as deseribed in the method of 0] erative pro-
cedurve. (Chapter IIL, Seetion 2.) We then connected each half with the galvano-
meter electrodes, and observed the amount of the electrical changes in each during
strychnia spasms, The changes in the dorsal half were very much more marked than
thﬂﬂﬂ i_l]_ tl“} vent l_’H_E {Eil]tﬂ]‘iﬂl'} ]'Ii'l.lf.. t.]']'l.l!'_'.- nof U‘II]:F ‘:l_:l!lﬁ].’]ll;lfll‘_f_tf‘L onr II]'ﬂ‘l"iﬁtlH C-UI'I[:]II.EE'I s
that the nerve channels by which the impulses were condueted were situated in the
dorsal half of the cord, but also suggesting novel considerations as to the source and
direction of discharges of nerve energy in the cord. (See Chapter XI.)

This experiment being rather framed to control onr method than to ascertain
channels of discharge, must not however be considered as conclusive.

Finally, it will be noticed that we do not attempt to differentiate belween the
different columns of nerve fibres which arve situated in the lateral column, direct
cerebellar, antero-lateral, pyramidal, &e.

We will now pass on to consider the electrical changes evoked in the cord, not by
stimulation of its own fibres, but those of its nerves.

MDCOCKCL—I, 3 G
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CHAPTER IX.—0ON THE ELECTRICAL EFFECTS EVOEED IN THE SPINAL CORD BY
EXCITATION OF THE LUMBAR NERVES.

Section | —Introductory.

Section 2.—Resnlts of Preliminary l":xF:-i:r'i11Le=||I::~'.

Section 8.— Present Knowledee as to the Condaction of Afferent |I:II|'|11.|..~i|l*.~i. '|l11.' the E‘;El'dlll:l.l Cord.
Seetion 4.— Anatomy of the Lumbar Plexus in the Cat and Monkey.

Section 5. —Method invelving Intervening Sections.

=ection 6, —Inflmence of Hemigection.

Section 7,—=peetion of Posterior Columns.

A, Both Columns,

o

L Column same side as Nerve,

C. Column opposite side to Nerve.

D. Bection some time previous to observation.
Section 8. —Section of the Laters] Colummns.
Section 8, —Summary of Resalts,

Secrox 1. —IXTRODUCTORY.

The presence of excitatory processes in the bundles of nerve fibres which compose
the spinal cord is characterised, as the experiments detailed in the preceding section
have shown, by very definite electromotive changes. It is thus possible to extend
the field of enquiry which the estimation of the amount and character of these
changes has opened up, so as to embrace not merely the relations of the fibres in one
portion of the cord to those in another portion, but the relations of these to the
entering and issuing nerves. The importance of obtaining some definite data with
reference to these questions will be obvious when it is remembered that there is
hardly any subject in which the evidence is at once so conflicting and so unsatis-
factory as that of the paths by which afferent and efferent impulses travel from and
to their respective nerve roots, If the present method of observing the excitatory
electromotive effects is a trustworthy guide to the presence and amount of nerve
impulses in the particular region connected with the galvanometer or electrometer,
then there is every hope that its application in experiments, designed to show the
relations now referred to, will be one from which definite results may be expected.
How far this is borne out the following experimental details will indicate, but it may
be at once stated that the procedure has not helied its promise, and that, by applying
still more accurate and delicate methods of the same kind, there is every reason to
suppose that in the future results still more definite will be obtained, and that the
actual differentiation of the afferent from the efferent fibres in their course through the
bulbo-spinal system will thus be arrived at. In this manner another method will be
secured for research into the anatomy of the central nervous system.

We must aguin note that there are two considerations concerning the functional
causation of any excitatory process in the cord, that of pure conduction in fibres, and
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that involving the activity of the corpuscles. If; then, on exciting a mixed nerve it
be found that excitatory processes are present in a distant portion of the cord under
investization, these may be due to—

(1.) The propagation of these processes from the point of stimulation along direct
and continuous nerve fibres which pass into the cord and on through the investigated
region ;

(2.) To the reflex discharge of interposed ecells in the eord, brought about by the
arrival of excitatory processes which, having travelled up the nerves from the point
of stimulation, have entered upon paths ending in cells. These cells being thus
awakened, themselves start nerve impulses which travel on up the cord, and, reaching
the investigated area, produce the observed electrical effects ;

(3.) To the mixture of effects produced by impulses both in divect paths and the
indirect ones just described.

It must, therefore, be_borne in mind throughout the present research that these
different causes may be operating in the production of the electrical effects observed ;
hence, one of our first experimental enquiries was to endeavour as far as possible to
diseriminate between the effects referable to the direet fibres actllilll}' excited, and
those which were related but indivectly with these fibres, being primarily associated
with channels connecting the area of investigation with corpuscular mechanisms in the
cord.

This we have attempted to do by employing such a low intensity of stimulation as
should in any particular degree of narcosis be sufficient to evoke nerve impulses, as
evidenced by electrical changes, and, at the same time, not so intense as to arouse
any sign of reflex movement. The weak impulses thus generated in the excited nerve
presumably pass for the most part, iff not entively, along direct nerve fibres in the
cord which are not in relation with nerve cells before arriving at the region observed
(mid-dorsal) ; the evidence to be detailed later strengthens this presumption.

The subject matter now dealt with really comprises the whole question of the rela-
tion of the bulbo-spinal system to the lumbar nerves. It is obvious that this relation-
ship is one which may be discussed under three heads according to the particular part
of the nerve tract under observation.

First, the characters of the nerve impulses which pass along the channels of the
cord after entering it by its nerve roots ;

Second, the charvacters of the nerve impulses which, aroused by excitation of the
channels of the cord and passing out into its nerve roots, descend along fibres of
the mixed nerve ; .

Third, the characters of the nerve impulses which enter and leave the cord by
virtue of its so-called central structures and their varions connections,

Of these three groups, the first alone will be treated of in the present chapter, the
second and third being reserved for Chapters X. and XI. respectively.

I )
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SECTION 2. —GENERAL PLax Axp HREsvLTs oF PrRELIMINARY EXPERIMENTS.

The experiments to be referred to in this chapter were made upon both Monkeys
and Cats, and all involved the following operative procedure. The spinal cord of the
etherised animal was exposed in the lower dorsal region; it was then divided and
||1'{-|1:t1'1*1l on the pevipheral side of the section for 4 centims., so that the upper end of
this lower fragment of cord could be raised from its canal and attached to the cables
of the non-polarisable electrodes as deseribed in the previous sections. The galvano-
meter cireuit was then brought by one electrode into relation with the eross section
of the cord, h}' the other with a ring of hmgitullinul surface at about a centimetre
distance, (See Plate 29.)

The two sciatic nerves were now exposed and divided, so that they eould be raised
and the central end placed, when desired, upon a pair of platinum electrodes (see
p. 301 and fig. 3), precautions being observed in their preparation with respect to
maintenance of r:.iri.‘:llE.'lliu;rIl, llt'_‘l.'ing, &e., as indicated at ]engti; in {,'im]}ter I11.

It the large and persistent resting electrical difference between the eross section and
surface of the cord be balanced, and the galvanometer needle thus brought into its zero
position, then on exciting the central end of either sciatic nerve for 5 seconds with
the interrupted induction current (Helmholtz side-wire), an electrical change occurs in
the cord, the surface contact beeoming galvanometrieally negative to the cross section.

On the cessation of the excitation, the needle rapidly returns to its original point
and, in most cases, then continues 1o slowly move to a position upon the opposite side
of the zero, thus ilu]i:':tting that the excltﬁlm':!.' I]EHFI[;\.‘E‘. (_'h:t]lgc. ul:!y lasts as h}llg as
the excitation, but is succeeded h_}' i more l:iﬁtillg after-effect of o] lpﬁﬁitﬂ :-;ign. This
increase in the resting difference has been already alluded to in Chapter IV.  Errors
due to any electrical escape are mimimised by the nature of the excitation, and the
position of the galvanometer electrodes (see Chapter 1II., Section 4); moreover
convineing proof that the effect is truly an excitatory one is afforded by the following
tacts :—

(1.) A similar negative change occurs when, with the sciatic nerve uncut, the skin
over the foot is pinched with ivory or touched with a hot glass rod ;

(2.) A sudden change of small amount, but similar in sign, is produced when the
nerve is mechanically excited by a ligature, cut, &e. ;

(3.) Very pronounced effects of similar sign occur when, after injection of a few
drops of a 1 per cent. solution of strychnia acetate, the nerves connected with the
lower part of the cord are mechanically excited.

The electrical change in the cord is thus excitatory, and its resemblance to that in
nerve warrants the presumption (see p. 277) that it is due to the passage of excitatory
impulses along nerve fibres present in that portion of the cord with which the
galvanometer is connected.
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Etherisation.

These nerve impulses may, as before stated, have two direct sources of origin,
namely, the excited mixed nerve or the grey matter in the cord, which the arrival of
afferent impulses may have thrown into functional activity. They may be conducted
along direct fibres from the lumbar nerves to the dorsal cord or to central mechanisms,
and from these either along continuous fibres to the area observed or along short
internuncial fibres to other cellular mechanisms, and so again toothers and thus inally
reach the area.

That the change is due to the presence in varying degrees of all these three factors
is extremely probable from anatomiecal considerations, since GAULE® has shown that
the number of fibres in the Frog’s cord can be satisfied by such a triple arrangement.
It is, moreover, clear, from the influence of profound etherisation upon the electrical
change, that, when an adequate strength of stimulus is employed, the galvanometrie
effect varies in amount with the pronounced or slight character of the visible reflex
effect. This has been already referred to (p. 372), but its importance in connection
with the subject of this section warrants the introduction of some experimental
details. We therefore give as examples the following :—In one case, on exciting
the sciatic of a profoundly etherised animal (Cat) with a weak but adequate
stimulus for 5 seconds, the galvanometric cord effect was 76 scale; the animal was
then less etherised and the effect was 220 scale.  On again deeply etherising the effect
with the same excitation sank to 130 ; upon the ether being then more or less removed,
the excitation produced an effect of 200; whilst on renewed profound etherisation
this was only 80. In all these cases very feeble reflexes or none were observed in
the profoundly etherised animal, but the reflexes were well marked when with less
narcosis the larger electrical changes were noted,

These differences evidently point clearly to the fact that the electrical change may
not only be that due to the transmitted nerve impulses up direct tracts, but also to
the presence of interposed cellular mechanisms and their susceptibility of response
to the arrival of afferent impulses. In Chapter III. we have discussed the value
of the use of ether as a means of discriminating between the functional activity of
fibres and of fibres plus cells, to that chapter we refer the reader, merely remarking
now that we must not lose sight of the fact that etherisation, especially when very
profound, may affect the nature of the excitatory processes in the nerve fibres them-
selves, as in the experiments made on the nerve of the Frog by Bienerysaxy with ether
vapour. The differences between effects obtained with unvarying intensity of stimulus
but different degrees of narcosis are practically the same as those obtained with
different strengths of excitation and unvarying but not too profound anesthesia,

# Gavre, * Abhandl. Math.-Physik. Classe d. Kgl. Sichs. Gesellsch. d. Wiss.,” 1889 (vol. 15, No. 1X_;
' Neurol. Centralblatt,” vol. 9, p. 3.
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felation rf,f' fr:ﬁ“F Fa .‘ff:‘ﬂ:;rﬂr‘h r:f .H'h';,”;h;a.

To ascertain this relationship, the practice we employed was to use an initial
strength of stimulus which was just sufficient to produce a cord electrical effect when
applied to either nerve with the animal efficiently narcotised, then to follow with a
stimulus of double that intensity, and observe the now increased value, and finally to
proceed by doubling the strength of stimulus until a point was reached when the effect
was ouly slightly altered. Such an experiment is the following one made upon the
Cat.  An initial excitation for 5 seconds with the secondary coil at a distance of 500
(see Chapter I11. on experimental method and apparatus) gave a cord effect indicated
by a galvanometric deflection of 65 ; similar execitation of twice the intensity, 1000,
gave a cord effect of 122, and an excitation of four times the intensity, 2000, gave a
cord effect of 152. In the Rhesus Monkey a similar result was observed ; thus an
initial excitation for 5 seconds of the sciatic nerve, with the coil at 2000, gave a cord effect
of 32 (galvanometer deflection), whereas twice the intensity of stimulation, 4000,
gave 60, and three times the intensity, 6000, gave 78. These selected individual
examples furnish data which are strictly in accordance with the average effect as
deduced from all the observed instances which oceur in our experimental records.
Thus if we select all the unexceptional readings of galvanometric cord effects obtained
in both Cat and Monkey with the initial strength of stimulus, the average of seventeen
is 56 ; similar readings (twelve instances) with twice this strength of stimulus give
an average of 100 ; whilst the average of sixteen instances with four times the initial
strength is 168. It is thus evident that the cord effect increases with the intensity
of the stimulus at first in direct proportion to the strength, but afterwards in one
less directly related with this factor. A point is ultimately reached at which no
increase, but a decrease, in cord effect occurs,  This, it need hardly be said, is partly
dependent upon the damaging effect of the stronger exciting current upon the
stimulated nerve, and partly upon the fatigue of the cord cells through the arrival in
the cord of the very intense nerve impulses evoked by the strong stimulus. In these
experiments, as in all others to be referred to in this section, the number and
characters of the successive stimuli employed were the same in each case. (See
Chapter 111. Section 3.)

It is remarkable how close the amounts of the different cord readings obtained in
various individuals of one species are to one another, and how often, especially in later
experiments, the initial intensity of stimulus required with different nerves and different
animals was the same (500 coil), thus showing the similarity of the narcosis. Wemay
here draw attention to the minimum and maximum effect obtained in the Cat, the first
with the coil at 500 and the second at 2000 ; the minimum being 20, the maximum 340,
So far then as the relation between the size of the cord effect and the strength of the
nerve stimulus is concerned, there is a strong resemblance between a nerve-to-cord
excitatory electrical change and that in a verve: the ether effect before-mentioned
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indicates, however, a difference, since we have not as yet observed in the Cat or
Monkey any such very marked change in the excitatory effeets in purely nerve
preparations as definitely dependent upon the degree of etherisation.

The absolute determination of the true character of the minimal cord effect, and the
ttlle.qlinn to what extent it is to be considered as entirs&]y due to the pt'opn_gation of
nerve impulses along direct and continuous paths, unmixed with impulses generated
in nerve centres, might be settled by accurate experimental observations upon the time
relations of the cord electrieal change, particularly the time of its development
relation to the seat of nerve excitation. Such an enquiry would doubtless involve the
nse of Bernstein's differential rheotome, since the small size of the minimal effect is a
serious ohjection to the use of the much simpler method of recording by photography
the movement of the meniscus of a capillary electrometer,

It may be mentioned incidentally at this point that the cord effect evoked by a
single electrical exeitation of the sciatie nerve was, however, sufficiently pronounced to
cause a distinet movement in the mercury of our eapillary electrometer. The move-
ment when magnified 300 times was just visible with a weak stimulus (eoil, 500), and
was quite marked with a maximal stimulus (coil, 2000). It was II]WH}"S a single move-
ment, but appeared to the eye rather more prolonged in character than that which
was obtained in the case of the single nerve effect as displayed in the photographs of
our former paper.®

[t may be asked at this juncture upon what evidence we assume that the effect in
the cord, f'u]]nwing the excitation of the seciatic nerve, is due Hnlﬁ]:{ to the arrival therein
of nerve impnlses which have travelled up posterior or afferent fibres. The evidence,
which is supplied in full detail (in Chapter XL.) upon the relations of the nerve fibres
and the nerve cells, shows that no electrical changes appreciable by the galvanometer
Can hE‘ Pl'ﬁdllﬂl_‘lil i]'l. tI'IE! {_'!'l]'!'l':l h} even Htfﬂ]lg Stili]lllilti[l]l E:F tllﬂ -':lnt-l‘t‘im‘ or Eﬂbl‘L‘llt
roots.

[t is thus clear that stimulation of the sciatic nerve generates nerve impulses which
enter the cord by the posterior roots only, although, owing to our ignoranee of the
influence of the spinal ganglion, it cannot be assumed that the impulses are the same
in character as those generated by excitation of the posterior roots themselves. We
may now pass on to the consideration of the object of our experiments.

The object of the investigation will be best set forth by considering the present
position of our knowledge of the relations of the spinal cord to the lumbar nerves,
and particularly to the afferent fibres of those nerves. For if we are justified
in assuming that the electrical effeet observed in the cord is due to the passage of nerve
impulses, and their arrival at the portion of the cord nnder observation, then, since
the method of observation is one which furnishes us with quantitative data, its
employment places within the experimenter’s grasp a means of ascertaining to what
extent these impulses can be interrupted by definite section of any one tract of cord

* = Roy. doe. Proc.,” lue. el
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fibres, and thus of indicating which groups of fibres in the cord form the chief
channels of conveyance ; and the value of this method will be manifest when the
character of those previously used and the conflicting nature of their results, have
been placed before the reader.

BEcTIoN 3. —0vrR PrEsENT K¥0owLEDGE As To THE Coxpuction 1IN THE Comp OF
AFFERENT IMPULSES,

We have already rveferred in Chapter IL to the investigations made by previous
experimenters in order to determine the paths of eonduction in the spinal cord. It
will, however, be advantageous to select the most typical of these experiments and
discuss their results, in order that the scope of these methods, together with those
excellencies and deficiences which each possesses, may be clearly in the mind of the
reader, before the uses of that which we advoeate and its results are entered upon.

The varions methods may be gronped as anatomieal and physiological.

[. Anatomical.

The posterior root fibres have been traced into the spinal eord, and a considerable
number® (according to KGLLIKER the majority) of these have been seen to divide and
send branches up and down the cord. The further course of these fibres has up to
the present been traced only by the method of degeneration.

(c.) It has been ascertained that when, in consequence of section of a lumbar
posterior root, the fibres upon its central side degenerate, the degeneration is con-
tinued in eertain regions of the posterior column of the same side, such degeneration
up to the present only being seen in parts above the entering root. In other words,
the (ll;?gﬂ“{_‘:l_‘utﬁ{l fibres present in the llﬂ!ﬂtl_ﬂ‘it!l' root are represented in the cord above
the root by certain fibres in the posterior column of the same side. These fibres are
believed to be the direct eontinuation of some of the fibres in the root ; they are situated
in the postero-external column at first, but gradually shift towards the middle line as
they ascend, and ultimately ocecupy a definite portion of the postero-median column.
In addition to these fibres which appear to have a continuous course up the posterior
columns of the cord, there are others which show degeneration only in the immediate
neighbourhood of the entry of the root ; these are situated in the posterior root zone
and in the marginal zone, as well as in the postero-external column. They are
characterised by only oceurring in that portion of the cord which lies above the
root, and by being all on the same side of the cord as the lesion. Hence these
fibres, whilst in direct continuity with fibres in the root, either end (KiLLiKER)

* Gongi: © Anat, Anzeiger,” vol. 5, pp. 18, 14+ Ramox-v-Oazan: ° Trabajos del Laboratorio Anatdmico
de la Faculdad de Medicing,” Barcelona, Abril, 1800, Kiiuiker: © Ueber den feineren Ban des Rieken-
marks," ‘ Sitzungsberichte d. Wiirebnrger Phys.-Med. Gesellsehaft,” 8. Marz, 1800,
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or come into relation with cells shortly after entering the cord, the degeneration in
consequence ceasing.  This cessation of degeneration is indicated by the numerical
superiority of the degenerated fibres in the posterior roots over those in the posterior
column, and above all the postero-median column., As far as it goes the evidence
itself afforded l:r_t,r thizs method is ﬁljrl:.' conclusive ; whatever other ehannels there may
be, undoubtedly the above-named do exist, and thus the posterior column of the same
side offers a direct tract up which some nervous impulses undoubtedly not only
can, but do, pass.

(.} A similar investication applied to the cord, since it determines all the fibres
in which degeneration is seen above the level of a hemisection, carries us a step
further than the above method. 1In this not only the fibres just indicated in
the pu.‘-:t&rim‘ column tlc‘g{:licl‘nti‘, but all the 1:.]11'nug|:| fibres from every root below
on the side of the hemisection. Further, it marks out all fibres which have their
nutritive or developmental centre, not in cells in the ganglion on the root, but n cells
situated in the cord below the section. Such fibres now seen as degenerated above
the lesion are grouped into two parts of the lateral eolumn, the antero-lateral, and the
direct cerebellar. Except that the former is much more diffuse, the degenerated fibres
h[:ing scattered about among other sound ones, there 15 little to l]iﬂt-iﬂglliﬂh the
character of these two groups except their sitnation. They both appear to have
similar terminal connections, at any rate, on the cerebral side. They are both
characterised by containing fibres of very variable length, many of which appear after
a shorter or longer distance to again come into relation with nerve cells, so that in
these the degcnm':xﬁve L-lmngu ceases. The characteristics of these tracts ave, there-
fore, twofold ; they appear to afford not only a direct connection between certain cells
in the cord (CLARKE'S column, &c.) and the peduncle of the cerebellum of the same
side, but also a series of internuncial eonnections, 1..}' means of which eells at variable
distances are brought into relation with each other,

The tracts which degenerate on the peripheral side of a hemisection ave foreign to
the purpose of the present {:}l:L]itﬂl'; one, however, may be mentioned, the so-called
“ comma-shaped ” patch in the ventral part of the postero-external column, since it
15 in all E:r:;]]:lﬁ:ilit}-‘ a tract of ascending fibres which are ||:}L'rpl:d downwards, the
degeneration corresponding with the loop.®

As far as this evidence under (b) goes it is not so divect as that in (a). It is
conclusive as showing that, if there be crossing of any of these tracts from one side
of the cord to the other, such crossing must oceur by meuans of cells, since the
degenerative change does not cross. It is further conclusive in showing that there
are continuous nevve fibres in these two situations. It is not conclusive as regards
the physiological characteristics of the fibres, since in anatomical evidence, as in cir-
cumstantial evidence, every link of the chain must be present for the evidence to be

* Possibly these fibres are the descending branches of the bifurcating posterior root fibres, of. espe-
cially KiLLIKER.

MDCCCXCL —E. 3 H
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complete. The essential link, that of connection with the posterior roots, the fibres of
which convey afferent impulses, 15, however, wanting, It is, lmt.‘l.ri.ﬂml:nuling__ ||igh|}'
probable that these |mthﬂ (direct cerebellar and antero-lateral), are to be classed as
afferent from the resemblance in extension of the degeneration to that present in the
fibres of the posterior columns,

There are many considerations connected with growth, llt‘.rﬁ[n]r:m‘ut, &ec., which
sugrest that ascending degeneration is the characteristic of afferent, and descending
degeneration of efferent tracts in the spinal eord ; in other words, that the centres of
growth and nutrition are also the centres of funetional activity, and, therefore, in
consequence of an intervuption, that loss of functional activity and loss of nutrition
both occur in the part on the distal side of the breakdown. The fact, however, that
the eells in the ganglion on the posterior root exercise this nutritive function on the
nerve fibres on both sides, although explicable in consequence of developmental rela-
tions {”lh‘} must cause some hesitation as to the |+1‘U}H'ECI_‘3' of :u:uepting_;‘, without
reserve, the !:I'il:::iib]u that the direction of the l:h*;,_gt-nfrr.'lt.inn coincides with the direc-
tion of the function. What has ]I:L]1|.Ii.'lIL'{| in the lliln-lu}anm]ll of the lruaitm'iur roodl
fibres may possibly have also occurred in the case of some fibres in the cord.  More-
over, it 18 conceivable that even with this relation between nutrition and function,
ascending degenerative changes might occur in fibres which ought to be classed as
nut‘_t_g'uingj since Ilnf'}' would lie as much on the efferent side of the central nervous
system as do those of the pyramidal tract. Suech fibres would be long internuncial
fibres, connecting the kinmsthetic system of the lower (lumbar) centres with the
efferent. side of a similar system of the upper (or cervical) vegion. It is conceivable
that such long internuncial fibres exist, and, if' so, then impulses which subsequently
become motor are conveyed by them. These impulses, although afferent in the sense
that l|11.=.}‘ are :l.::l.llul]y tl‘:u'dling up the cord, are ;!il;l.]uguliﬁ in charvacter with all the
motor or outgoing impulses, since they occupy that relation to the centres from which
they started.

Without insisting on these hypothetical fibres, we may again point out that the
anatomical evidence becomes vague when some of the links in the chain are wanting,
hence all conelusions founded upon it must be used with the greatest eaution. The
facts which it surely evidences are—

1. That there are continuous fibres in the cord.

2. That these fibres do not cross from one side of the eord to the other.

3. That a small E:I'ninurlicm of those situated in the ‘Ehmlirriur column are in direct
connection with those entering the cord by the posterior roots.

I1. Physiological.

If we turn now to the method of physiological experiment, there is hardly any
subject in the whole realm of physiology upon which such divergence of experimental
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resnlt and inl{*]'prctn{ ion exists as that of the relations between the columus of the
cord and the passage of afferent il'npll]f-‘.t'-.ﬁ.

The contradictory facts set forth in the various papers on this subject are sufhicient -
to jur-:tIl'lv the “belief that many of the c:-:perimenl.:‘s made must have involved the
presence of some factor of {‘:FIEH‘.[L'i{H'l::-' character and uncertain action, common to most
of them, and that the conelusions which the various experimentalists have drawn from
their results are all vitiated by its presence.

When such a fundamental matter as that of the extent to which the afferent path
lies on one or the other side of the cord is answered so differently that, according to
one set of investigators (Browx-Sequanp, Ferrier, &e.), it is wholly crossed ;
according to others chiefly erossed (WoroscuiLorr, Migscuer, &e.); equally uncrossed
and crossed (vax Deex, Stivnisg, &e); chiefly unerossed (vox Brezonp, Morr); wholly
unerossed {Cu_-,ux-'r:_-\l‘-}; it 1s pl-il.iﬂ. that the method adopted is at fanlt and s quite
inetticient for the purpose of determining the extent to which particular tracts in the
cord are concerned with the passage of impulses. The reason why the different
results of former investigators ave so conflicting may, we think, be gathered by the
careful study of the expprhnrnml method in two of the most elaborate of the series
of mvestigations just veferred to, those. namely, earried ont in Lupwic’s Laboratory
by Miescaer® and Woroscrinorr.t

Although the experiments are well known to physiologists, we think it necessary
to allude in a little detail to their character. Both sets of 1=x|wri111£-ulﬁ were carried
out on Rabbits, and in both the method consisted in the production of an imtervening
localized destruction of a portion of the spinal cord, and in then ascertaining what
changes this destruction produced in the reaction of some more central portion of the
nervous system of the animal to the stimulation of the afferent nerves of the distal
portion. The reaction observed was, however, different in the two ecases, it being in
Miescuer's experiment the rise of blood pressure due to the activity of the so-called
vaso-motor centre of the medulla being awakened ; in WoroscniLorre's, the movement
of the upper limbs of the animal, due, as he believed, to the awakening of a convulsive
centre in the medulla, The index used |IJI1; Miescuer being the amount of hlood
pressure, had the great advantage that it varied with the strength and duration of
the afferent stimulution, and thus a quantitative eomparison between the results of
two series of stimuli was possible, and it is, perhaps, due to this that the facts have
been held as affording data of so cogent a character. They show first that the
reaction of the centre, as indicated by rise of pressure, is very largely reduced when
the lateral column on the nppuﬁilv side of the cord to that of the exeited seiatic nerves
has been divided ; and second, that when a ecomplete intervening division of the
cord, with the exception of one lateral colummn, is made, the reaction still persists,
being most marked when the distal nerve on the side of the complete section is

* i Bor, d, Sichs, Ges, d. Wiss, Math.-Physik. C1.," 180, Also * Arvbieiten a. d. P]L}'ﬁ. Lab.,’ Lr.-ipzig.

+ * Ber. d. Sichs. Ges. d. Wiss., Math.-Physik. Cl," vol. 26, 1874,
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stimulated.  From this it was concluded that the spinal path for those afferent nerve
inpulses which, proceeding up one sciatic nerve into the cord, subsequently reached
the vaso-motor centre, was chiefly contained in the lateral column of the side of the
cord opposite the nerve. The experiments of WoroscarLorr extepded these, and
showed that movements of the upper limbs could be only aroused in response to
stimulation of the skin of the lower limbs, provided that the lateral columns were
intact ; that destruction of the cont ity of other portions of the cord did not notably
influence the reaction ; that when one lateral column was divided, the skin stimulation
on the side of the lesion produced a greater reaction than that on the side opposite
the lesion ; and that when the whole cord, with the exception of one lateral column,
was divided, the stimulation of the skin on the side of the intact eolumn, produced a
much less reaction than did that of the skin on the opposite side. From this last
experiment, WoOR0SCHILOFF assumed that, since the impulses were transmitted from
the lower to the upper portion of the cord by the bridge of fibres in the intact lateral
column, they travelled throughout along such fibres in one continuous path, keeping
entirely to the lateral column, The dificulties involved in this assumption, and the
unsatisfactory character of the experiments, are ably set forth in a recent edition of
Fosrer's physiclogy, to which the reader is referred.* The conclusions, therefore, to
which WoroscriLorr arrived were that aflerent i]]][:u]:ﬁi:s were transmitted t-nl,-irae]y
by fibres contained in the lateral columns ; and that by far the chief part were trans-
mitted by the fibves in the lateral column on the opposite side to the entering nerve.
By his first conclusion, he therefore placed both the posterior columns and grey
matter out of court, although the former must convey at any rate some impulses
since they contain a considerable number of the posterior root fibres, whilst there being
no means for the impulses to eross over from the entering roots to the lateral columns
of the opposite side, except through the grey matter, this latter is assumed to be in
(ni}cnltit}ll |-_‘f the second conclusion.

Apart from the contradictions involved in this mterpretation of these two sets of
1'xint--t'1|tn-.l|t:;, the results remain as definite IJIIEImJJ]mJ:L In :@uukillg to ascertain their
true meaning, it is essential to realize all the conditions of the experimental procedure,
Now, of all these conditions, the one which is the most important is that connected
with the experimental necessity of evoking definite reactions.

These reactions, whether of vaso-motor, convulsive, or other ecentres, are pro-
foundly influenced by anmsthesia. It is certain that in the unanzesthetised animal
the centres ave largely affected by the functional discharge of other centres, and that
this influence, although by no means abolished, is diminished by narcosis. In all the
experiments of Miescoer and WoRroscHILOFF no complete anmesthetic was employed,
the animals being in MiescHER's investigations simply curarised, and in Wogo-
*SCHILOFF'S fixed in a suitable holder.

* M. Fostegr, * Text-book of FPhysiology,” vol. 3, p. 189,  Also * Arbeiten a. d. Physiol. Inst.." Leipzig,
1274,
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This being the case, the whole series of experiments are in reality a demonstration
of the extent to which one complicated reflex act is influenced by the awakening in
the entire nervous system of a whole series of reflex discharges. The uncertainty
which must attend such a method may be illustrated by the following experience of
ourselves. It often happened in the experiments deseribed in this paper (all of
which were perfurm{:ql under an anmsthetic), that after not Ill{'.'l‘ul}’ ::-l_lllli.rll'.tc'- section,
but absolute removal of a piece of cord 1 centim. long in the mid-dorsal region of the
Cat or Monkey, mechanical irritation of the sciatic nerve, and especially of the posterior
roots, eaused not merely movement in the npper limbs, but of the head, &e., also.
This effect was an indication that the anmsthesia had hecome too slight, and it was
immediately abolished on making the latter rather more profound. We convinced
ourselves that the mechanism of its causation consisted in first a veflex of the lower
limbs, and that this movement dragging on the trunk aroused a reflex in the upper limbs
by pulling on the nerves of the upper fragment of cord, which in the neighbourhood
of the section was in a hyperexcitable state. The afferent impulses thus started now
evoked general movements by discharging the higher centres.  The movements of the
lower and upper limbs often followed one another so rapidly that the eye was unable to
distinguish between their time of commencement ; in some eases, however, particolarly
when the narcosis was inerveased, the delay between the two was quite plain, and every
stage might be observed. OF what value, therefore, as regards the question of conduc-
tion in the continuous tracts of fibres in the spinal cord are the results of experiments
in which the animal is under no anmsthetic at all, for the employment of curare
by Miescier did not provide for the adequate exclusion of reflex centres such as can
be obtained by the use of ether. Indeed, Mizscner’s wethod depended upon the
maintenance of the functional activity of the reflexes. [t seems to us, therefore, that
this is the crucial point of the whole position, and accounts for the eapricious character
of the results of different observers as dependent upon different methods of investi-
gation. The index for the arrvival of nerve impulses from one side of a block in the
cord to the other has {lhi'n}‘s been a reflex one, and 1t is essentinl for its proper
working that the reflex centres should be in an excitable condition. Since the experi-
ments involve nput‘uting on the cord and the examination of the animal in the
unansesthetised state, within a short time of the operation there is every opportunity
for abnormal conditions of the other centres (in consequence of the procedure), to
influence the result ; such influence is so certain from the state of the animal that the
results really determine, not the localisation of afferent fibres in the cord, but the
extent to which the operation has angmented or depressed the execitability of
the successive central mechanisms, and the bridge by means of which the lower
and upper parts of the cord communicate thus becomes chiefly a column of inter-
nuncial fibres. Moreover, almost all experiments done within a few hours of the time
of operation lay themselves open to our further eriticism, that it is possible for the
reflex movement of the Lind limbs and trunk to avouse by mechanical pull of the parts
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around the seat of lesion, similar movements of the upper limbs,  That such reflex
movements were present in the case of Wonroscninore's own experiments, is evident
from the Hl_url}' of the aceount of those evoked in the amimal after the n|‘1-:.'r.‘|,l.iurt
had been made upon the ecord. Thus, in one of his experiments (VI.), the animal
{ Rabbit), was subjected to an operation involving the division of the spinal cord in
the dorsal region, the whole cord being cut throngh with the exception of the lateral
tract of the left side.  On examining the animal an hour or two afterwards, the right
hind limb was found to be Ir:‘u"ﬂl}'xml. due to section of its efferent H}ﬁll-'i] tract, this
efferent paralysis being confirmed subsequently by dividing the cord below the medulla
and stimulating its distal cut section when only the left hind limb responded ;
notwithstanding this, pressure on either foot caused movements in hoth hind legs.
Now in this case the movement of the |'i;_{|1t ]vg' must ﬂl:-‘..'ii'rilﬁl_'f be a reflex effeet,
having its central physiological seat in the lower fragment of the cord, and any
arguments based upon the amount of movement of the respective limbs, must deal
with the question as to the extent to which the section has heightened or depressed
the normal excitability of the reflex centres in this lower fragment. DBut it is In'['cii-ie'}f
this question which it seems to us has not been sufficiently dealt with in the text,
there h(:[ng a if!m]l*uu}’ to treat the cord in an unanssthetised animal as if one of its
main physiological characteristics, reflex excitability, were in -'ﬂlu}‘mll:ﬁ‘- in the distal,
though not in the proximal and central portions. The evidence cannot, therefore,
be considered as urltn|m|,li.' to warrant his statement : “ Meine bis dahin \'ﬂl'g'{‘lugt{':l!
Beobachitungen bestitigen und erweitern die Angaben von Miescoer, Nawrocki
unil ]l'l'i*l‘.\l.-\li, denn von nun an sind wir daranf ||]|.{j;t'.'k'l.'li['.*s!:'|‘|. die Bahn, welche das
Gehirn mit allen Nervenwurzeln verbindet, in dem Seitenstrange zu suchen.”

The eriticism just advanced is not a new one since it forms the basis of the
objections of CHavveAw, ScHIFF, and others.  Its cogency is increased by the diseovery
made by Fopera of |:}'||(*|'.-u5:.t|mui;|, after section. The most important points in
connection with this for our present purpose are those brought out by experiments
maile h}-‘ SCHIFF™ before the observations just referved to, These were, that in many
cases of hemisection of the cord there is not merely hyperwesthesia below the lesion on
the side of the section, but heightened reflex excitability of the cord in the neighbour-
hood of the lesion both above and below.,  This |1J-'1rer{-'.'n:c'll:ﬂ.\5]it}' 1s less marked when
the whole cord is tlivit]trd, than when a ]rridg‘u ji.'lillﬁ the parts above and below the
lesion. It has been found by Marmxortit that the hyperwesthesia is particularly
bound up with injury of a partienlar region in the lateral column, and it is attributed
by him not to a divect increase in excitability, but to the removal of inhibitory, i.e.,
depressant, influences by the seetion. It may be pointed out that, as regards the
nerve trunk, the experiments of HEerixG show conclusively that the increase of

* Bomirr, ¢ Lelhirbuch d. PI]J'H[L‘I].,' 1855,
+ Mawnixorrt, * Hypermsthesie nach Verletzung des Halsmarkes,” * Archiv f. Apat. und Physiol.”
{ Physiol. ALY, 1890,
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excitability therein caused is in direct causal relation with the electrotonic effects of the
resting or persistent nerve currents produced between the cross section and the surface
of the nerve trunk. Since similar electrotonic alterations in excitability have been
shown to exist in the case of the :-'.pimﬂ cord, it 18 most pru] mble that a dirvect increase
would be produced by the very large resting currents which (see Chapter IV.)
have been found by us to be produced by ecross sections of the cord. lIn this
connection we may draw attention to the following striking phenomenon deseribed
by ScHiFr,* and which in the progress of the present research we have had the
opportunity of seeing ourselves. We often saw that after complete section of the
cord and the removal of a piece 1 centim. in length in the region of the 8th dorsal
vertebra, when the animal was asphyxiated on the completion of the investigation, a
sudden prolonged discharge of the nerve ecentres in the lower portion of the cord
oceurred, This revealed itself h}‘ the 1'1:ai||g up of the tail of the animal, and its main-
tenance in an erect pt‘miti:m for one or two minutes, The 1‘1151:]::1\';_:‘& and its effect then
subside to be followed in two or three minutes by a second feebler one, and this by a
third still more feeble. In addition to this it often happened that during an experi-
ment cn such a preparation, rhythmical discharges of the centres in the lower portion
of the cord occurred after the section, evidenced by rhythmical contractions of the anal
muscles. This has also been noticed h}' several inx‘e:st-ignt::r.‘s.

Further,
vertebra, although the tail phenomenon did not spontaneously appear, when the
animal was asphyxiated, it was readily evoked in full strength by slight stimulation
of the skin of the tail.

These |1|1|r_-.nmmrt|.u aftord a ﬁtril-;ing instance both of the ]lfpm‘l'rxcit:i.hlir state of the

in one animal (Cat 325) in which the cord was divided at the 13th dorsal

centres in the lower portion of the cord and of the capacity of these centres to
discharge such a series of nerve-impulses as will produce sustained co-ordinated
movements,

The difficulties thus involved in the experimental methods of Miescuer and Woro-
SCHILOFF are to a great extent obviated by experiments in which, a given lesion of the
cord having been made with all due antiseptic precautions, the wound has been
allowed to heal, and the animal examined carefully at varying intervals, from a few
days to weeks and months, after the operation. Such an experiment is that made
by Ferriert on the Monkey, in which a hemisection at the level of the Sth dorsal was
followed by complete insensibility below, on the side opposite the lesion, to every
form of sensory stimulus, whilst the sensibility on the same side remained unimpaired.
This experiment is similar to the paralysis on the same side, and anwmsthesia on the
opposite side, observed in some cases of injury or disease localised in one half of the
spinal cord. Other observers, notably Morr,} have, however, obtained results which

® Scmirr, Priicer’s * Archiv,” vol. 30, 1883, p. 202,
+ FerrIER, * Brain,” 1584,
1 ¢ Proceedings of the Physiologieal Society.” * Proceedings of the Royal Society.'
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vary hetween ih:n'li:ll aceordance and l:'“lll]l]l?t{‘ n]lpns-;itinn to the above, It is not our
object to endeavour to reconcile this apparently conflicting evidence, but we may
point out that great difficulties are involved in the application of the tests necessary
to determine the sensibility of animals. In our own experiments, which have been
made upon Cats, and which involved hemisection of the cord, the application of the
water and other tests to the skin indicated that the afferent stimulus was conveyed
from both hind legs up the cord, but with much greater certainty, ;nml.ju:lging by
the quickness in the evoked movement, with much greater intensity, on the uninjured
side than on that eorvesponding with the lesion.

It is evident that the flaw in all these methods is the fact that, owing to the index
of the arvival of irnpu].‘w.‘; above the lesion |]-L*in;1r some movement, the central strue-
tures of the nervous system must be sufficiently excitable to be eapable of responding,
and the stimulus used must be intense enough to arouse discharges of sufficient
':lmgl'litl.lill_". to evoke definite museular movements.

Whilst the same flaw in the classieal experiment is also present in the case of
efferent tracts, its presence here does not produce such a blurring of the result, since
the method can always be checked by a concluding experiment involving division of
the cord below the medulla, and exeitation of its distal |]|J-1'ti::tr_ with observation of
the amount and character of the movements of the lower limbs.  Although acknow-
ledging to the utmost the value and precision of the experiments carried out in
Lupwic’s ]:IIJGI'&tDT:-', we must express our conviction that, as regards the conduetion
of afferent 1 pu lses, they do not warrant the inference either that the lateral columns
contain the fibres of the afferent tract to the exclusion of the grey matter and the
other columns, or that the fibres which they do contain form a continuous afferent
path, it being quite possible that those fibres which undoubtedly conducted at the
point of section were mevely acting as internuncial links between distal and proximal
portions of the grey matter. This latter was, by the exigencies of the method of
observation, often, if not always, thrown into a state of abnormal excitability ; and in
the neighbourhood of the section this state was that of hyperexcitability.

It will be gathered from what has been said that the question of the relations of
the fibres in the cord to the posterior roots can, in our o] on, only be arrived at by
I'.IIE‘! s Ur il ||I'f.?th*-.H'.| \\"E'Ii{'.h ﬂ]].ﬂ“'ﬁ Ur IIiE—'E'l'i:IIIiIl:l'.iII“ hl"'[ e l"l.'{:".‘ll{ﬁ t-i;l]'ii]'lg ]JI-i;II:'E il]
the eord itself when, by means of complete anmsthesia, the activity of the reflex
mechanisms is subdued. Such a method is that of ascertaining the electromotive
changes in a portion of cord following stimulation of the afferent nerves, since the
animal may be so profoundly anmsthetised as to give little or no reflex muscular
contraction, and yet distinet effects can be detected in the cord. It is because the
conclusions to be drawn from our results clash so markedly with those of Miescneg,
WoroscHILOFF, &e , that we have thought it necessary to preface their introduction
into this section by this detailed criticism. This divergence in the coneclusions and the
importance of the effective application of a methed which besides the above advan-
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tages has the greater one of furnishing us with the resulis of cord changes expressed
quantitatively, and, therefore, capable of strict comparison with one another, have
combined to cause us to devote u very large proportion of our experimental investi-
gations to the subject of the present and the succeeding chapters. The subject
matter of the present chapter becomes, therefore, an answer to the question, to what
extent are the electrical changes in the cord, and hence the nerve impulses, of which
these are the index, interrupted when between the stimulated nerve and the observed
region of the cord different intervening localised sections are made. The prineiple is,
therefore, that of the experiments carried ont in Lubpwic’s laboratory, it is the index
alone which is novel.

SecTIoN 4.—ANAaToMICAL RELATIONS OF THE LUMBAR NERVE.

Since in all the experiments which bear upon the relations of the spinal cord to its
nerves the sciatic was chosen, it is desirable at this stage to refer to the anatomical
relations which exist between this and the roots of the lumbar and sacral nerves,

These differ in the two sets of animals used, Cat and Rhesus Monkey, and as we
are unable to find that the comparison of their anatomical and physiological relations
has been anywhere® set forth, we must proceed to examine the case of each species
of animal in a little detail.

In the Cat the photograph of the plexus (Plate 35) shows that of the two branches
of the sciatic nerve (LP. and E.P.), internal and external popliteal, the former derives
most of its fibres from the 6th, the latter from the 7th lumbar roots. Since the
portion of sciatic nerve which we used was that in the thigh, the fibres involved were
almost entirely those devived from the 6th and 7th lumbar roots, a few fibres coming
from the 1st sacral, and still fewer from the 5th lumbar. The obturator nerve derives
its fibres from branches of the dth and 6th lumbar nerves, the anterior erural mainly
from the 5th, but to some slicht extent from the 4th.

In the Monkey the relations are somewhat different, as will be seen by referring to
the photograph of the lumbar plexus of the Macacus vhesus (Plate 34). It will be
then found that the two branches of the sciatic nerve (L.P. and E.P.) derive their
fibres from a more widespread origin. The majority of fibres come from the 5th, 6th,
and 7th lumbar ; a few fibres from the 1st sacral join to form the trunk of the nerve,
but these appear to pass entirely into that branch which leaves the trunk high up and
supplies the hamstring muscles (f7s.). The obturator nerve derives the majority of
its fibres from the 4th lumbar, receiving a few fibres also from the 5th, whilst the
anterior crural derives its fibres from the 4th, 3rd, and (?) 2nd in decreasing amount.

Roughly speaking, therefore, the relations of the lumbar plexus in the two species
of animals differ in this respect, that with the same number of lumbar nerves (7) the

* While this is passing through the press a very valuable paper, giving the anatomy of the plexns in
the Cat, has appeared, viz.,, LaxcLey, ¢ Journal of Physiclogy,’ vol. 12, No. 4, 1801.

MICCCKCL-—E. 31
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main supply of each nerve is, in the case of the Cat, one root lower than in that of the
Monkey:.

The physiological eonnections of the roots were of i111|:|[1|'ta|!|('.u to us only as far as
the fibres in the sciatic nerve were concerned. In attempting to ascertain these con-
||L"*L't-iﬂfl‘3 iL Hl:'_‘{."l]'l't'ﬂ!tl ll]‘ us t-].].il-l.- t]lﬂ lfll-’“r_',t].'i.l_'ill ||lULJ:H.HI. “"J“].'Ll r'lll'“iﬁl] i 8 'l":l]llilhle IMenns
of ascertaining to what extent the fibres in any nerve trunk are derived from particular
roots, whether anterior or posterior.  All that is necessary for the cairying ont of such
ill\'uﬁlig}ltillll ul_'lUll t.-hﬂ HUillLiL‘ nerve iﬁ o e."{l:ll.m‘. ‘t.l:'if_' {.‘!:I'I.ll,lil, {’.l’illi“.’l, I:Ir ] Elll:i_f?j.t.]][‘:tiﬁl_fl:{
animal, then to prepare the nerve, divide it, and connect its isolated central end with
the galvanometer. The various roots of the lower lnmbar nerves are now divided at
their termination in the spinal cord, and their peripheral ends excited with the inter-
rupted induetion eurrent for a given time (5 seconds), 1f electrical effects are evoked
in the central end of the divided sciatie, then, obviously, the root excited contains
nerve fibres which pass down the nerve as far as the region observed. With the
animal in a state of uniform narcosis, the comparative amounts of the deflection pro-
duced by applying to the different roots a stimulus of unvarying intensity and duration
indicate the relative amount of fibres, provided that the excitability of the various
roots is approximately the same. In this way we ascertained that the effect evoked
in the |‘.rL'J-plit{-".'11 I'E'gi.l'.lll h}' u:-cciting the I}El‘i].lhu al ends of the eut anterior or |lﬂHtEl'i'D!.‘
roots of the 1st sacral nerve was, in the Cat, comparatively small, being only one-
sixth of that evoked by exciting those of the 7th or 6th lnmbar, whilst excitation of
the 5th and 4th lumbar was followed in the Cat by very little effect at all in the
nerve, Physiological experiment thus bears out the anatomical details displayed by
dissection. One obvious use of the method which the few experiments which we have
carried out on this line suggests is, that it not only secures an analysis of the different
fibres which pass from a complicated plexus into a nerve, but places within the expe-
rimenter’s grasp a method of determining to what extent the relations of the afferent
fibres of a nerve with the nerve roots are similar to those of the efferent fibres,

We will now turn to our experimental results made upon the cord itself.

SECTION 5.—THE OPERATIVE PROCEDURE INVOLVED IN THE METHOD OF SECTIONS
INTERVENING BETWEEN THE OBSERVED CorD AND THE Excitep NERVES.

The experiments were made upon twenty-two Cats and three Monkeys, and were
all conducted in the following way. The cord of the anwsthetised animal was
exposed and divided in the lower dorsal region, the particular locality varying from
the levels of the 8th to that of the 11th dorsal vertebre. It was then prepared for
4 centims. on the distal side of the section and connected at its ent and longitudinal
surface with the non-polarisable electrodes by cables, in the same manner as that
already described. (See Chapter III., Section 3.) The sciatic nerve was then
exposed, freed for some distance, ligatured, and divided. 1t was lett in the muscles
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in order to avoid cooling, &e., and only taken ont of its museular bed for purposes of
excitation. The large resting electromotive difference between the surface and cross
section of the cord having been balanced, an excitatory electrical effect in the opposite
direction to the difference was observed to accompany the stimulation of the nerve.
The amount of this effect, as indicated by the amount of the galvanometric excursion,
varied, as previously stated, not merely with the intensity and the duration of the
stimulus, but with the condition of anmsthesia, &e., of the animal. If care be taken
to keep these factors as far as possible unchanged, the excitatory electrical effect thus
produced at each repetition of the experiment keeps very fairly uniform, as much so
in point of fact as in similar experiments npon Mammalian nerve trunks. When we
had thus obtained a constant effect in the cord, an intervening section was made in
the lower dorsal or upper lumbar region by the method described in Chapter I11.,
Seetion 2. Its position coincided, in some cases, with the lowest portion of the part
of the dorsal cord exposed for connection with the galvanometric electrodes, in the
majority of cases with a still lower level obtained by a fresh exposure of a small
I;n-ru'tinn of cord. It was found that it was not desirable to make this second exposure
when the cord was first prepared, since during the time lost in the preliminary experi-
ment, &ec., the intervening cord at this point is apt to suffer.

The intervening section having been thus made, the nerve was excited under
precisely the same conditions as before, and -the alteration, if any, in the amount of
the cord effect noted. In all such ﬁ:-:periuu:nl:-; the extent of the section of the cord,
and thus the part involved in the iul.EI'rLlpti:m, is capable of great variation, and the
results may with advantage be grouped in relation to the particular regions which
have been involved in it, thus following the exact and strictly logical method which,
under Lupwic's guidance, was such a characteristic feature in WoroscHILOFF's
treatise.

SecrioNy 6.—THE INFLUuENcE oF HEMISECTION.

The rvesults of a hemisection made between the portion investigated and the entry
of the stimulated nerve as regards its influence upon the electrical changes in the
cord, which are evoked by the nerve stimulation, will be best seen by a glance
at the subjoined table, which gives the result of the comparative observations made in
the manner previously indieated in two animals before and after the section. The
animal was in all cases carefully anmsthetised and kept well under the influence of
the anmsthetic ; the stimulus was always in any two comparative results adjusted to
the same degrcc of intﬂ;ansity, and was of the same dul‘ﬂtiun, 1.\'||i|3t., as fur as I,'II!JSE“]]E,
errors due to variations incidental to the application of the stimulus, the condition of
the animal, and the galvanometrie condition of the observed region of the cord, were
excluded, and observations in which contemporaneous changes in either of these three
conditions could be detected were rejected.

412
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Result of Hemisection.

]:a.‘:ﬁ.'rrﬂ'l‘luﬂ 01 SaIre Eil]E as SEL'I.IHHL

Deflection.

Before, . After. :
I—— - = — |
Cat (o) (349) . . . . 185 20 |
Cat (b) (327) . . . . 105 45 |
132 a4 -
| Y. |
Total : 420 | 0% :
1 |

s et o S 100 to 23

ExcirarionN on nplmitp gide to Seetion

—— — -

DieAeetion.

| Beftore, Alter, |
Cat (a) (349 . o l 182 | Vi .
| Cat (&) (327) . . . a3 ]
[ 1432 gl
[ SR [ |
| Tolal: =i 5 % I 4ibi [ 246 |
' RBatiy & . 4 100 to 85 !

In Cat («) the cord was divided and prepared at the lower border of the 9th dorsal
vertebra, and the section made at the 13th dorsal. In Cat (b) the cord was divided
and prepared at the 9th dorsal. Both sciatic nerves were prepared, and first one and
then the other exeited in the manner previcusly deseribed. The stimulus was in the
above cases that of the Helmholtz side-wire, 100 stimuli per second, continued for
5 seconds with an intensity just sufficient to evoke slight reflex effects in the lower
part of the cord, i.e., the secondary coil was placed at 500 or 1000. The ratio of the
sum of the two different columns indicates that an intervening hemisection, when on
the same side as the excited nerve, will diminish the cord effect 77 per cent., and
that when it is on the opposite side it also diminishes the eflfect, but to a very much
less extent, namely, only 15 per cent.

As far then as the nerve-to-cord eifect is econcerned, its production is very largely
dependent upon the unbroken integrity of the fibres and grey matter along that side
of the spinal cord with which the stimulated nerve is connected.
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It is thus clear that in the etherised animal the excitatory electrical change is con-
ducted along the structures on the same side of the cord as the exeited nerve, and if
the effect is a true indication of the passage of nerve impulses along nerve fibres in
that portion of the cord connected with the galvanometer, then these nerve impulses
themselves must be for the most part confined to that side of the cord which they
enter. Further, if we assume that the readings furnish us with data for a quanti-
tative comparison of the amounts of the variously awakened physiological activities
on the two sides of the cord, and thus of the number or intensity of the afferent
nerve impulses, then this preliminary set of observations would seem to indicate
that from four to five times as grPut a volume of exc'it-:lt.ﬂj'_‘g.' chzmg‘e Aows up the cord
on the side of entry of the nerves as on the other.

This result is fully in accordance with the anatomical evidence previously referred
to, and with the results of spread obtained in the cord by excitation of its own
columns detailed in Chapter VIIL. 1t is in absolute opposition with the before
mentioned results of MiescuEr and WoroscHILOFF.

The indications of these experiments are confirmed by a large amount of collateral
evidence dependent upon the influence of section of the various columns. This will be
seen as we detail in succession the results of our different lesions,

Previous Hemisection.

In order to ascertain whether this loss on the side of the lesion was independent of
all funetional changes due to the shock of the operation, &e., the hemisection was made,
in two instances, a considerable time (thirty days and more) before the experimental
investigation.

On the first animal, Cat (283), the hemisection had been made four months pre-
viously at the level of the 12th dorsal vertebra on the left side. Before commencing
the experiment the animal was carefully examined both in its normal condition and
under an anmsthetic. The left hind limb was dragged in walking, and showed
marked loss of muscular power. On allowing the feet to touch cold water move-
ments were started, the right hind leg being smartly drawn up, the left only after
a considerable delay. This and other tests applied to each foot indicated no impair-
ment of sensibility on the right side (that opposite to the lesion), but considerable
impairment of both tactile sensation and movements on the left, the same side. On
placing the animal under an ansmsthetic the left knee jerk was seen to be uch
exagoerated, and 1t was possible to start clonic spasms in this limb.

For the actual experiment the cord was divided at the level of the Tth dorsal
vertebra and the upper end of the lower f'l‘:ig'lmml; lnl'epare{l for connection with the
galvanometric electrodes, The electrical effect produced by exciting each of the two
prepared sciatic nerves was now observed, the stimulus used being of minimal and
maximal intensity respectively and consisting of the usual series of induction currents,
100 per second for 5 seconds.
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SECONDARY Uoil 500 {nlhlim:ﬂ],

Excitation of right Exeitation of left
| | nerve, nerve. [
[ Side opposite lesion. Sude of lesion.
1
| Cord effect . . . . a0 20 |
a0 28 |
i 40
Avernge 092 Average 31

The electrieal change is thus three times as large when evoked by stimulation of
the nerve on the side opposite to the lesion, that is, the right side, as on the side I:|-ef't,}
of the division. Hence, the major part of the change must be cut off on the left side
by the lesion,* that is to say, the nerve impulses, of which the change is an index, are
unable to ascend the cord on the left side to the observed region in the neighbour-
hood of the Tth dorsal, owing to the hemisection at the 13th dorsal interrupting their
path. If we suppose that the actual effect observed by stimulating the left nerve is
due to impulses which normally eross the cord, whilst that observed by stimulating
the right is due to impulses which do not cross, then the mterruption has eut down
the effect which the normal excitation of the left sciatic nerve would produce from
92 4 31 =123 to 31, i.e.,, 75 per cent.

When the stimulus was four times the ill'fff]].l-:'li.;r of the above, that iz, sufficient to
evoke strong reflex contractions, a similar disproportion was found to exist although
it was not so marked.

This is shown by the following table :

SEcoNDARY Coil 2000.

Excitation of vight Excitation of the left
i nerve. | NETVE,
iR _ fi= 2
340 170
215 l 160
220 | 135
| Average 258 Averaga 155

# In this animal microscopical examination of the cord showed that the lesion involved all the left
lateral and posterior columns, the whole grey matter, and, except its median edge, the anterior column,
Of ascending degeneration there was beauntifully marked destruction of the left postero-median column, as
also of the direct cerchellar and antero-lateral tracts, and a few degenerated fibres in the right postero-
median colnmn.  Of descending degeneration there was, immediately below the lesion, degeneration in
the lefi lateral pyramidal tract and alsocin left the anterior column, i
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The eftect even with this strong stimulus is nearly twice as large when evoked by
the nerve opposite to the side of the lesion. Since, however, a considerable effect
18 evoked by stimulation of the nerve on the same side, the use of the stronger
stimulus has either produced more impulses strong enough to eross the cord, or it has
Gii.llﬂﬂl':l b Tore L'[“'I'I;F]Utl‘_} EHEUI]EII}_‘H UI‘I thl.—'., Ct‘htl‘.tl mﬂﬂhu“i.‘in]ﬁ 'LII t]'ll" g!'ﬁ,!}' m:lttf_‘ll'.

The other animal, Cat (259), had a section made upon it at the 10th dorsal vertebra
thirty days before the observations were to be made. The section involved the left
lateral and the majority of the left posterior column.  The subsequent examination
of the cord showed that the section involved on the left side the lateral colummn,
the ventral portion of the anterior column of the grey matter, and the dorsal half of
the posterior column ; on the right side the posterior median colummn.  The ascending
degenerative changes were at the 5th dorsal traceable on the left side to a marked
degree in the direct cerebellar and antero-lateral tracts, and in the posterior root zone
and posterior median columns. A much less extensive degeneration was found to
have oceurred in the posterior median column of the right side.

The animal, when examined before the experimental observations, showed spastic
paralysis of the left hind limb, and marked diminution in the tactile sensibility of both
hind limb and trunk on the left side. The knee jerks were equally present on the two
sides. The experimental investigation, as far as it relates to the present question,
involved the section of the cord at the 4th dorsal (this was accompanied by prolonged
tetanus of lower limb museles and those of the tail), the preparation of the upper end
of the lower fragment and the excitation of the two sciatic nerves. The excitation of
the right nerve evoked effects of 43 and 56, the left of 15 and 22. The sum of these
readings is 99 for the right, and 37 for the left side. If, as in the previous experi-
ment, we suppose that the total sum of the two effects roughly represents the full
responsive change of either nerve excitation, then the effect on the side of the chiet
lesion (hemisection) is reduced from that in the ratio of 136 to 37, i.e., 100 to 27, that
ig, it has been reduced 73 per cent. through the hemisection,

The result of these experiments is to show that the excitatory changes in the cord,
evoked by stimulation of the sciatic, are largely limited to the same half of the
cord as the excited nerve, the amount of limitation bei ng such that three times the
effect, and presumably three times the number of nerve impulses, proceed up the cord
on the side of entry than that which is evoked by impulses either crossing in the cord,
or freshly generated by cells in response to the arrival of impulses in the grey matter
on the opposite side.

Our method, however, enables us to determine not merely that the excitatory
effects in the cord are to a great extent limited to the side of the entering nerves, but
also that the effects are mainly dependent npon the unbroken integrity of partienlar
columns of fibres on this side. To observations on this point we now pass.
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SecrioNn 7.—THE INFLUENCE oF SEcTioN OF BOTH Posterior CoLumxs.
A, Section of both Posterior Colunins.

The anatomical evidence clearly shows that there is an unbroken path between
some of the entering afferent fibres and the fibres in the posterior column, and that
these subsequently pass more or less eompletely into the posterior median eolumn from
the posterior root zone. It was therefore essential o ascertain to what extent the
cord effect was dependent upon the presence of these fibres. This we have
endeavoured to do by first ascertaining to what extent the effect is due to the
unbroken integrity of both posterior columns. A remarkable incident in the course of
our experiments led us early to suspect that by far the greatest part of the effect,
whether crossed or direct, 18 conducted along these tracts. In the course of the
operation for one experiment, whilst opening up the neural canal, the point of the
bone forceps slipped, and so slightly bruised the posterior columns that the injury
could not be deteeted at the time. The preparation was proceeded with, and
the cord divided at the 8th dorsal. The upper end of the lower fragment was then
connected in the usnal manner with the galvanometric electrodes, and the sciatic
nerves exposed for execitation. Only extremely small cord effects were, however,
evoked by the excitation. We then discovered the bruise and determined to make a
fresh section below the injury, exposing for this purpose more cord; on connecting
this fresh Iml'linn with the j_:llh‘.‘l'ﬂﬂlllf‘h‘i[: electrodes and Exnitillg the nerve, an effect
of 175 scale was obtained.

We now made a direct experiment along the lines thus indicated.

The cord was exposed in a Cat, and divided at the 10th dorsal vertebra,
prepared for 4 centims. and connected with the electrodes hy its surface and
cross section.  Excitation of the left sciatic nerve, with the secondary coil at
2000 (1 Daniell in primary) for 5 seconds (500 stimuli), produced cord effects indi-
cated by a deflection of 75 seale. The posterior columns were then divided at the
level of the upper border of the 12th dorsal vertebra, and a similar excitation was
accompanied by a deflection of only 12 scale. As a control, the cord was now
completely divided at this latter level, and the part distant from the new section was
connected with the galvanometer, when a similar excitation produced a deflection in
one case of 64, in another of 75 scale, thus indicating that the great diminution of the
effect was due to the local operative interference with the posterior columns, and not to
any general alteration in the condition of the whole cord.

A similar result was obtained in another animal (Cat), in which the cord was
prepared and connected with the galvanometer at the level of the 10th dorsal
vertebra, and the canda equina having been exposed, the central end of a cut
posterior root was excited, instead of the seiatic nerve. In this case the cord effect,
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which was accompanied by reflex movements, was 210 with the eolumns intact, and
after their division at the level of the 12th dorsal vertebra, sank to 36.

In the Monkey this marked diminution was also found. Thus in a Rhesus the cord
was divided at the lower border of the 6th dorsal vertebra, and prepared as before.
Excitation of the right sciatic nerve evoked a cord effect of 82; excitation of
the left sciatic an effect of 60 ; after division of both posterior columns at the level
of the lower border of the 11th dorsal vertebra, excitation of the right sciatic
produced an effect of only 18, and that of the left sciatic an effect so small as to
be indicated by a mere trace, viz., 2.

It need searcely be pointed out that the presence or absence of concomitant reflex
movements as an index of the awakened corpuscular activity of the cord is a most
im]ml‘tﬂnt factor to be borne in mind, but the diminution oceurs even when a more
pronounced stimulus of greater duration is used, as is shown by the following
experiment on a fhesus Monkey. The cord was divided at the 8th dorsal vertebra,
and prepared for galvanometric observation. The right seiatic was excited and
evoked a reflex movement and large effects, indieated in repeated observations by
deflections of 210, 300, and 308. The left sciatic gave effects of 230, 250. After
section of both posterior columns, the effect sank to 55 and 58 I':;Hmvhlg excitation of
the right nerve, and to 90 and 60 following excitation of the left nerve.

It now we sum up the various readings (13) obtained in iwo Cats and two Monkeys,
we find, us expressed in the following table, that the intervening section reduces the
massed results in the ratio of 100 to 22, that is, both the posterior columns arve
directly concerned with the production of 78 per cent. of the total effect, and the
transmission of the same percentage of impulses,

TaBLE of Readings. Section of Posterior Columns.

1 CAR g Dieflection Deflection
. Cord investigated at before section. after section.
| By et BT

Cat . . .| 10th dorsal vertebra . . . . . . Vi 12
- o 2 A e i i L1 12
e 11 1R T [ e e 210 39
Monkey . | Fth dorsal (average of six readings) . o 15
" R ] T e R R W A 214 5h
i : i L LU, TR L g o 1 Ui ot
i : ¥ ol it e P S 308 57
Y s 1s . f . " , . . . . 2:“." '-_FU'

| & . | i 2R S s s 250 (il |

| P = |

1743 380 [

[ Ratio 100 to 22,

This relationship is confirmed by a control experiment of the reverse kind in which a
MDCCCXCOL—R. d K
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section of the part of the cord ventral to the posterior columns was made. The cord
was prepared in a Cat by division at the 8th dorsal vertebra ; the upper end of the
lower fragment connected with the galvanometer, and the left sciatie stimulated with
three different strengths of stimulus, and the effect noted in each ecase. An inter-
vening section was then made at the 10th dorsal, so as to divide the whole region of
the cord lyving t'ullil‘u“}' to the posterior commissure and the commissure itself, the
result being that the minimal effect remained unaltered, whereas the other effects
were diminished in the ratio of 100 to 76, as indicated in the subjoined table.

Strencth of Effect before Eiffect*nfter
stimulns. aoction. . gection,
| -
[ [
500 35 | 95 |
100D 70 i 5G] 15
BN gg [ 160 | g5 1=

IRatio 100 ta 70,

This experiment, whilst it establishes the importance of the posterior columns by
furnishing the control experiment of leaving these tracts and exeluding the others, is
at the sume time a remarkable instance of the quantitative precision of the method,
since in independent experiments lesions effected quite differently show in the one
case that the posterior columns are concerned with 78 per cent., in the other with
76 per cent. of the eftect. As the experimental details accumulate, this steady
quantitative relation will be found to vary wonderfully little, considering the nature
of the struecture investigated and the diflieulties connected with the methaod.

The ﬁrx]mrilnunt jllﬁt alluded to also indicates a very impm't;mt fact which will be
referved to in detail in the concluding section of this work, namely, that when the
stimulus is minimal the nerve impulses are almost entirvely confined to the direct
path ; in other words, this path is that of least resistance. It is necessary for the
stimulus to be of a certain intensity before nerve impulses can be started of sufficient
volume to break through corpuseular struetures and so enter on indirect paths, This
is indicated by the fact that no change in the deflection could be observed in the case
of the weak initial stimulus to follow the section of the grey matter ; prcsuma.bly,
therefore, the cord effect was due, in this case, to afferent impulses passing up the
direct, path.

A further extension of the experiment just described may be now referred to,
namely, the influence of dividing in addition one posterior column. After the section
of the anterior or ventral portion of the cord the left posterior column was divided at
the 10th dorsal vertebra ; on now stimulating the left sciatic nerve an effect of § only
was obtained, this observation being repeated several times. The importance of the
p:;st,eriur column on the side of the nerve is thus fhrcihljr ].'rl'mlght into view.
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B. Section of the Posterior Column of the sanie side as the Nerve Excited,

The marked diminution in the effect obtained by hemisection on the same side as
the nerve in the one case, and by section of both posterior columns in the others
would seem to imply that the posterior column on the same side, which is common to
both these lesions, is the fundamental structure concerned. We shall see that there
is every reason to suppose that it is concerned with 60 per cent, of the total effect,
that is, with that proportion of the number of nerve impulses, the remainder being
pretty equally divided between the lateral column of the same side and the posterior
of the opposite side. Tt will be seen that the direct evidence of the result of section
of one posterior column is somewhat complicated by changes in excitability which
appear to affect the remaining columus.

The results were observed in two Monkeys and five Cats, as shown in the following
Tables :—-

Section of Posterior Column on Same Side as Nerve.

| |
' Before section. After section.
Cord observed at | — - Section at
! | Deflection. Defection.
Monkey  (Macacns | 8th dorsal vertebra 130 10th dorsal vertehra 38
rhegus) 210 G5
a0l 100
Monkey (Mucaens | A dorsal vertebra a2 11th dorsal vertehra 12
rhesng) {(the Sth probably) ik by |
| 78 14
| : . 814 252 =

Batio of 100 to 31,

—— e —— —— e

In these Monkeys section of the posterior column on the same side reduced the
cord effect by 69 per cent., a very notable amount. Such a large veduction was not
often obtained in the Cat ; and oceasionally in this animal comparatively insignificant
reductions were seen. In such instances, however, the nerve stimulation was
observed to evoke violent reflex movements, and, as will be seen in considering the
result of section of the opposite posterior column, the opposite uninjured side of the
cord beeame evidunl]y hf}ht—,:l‘ex{:itzil:]e,
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SECTION of posterior column on same side as nerve at 11th to 12th dorsal vertebra

Corid obgerved at Deflection before Deflection alter
Bth dorsal, section, seetion.
|

I F e ey S I b
LL-GE o it 1K) 38
o a%
11 1 g B e e Tii k5
E3 24
T ) ] e e 210 115
et 8 155 fiy
185 121
1004 11

{ Ratio of 100 to 50,

The above experiments made upon five Cats give results, which, as is seen, differ
considerably in several instances, the deflection before section being in some cases
four times as great as that after section; in others not twice as large. The latter is,
however, the case when owing to some eircumstance the stimulus evoked very large
effects (see Cats IV, and V.) including strong reflex movements. If, however, we mass
together all the results obtained in the two sets of animals, the average reduction of
effects due to section of one posterior column would amount to about 60 per cent.
of the total effect obtained in the normal condition. Hence it wounld seem that one
posterior column is the main channel by which the entering nervous impulses proceed
from the lumbar to the dorsal cord.

The difliculties involved in this series of experiments will be still wore evident
when we turn to the influence of the section of only the opposite posterior column
upon the cord effect.

C. Section of the Posterior Column of the Opposite Side to the Nerve Exeited.

In these experiments we are for the fivst time confronted with the remarkable fact
that in consequence of an intervening section the stimulation of the nerve is some-
times followed ].1__' an Inereased effect. (E{:ﬁ also U]];lllt{j[‘ VIIL., Section 9, B., p. 395.)
Since the section has eut off at least some channels of communication between the
lower and upper parts of the cord, and presumably, thervefore, has blocked the paths
of some, even though few, nerve impulses, such a rise must be attributed to the
greater intensity of the effect evoked in the remaining channels, whether nerve fibres
or nerve cells, and the cord must therefore be considered to be hyperexcitable.

This alteration in excitability is probably associated with the phenomenon of hyper-
wsthesia observed by Fovkra and Scurer to follow operative interfence with the
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posterior columns. That it affects the cord on the side of the lesion is probable from
the results just given, but the direct proof is wanting since the increased intensity of
the effect is masked by the large diminution caused by the severance of the direct
tract in the posterior column of the same side. There is, however, no such sever-
ance in the case of the opposite side, and the increased excitability is plainly seens
as evidenced by the cases marked with an asterisk, in which the section was followed
by actual increase in the cord effect. Whatever may be the meaning of this it
undoubtedly is a most important factor to be taken into consideration in all experi-
ments the general plan of which consists in first causing definite lesions, and then
examining the influence of such. It will be obvious too, that in proportion as the
anwesthetic is removed so much the more marked must this change in excitability
become. In the experiment upon conduction already referred to, made by Migscuer,
in which the reflex effect on the blood pressure was taken as the index of the passage
of afferent impulses through a block in the cord, any change of this kind eould not
be allowed for as owing to the curarisation of the animal, the observation of con-
comitant reflex movements was impossible. We venture to think that the inereased
effect obtained by Miescuer on the side of the complete section in his division
of every part of the cord except one lateral column, and taken by him to mean
that the afferent fibres crossed into the lateral of the opposite side, was due to some
such increased excitability in the lower fragment of cord on the side of the main
lesion, the fibres of the lateral tract connecting this fragment with that above as
internuncial fibres,

It is obviously impossible to put this factor completely out of court. The cord
effect with which we are dealing is a measure at once of the intensity and the number
of all transmitted excitatory processes, and the influence of any particular section can
therefore only be judged of by taking the average of all the readings, high and low.
It might be thought that by pushing the anmsthesia and by decreasing the strength
of the stimulus the effect would always become uncomplicated. Although anwsthesia
lessens the chance of its occurrence it would appear that this increase in the cord
effect will sometimes occur even under these conditions, and it is then evidently
dependent. upon the character of the particular preparation used. Its presence or
absence in these cases may, however, be not IIIE'I'{_‘,‘I}' due to the idiosyncracy of the
animal, but to minute differences in the extent of the lesion in certain instances.

The general result of experiments on four Cats and two Monkeys is as follows :—
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Errecr of Section of Posterior Column at the 10th to the 12th Dorsal Vertebra on
the Opposite Side to the Nerve Exeited,

Uredabsaryaial Nerve excited before | Nerve excited after
e e section. soction,
Cabi A28 L el . 10th doraal LI
128 111 s
107
| Cat (250) . . . . Sth dorsal i BY®
| Ciab i o b dorsal 78 HL L
| 125 a1 |
[ 121
I Cat (3497 . . . «| Oth dorsal 182 “;U‘ 150
I [ |
| Tobale . e e e | avd I 470 |
- ! s36 s |
Hatio 100 to 81 \

|
| Nerve excited before | Nerve excited after ‘

| | srction. | section.

S | e S & tedl S |
Monkey (281} . . Sth dorsal 155 150 |

&30 170

[ FLA I 155
| Mun]::n_i,' Tith dorsal | G5 105 |

| - 82 g7

[ Ot 120

Mol o e g s e R 878 £31

Ratio 100 to 94

From these results it is seen that the cord effect is reduced by the section, and
that this reduction in the observed cases was more marked in the Cat than in the
Monkey. If we take the two sets of experiments together, as in the previous
results of the division of the posterior column of the same side, then the reduction is
found to be from 100 to 87, that is, 13 per cent.

This evidence therefore points to a crossing of effects from one side of the cord to
the other as probable, such ecrossing and the ultimate conveyance of the impulses
being more or less bound up with the posterior column on the opposite side to the
stimulated nerve, to the extent of 13 per cent. in the animals we have as yet
examined.
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D. Previous Section of Posterior Columns some time Previous to Observation.

In one Cat (251) we divided the posterior columns at the level of the 10th dorsal
vertebra four weeks before the experiments. When the animal (Cat) was examined
it was noticed that the water test showed diminished :-&E‘lmihﬂfty in both hind feet,
since the animal could be placed with its hind paws in water without exhibiting any
movements of withdrawal. There were, however, vague symptoms that the two sides
were not equal in the degree of sensibility they still possessed. This inequality
showed itself in the knee jerks, the left being much feebler than the righ[;. On
placing the animal under ether, however, the left knee jerk was found to be then very
much exaggerated, and the left hind limb was easily sent into a condition of clonie
spasm,

The animal was first experimented upon by exposing and exeiting the cord, and
observing the changes in the nerves; the result of this experiment will be given in
[','-h.'gptv.r' X. It was then used for the |Jre$uul, series of f_':\:[:vt'iuu.-nm, the cord ]ming
originally divided at the 5th dorsal vertebra, and the upper end of the lower fragment
prepared for galvanometric ohservation at about the 7th dorsal vertebra.

The lett sciatic, when excited, with a minimal and a stronger stimulation, evoked
effects of 10 and 20: the |'ig|:{‘., when similarly excited, evoked cord effects of
8 and 70.

The cord, after the death of the animal, was examined histologically, when it was
found that the section had not been complete on the right side, a good many fibres
having been left intact. On the left side it was complete, and at the level of the 7th
dorsal, on microscopical examination, a sickle-shaped patch of degeneration could he
seen in the postero-external column on each side, that on the left being very well
marked, whilst that on the right was small. The same difference between the
degeneration on the two sides could be seen at the level of the 4th cervical, where
the degenerated area occupied, on the left side, a conspicuous portion in the middle
third of the posterior median column. The discrepaney between the effects obtained
between the two nerves is thus cleared up by the minute examination of the extent
of the lesion. It furnishes striking evidence of the aceuracy with which the electrieal
method can gauge the integrity of through tracts of fibres, but brings out a disadvan-
tage, namely, that it involves the death of the animal; hence, when lesions, &c.,
are made at the time of the experiment, it is impossible to be perfectly certain of
their extent, since the degeneration method, which alone would give absolute indica-
tions, eannot then be used.

SecTIoN R —INFLUENCE OF SECTION OF THE LATERAL CoLuMy,

OFf the remaining columns in the cord, the lateral and anterior, it is only the former
which appear to bear any relation to the pm«cluct-itm of the electrical effect in the

-
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cord when the sciatic nerve is excited. This is shown by the fact that the cord effect
is in no way modified by an interruption in the anterior columns which involves their
complete severance, caused by a section between the entering nerve and the observed
region. Such a section is most easily made in the isolated fragment of cord near
its eentral attachment, since this portion is raised from its bed. This is in strict
accordance with the fact alluded to in Chapter VIIL, that excitation of the one end
of the anterior column evokes no electrieal effects in a distant portion of the cord.

It is otherwise with the lateral columns which have distinet relations with
electrical effects in the cord, since, as shown in Chapter VIII., their stimulation
evokes marked cord effects. It does not follow, however, that this relation is one
which comprises the afferent nerves, for we know that the lateral column eontains the
main path for the efferent cord tracts, as is shown by the results of cortical excitation,
as set forth in Chapter V., & The conclusion at which so many observers have
arrived, that the main afferent path, whether crossed or uncrossed, is situated in the
lateral column, is clearly not substantiated by any evidenee offered by the employment
of the present method, since the integrity of the two posterior columns is evidently
essential for the production of at least 70 per cent. of the total effect. We shall see
that the extent to which the two lateral eolumns are related to the afferent effect is
small, being approximately only a fourth part of this amount, and that this is almost
m.tim'l}' confined to the lateral column on the same side as the afferent nerves execited.
The results may be best displayed as follows :—

A. Ejffect of Section of the Lateral Column on the same side as the Nerve FEreited.

The following experiments made upon four Cats show that the lateral column of
the same side as the excited nerve, if divided, reduces the cord electrical effect evoked
by excitation of the nerve to an extent the average of which is 20 per cent., that is,
from 100 to 80.
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SectioN of Lateral Column on the same Side as the Nerve Stimulated.

| Cord observed in ]'.-ﬂl..‘rt before SR 1'.-1"!'! ct after |
region of gection. section.
| |
Cat (193) . 1Uth dorsal vertebra . 1465 st lnmbar | 115%
Cab (327) | Sth T i 105 1st lambar 76
I 132 =3
Cat (346) .| Bth e : 90 1=t lnmbar (HI]
110 | 105
oi2 434

Ratio 100 o 80,

The inference is that the integrity of the lateral column of the same side is
connected with 20 per cent. of the cord effect.  Additional ground for this conclusion
18 afforded by the ::pp{)@;ite sectional method practized after the manner of Migscuen
and Woroscairorr, which, excluding the lateral eolumn, divides everything else:
the knife being placed perpendicularly through the cord from dersal to ventral surface
at the junction of the posterior and lateral columns, and then the cut made obliguely
inwards towards the centre, and continued so as to come out on the {rlnlmsiw side.
All the structures, with the t'xu-lullun of one lateral column, and the {:mlliglltﬂtﬁ
portion of the lateral horn are thereby severed. In some instances this operation was
done piecemeal, first one and then another strueture being divided.

Tllc ]'E"Eult l.}l. Huﬂh SEVeriance {'lj'r I]{Jtll [Hr.'-;i l:'.l'i[!]' FiIH.I ore Iiltl?]'il]. {T[F]lllllll [H tﬂ' HIIU“’
that an electrical effect in the cord ean still be obtained by stimulating the nerve
on the same side as the uninjured lateral column. Its amount, as compared with
the total change obtained before the section, is, however, greatly reduced, as is
shown in the following Table, comprising experiments made on five Cats.

® Tt will be noted that in Cat 196 there ensued an increased effect after the section due to a rise in
excitability.
MDCCCXCL —B. 3 L
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SECTION of both Posterior Columns and Lateral on opposite Side to Nerve.

Effect before It ensity of Effect after |

| TR | iun, :il‘i i '|I!'|hi. Hertion., i
g L L e s P e 210 4000 £ |
CIOBIERE 5] e s R e B 4000 8 |
ki el g e B e e 78 1000 23 _
(327 Cat .| Yh dorzal vertebes . . 142 | E g0 |
(4] Cat .| Bth = £ SO0 #=

122 | LEN) 35

15 R 7

Hoi iz
Hatio 100 fo 19, |

That is to say, this remaining effect represents 19/100 of the whole. This result
tallies with that obtained with the other method, which showed that the section of this
lateral {m[_v reduced the effect I;}- about 20 per cent. This reduetion in the cord
electrical change is thus a reduction in the munber or intensity of the afferent impulses
which pass up the cord when the nerve is excited. Hence, as far as the method goes,
it would appear that the lateral eolumn on the side of the stimulated nerve furnishes
a path, whether internuncial or not, we cannot say, but, at any rate, an indirect one

for tlH—" t]‘.‘t]'l:i['lli!-ll'!-iilll ul\ 20 ]_IE'I"' cent, Ur I.IIE!‘ 1nerye ill]]_ll.].l:-jl'.‘.‘i.

L. Efieet of Section of the Lateral Column on the opposite side to the Nerve Excited,

The contradiction which exists between the results of the present research and the
interpretation given to their experiments by Migscuer and WoroscHILOFF is brought
into the strongest prominence by the consideration of the present group of results. If
the interpretation of these physiologists is warranted by their data, and is of general
application, then we should expect that the integrity or otherwise of the lateral column
opposite the entry of a stimulated nerve would have the preponderating influence upon
the passage of those nerve impulses which have entered the cord by the nerve, and
consequently upon the amount of the electrieal change in the observed pertion of eord.
We have, however, alreadv accounted for 95 per cent. of the effect h_‘.' showing that
the amount is dependent upon the integrity of the other eolumns, and this fact alone
is sufficient to show what a small share the integrity of the opposite lateral column
has in providing channels for the conduction of ascending impulses.

We have made experiments upon five different animals, the results being separated
into those in which the lateral column was divided on the opposite side to the
nerve, and those in which all struetures, except the opposite lateral column, were
cut



ON THE MAMMALIAN NERVOUS SYSTEM. 445

INrLUENCE of Section of the Lateral Column on the opposite Side to the Excited
Merve on the Clord Effect.

| Cord divided and Effect before Shimeic s Effect alter
observed at section. R gection. |

(1963 Cat .| 10th dorsal vertebea B ETRN 101
(327) Cat .| 9th - i : H22 SO0 e

! 142 100 125
(346) Cat .; fth 5 2 ; 10 1000 i3

| 110 2000 112

| L ' 478

Ratio 100 fno 90,

It will be noticed that in only one case {:Hl}} was there any marked reduction, and
that this did not occur when the intensity of the stimulus was increased. Instead of
reducing the effect the section in two cases increased it. The average reduction of
10 per cent. is |}1'Dl_'ru.h|_3-' Too lji;__;'h, uwing to some unknown factor heiug III‘EHI'][L L
cause the exceptional low reading. This presumption is rendered more probable by
the next set of results, the converse experiments.

Section of all Columns except Lateral on Opposite Side to Excited Nerve,

Cord divided and Effect before @ : Effeet after
SR 5 Stimualos, £
observed at section. sevtion,

(196) Cat . 10th dorsul verichen | 104 S 10
(256) Cat . Eth - 2 . 0y 10 LH]
(427) Cat . Oth = . 142 L0 0
1045 HTL ]

(344) Cat . 8th . i ; 7 [ a0 a4
103 Likd 15

35 ' 2{H) 3

Tk 41

Ratio 100 to G,

These results show that at any rate under the conditions which were present in
these experiments, those, namely, of moderate narcosis, the lateral column of the cord
opposite to the nerve excited can transmit only 6 per cent. of the nerve impulses which
produce the electrical change in the cord when all the other structures are divided.
To what extent it can act as a bridge when the ether is removed, as in Miescaex

9 L2
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and WoroscHILOFF's experiment we have not yet had an opportunity of observing.
-]1“"' le!f“r]ﬂ"'“'ﬁ “'“ul‘l IIH‘!'(‘ tn IJ('! l]*r]'l!‘.- l'IIHIE‘]' Clranrs tﬁ 'rl"|'lili[1 'IIE" {il'El;_".'!_:i"H (N1 tl'll'!
cord by the convulsive movements of the animal and without anmsthesia, analgesia
being provided for by section of the peduncles. They are, therefore, of a very special

kind, and involve mueh consideration before embarking upon them.

SECTION 9. —SUMMARY.

We will now sum up the results of the foregoing experiments, pointing out at the
same time the deficiencies as well as the advantages of the method employed.

I. Electrical changes in the lower dorsal region of the cord ave readily evoked by
excitation of the sciatic nerve, or the |}m-'.tu|‘iur roots of the lombar plexus.

I1. These changes are dependent in the anwmsthetised animal on the integrity of
particnlar columns of nerve fibres stretehing between the region observed and the
neighbourhood of the entering nerves,

ITI. The total amount of electrical change is an indieation of the amount of nerve
energy flowing up the cord from the stimulated nerve. If the total amount be repre-
sented as 100, then the following numbers represent approximately the amount which
HII“—H llil (!‘Ell'-]l ﬂ:”ll“l"] ill]fl "I.\']]‘!i'-]l iH []'ILIH- rllitf’-l'l'llllt..'."ll !l.} [t‘} Hﬁﬂtil]" —_—

Posterior colomn same side . . . . . 60
Posterior column n[:l]mﬁit(‘. mde: & = o % Ib
Lateral column same side . . . . . . 20
Lateral column opposite side . . . . . 5

IV. The flow of nerve energy up the cord is thus mainly unilateral, 80 per ecent.
being transmitted in the channels on the same side as the entering nerve.

V. The comparatively small amount of nerve energy which crosses into the opposite
side of the cord is almost entirely localised in the posterior column of that side.

These conclusions are. it will be observed, simply confirmatory of those already
indicated in the preceding chapter, in which it was pointed out that no eleotrical
evidence existed of any crossing of ascending impulses in the cord from the fibres
in one lateral column to those of other columms; and that the peculiarity of the
ascending impulses in the cord is (¢} the direct path they take up the posterior
column of the same side, and (b) the indirect path by spread from the posterior
column, first into the lateral column of its own side, and then across into the
posterior column of the opposite side.

Finally, our experiments do not show the path taken by sensory impulses ; it
is possible, though hardly conceivable, that these are essentially different in quality
to the ones we have been studying. All we can say 1s that when nerve impulses
are evoked in the afferent fibres of the seiatic nerve, and proceeding up these reach
the cord, they apparently find several paths open to them. These paths, however,
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are either not Eilllnny numerous, or are not uqu:l”}-‘ easy of passage ; the ]‘msteriﬁr
column of the same side offers special facilities for the passage of the impnlses, the
lateral column of the same side offers facilities greater than the posterior eolumn
of the opposite side, but both, whilst far inferior in this respect to the posterior
column of the same side, are far superior to the remaining lateral column of the
opposite side. This last, at least in the narcotised animal, offers practically no
tacilities for such passage.

It is, perhaps, unnecessary to draw attention to the circumstance that the above
results are only verified in the case of the lower dorsal region of the cord in the Cat,
and to some extent in the Monkey.

The principal deficiencies of the present method have been indicated in this and
previous chapters, but may now be summansed. They are connected—

(.) With the character of the nerve impulses, which, being due to electrieal
excitation, are more intense, and possibly different in quality, to those which are
generated in peripheral sensory end organs.

(h.) With the necessity of insulating the observed portion of cord, to ensure the
observation of localised effects in it, this being accomplished by a severe operation
which entails the death of the animal at the close of the experiments.

(¢.) With the limited anatomical scope of the method as at present used, the highest
point which we have reached being the mid-dorsal region. The shock of the exposure
E.I_PD\.’E: t.hi.‘i ]:'IE'I,S l'{’.l]{i_l,"'l'f_‘{l our {":‘il}l'l'illl{".l'ltﬁ, f!ﬂi'l'IIU;.[ ot IJ]g‘IIEl' t-]l:.l“ t]IEH, ul.ll:iltl;‘-cl.:".‘ifﬁr“l.

The chief merits of the method are—

(a.) That the changes investigated are the electrical excitatory processes in the cord
itself severed from the encephalon, and are free, therefore, from admixture with
cerebral effects, and arve independent of the reflected outeome of such effects in the
musecles.

(5.) That the changes are so definite as to admit of comparison as to their quantity,
and thus of a quantitative estimate of the nerve energy transmitted in the cord
under different conditions.

(¢.) That this quantitative character of the results enables a comparison to be made
of the effects of nerve energy which are dependent respectively on the integrity of the
different parts of the cord.

The conclusions to which we have thus arrived will receive additional confirmation
from the results of experiments in which the impulses in the nerves are made the
subject of investigation by the electrical method, such impulses being aroused by
excitation of the different columns in the cord.

These will be detailed in the next chapter, at the end of which a general review
of the whole question of eonduction in the cord, as elucidated by our method, will
be given.
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CHAPTER X.—ELECTRICAL CHANGES IN THE NERVES FOLLOWING EXCITATION OF
THE 2PINAL CORD.
Section 1.—Introductory.
Bection 2.—Plan of experiments and preliminary observations,
Beotion 3, —Electrien] effects in geintic nerve following excitution of different coluomns of the cord.
Section 4. — Kleetrical effects in afferent nerves following excitation of the cord :
(1.} Posterior roots,
(2.) Sciatie nerve after section of anterior roots,
Section 5. —Electrieal effects in efferent nerves following exeifation of the cord,
Section 6.—Influence upon the effects in the nerve of intervening sections of the eord.
A. Inflnenee of hemsection.
B. Influence of gection of the posterior colnmn on the same side,
C. Iufluence of section of the posterior column on the opposite side.
D. lufluence of section of both columns,
E. Influence of section of the lateral columns,

Beetion 7.—Summary and conclusions,

Section 1, —INTRODUCTORY,

In the foregoing cliapter the results have been given of the ohservation of a new
index of cord activity, that of noting the accompanying electrical effects when the
afferent nerves were excited together with the influence upon these of a series of
intervening sections,

It will be seen that the plan of the whole of that research was upon the lines of
previous investigations, except as regards the index employed ; in the experiments to
be detailed in this section both the methed and plan of experiment are entirely novel,
since conclusions can only be arrived at by the evidence afforded by the electrical
effects as indicative of the presence or absence of excitatory changes. The uovelty
consists in this, that we are able to detect excitatory electrical effecta in the
is-;suing nerves when the cord 1z stimulated ; not ]J]l']'{']}' in the nerves them-
selves, but in their roots. Now as far as the efferent motor roots and mator portion
of the mixed nerves are concerned, the method whilst giving us valuable information
has obvious relations with the data which have already been obtained by the graphie
method of recording the muscular contractions; but as far as the afferent sensory
nerves are concerned, it introduces us to previously unknown relationships, for there
is no indication other than an electrical one at present known, which can detect the
passage of nerve impulses from the cord into afferent tracts, since such passage is opposed
in direction to that of the normal tiansmission as usually understood. It has been
already stated that one of the most valuable results of the discovery of the excitatory
electrical change was that set forth by pu Bois-REvMoxb, as proving the propagation
of excitatory effects in both directions along a continuous tract of either atferent or
efferent nerve fibres, this being evidenced by the presence of the electrical change at
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hoth ends of a nerve when the middle portion is stimulated. We have seen that
similar evidence in the case of the nerve fibres in the cord shows that in them also the
effect is propagated from the stimulated region indifferently either towards the centre
or the periphery, and it follows from the combination of these two, that if any fibres
in a nerve are directly continnous with those in the cord, the excitatory changes
following stimulation of these must be propagated along the whole length of the
continuous strand and may thus travel out into the fibres of the nerve. Direet
continuity has been shown to exist by the degeneration method between the
fibres of the posterior root and those of certain portions of the posterior
columns, hence it is not surprising that the stimulation of the posterior columns in
the cord should cause electrieal changes in the posterior root due to the arvival in the
fibres of this structure of exeitatory processes transmitted from the cord down tracts
'-\'hi{:h, r:m'ing to their terminal relations, are usunll_‘r believed to be Hl]lﬂi}' =1sf;{rnding
ones. There is nothing to warrant the belief that these descending impulses in
afferent nerves, evoked |J_‘,~' excitation of the eolumns in the spinal cord, are in
themselves different from those which arve evoked by similar methods of excitation
when -'I|J|+]it.*.1| to the peripheral parts of the afferent nerves, and which are propagated
in the natural direction, sinee it seems to be fundamental as regards nerve conduction
that fibres can conduct equally in either direction.

The fact that in one group of nerve fibres (afferent) the starting platforms are at the
peripheral end, and the receiving termini at the central, whilst in the other (efferent) the
positions are reversed, and that, in consequence, what are called normal nerve
impulses proceed in the afterent direction in the one group and in the efferent in the
nl.hf:l', Elp[_ml'cntl}' has not, ph:_.'ﬁ-i::]ngim]l:.' o atruet ul'auj', altered the fibres {pulm‘iﬁed
them in any way)so as to make conduetion in the one direction more difficult than in
the other. As far, then, as the directly continnous afferent fibres are concerned,
there 1s no tﬁ[ﬁuu]t_‘g‘ either in u|ﬂ.:1i1|in1r;' electrical results in the pﬂf-:.t{*:l'iur rools on
exciting their direct prolongations in the cord, or in interpreting these as indicative
of the passage of nerve impulses,

A much more complicated econdition must, however, be now referred to, that,
namely, of the nerve fibres which are only indirectly continuous with others in the
cord, there being interposed in their path corpuscular elements and unknown
channels.

The simplest of these are the efferent (motor) nerves, and it has already been
stated that, as regards these, Chapter IX., Seetion 2, the corpuscular connection is of
s_;uch a character that, whilst :1?11:\\'iug the passage of iuumlzﬂ:n from the cord to the
nerves, it appears to completely block the passage of impulses from the nerves
into the cord. (See also Chapter XI., Section 2 (1).) The stimulation of a mixed
nerve (the posterior roots being divided) or an anterior root thus evokes impulses which
travel up and break upon the shore of the nerve corpuseles, and either remain on
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their peripheral side, or issue in such broken and disorderly array that their
character is completely lost, and all evidenee of their presence disappears,

To what extent is this true of the afferent root filwes? The answer to this question
is one which can only be appreciated when the results of the experiments of both this
chapter and the succeeding oue, upon the reflex functions of the cord. have been
,-1n:1|11.-:-;|=¢1 ; but it may be well here to state at once that there is no evidence of such
pronounced block to impulses which may be caused to descend the indirect paths by
which the posterior root fibres are brought into connection with the cord,

The difliculties of interpreting the experimental resulls are increased by the gap
which exists in our anatomical knowledge as to the connection between these indirect
afferent fibres and the cord. This eonnection is one upon which the degeneration
method throws but little light, although it would appear probable from the trophic
changes observed, and from morj hological eonsiderations, that there are cells in the
posterior horn, and possibly in CLARKES column, which arve connected with fibres
in the posterior roots (Morr).  The recent researches of KOLLIKER seem to indieate
that the termination of some of these indirect fibres in the cord is largely that of
a fine plexus with free ends.

Although the central connections of the fibres are as yet o a great extent
unknown, yet the deseription indirect as distinguished from direct is warranted by
its wide-spread use. It is advisable, however, to emphasise what the term indirect
as used by us in the present ease is understood to connote.

It is deseriptive of all atferent fibres in the cord, which may be H]'IE:']!_JHEI,{ to be
connected with those of the posterior root, but which do not show any of the
degenerative and developmental differences which stamp some fibres (posterior
median) as being in divect continuity with the root. There is, however, nothing in
itself to show that this term indirect is a strictly logical one; since the same line
of argument might be applied to those fibres which pass through the ganglion on the
posterior root, with vegard to which the degeneration method furnishes no evidence
of direct continuity (Josepi).

Iml}ll;.‘-‘-ﬁh& are conducted tlll‘ullgh the gim;;]iull in either direction (pU Bois-
Reymoxsn), and apparently without any madification in their time relations (Ex~ER)
if we may suppose that this is due to the fact that, apart from the few fibres which
appear not to come into relation with eells at all, the relationship of the majority of
fibres to the ganglion eells is of the T-piece kind, as shown by RANVIER, in which
case the cell does not interrupt the continuity of the connected fibre. There is no
reason why some such sort of bypath (Goretr) may not be the basis of the con-
nection of the fibres with the carpuscular elements in the spinal cord, as it is in
certain parts of the cerebrum (FrecusiG).

There are, therefore, no anatomical data which are necessarily implied in the term
indirect as applied to these fibres, beyond the fact that such fibres come into



ON THE MAMMALIAN NERVOUS SYSTEM. 449

connection in some way with some element in the cord, which serves as a eommon
centre both for nutrition and for growth.

The researches on the conduction of afferent impulses from the nerves into the eord
detailed in the preceding chapter, as well as our other experimental investigations,
show that such paths undoubtedly exist. The present experiments will prove that
these, although indirect, are capable of condueting impulses from the centre towards
the periphery ; the only distinction between the indirect and the direct path, in this
respect, being the greater intensity of the stimulus necessary to produce the evidence
of such effects in the case of the former, and the comparatively small amount of the
nerve energy which can be thus evoked, throngh the indirect path, in the afferent
nerves. In other words, the divect path is that of least resistance to impulses when
these pass backwards from the cord into the afferent nerves,

We now pass to the consideration of the detailed plan of the experiments as a
necessary prelnde to the analysis of the results.

SECTION 2.—PLAN oF EXPERIMENTS AND PreEciMisany OBSERVATIONS.

Our first experiments upon the nerve effeets following cord excitation were erude in
design. They were made by first dividing the cord in the dorsal region, then
]:I‘E:Ii:li'illg one sciatic nerve n the back of the thigh, ]ig;tt-m'ing it, dividing it, and
connecting its central end and the adjoining longitudinal surface hy means of cable
electrodes with the galvanometer, and finally stimulating the cord by means of
needles which lnirrmd it and acted as electrodes to the .r-.m*-nml:w_'.' eotl of the
inductorium.  We satisfied ourselves in this way that the excitation of the eord was
followed by excitatory electrical changes in the nerve, and then proceeded to more
methodical experiments. In these the cord was carvefully exposed by dissection and
a piece removed, so that the eross section of its surface could he easily seen. The
various eut ends of the columns were then excited as desired by a series of interrupted
induction currents (Helmholtz side-wire) for a period which was eontrolled by the
revolving mercurial key, and was carefully kept of the same duration during any set
of observations, A pair of well-insulated fine platinum-pointed electrodes were used
for the stimulating eurrent, these being applied to the partieular region of the eross
section it was desired to exeite, in the manner and under all the precautions already
described in Chapters III. and VIII.  The sciatic nerve when raised in air and eon-
nected with the galvanometer displayed the unsnal resting electromotive difference
between its two points of contact. This difference has been referred to at length in
Chapter IV, and was compensated in all eases.  On exeiting the cord for five
seconds an electrieal effect was produced in the nerve which was always opposed
in direction to the resting eurrent, and which passed away on the cessation of the
stimulus.  The amount of the deflection was in most cases considerably less than
was obtained by applving the same stimulus (unaltered in intensity and duration)

MDCCCKCL—B, 3 M
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to the trunk of the nerve. It was notably affected by several conditions, of which
the most important are those affecting the state of the animal and those connected
with the intensity of the stimulus. The influence of these two conditions demands
closer examination.

The state of the animal has the greatest influence on the amount of the change.
To take the most powerful factor first, the systemie death of the animal, this is at
onee shown in the diminishing size of the effect, until, in about ten minutes, no
electrical change can be evoked in the nerve when the cord is excited.

The following experiment may be quoted in illustration of this point ; it is one in
which the ||u.*‘.h-‘.l'i:l1‘ root instead of the nerve was observed.

The cord of a Cat was divided at the 10th dorsal and the eauda equing exposed. The
7th lumbar posterior root on the left side was then ligatured and divided near the
ganglion, raised in air and its central end and surface connected with the galvano-
metrie electrodes.

Excitation for five seconds of a given tract in the cord (the left posterior column)
evoked an electrical change indicated by a galvanometric effeet of 253, The animal
suddenly died from ecollapse, the heart failing, and the experiment was then repeated
about four minutes after death, when the deflection was found to be less, viz., 165.

The time of this observation was 12.1. A series of such observations were then

made as tollows -

Time. Detlection.

12 1 1G5
12, 2 1432
12 3 139
12. 5 Tor
12,7 50
1210 B
12 12 nil

Exeitation of the root itself still evoked considerable efiects at 12,15, We have
often had the opportunity of noting that the nerve electrical effect. when evoked 'h].'
excitation of the cord, disappears on death earlier than when evoked by excitation of
the nerve trunk. This we imagine to be due partly to the circumstance already
mentioned that the latter excitation produces normally a move marked effect than
the former, and partly to the changes in excitability which, in accordance with the
titter-Valli law, proceed from the centre towards the peripheral attachment of a
nerve,

A more imlmrtaut influence than this of death, since it 1s one present t-hl'nllg]lnllt-
all the experiments, is that dependent npon the varying degree of anmsthesia, There
are many experiments which furnish illustrations of this point. A stimulus of the
same character, intensity, and duration, applied to the smme region of the cortd, evokes
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now a larger and now a smaller effect, dupumlunt upon marked lessening and -rle:-~[1e||ing
of the narcosis. The importance of bearing this in mind is sufficiently obvious; it is,
however, capable of control, since the character of the movements awakened by the
stimulus furnishes a fair index of the eondition of anmsthesia, and was in all cuses
closely observed.

Finally, the influence of temperature is one to which attention has already been
directed in Chapter III., and although the necessity of keeping the exposed cord
covered with warm sponges, except during the actual stimulation, has been already
dwelt upon, it may be insisted on again at this juncture.

Alterations in the duration and intensity of the stimulus modify the effect ; the
longer the duration and the greater the intensity, the more pronouneed is the nerve
change. The modifications are so marked, that in analysing and comparing the
quantitative value of the nerve effects obtained by stimulation of different regions of
the cord, it will be necessary to divide the mdicative galvanometric deflections into
two eclasses, as evoked h:..-' S nnimal 7 and maximal stimuli |‘1_3.-:f"113{:ti\r':*|;}', It will be
understood, however, that a rigid separation is mpossible, there being every grade
between an undoubtedly “ minimal” effect with no :u:{:ump:iu.}'ing reflex movements
and an undoubtedly maximal effect with vigorous movements.

The experiments were made upon twenty-one Cats and six Monkeys, and may be
divided into four groups, the first three of which differ as regards the nerve fibres in
which the electrical change was observed, the fourth differing as regards the
condition of the cord, through the stimulation of which the nerve effect is evoked.

- . . " .
1&"1‘ (& I]EH'I‘!, ”'I.{‘I't‘llilll'l‘, to IZ’H]'IHHIP!' I snecession @

The electrical effect in the mixed sciatic nerve ;
i afferent nerve roots ;
i s efferent nerve roots ;

The modifieations produced by intervening section of tracts in the cord.

tach group will form the subject of a suceeeding section.

SectioN 3.—THE Eirkctrican EFFECTS 1¥ THE ScIATIC NERVE FOLLOWING
Excrratioxn orF THE DirreErext Convmys oF THE CORD.

The experiments upon this subject will be best displayed by first seleeting and
describing the results of a particular experiment in the Cat and Monkey 1':.'=-']‘I-E!Ct51'!}]}',
and then giving a table which will show the averages of all the comparable
observations.

The spinal cord was exposed and divided in an anwesthetised Cat (331), at a level
between the 10th and 11th dorsal vertebrae ; both the sciatic nerves were then care-
fully exposed, ligatured in the lower part of the thigh, and divided on the peripheral
side of the lizature. They were then freed from their attachments and raised in the

3 M 2
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air by the ligature. A separate pair of non-polarisable electrodes was placed in
connection with the cross section and the surface respectively of each nerve. A
piece of cord 1 centim. long was now removed from the upper end of the lower
fragment of the cord, thus exposing a tresh cross section of all the columns,

The left seiatic nerve showed a I‘u.itiug electrical difference between the surface and
cross section, which was balanced by a difference of ‘01 Damniell ; the right nerve
showed a rather less marked difference balanced by 008 Daniell.

Each ]J:iil' of nerve contacts was ull.ul'lmtdy connected with the ;.:u]'l.'alltnlllﬂtl:!‘, a
Pohl's reverser without eross wires being used to switeh either set of contacts into
connection. The following deflections, opposed in direction to the resting difference,
were obtained from the nerve when the cut ends of the various columns designated
below were excited for 5 seconds :—

Lerr Nerve connected,

Streneth of stimulos, Reron excibed, FfTect.

Srvondary coil |

LT Lt posterior column ; 0]
Left laterul - e il
Right posteriar o 15
Right lateral s . | Nil
Anterior columus . . i | Nil |
Ricar Nerve connected,
Strength of stimulus, Hegon exeited. Effeet.
Secondary cail,
ol Left posterior column ., . 5
| Lixft lateral - D L i Kil
| Right posterior , BN (i
Right lateral o o o il
| Anteror eolummns S Nil
The intensity of the stimulus was now doubled.
Lerr Nerve connected.
Strength of stimulus, Region excited. Effect.
[ Becondary coil, W 3
LEHMD Left posterior column . . . lEiIl:l
Left lateral . T o @

Iight posterior o piiats Bl
Right lateral = ke F Nil.
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Ricuar Nerve connected.

Strength of stimuolus, Region excited. ; Effct.

Becondury coil.

| LR Left posterior eolumn . . . 3
Left Iateral T : : Nil
Right posterior ., : 142
izt lateral o Nil
Anterior columns . . . . Nil

Lutensity of stimulus again doubled.

I,EFT NE!]‘\."E! I.;l.,}lli]l_,'!I:_'!t.L‘WL

Strength of stimulus. | Regrion execited, - Effect.
Secondary coil. | 1
S0 | Left ].mH.h't':l.lI' colmmn . . . b8 )
| Losft lateral . « o 16
Right posterie: . o e | BT
| Right lateral i o Mgl Nil
Antevior colomns . . . . . Nil

Ricur Nerve connected,

Strength of stimulus, Hegion excited. Effuct.

ﬁu-l,:umia'r"i' woil.

2000 Left posterior eolomn . . L 15
Left lateral e Nil
Hight posterior . : 172
H'i_l_"h[ lateral 51
Anterior columns . . . o . Nil

The above experiment shows pleinly that, with a weak stimulus, an effect is only
produced in the nerve by stimulating the posterior columns, and that this effect is
very marked when the directly continuous fibres in the posterior column of the same
side as the observed nerve are excited, and is small when the filnes of the posterior
column of the opposite side are excited. A very small effect is produced by stimu-
lating the lateral columns until the stimulus is strong, and even then an appreciable
effect is obtained only from the excitation of the lateral on the same side as the nerve.

A similar experiment may now be quoted in detail upon the Monkey (333)
(Macacus sinicus). The cord was divided in the anmsthetised animal at the 10th
dorsal vertebra, so that the cut ends of the various columuns could be excited as in
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the previous experiment. Both nerves were then prepared and connected alternately
with the galvanometer in the manner already deseribed. The excitatory electrical
effects in each nerve following the stimulation of the different columns of the cord
were observed with different intensities of stimulus, and the results, which are
analogous to those obtained in the Cat, are shown in the following Table. The left
nerve was found to be less excitable than the right, but the resting difference of both
was 005 1.

Lerr Nerve connected.

Lutensity of Region of cord excited at Defection of
stimulus, | cross section, ralvanometer.
- - |
S Lkt ]mstt;t-inv column . . 14
Left lateral o Nil
I{ig’ht E::lﬁtr:l'iu'l‘ o & |
Righi laternl i e Nil

Iticar Nerve connected.

Iutensity of Region of cord exeited at | Defleetion of |
stimulus. cross aection, ralvanometer,
D Lieft: ]rlth':'itrr column A | 12
Left lateral . N Nil
Hight |H.IE‘|.1.':I'iH!' = : (i3
Hight lateral = R 1)

Intensity of stimulus doubled.

Lerr Nerve connected.

lutensity of l Region of cord excited at Deflection of
- stimulus, | eross seetion, ralvanometer.
&
MO0 Lelt posterior columm . . .| 106
| Left lateral i e | ]
I Right posterior ., By 40
H Right lateral -+ RN Nil
|

Anterior colomns . . . . . Nil |
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LIGHT NI'I‘TF: ['I}IIIll't!ltil],

Intensity of H-:*gi.--la of cord exeited af Deflection of
gtimuluz, Cross 2eEtion. gralvanometer. |
| ,
| 0 [oft posterior colomn . . . a2
{ Left lateral - S Trzee
Right posterior : 112
]:{'i!_fh[ ];lh_"'l'.l.| i : : i
Anterior eclomns. . Nil

The effect in the mixed nerve of the Monkey is thus shown to be most strongly
evoked when the excitation is that of the posterior eolumn on the same side as the
observed nerve. This preponderance over those effects which are evoked in a minor
degree from stimulation of the lateral of the same side and the posterior of the
opposite side is very marked when the stimulus is minimal.

The two experiments thus quoted form two in a series similarly made npon six Cats
and five Monkeys, and the average results of all galvanometric deflections obtained in
these form the most reliable data from which to draw any eonclusions as to the relations
between the amount of electrical change in the mixed nerve and the special regions of
the cord which were stimulated. We must, however, again diseriminate between
effects evoked by stimuli of only just sufficient intensity to ensure their presence,
which we term minimal (i.c., 500 to 1000), and those which more strongly arouse
the region exeited, mawiimel (ie., 2000, occasionally 4000); hence, for every column
excited, we have the result of a minimal and a maximal stimulus.

Moreover, it is obviously useless to designate which nerve is connected with the
galvanometer, if we place together

A. All effects evoked by excitation of the posterior column which is on the same
side as the nerve.

B. All effects due to excitation of the posterior column on the opposite side to the
nerve.

(. Those due to stimulation of the lateral column on the same side.

D). Those due to stimulation of the lateral column on the opposite side.

}\]1_1]; alterations in the stimulation as to iutrn!-ﬁt:,.' and duration NECEsSATY in
different animals do not affect the value of any comparison bhetween the quantitative
results of the members of each different group, since the stimulus was always the
same during any one set of observations, and each set included stimulation in regular
suecession of all the different columns indicated. The total result of sneh observations

in the Clat is as follows :—
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AT,

Effect in seiatic nerve following

Amwimal. Corid divided at | A, Exeitation | B. Exeitation | €. Excitation | 1), Exeitation
of posterior of posterior of lateral of Intemnl
eolumn of same column of column of same column of

sule. onpposite side, sl opposite side.

Min. Max. Min, Max. Min. Max. Min. Max.

Cat(254) . .| Bthdorsal . . Eh ) 0 |
&) 8 o |
& 1= 12 0. |
Cat (265) . .| 11th dorsal . . a6 =i i 32 1] rl il i
i ] i
Cat (311} . .| Sth dorsal . . 49 130 ) {
152 21
L1ik= BT 0o |
Cak (320 . . Nith dorsal . . ik =3 i 25 1] 11 I i
28 20 0 =2 b {
| Cat (363) . . Oth dorsal . . 42 22 8 10 1] L% i !
i 145 o5 L i 10 i
138 28
Cat (331) . .| 10th dorsal . . iy 140 Y 15 i i
' 190 30 5 0
132 5
172 5 5 1}
240 {1 14 i
Aggregatesum . . . . . 335 | 21VE | 28 378 0 &0 i i
SEYREIS S Lo i s 48 125 i L 1] I i i

From this it will be seen that with the minimal stimulus effects were obtained only
on exeiting the posterior eolumns ; that the effect, dve to excitation of the posterior
column on the same side as the nerve, was eight times as large as that due to excita-
tion of the posterior column on the opposite side ; and that no effect was produced by
stimulation of either lateral column.  With a stronger stimulus, it is seen that the
effect evoked from the posterior column of the same side was five times as large as that
obtained from the posterior of the opposite side, and further an effect was obtained
from the excitation of the lateral column on the same side as the nerve.

Turning now to the Monkey, the results similarly grouped. arve as follows :—
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Moxkey.,
{ | Effect in sciatic nerve following
Animal. | Cord divaded at ‘ Exmtation of Exeitation of e l Fxecitation of
| posterior posterior ]Il?.ln:_mtlnt:uln of lateral eolumn
[eolumn of same!  colamn of “IE.“_“ m?itf"| of opposite
| | sidp, nppm;il,c gide, A side.
E2== i : —
| Min. | Max. Min. Max. Min. Max. Min. | Max.
Monkey {2?0}.| 8th doresl . .| 59 0 g 0
| | 40 70 0 42 ] [ 0 1]
Monkey (280) .| Vth dorsal . . [ 190 10 2
192 & 2 |
[ 135 a3 | RO 0
Monkey (221) .| 10th dovsal . . | o8 26 | 45 B |
5 15 | 6 12 |
| ! 57 24 | 40 2
| 102 10 a0 3
Monkey (333 .| 10th dorsal . . 5R (] 18 12 i I 10 1] 0o |
11083 a7 25 0 |
112 52 [ i
Monkey (368) .| 10th dorsal . .| 55 | 16 b ] |
| 58 - 0 | 0 |
| a8 | G l a0 i
| 87 | 14 [iEO ) 5
| | 240 8 | 23 | 0
Aggregstesum . . . . .| 270 |1275 | 36 | 287 | 4 | 304 | 0 | 30 |
Average o 25 s | 4 mo| 7 | 2| - 2| 0 | 25

It will be seen that with “minimal ” excitation the average effect obtained in the
sciatic nerve of the Monkey by the excitation of the posterior column of the same
side was nearly eight times as great as that of the posterior column of the opposite
side. A small effect was obtained once after excitation of the lateral column of the
same side, otherwise these results are in complete harmony with those in the Cat.

With the stronger stimulus the average effects following execitation of the two
posterior columns have the relation of nearly five to one, the larger being due to
that of the posterior of the same side ; and, as in the Cat, a marked eftect follows the
excitation of the lateral of the same side, this being equal to that evoked by stimula-
tion of the posterior column of the opposite side.

Finally, if all the results in both animals are blended and we compare both the
average effect and the highest deflection obtained in response to excitation of each of
the columns, the comparison shows the following results,

MDCCCXCL—B. 3 N
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Averace Nerve Effect produced by Cord Excitation (Cat and Monkey).

i Average, Highest. |

| ey

Posterior colomn, same side . . . . . | 20 | 162 [
o i opposite side . 15 it

Lateral ealumn, same side . Bl [
- »  opposite side 4 12

1

5T O e e 110 i

The sum of the average effects produced by all the eolumns is 110; of this the
posterior column on the side of the nerve is capable of evoking about 73 per cent.,
the posterior eolumn of the opposite side 15 per cent., the lateral column of the same
side 9 per cent., and the lateral column of the opposite side 3 per cent.

There is a great similavity, at least as regards the relation of the crossed to the
uncrossed side, between these different quantities and those which were referred to at
the end of the nerve-to-cord experiments, detailed in Chapter [X. An exact similarity
could not be expected, since we are dealing in the present case with mixed nerves,
hence efferent as well as afferent fibres are the subject of observation.

The presence of impulses which may be supposed to emerge from the cord by the
anterior roots might account for an increase in the effect evoked in the nerves, since
the excitation of such columns as the posterior may awaken reflex discharges from
the cord down the motor roots.

This explanation, however, cannot be applied to the effects evoked by excitation of
the lateral column on the side of the nerve, since we see that the effect evoked by
this column is smaller than that which the results of Chapter IX. would lead us to
expect as probable from the indirect connections of its fibres with those of the
posterior root only. There is no evidence of any accession of nerve impulses through
this exeitation, but rather of a resistance to the passage of impulses from the cord
through the lateral indireet path inte the fibres of the mixed nerve.

It is, however, essential to ascertain the amount of the effects in the afferent and
efferent nerve tracts before proceeding to discuss in more detail what the above
experiments seem to indieate as to the relations of the cord to its nerves.

Secrion 4. —TreE ELecrrican Errecrs 18 AFFERENT NERVES FOLLOWING EXCITATION
oF THE SriNaL Corp apove THEIR Poixt oF Extiy.

(1.) The Posterior Hoots.

The simplest mode of obtaining the effects in afferent nerves is that of exposing a
posterior root, dividing it near the ganglion and connecting its eut central end and
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ﬂu' snrface i||||||_L-|.|i.'|1_1':.'-.' above with the _'_‘.llk':llrlll.ll.'fi r eirenit in the manner de seribed.
.].lld'llll:-lt‘l'[ill}|‘~ 1] |||i~1' 1"{|.|"'-_‘:]||.']_-| |'l:|‘_|:-.i:-.l, i:| II:I' '_"'I'I"I': :-1I|l"':-'. L |1I|l.' :illi'lli'l '-"--ilit'.il ||-|'
I:H'c----:-:-n_'i]_\' 5'!-'!"|I_'_:'l|| -:x‘:-lw'.n'-' |-|' I||-' IOOLs T -----il:|'.|--| b I]|-- |||'--:--|ii||-' SEEIsS Lo
cause, and in the fact that the ls-'r:il--r:.lﬂ' root does not hold out as long as the sciatic
nerve, its excitability being more readily influenced by falling temperature, drying, &e.

We have however !‘-'~'||I'4'l'l'1il.'li ir.- 1]|l'r-' |}ill'|-g'q-||1_ antnals {Lat) i H]Jl.n-nil.'_' 1 series
L:I' l'r;y]ih:.-i -.-I.' 1]||- value |r1. L||1' ot |'|'|'-'|"._ 1]|r‘ |]- I::i|- of [|||' |-\']-I-| i.‘..:-'ll|."-'~ ||--i|:_: s
follows ;

[n all three animals, the left Tth lumbar posterior root was selected, this being
the largest of the posterior roots in the Cat which receives afferent fibres from the
,f-u-in[ir Nerve, as :-|5.-m'|| itl. l]ll' :lL't'I:‘]|||-:=I|}]IIg I'L'|-I'---||:|'Li-']| |:»1' f ||||n‘- '.::"i']' I*|' '.:'.I'

]n|1-:~m.~._ (See fio, 14.)

o

Tiu' l'-»'r'fl was hrat ["«|1- .:.,.-.] I:I| I!1|||' |;|'l.'u-l' 1E--'|':-»;|1 |'e-:_-;i--a| ;|||11 ]?'I'l.']“ﬂ"'li for E‘.‘U'il:llii'll at
t]lv level mndicated in the table, and 1]1:-“ the ecauda l'4|=.li||el. and thus the roots, laid
bare, The 7th lnmbar root was then i'."i]""*'"il frrom I'T-'}."i"- LEE _'_‘~'||'f’-'.'|:~”'“- |E_::|!1!]|--l Near
the ;_;‘;Lh_-_-"|:.n|| and divided. It was raised in air ];._'-.' the |i:_’.'l|.ll|'-‘. and cables l-]-u'l'il
round its li-_..lll:'e--l cut end and its surface 1 centim. above. The roots, as stated mn
l.‘h:lElLt-P IV., were remarkable in exhibiting a -'--::|!|:|]'.'|1i\'t-|_'\' large resting electro-
motive difference between the surface and the eut section.

The different columns of the cord were then excited, first with “minimal” and then
with maximal stimulation : it was found that the eleetrical effeet in the root resembled

g N 2
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that of the nerve in character, but owing to the difficulty of keeping the root protected,
and at the same time insnlated, the amount of the effect, and, presumably, the
excitability of the root, declined, especially in one Cat (341); the results, therefore,
are all modified by the fact, that as the “ minimal” stimulus was applied first, the
deflection caused by the excitatory electrical root change is much larger in the case of
the “ minimal” stimulus relatively to that of the “maximal” stimulus than would
otherwise be the case.

The ﬂ;liuwing table oives the results of the guh’mmmeh‘ic observations ; each
deflection being produced by electrieal changes in the nerve root, corresponding to the
localised excitation, for five seconds, with the interrupted induction current of the
sectional area of a special tract of the cord as indicated below,

Errecr in Left 7th Lumbar Posterior Root.

It is seen that with the minimal stimulus an effect

excifation of the posterior column of the same side as

I
Excitation of | Excitation of | Excitation of | Excitation of
left posterior | right posterior |  left lateral | right lateral
Az | Cord excited eolumn, colnmmn, , column. | column.
nimAl: at level of !
Min. | Max. | Min. | Max. | Min. | Max. | Min, | Max,
| T | T A i e N
Cat (341) . 12th dorsal 150 b 1] : [
135 [ o | 1]
110 32 [T 0
108 19 | | 0
90 | 50 ) 0
| a0 45 | 10 0
| Cat (348) . 11th dorsal 92 2 | O | 0 |
| il 2 [ O LI |
200 70 0 | | ©
Cat {362 10th dorsal a0 2 0 0
240 | 45 0 0
. 253 { 15 0 | ©
Total sum . 735 (1091 | 21 | 276 | 0 |10 | 0 | ©
Average 47 | 156 o ‘ s = 0

is practically only evoked by
the root: with a stimulus of

greater intensity an effect is also obtained with stimulation of the posterior column of
the opposite side, this being one-fourth the amount of that evoked by stimulation of
the column of the same side. As regards the lateral columns, only once was any effect
in the root obtained, and that was with stimulation of the column of the same side.
If it be remembered that the minimal effect is exaggerated in the case of the
posterior columns by the fact that their stimulation coineided with the fresh condition
of the root, it will be seen that as far as the relations between the effects due to
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excitation of the two posterior columns are concerned, the above experiments give
results which are fundamentally the same as those obtained in the mixed nerve. On
the other hand, the lateral column effect is almost entirely wanting in these
experiments. The alterations in the excitability of the posterior root itself may be
to some extent responsible for this, and in any case should, if possible, be excluded.
In order to carry out this exclusion, experiments were performed in which, whilst
investigating the effect in the mixed sciatic nerve, the (motor) efferent paths were
annulled by section of all the anterior roots of the lumbar plexus.

2.) Effects in the Sciatic Nerve after Section of Anterior Roots.

This experiment we have performed on two animals (Cats), in each of which
the cord was divided and exposed for excitation at the level of the 11th dorsal
vertebra, and the left sciatic nerve prepared in the usual way for connection with the
electrodes. The lower lumbar cord and the canda equina were then exposed in each
animal by opening the eanal for about 5 centims. The anterior roots of the left 5th,
6th, and 7th lumbar, and 1st and 2nd sacral nerves, were cut within the eanal
All other connections were then divided, so as to leave the left sciatie nerve in con-
nection with the cord by the posterior roots only.

The excitation of the cord proceeded in the usual manner, but a “ maximal ” intensity
of stimulus alone was employed, and the time of stimulation was 7 seconds.

Errrcr in Left Seiatic Nerve after Division of its Anterior Roots.

[ i Excitation Excitation Excitation of | Exeitation |
Amnimal. | Cord fli" ided of left posterior | of left lateral | right posterior | of right Jateral

| 2 | column, i colummn. column. | enlumn.

: d i = I ) Lo v o e o
| Cat (208). .| 11th Dorsal 125 | not observed g 0

130 1] [ 35 LI

| 85 |  mot observed 15 not observed
| | 02 | ) | mot observed | et
l R el 50 | 54 0
i Average | 108 t 50 20 | 0

From these figures it will be seen that the effect evoked in the sciatic nerve by
excitation of the [v.::s-_:t.erinr column on the same side was more than twice us lm‘gf_* as
that rvesulting from excitation of the posterior on the opposite side and more than
four times as large as that due to the lateral on the same side.

In another animal the same anterior roots were divided, and in addition all the
posterior roots on the left side and all nervous eonnections except the 7th lumbar
posterior root, thus leaving the left sciatic nerve as a mere continuation of this
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7th lambar posterior root. Effects of 85 and 20 were obtained from excitation of the
posterior column on the same side, and an effect of 10 with excitation of the posterior
column of the opposite side; no effect followed the excitation of the laterals. This
experiment is very difficult in execution, owing to the depressing effect which the
severe character of the operation produces in the cord, both directly and indirectly,
through shock to the animal. We have tried the experiment several times without
success. As far as they go, the results of the second experiment would seem to
indicate that the lateral column effect is not present when only one channel of
influence, that of the 7th lumbar posterior root, is present, and this result is in
aceordance with the observations made upon the posterior root itself. It is not
impossible that the results of the first experiments with the sciatic nerve given in
Section 3, in which an effect was always obtained from the lateral column of the same
side, are due to the fact that the nerve investigated was left in connection with the
cord by fibres emerging from at least three posterior roots, beside the 7th lumbar,
but as we have not been able to carry the investigation of this point further at
present, we would merely emphasize the fact that the anatomical connections with
the cord were different in the two cases.

(3.) Swmmery of the Facts wn (1) and (2).

If now we sum up the results of all these experiments when the nerve investigated
is connected with the cord by afferent tracts only, we find that the average eftect
evoked by excitation of the posterior column of the same side

o 147 4+ 156 + 108 -_p-_:H v 4349

- == 2l =1
4 4 0,
the pm;turiur column of the opposite side
4 + 3% + 50 + 10 105
= i _—

the lateral column of the same side

L b0 50
= -p_=_:£=i"}!-

=

the lateral column of the opposite side = 0.

That is to say, as far as these readings go, of the sum of all the effects obtained,
the posterior column of the same side was concerned with 110/151 = 72 per cent. of
the effect in the nerve ;

The posterior column of the opposite side was concerned with 26/151 = 17 per
cent. of such effect ;

The lateral column of the same side with 15/151 = 10 per cent. of the effect ;
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The lateral column of the opposite side with no part of the effect.

It is most remarkable how nearly these average figures resemble those obtained
by exactly similar average methods when the whole mixed nerve was the part
investigated.

This similarity suggested to us the possibility that the fibres in the anterior
roots are but slightly concerned in the production of the electrical effect in the mixed
nerve when the cord is excited by such strengths of stimulus as have been used in the
foregoing experiments (300-2000, very rarely 4000).

It will be found on referring to Chapter VI., that whereas the electrical effect
observed in the cord to follow excitation of the cortex is very considerable, it is very
small in the sciatic nerve, and we there suggest that this difference involves a change
in the amount, intensity, or quality of the nerve impulses in their passage through the
unknown endings of the pyramidal tracts, and the known origins of the efferent
nerves, the anterior cornual corpuscles. (See fig. 22, p. 495, Chapter X1.)

To what extent, and under what circumstances, electrical effects can be detected in
the sciatic nerve, when all the posterior roots are divided and the nerve is connected
with the cord by efferent fibres only in the anterior roots, becomes therefore a most
interesting question.

To the consideration of experiments upon this point we will now turn,

SecrioNy 5.—THE Evrecrricar Errecrs 1xv EFrFErsT NERVES FOLLOWING
ExcitaTion oF tar Seixarn Corb.

The least complicated mode of experimentation for determining these effects would
be that of directly observing the changes in the central end of a divided anterior
root. This experiment, however, we have not yet successfully accomplished ; the
difficulties in the way of obtaining satisfactory connections with a divided anterior
root are augmented by its anatomical relations, and by the fact that, in order, as we
shall see, to obtain any changes in the root an intensity of stimulus has to be applied
to the cord which evokes general movements, thus drageing on the short root. The
dangers of inadequate isolation have been already dwelt upon in Chapter IV. Our
attempts in this direction were so unsuecessful that we determined to employ the
more laborious method of division of all the posterior roots, and examination of the
electrical changes in the sciatic nerve,

The plan of experiment, therefore, consisted in exposing the lumbar cord and
cauda equina (see Plates 34 and 35,and fig. 18), and then dividing the posterior roots
of the 4th, 5th, 6th, 7th lumbar, 1st and 2nd sacral nerves, so as to leave the sciatic
connected with the cord by the efferent fibres only.

We made experiments upon seven animals (Cats) on these lines ; but in two of these
we unfortunately did not divide the 5th lumbar posterior root and the connection
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with the 4th, which, as the figure of the plexus shows, possibly furnish some,
though a very small proportion, of the efferent fibres of the sciatic nerve.

The results of these two experiments are, therefore, not completely to the point,
but they are interesting as showing the increase in the relative size of the effects
obtained with excitation of the posterior column on the opposite side of the nerve,
and of the lateral column on the same side, in comparison with those evoked from the
posterior column of the same side.

The section of these posterior roots has thus cut down the preponderating effect
obtained with excitation of the direct fibres in the posterior column.

Erecrricarn Changes in the Sciatic Nerve after Section of the 6th and 7th Lumbar
and 1st Sacral Posterior Roots on the Left Side.

|
‘ Effect in nerve following cxeitation of '
Intensity of ! = R
stimulation. Paosterior Posterior Lateral Lateral
columns same columns columns same eolurmns _
gide, nppnﬁ.ih‘ e, gide. | mp]-u:-:lil-: side, |
o = 3 e R . |
Cat (204) . 1000 ' 58 70 40 0 |
B 20 45 | ()
Cat (207) . 2000 S0 Y 2 | 0 |
000 110 43 12 ] |
11 25 |
. 204 . 263 99 :
| 5] Ere
Avernge . | 5l ' 5% 25

The excitation of the anterior eolumns produced no effect.

The results are, however, probably mixed, as will be seen by reference to the
experiment on the remaining animals,

In these all connections of the sciatic nerve with the cord, except the anterior
roots, were divided ; the interesting fact then came to light that, even with a strength
of stimulus above that employed in the previous experiments, very small electrical
effects were evoked in the nerve by cord exeitation, these being evoked by stimula-
tion of the posterior column of the same side and the lateral of the same side. When,
however, the strength of stimulus was inereased very markedly, effects were produced
which were more marked in the case of the lateral. It is not, therefore, until the
intensity of the stimulus is far beyond the limits hitherto used that any marked nerve
effect is produced by the passage of impulses from the cord down efferent nerve
fibres.

This is illustrated by the following experiment upon a Cat (209), the cord being
cut at the 1ith dorsal, and all the posterior roots on the right side divided as
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deseribed.  With a stimulus of 2000, effects in the right sciatic nerve were observed
only from excitation of the posterior and lateral columns of the same side, the deflee-
tions amounting to an average of 10only.  Onincreasing the stimulus to a considerable
atrength (4000) a deflection of 70 was produced by the excitation of the lateral eolumn
of the same side.

Still more striking experiments are the following made upon two animals (Cats),
which may be set out in detail, the necessary strength of the stimulus employed being
noteworthy.

Errecr in Efferent Nerves following Exeitation of Spinal Cord,

[ | .
| | i | Exeitatien Exeitation Exeitation Exeitation
l . | - :-:r:'r-m:lh of of pl‘rﬁ‘.ﬂ'inl' of posterions of lateral of lateral
| Animal. | Cord cut at stimnlns. column of column of colnmn of column of
: | | EfRing s-;:ivlh-, n]ljumji.r{' Ril.]ll, CHE T Hi-:]_l}, L:Il[]laﬁ.h e :-:'iiiql.
| Cat (193)  13th dorsal vertebra 2L 0 0 i | ]
| [ B0 10 17 511 2
' 2 32
| Cat (181} | 10th dorsal vertebra SR 12 1] 1=
| i ] 54
| 50000 14 i 4
| Gy 12 (il
20 | 40
Fresh section SO0 15 0 a6
11th dorsal GO 28 a5
| 45
: 0 [ [H | ETH ]}

In the preceding experiments with afferent fibres, the maximal intensity of the
stimulus was that mpresfnted h}' 2000 ¢ the great inerease in the il’]tf‘ﬂﬁit]’ of the
cord stimulus necessary to evoke effects in the nerve through efferent fibres is, there-
fore, very striking.

Another animal (Cat) which was experimented upon in the same way, must be con-
sidered as furnishing rather doubtful evidence, since we had previously not only exposed
and excited the cut ends of the various divided posterior roots on the side of the nerve
in order to obtain reflex effects, but had divided all the anterior roots on the opposite
side of the cord. These operations must, from their severity and extent, have altered
the excitability of the cord itself. As far as they go, however, the results are in
accordance with those just set forth, sinee a stimulus of considerable intensity (3000)
was necessary to evoke any effect in the nerve which, in the case of excitation of both
posterior columns amounted to 30, and in that of the lateral column of the same side
to 306.

Finally, in order to avoid the changes in excitability following immediate section of
the posterior roots, those belonging to the 5th, 6th, Tth lumbar, and 1st sacral nerves,
were divided on the left s'de in a Cat (227) 26 days before the experiment. When

MDCCCXCL.—R. 3 0
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examined at this later date, the animal was found to move in an ataxic manner, but
was not paretic ; the sensibility of the left hind limb was very much diminished, and
the left knee jerk was absent.

The histological examination of the cord showed at the lesion on the left side
degeneration of («) fibres entering the posterior cornu, (%) fibres in the posterior cornu,
(¢) fibres in the posterior root zone, (d) fibres in the posterior external column.
Higher up, at the 11th dorsal vertebra, there was no degeneration in the entering
fibres, but a large cornu-shaped pateh of degeneration in the left posterior external
column.  The left posterior median column showed no definite degeneration until the
lower cervical region was reached.

The experimental results were obtained by dividing the cord at the level of the 10th
dorsal vertebra, and preparing both sciatic nerves for connection with the galvano-
meter. Each nerve when excited evoked electrical changes in the observed region,
the left one (on side of lesion) more than the rvight. On stimulating the columns of
the cord, and observing the effect on the left nerve, it was found that, with the
ordinary strength of stimulus, very slight effects of 4 and 8 followed excitation of the
posterior column of the same side, and no effects were obtained with this strength of
stimulus from either the lateral of the same side or the columns of the opposite side.

On the other hand, in the right nerve, effects of 35 and 36 were evoked by
stimulation of the right posterior, and varied effects from 2 to 65 on stimulation of
the right lateral.

The observation eould not be repeated with stronger stimulus owing to the failure
of the animal.

An examination of all these resnlts and comparison with those of Sections 3 and 4,
will show that the effects aroused in the mixed nerve by stimulation of the spinal
cord must be mainly due to nerve impulses travelling from the cord down the afferent
(sensory) fibres ; since the effect due to impulses travelling down exclusively efferent
(motor) fibres, in the first place, is very small in amount and, in the second place, is only
produced by a strength of stimulus in excess of that employed in the experiments on
the mixed nerve, and finally, is then mainly evoked by stimulation of the lateral tract
of the same side as the nerve under observation.

SecrioNy 6.—THE INFLUENCE vroN THE BELECTRICAL EFFECT 18 THE NERVE OF
INTERVENING SECTIONS IN THE CORD.

The experimental results to be studied under this heading throw more light upon
the relations of the sciatic nerves to the spinal cord.

In the foregoing three groups of experiments, whilst excitatory electrical effects
were evoked in the afferent, efferent, and mixed nerves by stimulation of the
different columns in the cord, no direct evidence was afforded of the nature of the
path in the cord along which the impulses, starting from the excited cross section



ON THE MAMMALIAN NERVOUS SYSTEM. 467

of any one particular column, pass to reach the nerve roots. It cannot be assumed
that the result of the excitation of any particular column is to evoke nerve impulses
which, in their passage to the issning nerve roots, are limited to fibres in this
'I!:i.l'ti{'!l'!l'rl'l' column, or that any ]:articular excitation, however :-:t['i.uﬂj." localised, iy
not excite by commissural fibres a neighbouring column, Indeed, as far as the cord
itself is concerned, the evidence afforded by the experiments {['.'511:1|:rtl.}r VIIIL.) shows
there is no absolute limitation of L‘]HH{‘:Hmlirlg impulsus to one column,

It is, therefore, a matter of great importance in connection with the present
investigation to ascertain to what extent in the foregoing experiments the path of
such impulses as issue by the nerve roots is limited in the cord to the particular
column stimulated.  We endeavoured to obtain information as to this in the
following manner: we first made experiments with the mixed nerve precisely
similar to those :ﬂmudjr deseribed {Sm!l‘iun :'i:l, that is, we conneeted the nerve
with the galvanometer civenit, and exeited the cut ends of the various columns
of the cord, as displayed in a transverse section. We then made a section of one
column between the seat of execitation and the lumbar roots of the sciatic nerve, and
repeated the first experiment under these conditions. We were thus enabled to
ascertain how far the nerve effect due to the excitation of any particular column was
reduced when the fibres of that column were all cut through., Any remaining effect
might be due to— '

(e.) The presence of fibres which passed from the stimulated into other columns ;

(b.) The presence of fibres connected with the corpuscular portion of the cord, and
the awakening of the same by their means, the nervous impulses thus reflexly
discharged proceeding either along fibres in other columns or along fibres in the same
eolumn below the interruption.

To what extent these various factors come into play will be made evident by a
careful analysis of all the results. These are best grouped in accordance with the
particular part of the cord which was the seat of the intervening section.

A. Influence on the Effect in the Nevve of Hemaiscction of the Cord.

The first group of results show that an intervening hemisection of the cord
completely abolishes the nerve effect produced by excitation of the columns on the
side of section, as well as that evoked by excitation of the posterior eolumn of the
t}!:ptmilfa side,

Thus the spinal cord was exposed and divided in a Cat (329) at the level of the
9th dorsal vertebra ; both sciatic nerves were now prepared for galvanometric observa-
tion, and the electrical effects obtained by exeiting the cut section of the various
columns at the 9th dorsal vertebra observed, the results being given as under.

a o2
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{.-U]“IIII.TI. f.'lf ﬂli:li'li!. ::xuilul.

Nerve observed. [

| Fxeoitation of Excitation of Fxeitation of Excitation of
left posterior. | left lateral, right posterior. | right lateral,
Left sciatic nerve obsorved, |
diff, = 012 Dianiell bl Deflection =25 1k | 20 (1] |
Right seiatic nerve observed, |
diff, = 011 Daniell . . s il 0 I 89 . ] |
Hemisection of cord on left side at level of lst lnmbar vertehra, ‘
Left nerve obsgerved . . . Dreflection ] ] ]
Right sciatic nerve obaeryed " b} ¥ 130 5

The above experiment thus shows that with such an intensity of stimulus as that
used (1000) the result of an intervening hemiseetion on the same side as the nerve
is to abolish the nerve effect. It it iz on the opposite side of the nerve, then the only
eftect interfered with is that evoked by the stimulation of the posterior column on the
side of the lesion. It would therefore appear that with this strength of stimulus the
nerve impulses, which subsequently cause the electrical effects, are localised to one
side of the cord in both the area of stimulation and the subsequent path through the
cord from that area to the issuing nerves,

There is, however, one ]mii]f.. to which it is desirable to draw attention before
proceeding to the next experiments. This is the absence of any effect in the left
nerve when, with a hemisection limited to the left side, the right posterior column is
stimulated. We do not interpret this as implying that there is no crossed path from
the opposite posterior column to the roots of the lumbar nerves, but that either such
crossing has to a great extent oceurred at a higher level than the 1st lumbay vertebra,
the level of the section, or that the hemisection had either L!ir('ctly (by injury) or
indirectly lowered the excitability of the neighbouring posterior eolumn, and that
thus the intensity of stimulus used was inadequate to evoke nerve impulses which
could puss down the alferent fibres of such an indirect path as eonnects this eolumn
with the nerves on the opposite side. This latter supposition is rendered not improb-
able by an experiment made upon an animal (Cat, 283)* in which the hemisection had
been performed four months before the experiment. The cord of this amimal was
exposed and divided for excitation at the 10th dorsal (the hemisection had been made
on the left side at the 12th dorsal). The electrical effects produced in the two nerves
by exeitation of the different columns (coil 2000) were as follows :—

* For full description of this animal daring life and after death see pp. 420-130.
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Excitation of

left posterior. Lieft lateral. Right posterior. Right lateral.

Cat (283).
Lok erve. o o a0 al s L] i an 1]
| l{'ig'ili T Ve T L i 2 15

In this ease the previous hemisection had rendered excitation of the columns on the
side of the lesion quite ineffectual, as far as the generation and propagation of nerve
itnlnﬂ:-ze:% into either nerve were concerned.  The excitation of the posterior eolumn on
the opposite side to the lesion, however, evoked effects in both nerves. Tt would,
therefore, appear that the crossing through grey matter from the one posterior column
to the other, and so to the nerves, was in this ease below the level of the hemisection,
viz., 12th dorsal vertebra. This experiment appavently is contradictory in its results,
as regards the crossing from the opposite posterior column, to that just given; but
putting aside the presence and absence of immediate shock in the two cases respec-
ti\.'[rl‘}', it must be remembered that the lesion in this case was two vertebre higher
up. The localisation to the particular column excited of the generated impulses at
the area of stimulation is very clearly brought out by this experiment, as wzll as the
failure of production of any crossed effect from the sound (right) lateral colomn into
the left nerve.

B. Influence on the Nerve Effect of Seetion of the Posterior Columun on the Seame
Side as the Nerve Observed.

The influence of the section of one of the posterior colnmus will be here considered
before that due to section of hoth, for although its effects are more complieated, the
experimental procedure by which the changes were produced involved the section first
of one and then of the other column. It will be found that the result is extremely
l'_ll;:‘ﬁ!]il.ﬁ Fi b I't‘:L""-'I.I'lIH t]ll.‘! [ITI]'[;UII]:'II' {"1]]11!11“ lJI]'l'_'f'.';'ltl,":l 'I.'lI'I'l'H!:I FE] t]'l.(" f'LiI”.L}“'i'I'lg E:\[I}[”I'i—
ments upon two animals, Cat and Monkey, show. Tt will be noticed that a con-
siderable intensity of stimulus was necessary to produce effects in the Monkey,
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Spcrion of one Posterior Column on the same side as the Nerve. Left Sciatic Nerve
observed.

| Column of cord exeited.

| Excitation of Exeitation of Excitation of Excitation of i
left posterior, left lateral. | right posterior. = right lateral. i

Cat [-‘gll} |
Cord divided at 9th dorsal
virtebra |

Stimulos 200, ., . . . 130 ] 20 i
132 0 =b U
Loeft posterior eolumn cut at i 1] 10 0
1t lnmbar vertebra |
Stimmlas 500. . . . .| 0 i & i |
Monkey (333) ! |
10th dorsal . . . ; 106 L b 11 =

Left posterior colnmn ent at |
12th dorsal vertebra |
Stimulns 4000 | . .

| 6 20 l 10 0

In these two cases an intervening section of the posterior column on the side of the
nerve observed had the effect of entirely abolishing, or diminishing to a mere trace,
the large nerve electrical change which was formerly produced by the excitation of that
column It may therefore be inferred, that the fibres which connect the posterior
column at the level of the 10th dorsal vertebra with the posterior roots of the lnmbar
nerves on the same side, run wholly in that column, and that the stimulation and the
path are strictly localised therein,

There is, however, a further vesult, that, namely, shown by a diminution in the
nerve change evoked by stimulation of other columns. This may be due either to
the cutting off of erossing fibres, or to a depressed condition in the excitability of
the remaining part of the cord.

It is improbable, however, that both the latter causes operated in these cases,
since when we group together in the next table the influence of the lesion upon the
electrical changes in the nerve of the opposite side, although we obtain in both
animals evidence of diminution, yet the condition of the Monkey after the section
was evidently one of more and not less excitability than it was before, since the
uninjured right posterior column evoked larger effects than it did in the normal state.
(See Hyperexcitability after Section, Chapter 1X., Section 7, C.)
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C. Influcice of Section of the Posterior Column on the opposite side to the
Nerve observed.

Ricar Nerve observed.

Colomn of eord excited,

Exeitation of Execitation of Exeitation of Excitation of
left posterior. left lateral. right posterior. | right lateral.

Cat (311)

! Cord divided at 9th dorsal | M1 i 10= ]
| verteben
| Liaft |m.-am1'ir:1' colmmn cnt ;,1.t| 4 i 4= [ i !
i lst lumbar vertebra 2 | 37 |
| Monkey (333 | !
| Cord divided at 10th . . . 52 4 112 15

Left posterior coluomn divided 30 1] 15 15
| at 12th dorsal vertebra

It is seen that the effect evoked in the nerve by stimulation of the posterior column
of the opposite side is diminished by section. The diminution cannot be attributed
to general lowering of excitability since it is present in both cases, and it will be seen
that in the Monkey the excitability of other columns had increased. It must be due
to the interruption by the lesion of fibres crossing through indirect channels from
that posterior column. As this interruption occurs in the posterior column, it would
imply that there are fibres which cross over from one posterior column to the other, which
have a wide distribution along the cord. The diminution is due to the cutting off of such
fibres as descend to cross below the level of the respective sections; the effect still
obtained after the section may be due to those fibres which, having crossed above the
level of the same, are not interrupted by the lesion. Reference to the spinal cord
experiments (Chapter VIIL) will show that according to our experiments the fibres
in the two posterior eolumns have very extensive indirect connections with each
other.

D. Inifluence of Section of both Posterior Columns on the Electrical Effects evoked iu
the Nerve,

When both posterior columns were divided, mere traces of nerve eflfect were
evoked by excitation of either column, even when the stimulus was sufficiently
intense to produce marked effects from stimulation of the lateral column on the same
side as the nerve.

This is shown by the following experiments made upon the same two animals, the
nerve effect due to excitation of each different colummn being compared before and
after the intervening section of the posleriors.
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= : —

Colomn of cord exeitad.

Nerve obaerved.

Exeitation of Excitation of | Excitation of Excitation of
left posterior. left lateral. vight posterior. | right lateral.
| B — 5
Cat (3113
Section of Oth dorsal Before FH I 1]
Left nerve (stimulns 500) . 152 i a0
140 =1 8
Right nerve: & o o & & 1 i
Section of both pli-ﬂt-l'i- s af [
1&t lombsr After | {0
Laft nerve (stimulas L1OOO) ] S0 [ 13 )
Right nerve . L [ L1 [k} i
Laeft neeve (stimulos 20040 L 65
Monkey ($533)
| Section at 10th dorsal Befora 112 i
[ Right nerve (stimnlus 4000 o2 [ i [
| Section af hoth |Iu-ﬂ|vl'5--r== ok
12th dersal 7 After [H 21
Right nerve (stimulus 40007 (1 i
Cat (251)*
Sect'on, 1 month previous, at
10tk dorsal .
Right nerve [(stimnlus 4000 i 10k i X5

It is evideut that the interruption, as far as the pesterior column is conecerned, is
now practically eomplete for both nerves, henee all the fibres by which these columns
are connected with the lumbar nerve roots are now severed, and thus any crossing of
nerve impulses out of either posterior column into the lateral columns, or into any
structure except the other ]!l,lSlE'I'EDI at a level higher than that of the [2th dorsal, is
n{*gﬁih‘ﬁl.

It remains now to see the iufluence of section of the lateral column upon the
effect.

E. Influence of Section of the Lateral Columns on the Electvical Effects evoked
in the Nerve.

The limitation of the area of stimulation, and the localisation of the descending
nerve impulses to the fibres of the excited column, are apparently very complete in the
case of the lateral column, so far as the records of muscular miovements can show.
(Cf. Scnirr, see p. 347.)

[t remains to be seen to what extent this is true of the particular impulses now
studied which, as our previous remarks have shown, must be considered as conveyed
into the nerve by the posterior as well as the anterior root fil res,

® Por full deseription of this animal, ©.e., appearances duving life and death, see & 430,
P ' g
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The experiments upon this point were made upon two Cats, in one of which (259)%
the lateral column had been divided 34 days previous to the experiment, whilst in
the other an interveming section was made of all structures except one lateral
column at the time of the experiment.

The results of the experiment in the first case are given in the adjoining table:—

Lerr Lateral Columa divided 34 days before Experiment, at 10th Dorsal Vertebra.

Colnmn of cord excited.

Nerve observed.

Execitation of Exeitation of | Excitation of Excitation of
left posterior. | left lateral. right posterior. | right lateral.
Cat (259).
Section at dth dorsal vertebra |
Left sciatic observed— | ;
Stimoles 1000 . . . . a5 | i ] ]
48 | U 12 | ¥
2000 . . . . 2y I 52 | 0 |
liig]ﬂ seiatic observed —
Stimulos 1000 . . . . 20 i | 40 i
SO e 42 L Fit=3 [ as

It will be noticed that no [rlmllge at ull in the left nerve followed execitation of the
left lateral column, although, in the right nerve, a change was evoked from the
right lateral column. Since, however, nerve effects are not easily evoked from the
lateral column by moderate stimuli, and when these are employed strong violent
reflex effects are produced by stimulating other columns, it was desirable to adopt a
[IifTEl'E”t |:l'ﬂ(.‘i—:[|11rl* i'l,llll |T|.'ﬂk(" HA e ilLtL‘!l'\'ﬁIlillg Hl".l"‘.-liﬂ]'[l {}r 5111."1 [.'Il[ll"rlﬂ't.t"l' ils 'H'l}ll]l'_l
divide all fibres except those in one lateral column, which could then be used as a
standard of comparison.

The results before and after such division are shown in the following table . —

* For full description of this animal as regards its uppearances during life and after death, see p. 405.

MDOCUXCL.— B, d T



474 MESSHS. F. GOTCH AND V. HORSLEY

Colommn of cord excited,

Nerve obsorved.

Fixciutation of Exoitution of Excitation of Exeitalion of
left posterior, left lateral. pight posterior. | right lateral,

i

| Cat (363)

| Sectiom at the 9th  dorsal

vertehr.

l Lieft nerve,

| Stimulus 500 42 i = i

| 10400 122 0 10 0

| S0 135 : 0 28 0

Section of all colnmns except
right lateral at 12th dorsal.

| Stimulas 2000 ., . . . ( l i (i i}

| L F R ] i i} 14
| Right nerve.  Before section, |

Stimulag 500 . . . . & i a5 0

2000 . .. . 25 ) LS 0

Section of all colomng except
right lateral at 12th dorsal.
Stimulus 2000 . . . .| 0 1] i i
QOO S o ih i 1] 28

In these experiments, it is seen that the right lateral column was excluded from
the section, and that stimulation of no other column above the section, except the right
lateral, produced any nerve etfect.

It has, however, been shown in Chapter IX. that when impulses proceed up the
posterior roots into the cord ’Lllu:,' are cu:n-'t'!}'&'rl to some extent (20 per cent.) 'h:,.' the
lateral columns of the same side. A connection between the posterior root fibres and
the lateral column, presumably by means of fibres in the posterior eolumn or cornu,
must therefore exist. This connection is, however, of such a special kind that it
offers an evident resistance to the passage of i!ll!IlI.lIE.E.‘-Z« backwards from the eord into
the root. The fact that no effects in the above experiment could be obtained when,
“"itl.l t-llf‘ |:|I:i_*.r.'|1 {,:{I].IIII'II'I 1] t]lﬁ El!llﬂ }ll'illgﬂ i]l,"E.‘L\'Hi’!‘!] llfli.‘! H.\:ﬁiti_ﬂ.{ 11]}|'rﬁ_tl‘ 'I]{}I"til;lll ;_1|'
the cord and the nerves, the posterior columns were excited, shows that any spread
of path from the posterior to the lateral columns, if it exists, must either be below
the level of the section (12th dorsal) or must offer a resistance to the passage of
impulses in the downward direction which it does not offer to their passage in the
upward direction, that is, in their ascent towards higher centres.

I']I'h{j !'Eliltiﬂllﬁ \Yllil_ﬁll tlle {!{H'il [‘.'l'_'l-l'l.]]“l]!"_t a]}l)ﬂﬂl’ t'l',]' ]]EI.'L'E “'ith CILE: ﬂll{)t-hﬂ'f', s gi"&“ ].II
the summary of Chapter VIIL, are in this respect of great interest and importance.

Two results are clearly bronght out by the consideration of the series of experiments
in the whole of this section; the first that the analogous character of the general
electrical results in cord and nerve, without being pushed too far, may be extended to
this point, that the stimulation of any one column in the cord is a localised stimulation
of the nerve fibres in that column only, and the second. that the resulting nerve
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impulses generated at the seat of stimulus are propagated to the root of the nerves
along fibres constituting divect and indirect tracts, which are for the most part con-
fined to the particular column which has been excited ; the sole exception being that
of the posterior column on the opposite side to that from which the nerve roots
spring.

SEcTION 7.—SUMMARY AND CONCLUSIONS,

The experimental results detailed in this chapter form a sequel to those of the
preceding Chapter 1X., as to the relations which exist between the lumbar nerves and
the spin:a,l cord. Cmnp]ete lliil‘lllﬂlll}' between the results of tlie two series of PKpEl‘i-
ments is not to be expected from the very different physiologieal and anatomical
eonditions which they involve. It will, however, be seen, if we compare the present
results with those given in the summary of Chapter IX., that as regards the main
points the one set form a corollary to the other.

In order that the salient features of the two should be clearly expressed, the
following Table, in which all the results of the present chapter are massed under
different heads, is laid before the reader.

The Table shows the average percentage of the total amount of the effect which
has been observed in the sciatic nerve, or its roots, when each lateral and posterior
column of the cut cord is respectively stimulated.

The same average percentage is also shown, when the stiniilus is minimal, in a
separate appended table.

[.—TuE Amount per cent. of the Total Nerve Effect evoked by adequate Cord
Stimulation due to Localised Excitation of Particular Columns.

: |
| Character of nerve con- | 1. Excitation of | 2. Excitation of | 3, Excitation of | 4. Exeitation nl'l
| nected with galvanometer | posterior column | lateral  column | pesterior eolummn | lateral  colomn |

cirenit. of same side. | of same side. of opposite side. | of opposite side. |
1

|-'L'I‘Tr:hr E Peor cent. Per cent., | FPer cent.
Posterior oot . . . . BH 3 | il
Mixed nerve seiafic . . 73 O 15 3
I Beiatic Merve with an-
terior roois emt . . . 74 10 17 ] |

Average

=T
=
|
f—
=T
—

II.—THE same when the Cord Stimulation is Minimal.

[ |
Character of nerve con- | 1. Excitation of | 2. Excitation of | 3. Excitation of | 4. Excitation of

nected with galvanometer | posteriorcolumn | lateral column | posteriorcolomn | lateral  column |
cirenit, | of same side. | of same side. | of opposite side. | of opposite side. |
5 Per cint. Per cent. Per cont, Per cent.
Posterior oot . . . . a7 L] 3 i
Mixed nerve, . . . . i bt B i 16 Ll
(]

3p 2
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If these results are to be relied upon as ilu]icnting not mﬂmi_‘f dlifferent amounts of
electrieal change, but the presence of different amounts of nerve impulses propagated
from the stimulated area along the cord and into the observed nerve, then their main
features indieate the ﬁl”uu’]ug relations between the dorsal cord and the sciatic
nerve in the case of cord-fo-uerve experiments:

(1.) The path of least resistance, as shown by ** minimal * stimulation, between the
cord and the afferent fibres of the seciatic nerve, is that of the posterior column of
the same side ; this path being that of the directly continuous afferent fibres,

(2.) Of the indirect nerve paths between the cord and the afferent fibres, the path
of least resistance is that of the posterior column of the opposite side, as is shown
also by Table 11

(3.) The afferent paths, direct and indivect, along which nerve impulses ean be made
to travel {:.Ll.ru'l'u.-u rdd) from the stimulated cord to the sciatie nerve, have the following
relations to the posterior roots of the seiatic nerve, as shown in Table I:—

(a.) The posterior column of the same side conveys 77 per cent. of the amount of
nerve impulses ;

(h.) The lateral eolumn of the same side conveys 7 per cent. ;

(c.) The posterior column of the opposite side conveys 15 per eent. ;

(¢/.) The lateral column of the opposite side conveyvs a mere trace.

We will now compare these deductions with those of the preceding chapter from
nerve-to-cord experiments.  These latter were briefly as follows :—

(1.) The spinal path by which afferent impulses proceeding up the nerve travel in the
cord is, when these impulses are generated by “ minimal ” exeitation, almost entirely
that of the posterior column of the same side, i.e., the directly continuous one.

(2.) Of the indirect spinal paths along which such ascending impulses travel, that in
the lateral column is the }mth of least resistance of the same side.

(3.) All the afferent spinal paths have the following relations to the posterior roots of
the sciatic nerves as regards the transmission of afferent impulses generated in the
fibres of the seiatic nerve :—

(@.) The posterior column of the same side conveys an average of 60 per cent. of
the total amount (intensity and rlllimﬂt_}'} of nerve nnpulses ;

(.} The lateral column of the same side conveys 20 per cent. ;

(e.) The posterior column of the opposite side conveys 15 per cent. ;

(l.) The lateral column of the opposite side conveys 5 per cent.

The fu"m‘..‘ing features of these two sets of deductions are similar:—

i. That the channel of conneetion with the posterior roots is pai exeellence that o”
the fibres in the posterior column of the same side ;

il. That what erossing does exist is almost entively due to indirect continuity with
the fibres in the posterior column of the opposite side ;

iti. That the crossed path represents only about 15 per cent. of the available path ;

iv. That the fibres in the lateral column have very much closer indirect relations
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with the fibres of the posterior reots on the samwe side than they have with those on
the opposite side, these last being scarcely represented.

The most striking differences between all the connections of the posterior roots with
the cord, as dependent upon whether impulses are made to aseend or descend
them, are

1. For ascending impulses the lateral column of the same side affords indirect
channels of greater efficiency than the crossed path in the opposite posterior column,
or, a fortiori, the opposite lateral column.

ii. For impulses descending along afferent paths the lateral column affords indirect
channels of less efficiency than the crossed path in the opposite posterior column,

lii. The ease with which the ascending impulses evoked by * mindmal " excitation
cross from the posterior root into the posterior column of the opposite side is con-
siderable as compared with that which characterises the passage backwards from a
posterior column into the opposite nerve roots when descending impulses are evoked
by such “miniinal " exeitation.

These differences tend to show that although there is no absolute block to the
backward passage of impulses descending afferent channels into afferent fibres of the
nerve, such as exists in the anterior roots to the passage upwards of ascending impulses
in efferent channels, vet there is a physiologieal difference between the facilities
which afferent indirect paths offer to the passage of impulses, this passage being
"I“L"h 'E-il.":-ilﬁl' “rllf.’!ll lt OECNTrs i]l LIIU l]{"]rllHli. EI.HL'HIH“IJ;_!' lli!'{"ﬂ![u“.

We now consider ourselves warranted in concluding that, as far as the afferent
tracts are concerned, the deductions of Woroscuinorr, Migscner, &e., referred to
on p. 420, are founded on experimental results which, from their nature, readily
admitted of mis-:intm‘lrl‘e-t:ltiut‘:. and that both |r|1_}'5'lu|::;_{fmll exmarimc-ut and anatomieal
investigation point with great distinctness to what is the true afferent path. Our
observations confirm the views as to the physiological properties of the posterior
columns set forth in 1847 by Loncer and reasserted by Scuirr, with this modifica-
‘tion, that although the posterior columns form the main path of connection between
highﬂl‘ I“H‘t]lltlﬂ ﬂtl I.]:I{" ﬂlﬂ"[l it]'III t.h[" ].'lﬁ!‘itl‘]‘iﬁr roots I:'IFI tl]e Nnerves, :'.'i’t lll("'l'ﬁ_‘.‘ iH. £l I',l:ll]'l
in the lateral column which is strictly confined to the side of the entering roots.

It may be urged that there are pathological cases (Browx-Siéguarp) which
Illl{lﬁlll)tt‘.f“}' exist, of motor paralysis on one side and hemianmsthesia on the other,
following a local lesion of the cord. In reply, we can only state that we believe much
more definite evidenee than that afforded h}' the {?K]Stilig clinieal data must be forth-
coming in order to shake the solidity of the foundations for our propositions, a .‘m]Idit}'
derived from the welding together of all the foregoing quantitative results of exact
experiments.  We therefore are compelled to regard the above elinieal experiences as
either in no way indicative of the normal relations of the cord to the nerves, or as
ca]mhh,- of Exll]:lll:lti[l]] on the Hll'rlﬂlﬁitinll that the lesion has affected at the same time
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the motor path (lateral column) on one side and the principal afferent path (posterior
column) of the opposite side. '

Finally, the results of the foregoing sections have bronght to light some interesting
details as regards the relation of the cord to the efferent nerves.

In the Table it will be noticed that the results, obtained with “ minimal ™ stimuli,
as regards the sciatic nerve, are not affected by section of its anterior roots ; hence,
as far as the cord stimulation in these e.'-:pm'inmnlsi extended, no nerve ilnpllli;cs pnﬁsed
down the motor roots capable of eausing perceptible electrical changes in the nerve
except with strong stimuli,

As far, then, as the localisation of the path of efferent fibres in the cord is concerned,
the present investigation has at present gained no further information; the lateral
column on the same side as the issuing nerve is the main path for outgoing nerve
impulses in the lumbar nerves, But the method has brought to light a remarkable
characteristic of this path, namely, that at one portion, that which connects in the
spinal nerve-centres the pyramidal nerve fibres with the origins of the anterior root-
fibres, it exercises such a modifying influence upon the traversing impulses that these
issue so altered in number, intensity, or quality, as to cause but very slight electrical
effects in the nerves, and that it is not until a comparatively strong stimulus is used
that the issuing impulses are of such kind as to canse really appreciable nerve effects.

This brings us to the subject of the next {"-II."I'[ItT."'l’, which deals with the physiological
relations between the 'm:*l'\'l:—('.m'}n':s-m]nﬁ and the nerve-fibres.

CHAPTER XI.—ON THE FUNCTIONAL ACTIVITY OF NERVE CENTRES A8 EVIDENCED
BY THE PRESERNT METHOD.

Rection 1.—The present state of knowledge of the relations of the nerve centres in the cord.
(1). Anatomical. (2). Physiological,

Section 2.—Experiments by the galvanometric met hod dirvectly bearing on the gpinal nerve centres.
1. Resistance offered by the efferent side of the centre to the passage of impulses.
2. Resistance offered by the afferent gide to the passage of impulses,

Seetion 3.—Character of the impulses discharged by the spinal centres.

Section 4.—The inflnence exerted upon the electrical changes in a -directly-excited nerve by its attach-

ment to the spinal cord,

Section 5.—The spread of reflex discharges np and down the cord (internunecial fibres).

Section B.—0n the electrical ehanges in the covtical nerve centres,

Section 7.—Summary.

Section 1.—THE PrEsENT STATE oF KNOWLEDGE A8 To THE RELATIONS OF THE
NerveE CeExTRE2 15 THE Srivan Corb.

The employment of the galvanometric method to estimate quantitatively the
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excitatory state of the nerve channels or fibres in the cord led us to attempt to
apply it as a gauge of the conditions prevailing in and between the spinal centres.

Even a careful review of the history of the suhject fails to show absolutely more
than a few facts from which knowledge of the actually intracentral processes may be
drawn. We will now present in a brief sketch what iz understood from anatomical
and physiological evidence to fairly represent the structure and funetional activity
of simple nerve centres, such as those in the spinal cord, in order that the bearing
of our own observations may be more comprehensible.

1. Anotomical Helations.

The most reeent anatomical investigations by Gorai, Hewp, Frecnsic, and others,
chiefly by means of the methods of staining devised by Gorar, have established the
Justification for regarding a nerve centre in the spinal cord as constructed as
follows :—

(a.) An afferent side (*“sensory ”), to which run afferent channels from the
posterior root.

(i) Field of conjunction between the afferent and efferent sides,

(¢.) An efferent side consisting of large nerve corpuscles, from which issue the
efferent channels.

() Examined in further detail it.:l.ljlm:u's that, of the afferent channels running into
the spinal cord from the posterior roots, some ascend directly in the posterior and
postero-median columns, others enter the posterior eornu of grey matter, and are lost
therein, others pass L|:1'{r|ig‘h the grey matter far into the anterior cornu of the same.

Further, the afferent side is composed of a ground basis, fibres, and corpuscles, the
branches of which ecannot be traced soon after their subdivision.

(b.) The field or area in which connection exists between the two sides of a nerve
centre is differently accounted for by various observers. All, however, are agreed
that the central branches of the large efferent so-called motor corpuscles repeatedly
subdivide towards the afferent side, and tend to form what was formerly deseribed as
a network (GerLacH), but the anastomosis of the elements of which appears to be
more and more doubtful with further knowledge. (The actual mode of conjunction
between the afferent side and these branches of the efferent corpuscles is, therefore,
unknown ; but it is easily conceivable that as much as is known, i.c., subdivision, &e.,
may very properly be regarded as the seat of higher resistance, and we believe that
this field of conjunction is the region in which should be localised what we subse-
quently express as the “ block " to the passage of functional impulses.)

(e.) The elements on the efferent side have been long known as the “ motor ” part of
the nerve eentres. The large corpuscies, recognised by many authors to be distinetly
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fibrillated in their intimate structure,® shew a peeuliar arrangement of one medullated
outgoing branch, aud from the opposite side numerous subdividing branches.

Spinal Ganglic.—A word must here be interpolated on the structure of the
ganglion of the posterior root in its character as a simple nerve centre.

All researcht on the anatomical structure of these ganglia goes to show that their
corpuscles pass ﬂlruugh a change in the course of their development, being at first
}lipﬂl:ll‘ and afterward llllilmlitl', and that any axis E}'“I]:lﬁl* in relation to any such
corpusele does not dirvectly enter this but gives off a branch at right angles to the
ganglion cell, thus forming what has been termed a T-shaped junction.

In addition, it has been .'-Ihﬂ\'-']li that there are fibres (as *“determined ” by the
degeneration method) which pass through the ganglion (spinal) into the postevior
root withont eoming into any relation with its cells. To sum up shortly, therefore,
it is evident that there are passing through a spinal ganglion numerous direct proto-
rl].iiﬁﬂliﬂ nerve ﬂ_'h:tll'l'll:"],ﬂ.

We have now to sketch further the afferent and efferent rvelations of the spinal
nerve centres with the mauc}:h::]:m, with the other centres in the .'-;]I'ltml cord, and
with the periphery.

Afferent Chanuels of Commnnication.—The affevent paths may advantageously be
considered in reverse order to that just given.

The afferent fibres in the posterior root are now known to have the following
destinations as regards the spinal nerve centres:—

1. Some pass the centres and, without r«m||;;:1L1||i|;!:|,ti1|;?|,r with them, enter the postero-
external column and finally course up the postero-median column to the nucleus
gl'ﬂ{:“ib}. )

2. Others enter CLARKE's column where that is present.

3. Others enter the posterior horn, and are lost in it.

4. Others enter the posterior horn, but pass through it to enter the anterior horn.

5. Some fibres hifurcate on their entry into the cord, one branch ascending and one
descending ; the branches end in a fine plexus in the grey matter ( KoLLIKER).

The different fibres leaving the spinal nerve centre to conneet with its neighbour
have never received absolute anatomical demonstration, but from the results of
physiological investigation their existence must be postulated.

The afferent fibres connecting the spinal nerve centres with the encephalon have
heen determimed by the degeneration method to pass up the direct cerebellar and
antero-lateral tracts and have been traced as far as the cerebellum and pons, but no
further.

* Bee particolarly Max Scuvirze, and H. Scnonrze, * Arvcliv £, Anat, uw. Physiol.”  Fressisa,
Hexwe's * Festschrift.

t See particalurly Raxvier, * Traité Technigue d'Histologie.! His, *Tageblatt der Naturforscher
Yersammlung zo Berlin, 1826, Frivscn, * Avchiv f. Mikrosk. Anat.,” vol. 27, 1886.

3 Max Joseen, *Avehiv f. Anat. u. Physiol." (vv Bois-Revanosn), 1887, p. 807,



ON THE MAMMALTAN NERVOUS SYSTEM. 481

Eftevent Channels of Communication.—The efferent path from the encephalon, ¢,
{:l?rﬂ'hi'llll]‘ ]S “'l"“ ]'i.!]l.l“"ﬂ s t-]l(" 'EI:'.'I'E'II'II;‘]HI tl‘il("!hili]l{ 1]"!‘ I”J‘I'{"i" ﬁ.'|1llllll].‘:i:|lf._f I.' are
n:“i‘.nlnlnnnl'g.' stlplni-m*tl to end in the i.*ril‘p11.~=1.']i‘.~: of the anterior horns. As this
connection 15 of the ntmost im]lm"[.u]]m-, W 1may he pr]‘luith-d to diseuss the p::[n’r al
a little further length. '

The evidence by the degeneration method shows that the principal mass of the
pyramidal tract fibres do not run towards the corpuscular elements in the anterior or
ventral horn, but towards the posterior or dorsal portion of the nerve centres, thus
sugresting that the fibres join rather the field of eonjunction than the efferent side.
Again, the degeneration method shows elearly that no pyramidal fibres pass directly
out into the anterior root.

Anatomically therefore there is evidence of some structural change in the path
where the pyramidal fibre comes into relation with the spinal centres,

The distribution of the pyramidal fibres in the spinal cord is still so much a matter
sub judice, especially after recent work by the histological® methods, that the eomplete
destination of the fibres, when yet at the upper part of the cord, is unknown.

The existence of efferent fibres (internuncial) conneeting each nerve centre with the
next and others below it have, like the afferent internuncial system, been surmised to
exist from physiological evidence, all anatomical facts being wanting.

We believe that our previous experiments (see bilaterality, &e.) go to show that
such efferent internuncial fibres must be few in number and but feebly differentiated.

The efterent channels from the spinal nerve centres are the fibres composing the
anterior roots,

Commissural Clannels of Communication.—Of commissural connection between
gpinal nerve centres of opposite sides of the cord no certain anatomical proof exists,
but the presence of such connection is surmised from the physiological evidence, and
15 morphologically sugzested by many researches, especially those of Lockuart
Crarke and GoLgr

2, Physiology.

While the spinal nerve centres have been investigated in numerous ways since
Wunprt estimated the delay in the passage of an impulse through them, it is
remarkable how little is known with certainty of their functional activity.

By the galvanometric method we have been able to establish some fundamental
considerations on this matter, and, to indicate their bearing, we will first enumerate
categorically the facts that have been previously ascertained by various investigators.

The facts may be conveniently divided under the headings of—

* See particularly C. Gougi, * Anatomischer Anzeiger,” 1800, Nos. 13 and 14, and C. Suermizaroy,
 Journal of Physiology,’ &e.

t+ Wosor, * Untersnchungen zur Mechanik der Nerven und Nervencentren,” 18706,

MDCCCXCL-—B. 4 0
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A. Spinal ganglion.

B. Jugular ganglion of vagrus,
(. Spinal cord nerve centres.
D. Channels of communieation.

A. Owing to the fact that the spinal ganglion has been made the object of some
important experimental observations we think it better to state these first, although
they are not, in our opinion, to be placed on the same ground as the phenomena
relating to the spinal nerve centres.

This latter position is justified on consideration of the anatomieal structure of a
spinal ganglion previously given, which shows that it is traversed by * through”
protoplasmic channels,

(e.) Transmission of the Excitatory Electrical Change.

Du Bors-ReEvmoxp observed ™ that when excitation was applied on the proximal side
of a spinal ganglion the * negative variation " was observable in the nerve trunk on
the distal side,

(I.) Delay in the Transmission of a Nerve Lnpulse through a Spinal Ganglion,

Exsert considered that his observations on a spinal f_';alhg]i:m in the Frog, warranted
the opinion that the delay in the transmission of the excitatory condition (negative
variation) through a ganglion was the same as would be produced by its passage along
a nerve fibre ; that, in short, there was no special delay. As these observations were
made with BernsTEINs differential Rheotome, we agree with Gap that they may be
possibly eonditioned by summation,

ll:{'. ll Ta A ril.h'lf r..‘-'Hi.

As is well known since WALLER's] classical experiments, the ganglion exercises a
troj shice influence on the atferent nerve L"|1:ll'|ui:1$§ !‘llltlli!ig in the imstr_l.rior roat.

B. Before passing to the observations on the spinal cord nerve centres, we must
speeially allude to the valuable work by Gap and Josepa|| on the subject of delay ina
ganglion. The ganglion they chose was not a spinal ganglion, but its homologue, the
jugular ganglion of the vagus in the Rabbit. By recording the instant of change in the
respiratory movements when the vagus was excited, respectively on the proximal and

* « Untersuchungen iiber thierische Elektricitit,’ 1849, vol. 2, 5, GO1.
+ ¢ Archiv fiir Anatomie und Physiologie —FPhys. Abth.,' 1877, p. 567,
1 ‘ Comptes Rendus de I'Académie des Seiences,” 1851, &e.

§ Excepting the fibrea deseribed by Max Joseen.

| * Avchiv fiir Anatomie n. Physiologie,” Du Bors-Reysmoxn, 1588,
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distal sides of the ganglion, they established reason for believing that the impulses
which affected respiration were delayed in transmission through the ganglion to the
extent of ‘036 second. As Gap and JosErH point out, these experiments are open to
the eriticism that the summation of subminimal stimuli may be an important factor
in producing the result.

C. The conditions under which the functional activity of the nerve centres of the
spinal cord, as indicated by muscular contraction, is evoked uecessarily form the
major part of the facts at our disposal.

These conditions may be arranged as follows :—

(1.) Adjuvants.—Warmth. Preliminary influence of cold. After effects of section
of spinal cord* a little distance above the nerve centre. Some drugs, egq.,
strychnia, &e.

(2.) Depressants.—Prolonged fall of temperature. Shock after division of the spinal
cord (greater in proportion to proximity of section to mnerve centre)t Ansemia.
Narcotic drugs (anwmsthetics, &e.).

(3.) Delay.—A series of measurements have been taken of the time lost during the
passage of a nerve impulse from one posterior root through a spinal nerve centre to
the corresponding motor nerve of the same side. This delay, or time-loss, has been
estimated by the majority of observers} to be about ‘01 in the Frog. (EXNEE, in
man, bulbar reflex 04 second). This refers only to the “direct reflex,” i.e., of the
same side as the excitation.

The delay with the “crossed reflex” (see later paragraphs)is ‘004 second longer
than the direct.

(4.) Mode of Discharge.—A spinal cord nerve centre can be excited by a single
induction shock if it be applied to an afferent channel. The effect produced as
recovided by the eontraction of a musele is apparently that of a single twitch. If an
interrupted current be applied to the spinal cord or an afferent channel, the effect
Eimil:u'l}' recorded 1s a continuous contraction.

An effect in the muscles of an intermediate form has been frequently recorded, viz.,
a rhythm, the rate of which has been determined to be, on the average, eight to ten
per second.

Oceasionally an after effect has been noted, i.e., a few muscular responses after the
spinal excitation has ceased, and in some cases these are continuous.

(5.) Trophism.—It is well known that lesions of the spinal nerve centres which
involve the efferent nerves are attended by wasting and other evidences of failure of
nutrition in the parts which are in relation with the centre in question.

® Beo Fraxomz Fraxcr, lne. eif. © v. Bezonn, loe. aif, &e., &e.
t D Boeck, © Archiv fiir d. ges. Physiologie* (confirmed also by our ohservations).
1 Particolarly Henumovrz, Woeser, Fraxce, Cvox, and others.  Toe, eif,

392
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(6.) Swmmation of Stimuli.—A most characteristic feature of the functional activity
of a nerve ecentre is its property of summating (STIRLING) subminimal stimuli with
the effect of producing an apparently complete discharge.

D). The channel of communication between a spinal and other centres may be
briefly alluded to as follows :—

(a.) Relation of one spinad nerve centre to another.—It is not. possible on this point
to improve upon the classieal “ Gesetze " of PFLUGER,” viz., that—

(1.) In a simple reflex the muscular response is always on the same side as the
excitation.

[:_'.'_) If a reflex is bilateral, the analogous muscles of the r;rimpusil,t' side are thrown
into action.

(3.) If a reflex is bilateral, the movements on the side opposite to that stimulated
are much weaker than those on the same side.  (Cf. onr results on p. 494.)

(4.) If associated reflex ecentres arve excited, the association is found to have an
ascending arrangement in the spinal cord, culminating in the medulla oblongata ;
whereas of the encephalic reflexes the association is of a descending character, and also
culminating in the bulb.

(b.) Concduction.—Scuirrt showed, by section of the erossed pyramidal tract, that
the fibres running in it to the lowest spinal centres were undoubtedly the ehannels of
conduction from the encephalon.

Exserf came to the econclusion, by time measurements, that there was a delay
experienced by the excitatory condition or impulse traversing the spinal centres,
when, the descending tracts in the cord having been excited, muscular contractions
followed : but he admits that his results do not permit of a1 demonstration of the
amount of time lost.

SECTION 2. —EXPERIMENTS BY THE GALVANOMETRIC METHOD DIRECTLY BEARING
UPON THE STRUCTURE OF NERVE UENTRES.

(L.} Resistance offerved by the Efferent Side of the Centre to the Passage of Tmpulses.

The resnlts which have been obtained by our method are best arranged aceording to
the particular part of a nerve centre to which they appear to refer.

In considering the anatomieal structure of a nerve centre as we have given it on
p. 479, it is evident that the region of greatest obscurity is that which we have
termed the area or field of conjunetion between the afferent and efferent sides, and

-

' The sensorischen Functionen des Rickenmarks der Wirbelthiere,” v. E. Priffaer. Herlin, 1853,
‘Pruiicer, Avchiv,” vol. 30, 1883, p. 248
‘ Prullcer, Archiv,” vol. &, 1874, P- g

LT
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in which there is from physiological evidence reason to believe considerable delay
occurs in the passage of the impulses through the centre.

Such histological evidenee as has been referred to in Section 1 suggests that the
structure is of such nature as not to facilitate the passage of impulses through this
I‘(‘.giull, but when we Iwrfbrmed the tol |i)\\'i1‘|g series of t.-};p:-'.l‘ill!EIIt:-: we wera snl'pl'i:‘iml
to find the degree to which such hypothetical obstruction really prevailed. It
occurred to us that the obstruction might be more marked to excitatory impulses
passing in the reverse direction, 7.e., from efferent to afferent mechanisms. We were
not at all prepared, however, to discover, as we have done, that that obstruction was
actually an absolute block ; nevertheless, such appears to be the case.

To ascertain this we arranged the experiment as follows —

Having divided the cord at the level of the 10th dorsal vertebra (see fig. 19), we
raised its peripheral end for observation as described in previous pages and connected
it with the galvanometer by its cross section and surface. The canda equina having
been exposed to an adequate degree, a pair of nerve roots was selected (usually the
7th lumbar), divided just above the intervertebral foramen and their central end
raised in the air by ligatures and separated. The exciting electrodes were then
:11)|1|il:f] 1'::::[1-|_-('ti1':-1}' to the ecentral ends of the Eln-slm'inr and anterior roots (see ii:_;'. L%,
Ezx. p. and Ez, a.).

The excitation in the first case invariably evoked a large deflection of the galvanometer,
but in the second case absolutely nothing even when the secondary coil was brought
to 12500 of the Kronecker scale, thus {:ntnp]ﬁtﬁl_}' 1‘:n'lr‘m'ing the lu‘]tn:u'}', r.e., the zero
point of the centimetre scale. In other words, the excitatory condition, arriving
by the afferent channel or posterior root, not only passed up the few direct fibres of
the postero-external, and later of the posterior median eolumn, but probably aroused
the afferent portion of the centre from which additional effects might ascend the cord
by the internuncial fibres, thus producing a very large detlection in the galvanometer.

On the other hand, the excitatory condition which arrives at the nerve centre by
passing up the anterior root or efferent channel is totally unable to reach the afferent
side of the centre, and so aseend the cord.

The importance of the negative result of this experiment caused us to vary it
as follows ——

In two Cats we divided the posterior roots of the 4th, 5th, 6th, and 7th lumbar
nerves and the Ist sacral on the left side. 'We then divided the cord in the lower
dorsal region (10th dorsal), and connected the upper end of the lower fragment with
the galvanometer. On Hx:_'ii.irlg the left (mixed) sciatic nerve, which was in connec-
tion with the cord by the anterior roots only, no electrical change could be evoked in
the observed region of cord however intense the stimulus used, whereas, excitation
of only one opposite posterior root gave deflections of 350°, 320°, and with a stimulus

of only 500, 130°. This method avoided any chance escape of stimulating current,
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which, when this is very intense, might possibly oceur in

blocl

the ease of the short

These experiments not only illustrate in a very strikine manner the extent of the

(1] :|;|- |~.,-..;|:’¢- ||[- i|||',||||-h|--h l..'.l'l-".‘.:.l'xl-i '!|||'-I'J:_'|| '.}ul' efferent !—~i-|l' |-.|' H | -|:|i'||:||

L

XM

nerve centre, ||I':'_". :I|.'-ll ::|‘I;=|'I; |||1:|;|||:|[E|||| IL|.-II|1 l]u' nature of I|I1' i!||.'|‘||l”I§'|'iI| Coln-
nections of the anterior root fibres \.1-|r]| :lau' I:'II-I'I], T]l-- |iih1--[l:;‘i":l| t'lll.:.ll.-l']':l|i"lll.h rlliI
E:IIi'i'. ||I<' *!l"-'l'rl‘!lll-l':;l:d I'l'-u'l'.'lt'l'|||'- ui' ”!.H‘, :-.||-:l t[al' exTent l-t' l|:~¢|'1 ||riil:_: .3. FENera-
tion in efferent tracts, have combined to indicate that all the fibres of the anterior

roots are in connection with nerve cells -|".'i‘.l'_'j in the immediate ".-'.I]'It""i-":; ood of thewr
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attachment to the cord, and that there are no fibres which pass l“l‘t’ff‘:t]._‘\' from the
columns of the cord (above) outwards into the anterior roots without interruption in a
nerve centre. If any uninterrupted fibres exist, then the excitation of the central
end of an anterior root ought to give an effect in the galvanometer as arranged in
this experiment, for it is well known that the excitatory state (i.c., negative variation)
travels indifferently in either direction along continuous tracts. The absence of such
effect is a very convincing proof that such through fibres do not exist. Moreover, an
additional point receives elucidation from this same experiment. We have already
drawn attention to the fact that the anatomical relations of the pyramidal tract
fibres are for the most part (and wholly as far as the lower limb is concerned) not
with the efferent side of the spinal centres but rather with either the field of con-
junetion or the afferent aspect.

This anatomical juxtaposition of parts suggests to us that the pyramidal tract fibres
for the lower limb do not immediately end in the efferent corpuscles. Such a con-
elusion is in harmony with the experimental results now under disenssion, for it is
unreasonable to suppose that the excitatory process would be so entirely blocked
when proceeding in the reverse direction along a path consisting merely of two fibres
(that of the anterior root and that of the pyramidal tract) joined by a large corpuscle
such as one of those in the ventral (anterior) horn.

But we must not anticipate the facts which bear upon the mode of termination
of the fibres of the pyramidal tract, and must return to the question of the block
offered by the construction of a centre to the passage of nerve impulses.

2.) Resistance by the Afferent Side of a Nerve Centre to the Passage of Tmpulses.
Y 3 7 1

After having discovered the fundamental position that it is impossible for an excita-
tory condition to pass “backwards " through a nerve centre from the efferent to the
afferent side (whence it could easily spread up the cord), it was clear to us that the
next point to be brought into relation with that just described would be the possibility
of a nerve centre discharging its energy backwards down an afferent path; or in
other words, whether the excitatory condition, if started in the afferant side of a nerve
centre, could be trunsmitted backwards along the posterior roots. Upon this subject
we have aceumulated a number of facts and experiments from several points of view,
and as these are in mutual agreement we ean answer the question unhesitatingly in
the afficmative,

Many of the fucts which establish the conclusion that a spinal nerve centre can and
does discharge energy down the posterior as well as the anterior roots when it is
stimulated into activity have more important bearings on other questions raised in the
present paper, and eonsequently have been referred to in Chapters VIIL and X. We
will, therefore, simply ennmerate the facts, and refer the veader to these chapters in
which they are described, detailing only those which have not heen already treated,
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We reserve also to the end of this chapter the pertinent bearing of these observations
upon the important doctrine of kinmsthesis (Basriax),

The evidence of the passage of nerve impulses, as indicated by electrical changes,
from the aroused centres in the corid down the afferent (sensory) fibres of the posterior
roots may be grouped us follows :—

(1.) Eleetrical changes in the posterior roots and mixed nerve with all anterior roots
cut when the spinal centres discharge under the influence of stryehnia.

(2.) Electrical changes in the above structures when the spinal centres arve discharged
reflexly.

(2.} Electrical changes in the above stroctures when the spinal centres are aroused
by electrical excitation of the columns of the cord.

(1.) The Electrical Changes in the Posterior Roots when the Spinal Centrves ave Excited
-Fal.ljr f‘ﬁ-’h'ﬂi‘jdtihi{.

The most remarkable illustrations of the faet that impulses; emerge from a dis-
charging spinal centre on its afferent as well as its efferent side, is that furnished by
the following experiments.

In a Cat (211) the cord was divided as usual in the lower dorsal region (11th
dorsal) and both sciatic nerves f‘._‘\:liUHﬁt] and divided. The central end of each nerve
Wis '["I.IIIIJl_.'-'[':fl'."i.[ “'Ill".-'[l lI'ERil’ef] \‘i'lltll t-]'ll.\‘- g-'tj'lu'ﬁlil'l]]“_‘tﬁ'r. T.I:It‘ fﬂ”di‘l L‘Ii“illii Wilk tllﬂli
exposed, and the posterior roots of the 5th, 6th and Tth lumbar nerves, and those of
the 1st and 2nd sacral, were divided on the right side, whilst the anterior roots of
the same nerves were divided on the left side.

The right nerve was thus in connection with the cord by its anterior roots only,
the left by its posterior. Thirty minims of a 1 per cent. solution of acetate of
strychnia was now injected intraperitoneally. When the tetanie strychnia spasms
commenced, excitatory eleetrical effects were observed in both nerves.

The amount of the deflections varied with the intensity and direction of the spasms,
but were always larger in the |'ig|]t nerve {Iumteri:u‘ roots cut) than in the left, averaging
180 in the right, and 20 in the left. The effect, though smaller in the posterior
root, was absolutely definite in character, each spasm being aceompanied by an effect.

In another animal, Cat (341), we divided the cord at the 12th dorsal vertebra and
exposed the canda equina. We then selected the 7th left lumbar posterior root,
divided it near the ganghlon and connected in accordance with our method the
central end with the galvanometer.

Thirty minims of a 1 per cent. solution of acetate of strychnia were then injected
into the peritoneal cavity.  Each strychnia spasm caused excitatory electrical effects in
the posterior root, which gradually increased in amount in proportion as the discharges
hecame more violent and prolonged. The galvanometer deflections, which were very
definite in character and similar in direction to those obtained by the passage of nerve
impulses, amounted to 40 at first, then 70, and finally 120.
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The employment of clamps, &c., obviated any errors due to the movement of the
animal ; the experiment may, however, be objected to on the ground that the
strychnia discharges are abnormally intense, and must thus break through resistances
which ordinary central discharges would be unable to. That the centres can dis-
charge down posterior roots without being under the influence of strychnia is, how-
ever, shown by the frequent occurrence of similar though smaller galvanometric
effects in the posterior root of an unstrychnised animal, when the cord is discharging
in consequence of previous electrical excitation and shallow nareosis.

(2.) The Electrical Changes in the Posterior Roots when the Spinal Centres ave
Discharged Reflealy.

As in the preceding experiments, so here, the evidence is that derived from the
electrical changes observed, (@) when the posterior root was directly connected with
the galvanometer, and (b) when the (mixed) sciatic nerve was connected (after
division of all anterior roots) with the galvanometer and the central end of one
posterior root excited.

(@.) In this experiment the central end of one divided posterior root was connected
with the galvanometer and the sciatic nerve of the same side stimulated, the result
being to produce in the galvanometer a deflection of 20 scale whenever the muscles
were thrown into a fair reflex spasm (coil 8000, 341). We shall see presently that this
is the amount frequently obtained from the mixed nerve as the result of a reflex dis-
charge. It is most iulerpstiug, therefore, to see that the centre l‘('llc'}-ﬂ:,’ :]E:-i{-.h:lrgvﬁ
backwards down the posterior voot. The bearing of this on the discussion as to
which part of a centre is probably the source of the kinetic nerve will be seen
further on when this question is raised.

(b.) We varied the experiment in another animal, Cat (268), by dividing all the
anterior roots supplying the left sciatic nerve and connecting the cut central end of
this latter with the galvanometer. We then divided one posterior root, the 6th left
lumbar, and execited its central end.

By this arrangement we obtained excitation of the spinal centres in the lumbar
enlargement, and at the same time left only the posterior roots or afferent channels
for H.-II_}' ll(ﬂ-\'n\‘fill".] {liﬁﬁllﬂlgﬁ ﬁ'l'lﬁ!'l il3 '“'lﬂll[l Eﬂlkt“r ﬁiﬁﬂtric—ill ﬂliilllgﬁﬁ iIl ll!lﬁ Eic-il'l-i-iﬂ
Nnerve.

UOne observation gave an effect of 10, another of 19 in the galvanometer, the reflex
being weak in the first and fairly strong in the second.

(3.) Ewmistence of Electrical Changes in the Posterior Roots when the Spinal Centres are
aroused by Electrical Excitation of the Columns of the Cord.

The details of these experiments, in which a posterior root was connected directly with

the galvanometer and the cut surface of the spimal cord in the dorsal region excited,
MDCCCXCL—B. 3R
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are given in Chapter X.  Reference to this Chapter will show that the effects in the
posterior roots may be due to (a) conduction of nerve impulses from the excited area
down directly continuous fibres, (b) conduection of nerve impulses down fibres which
come into relation with cells, and only indirectly with the fibres in the roots. To
these two must now be added (¢) the discharge of impulses from the centres in the
cord aroused by the excitation.

It is evident that the discrimination of these different factors can only be achieved
by careful comparative experiments made upon the cord, when its direct connections
with the roots having been interrupted, the centres are placed under different
conditions as vegards exeitability. These experiments have not as yet been suffi-
ciently satisfactory to enable us to form any decisive opinion on this point.

There is, however, one very important fact already referred to at the close of the
preceding ﬂlmptm‘ X., to which we must now draw attention.

It will be remembered that, on comparing the results of the experiments detailed
in Chapters IX. and X. respectively, the inference was sugwested that the indirect
channels by which the cord communicates with the posterior roots, are of such a
character that they offer move resistance to the passages of impulses from the cord to
the nerve than to the passage of similarly evoked impulses from the nerve to the
cord. There is thus evidence that, as recards these indirect channels, the same
phenomenon of unequal conduction is present which, in its most marked form,
exists in the case of the efferent region of the spinal centre.

It must, however, be borne in mind that these indirect channels do not necessarily
form the afferent side of the centres, but are only in relation with them, since it is
quitc.- possihlﬁ that in many instances these fibres pass L|i‘:'mlg|] cells without
entering that field of conjunction which forms the terra incognita of the centre.
Evidence, therefore, of the nature of the discharge from this terra incognita backwards
down the posterior roots, as well as forwards through the anterior cornual cells, could
only be obtained through electrical excitation of the cord, if such excitation was
limited to the pyramidal tract. The simplest way of performing this experiment is
that of exciting the commencement of this tract in the cortex cerebri, and of
observing the changes in the posterior roots. We have endeavoured in two animals
to perform this experiment, but without obtaining as yet any satisfactory evidence,
nor is this to be wondered at, when it is borne in mind how comparatively small the
effects are in the mixed nerve under these conditions.

Summing up the evidence obtained from all methods of experimentation, we are led
to conclude that when a spinal nerve centre is thrown into activity, a portion of its
energy flows as a discharge backwards down the posterior roots as well as forwards
down the efferent fibres of the anterior roots, and upwards and outwards along
internuncial fibres to the next centres.

With this somewhat enlarged view of what oceurs when a spinal nerve centre
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discharges, we will proceed to show what fresh light the galvanometric method is able
to throw on the character of the issuing impulses.

Spetion 3. —CHARACTER oF NERVE ImruLses DIsCcHARGED BY THE
Sreivan CENTRES.

It seemed to us that an estimate of the amount of the impulses which pass along the
nerves as the discharge of a reflex centre, might be obtained by comparing the amount
of the electrical c]mn{__n:-. i i peripheml nerve when (e) the centre is 1‘011-::-:'}' aronsed,
and (b) the nerve itself is subjected to a stimulus of similar duration and strength.
Such an estimate can only give approximate vesults, but the difference revealed
in the two cases is so striking, and the desired comparison of so much importance
in attempting to analyse the components of a reflex, that we have devoted some
time to securing it. We have done this for both a “simple " reflex, i.e., that obtainec
from the same side as that of stimulation, and we have also measured the effect when
it is the result of a * crossed " reflex.

(1.) The Excitatory Electromotive Change Produced in o Mized Nerve when a

Spinal Centre is Excited Reflexly.

(a.) Simple Reflex.—To obtain the electrical effect produced by a simple reflex
discharge into the peripheral nerves, we divided the spinal cord in the dorsal region,
then prepared and divided the sciatic nerve and connected its central end with the
galvanometer. The cauda equina was exposed to a limited extent, and a posterior
root of the same side selected for excitation ; this was divided near the ganglion and
its central end stimulated. (See fig. 20.)

The excitation was performed for a known time, as in all our experiments, and the
galvanometric effect obtained in the nerve noted. We then applied the same, ora
weaker stimnlus of the same duration to the observed merve. The results obtained
form a remarkable contrast. The strength of the stimulus is so greatly altered
in its effect by the condition of the animal, rest, depth of narcosis, &ec., that what
is minimal in one case, is quite adeguate, or maximal in another.

The readings of the deflections indicating the reflex electrical effects in the nerve
were :—

Highest readings . . . . 72 (i 55 (three highest taken).
o e S S R 26
Lowest readings . . . . T 3 ml (three lowest taken).

Out of the whole number of ohservations, 9 per cent. gave no result. Finally, the
stimulus employed on the average amonnted to 2500 of the inductorium seale.
Taking the average result, namely, 26 of the galvanometer scale, it is at once
3 R 2
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obvious what an :-xt:':u--l'-|:||;|1":|1. arn:n” 1'|-.|-i||:-_- |||5- 15 when l'--||||l.|:"1'-| to that which 1s
"Vl i! i '--':'E;Iiu".;ni Nerve, or eveén IIE" |r--!.i|r||-.-|'-||. || i ;”!| "fl H | -|-I'~-I'|- -| E--l=|l'l"."l'
1

which, with a stimulus of one-fifth the intensity { o)), and similar duration,

averages 227 seale, and once reached a maximum of 445 scale

Catl.
Aduit g

This definite result is very significaut, but before enlarging upon it we will describe
the ».:.|IL|'-' u]|1:|ir|nl T'uj' l]u- o vj':::-::L'lE e ]'I'Ht‘!\'.

(b.) Crossed .I":’-I.f-'l-.-". TU n]?lhih the value of a I'I"I.Hh-:.I.J l'1'[it'."{ Liih'.'h:tl'}.'_'t‘ in the
peripheral nerves, we divided, as before, the cord in the dorsal region, and then

]:-]I'JI-LJ't"iI. one hl.'i.'l,iil_" IErve i]:]' 1_'-r||||i_--,'1_i--|| \\il]l the 'i_l{.'l]\'iltiullll.'h.‘l', :llll] next, l'ii]ll'l'
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the opposite sciatic nerve, or corresponding posterior root of the opposite side, for

excitation. We made this experiment in nine Clats, two Monkeys, and one Rabbit.

The effect i the observed sciatic nerve was, consequently, that due to the discharge
of the nerve centres on the side t-!l!llrhitt' to that of stimulation, or on both sides
of the cord.

Owing to the higher excitability of the posterior roots, as compared with that of
the mixed sciatic nerve, 1t 15 not %llr'[-l'iqiny_" that we found considerable difference
in the amount of effect obtained by crossed reflex action, according as it was
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elicited by the one or the other of these two ways. We, therefore, separate the effects
into two divisions indieating this difterence.
Posterior Koot.—The general results in this series of experiments were as follows :—

FEFFECTS In nerve |r:,' execitation of u|‘b|:-u.‘-;it!:t root.

Highest readings 45 42 42 (three highest taken).

Average 25

Lowest readings 8 i nil (three lowest taken).

These tigures ave, on the whole, lower than those of the simple reflex. Other
considerations emphasise this contrast. These are (1) the proportionate number of
cases in which no effect occurred, this being, with the simple reflex, 9 per cent.
of the total number of observations, but with the crossed reflex three times as much,
viz., 27 per cent. ; (2) the average intensity of the stimulus required to evoke the
effect, this being for a simple reflex, an intensity indicated by the secondary eoil at
2500, for the crossed reflex the higher intensity indicated by the coil at 3500. Thus,
as cnmpurufl with the Hi||t|-|1*. reflex, the erossed reflex i1s feebler, less often obtained,
and when obtainable requiring a more pronounced stimulus applied to the afferent
tibres in a posterior root.

Sciatic Nerve.—In addition to the above we have observed crossed reflex effects
which are not comparable with the simple uncrossed effects, since they were evoked
by excitation, not of a root, but of the ﬂ|}pleitE sciatic nerve,

These eftects are smaller and more difficult to elicit than those just indicated.

The effects were evoked and observed in precisely the same manner as in the
previous cases, and the amounts of the deflections in the central end of the sciatie
nerve were as follows :—

Highest readings . . . . . 20 15 14 (three highest taken).
Aweraoe . GG s Se Al
Lowest readings . . . . . & 5

The intensity of stimulus required to evoke these effects was very much higher
than in either of the previous instances, the average being represented by a position
of the secondary coil of 8300, whilst it often happened that a position of 12,000 was
necessary. It may be remarked that the use of the Helmholtz side-wire in the indue-
torium minimised any error due to electrotonic eseape, such as produces the well-known
[‘}hﬁllﬂltl'ﬂll‘ﬂl of the so-called * pzn‘:tdnxicul contraction.”

We are now in a position to consider the significance of these results,

The remarkable difference in quantity between the electrical effect in the nerve
obtained h}' exciting the fibres themselves and that which is the result of a reflex
discharge from the cord implies that, however intense the excitation of the afferent
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side of a centre, the amount of the flow and the intensity of the processes which
emerge from the efferent side is small. A eomparatively intense excitation is necessary
for the etherised centre to discharge at all, and the emerging impulses are so altered
in their time relations and intensity, or limited to so few channels, that but little
evidence of their presence is indicated by the galvanometric method.

To facilitate further explanations we would call attention to the following diagram,
fig. 22, in which are represented the hypothetical elements of a nerve centre.

Fig. 22,

Sectional Surface
of Cord " 5

il I |
Fifferert o Afferent
Sidde. ! Stede,

L
Congunction

In fig. 22 are shown as simply as possible the three constituent parts of a simple
nerve centre, namely, the afterent side, field of conjunction, and efferent side. In
addition, the diagram represents the known part of the afferent channel which forms
the direct ascending fibres in the spinal cord (Di), the internuncial fibres (1), which
also ascend, but which are not yet absolutely known, and the fibres of the pyramidal
tract (P).

If a posterior root be excited at the point marked Ew. in fig. 22, we can obtain a
record of the electrical change evoked by such excitation, in the following parts,
namely, the portion of the cord (A) above the excitation, in the outgoing channel (B)
(em.), and in the channel of excitation (C). On taking the average of all such records
we find that they are as follows :—

Averageat A . . . . . 198
N Bist uiral aperade 328
" O b el S x250:
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Although the cross sectional area of the root is much smaller than that of the cord,
vet the effect in the fibres of the root (C) is greater than that in the fibres of the cord
(A), suggesting that there is less nerve energy after propagation through the afferent
side of the centre. It seemed at first sight not improbable that the effect at A pro-
duced by the passage of nerve impulses up the direct channels which join A with C,
plus additional nerve impulses evoked by a discharge of central activities, wounld be
very large. It would seem, however, if the electrical indications are to be rvelied upon,
and we see no reason to discredit them, that the impulses which enter the central
structures from K. suffer a diminution which more than counterbalances any such
addition. We arve, however, well aware that the reduction may be due to a HEI!'\‘.‘IItl
of nerve i]l‘||ll|15u5 in their passage thml:gh the afferent side of a centre: and since a
similar reduction oceurs both in the case of impulses descending the pyramidal traets,
and emerging in the roots, as well as in those which as deseribed are reflex in character,
we incline to the opinion that ascending nerve impulses do suffer a diminution n
intensity in their passage through the afferent side of a centre.

With reference to the impulses descending the pyramidal tracts, whether originating
in the cortex eerebri or the fibres of the corona radiata, the facts given in Chapters V.
and VI. sugrest that a very considerable reduction occurs before they emerge in the
Hl]t‘.‘l'i“]' rooks,

In this connection we would here draw attention to some experiments which we
have made to record the muscular contraction evoked by excitation of the spinal
centres, and }h:lrtimll:u‘]j’ to measure the time between excitation and the commence-
ment of the muscular contraction. The period of deluy or latency thus estimated
was ascertained by the use of TiGERsTEDT'S signal method, as deseribed in Chapter T11.,
Section 3, and in Chapter VIIL., Section 1. 1In the latter place we have indicated
at length the method we employed for the measurement of the rate of transmission
of the excitatory effect in the cord fibres, which we found to be about 39°5 metres
per second. We have now to point out the reasons which led us to measure the
loss of time in a Mammalian spinal nerve centre. It appeared to us that this
loss of time which the execitatory condition suffers in going through a spinal nerve
centre would not be the same if the path of its entry into the centre is different.
There are two modes of entry with which we are familiar. These are (1) the
termination of the pyramidal fibres in the nerve centre, (2) the termination of the
afferent chanmnels in the posterior root in the nerve centre.

Now, as stated on p. 481, the latter has frequently been estimated, but ExXxER has
attempted the measurement of the former, and not with a very definite result.
These periods of time have not to our knowledge been measured in the Cat, and, as
we felt the importance of forming some idea of their value, we performed a few
experiments as follows.

The problem in each case is shown in fig. 23. The nerve centre is at EA, E being
its efferent, A ils afferent side, and f the field of conjunction.
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Fig. 23.

Bl o EE S

iy

im

The ordinary reflex is produced by the stimulating electrodes being applied to an
afferent nerve, the posterior root at B, and the effect recorded by contraction of the
musele M. If the distances BA and EM are known, and the latency delay in the
muscle, then it follows that by subtracting these from the total time expended in the
execution of the phenomenon we obtain a residue which is the actual delay of trans-
mission of the ex{:ilﬁtmr}r effect within the centre EA itself.

This we have doue as follows :—

SimpLE Reflex Delay, two Experiments (Cat).
Heconil.
1. Total expenditure of time between excitation at B and
contractionat M . . . . ‘022
2. Time expended in transmission f'mm B tn 1'1 :mrl E t-.;r M at
33 metres persecond. . . . . G oy i iy 006

3. Time expended in latency of muscle -lt "i[ T N P 01

The sum of 2 and 3 gives all the time expended in extrinsic duties ; the subtraction,
therefore, of these from 1, gives the delay or loss of time in the centre itself ; this
amounts to 006 (in one case ‘004).

We now turn to what is more interesting, viz., the loss of time when the impulse

MDCCCXCL—B. 38
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coming to the centre approaches it by way of the pyramidal tract which runs in the
lateral column, and is marked as a thick interrupted line in the diagram and by the
letters py.

To obtain the time loss we have as before to take the total time f‘x!:f'mlt.‘tl from the
moment of excitation at L to that of the contraction of the muscle M, and then to
subtract from it the time occupied in simple transmission along the line LM, and,
finally, to subtract the latency time of the muscle. These times are as follows :—

Deray in the Spinal Centre during Excitation of the Lateral Column.

Average of fonr
cxperiments {Cais).

Seeond,
1. Total expenditure of time from LtoM . . . . . ‘0176
2. Time expended in transmission from L to f and
i ) Bl el S s el R e ‘006
3. Time expended in latency of musele . . . . . . 01

On subtracting 2 4 3 from 1, we get as a final result 0016. This resultant loss of
time is thus several thousandths of a second shorter than the delay taken by trans-
mission of the reflex effect. This is naturally to be expected as a consequence of the
lesser amount of centre to be traversed, but possibly the smaller result is also due
to the channel of the pyramidal path in the nerve centre being * polarised” for
descending aud efferent impulses.

It appears, therefore, that when the impulses have to pass through the whole
central structure (as in reflex) they suffer both a delay in time and a very marked
reduction in quantity, and that when they pass through a portion which exeiudes the
afferent commencement of the centre (cortical discharges), although the reduction is
very considerable, the delay is much less.

There is one point to which it is necessary to draw attention before leaving this
part of the suhject, namely, the well-known susceptibility of central mechanisms to
changes from fatigue, these altering the amount of nerve energy discharged. It will
be sufficient here to indicate by two examples the influence which previous activity has
upon the amount of nerve energy reflexly discharged from a spinal centre, the latter
being indicated by the electrical effect in the issuing nerves.
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Errecr of an Interval of Rest on the Simple Reflex Discharge.

Galvanometrie defleetions,

After rest of

”rfﬂh. !'I’-Ht. ll-r '|||:'l: ntes,

Excitation of the central end of the left Tih lombar p-ue‘l-m ior |
root gave in the loft seintie nerve . . . . . . . R 16 42
Excitation of Ist sreral asabove . « . -~ & = % o« e s 20 | 39

Errect of Want of Rest on the Simple Reflex Discharge.

18 Coal 2000
Cat (263) Excitations following at two minutes’ interval of right | 15, 4000
7th lumbar posterior moot gave in the right seiatic < After 15 min. rest

T e e e e 12 o 2000
| 17 . 4000
- 26 Coil 2000

Cat (378) Excitations following each other at 1 minute's interval Jl ﬁ ', ;::f':':

8 ., BOOO

Character of the Electromotive Change which is Produced by the Discherge of «a
Nerve Centre as Contrasted with that Artificially Indueed in ¢ Nerve Channel, v.e.,
Filres.

The galvanometric method appears to us to suggest differences between the passage
of the nerve excitatory condition (so called “ nerve impulses ™) along fibres according
to whether it is a centre which is the souree, or an artificial stimulus in the actual
course of the fibres. Thus, if a peripheral nerve be excited directly by any form of
excitation, i.e., electrical or mechanical, the effect in the nerve (i.e., the excitatory
condition) shows itself in the galvanometer as a movement which begins sharply and
proceeds moderately rapidly, but steadily, so long as the excitation lasts, stopping
when the stimulus is left off ; upon which return of the needle to zero begins.

It is quite otherwise when the effect in the nerve is due to the passage of the
excitatory condition (the *discharge”) from a nerve centre. When this latter is
excited and the electrical change in the efferent path observed, it shows itself as a
slowly developed deflection which gains speed as it moves, does not stop immediately
when the stimulation is left off, and only slowly returns towards zero, which it
frequently does not completely reach. This peculiar character of the deflection move-
ment is special and easily recognised. If the activity of the centre be impaired,
e ., by eooling, drying, &e., the movement is still more sluggish, and is perhaps of
more interest ; it is lafe in dev niupment, i.e., does not commence for one or two seconds
after the execitation has luaguu,

382
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A similar inerease of the normal lateney in the discharge of the cord, we have also
observed by the g]';lphit: method, and delay of the kind is rrl'.*.:'ut-.nt]y noticed in the
cortex cerebri (Frawgois Fraxck) when its activity is depressed by any of the

ij;_:'l,"ll_li_'it'!"-. 1'L*ﬂ‘l'l'mI tor o1 '|I. 483,

SpoerioNn 4.—Tie Isrrvesce EXerTeD BY ITS3 CENTRAL ATTACHMENTS UPON THE
ErLectrICAL (HANGES EVOKED IN A DIRECTLY Excitén NERVE.

We found, in the course of our experiments upon the nerve roots, that the amount
of the electrical change in the nerve evoked by direct exeitation of its fibres in any
root, varied with the condition of the nerve centres, and was always less when the root
was cut away from its central attachments.

We, therefore, designed a series of experiments to test the extent of this influence
in the case of the anterior and posterior roots respectively.

This series of experiments consisted in the exposure of the canda equina, after
division of the spinal cord in the dorsal region, connecting the central end of the cut
sciatic nerve with the galvanometer, and then raising the posterior roots seriatim, and
exciting each with the platinum electrodes under all the precautions stated in
Chapter IIL., Section 4. After measurement of the effect observed in the nerve
to follow excitation of any posterior root in continuity with the spinal cord, the
root was divided about its middle and the peripheral end gently ligatured, raised in the
air and execited. The resulting electrical change or effect in the nerve was noted
and compared with that obtained from the root when first excited in continuity with
the cord.

In every case a diminution was observed in the effect as a divect consequence
of severing the peripheral portion from the central apparatus. We feel justified
in attributing this change to the cause assigned since the immediate local effect of the
section on the peripheral fibres would be to raise rather than depress their excitability.
The result, if marked, although conceivably due to the depressing effects of injury,
is possibly associated with a loss of a beneficial (nutritive ?) influence derivable from
the spinal centres.  The deflections observed were as follows :—

AVERAGES.
ifect 1n nerve.

Mosterior root exeited.,

Root exeited in Itoot ent and
continnity peripheral
with cord. eni exeited,

o |
Gihlambar v el e 267 227
prh o= e @50 172

15t sacral . . T % 212 it
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in the nerve, when the uncut root was excited, amounted to 237 secale, whereas that

evolked h}' hlim':].nlii.j_-' the |'-t*|"||-||:-|'.|[ end was 152 seale. The reduction amounts

roughly to about 30 per cent. of the original value, and 1s especially marked only in the
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case of the posterior roots.  This fact led us, at first, to believe that when a posterior
root was excited in its continuity, the spinal centre being of necessity aroused, there
must be a flow of energy from the latter down the root, and that this would tll'nk'i'h‘
the greater effect noted. This view, however, was materially shaken by the small

amount of the reflex |!i-'-;'||:|r'-_m abtainable from a nerve centre. “rqu theretore, ]'L'j_‘jil'l'ﬂ
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the phenomenon from the more general point of view expressed above until further
research shall make the question clearer.

Meanwhile in this place we wish to add a few remarks on a curious result which we
occasionally obtained (and the meaning of which is very doubtful) by varying the
above-mentioned experimental procedure.

As before, we connected the sciatic nerve with the galvanometer, and exposed the
eauda equina after section of the cord in the dorsal region. Each posterior root was
now excted im continuity with the cord, seriatim. The anterior roots were then cut,
and the exeitation repeated.

In this preparation, therefore, we had the arrangement indicated in the diagram,
{l“]g, 24.) The first experiment of the kind was Bilup]t_‘. and uncomplicated, and miy
therefore serve as an example.

CAT (177).  Sciatic Nerve and Roots of the Right Side prepared after Section of
the Cord in the Dorsal Region.

———— e

ey B e e Duration of Pmst_l.‘:'inr root _E}.'uit{:l] Dieflection, Reflex :Is:‘lirm ns
| ROINE, in continnity. gralv. seale. observed in muscles.
|
12.26 | H000 f seconds | Tth lumbar. . . . 70 Good reflex action
12,31 | it - st sacral . . . . kL1 ,. " i
12.39 | & { 2 | Gth lombar. . . . G2

1245 | Anterior roots of the above numbers divided.

12.50 4000 3 seconds | 7th lombar. . . . 380 | Very wigorous reflex,
| | much more than before
12,53 ol Ist sacral . . . . sl : :
12.55 = , fith lombaz. . . . 280 5 " "
1

It will thus be seen that section of the anterior roots seemed to enormously
increase the effect in the nerve. We were quite at a loss to understand this result
and therefore repeated the experiments. We then found that this striking difference
was not always obtainable. In one experiment, for example, in which the section of
each anterior root alternated with excitations of the corresponding posterior root, the
rise of effect was only noted with one root—viz.,, the 7th lumbar—in which the effect
mounted from 130 to 160, 147, 250, whereas the other roots showed no rvise. In this
experiment we noted that there was cooling of the preparation, especially of the lower
roots.  In a succeeding experiment (Cat, 182) we found that warming the cord had a
very noteworthy effect on the result, whereas warming the root had not. We then
made a fourth experiment (Cat, 268), in which the arrangement of the first was more
closely adhered to
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Cat (268). Influence of Section of Anterior Roots on the Excitatory Effect in the
Nerve, when one Posterior Root is exeited in continuity.

Time. Excitation. Duration. Root exeited. Deflection.

12.3 1000 35 seconds | 7th lambar posterior, in 230  Average of two
I eontinnity observations

12.6 | 20HH) i | # ¥ 275

12.10 | Section of the anterior roots of the 5th, Gth, and Tth lumbar, and lst and
2nd =aecral.

|
|
12.20 LG | o - - 245 Averapeof two
observations

I 12.25 2000 o ” 4 320

Seetion of the Gth lombar and 1st sneral posterior roots,

1238
1246 D)) % 5 | 310

2000 Fr ‘ i T | 202

On summing up these experiments it is evident that the division of the anterior
roots does raise the value of the effect in the sciatic nerve evoked by excitation of a
posterior root in eontinuity. In the last three experiments that rise is not so greatly
marked as to be more than the supplementary discharge of the spinal centres might
account for, but this, of course, does not explain the high readings in the first case.

BEcTIoN 5. —THE SrrEaD oF BErFLEx DiscHARGES UP AND DowxN THE (JoRrD
(InTERNUNCIAL Fieres),

We have frequently spoken of the existence of internunecial fibres connecting the
various centres. It must, however, be confessed that the evidence of their existence is
founded almost entirely upon our knowledge of the laws of reflex spread as stated by
PrriGer. (See Section 1, p. 484.)

We endeavoured to ascertain what light the present galvanometric method would
throw upon this spread, and thus upon the localisation and characteristics of these
paths. To elucidate this we made a series of experiments in which the cord was
excited” and the electrical changes noted at the same time that the musecular
movements were either recorded or carefully observed.

(1.) Ascending Discharges (Reflex).

In the case of reflex discharges it is possible, after division of the cord, to observe
the electrical changes in the upper end of the lower fragment of cord, and at the same
time to note the contractions of a muscle of the lower (hind) limh.
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since it was desirable to aseertain the ]‘l‘]:]t-ii'rl!.‘-’u]:lip between the lmr]mlit;it}' of the
electrical changes in the cord and that of the muscular twitches, the cnpi”:u':f electro-
meter was used.

The spinal cord of the Cat bﬁing divided in the mid-dorsal region, the upper end
of the dorso-lumbar portion was prepared for connection with the electrometer, whilst
the lower tendon of the rectus femoris muscle was cut and attached to one of Fiek’s
spring recording levers (isometric method). The cord was then exposed over the
dorso-lumbar junction and the lateral column excited with stimuli of varying degrees
of intensity. It is obvious that electrical changes thus produced in the cord are due
(@) to the excitation of continuous fibres joining the exeited portion of the lateral
column with the observed region, (5) to the excitation of indirect fibres in the
lateral column, internuncial or otherwise, (¢) to the discharge of merve impulses
up the cord from the aroused centres.

The main interest of the E}{pl‘,‘t‘i]]‘mllt lies in the faet that with a weak stimulus no
muscular effects were observed, although distinet electrical effects were produced ;
whilst. with a strong stimulus the centres in the cord were so aroused that they
continued to discharge after the stimulus had eeased, these discharges being evidenced
both by muscular contractions and by effects in the electrometer.

The following Table indicates this result :—

CxpeERMENT.  Cat (104).—Afferent Effect in Cord compared with Contraction of
the Muscle, simultaneously evoked by Intermediate Excitation of the Cord,

=3 | apeargage Duration Effect in cord ; electro- Effect in muscle; spring
] e, I'.-.".f"l{:l.t'lﬂll'l. =
of aame, meter. myograph.
| - — - |
4.50 1500 5 secs. Persistent 2 divs. . . Nil |
& 54 S000 e 2 6 divs. . . Twiteh
4.55 4000 it i ¢ divs. . . Initial effect and continned
tetanns
457 S 7 v 11 divs, fol-  Imitial characteristic (cord)
lowed by intermittent  comtraction followed by
after-cffects well-marked after-effect

It is thus seen that when a lumbar spinal centre is aroused to discharge, a flow of '
nerve energy takes place up the cord as well as out by the efferent roots, and, in
all probability, impulses thus pass upwards to various groups of centres both in the
upper regions of the cord and in the encephalon.

As to the spinal channels by which these impulses travel—whether internuncial,
direct efferent fibres (pyramidal tract) or direct afferent fibres (posterior column)—the
experiment gives no information, and we have not had an opportunity of repeating it
on an animal in which, by previous operations, the two latter have been more or less
eliminated. Some evidence is afforded by the following experiment, in which the left
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posterior column having been divided at the 9th dorsal vertebra, the left 1st lnmbar
posterior root was exeited, and the electrical changes in the cord noted galvano-
metrically at the same time that the muscular movements were observed.

It will be seen that the electrical change in the dorsal region of the eord was
indicated by an effect of 55 in the galvanometer, when the lateral column on the side
of the exeitation was Imin_iured; whereas hemisection between the root and the
observed region ent down the galvanometrie effect to only 7. Before the interruption
by the hemisection, a reflex contraction was observed during the excitation in all the
muscles supplied by the various nerve segments between the excited root and the
observed area of cord, whilst, after the section, such reflex eontraction was limited to
the piece of cord below the hemisection. The particulars of this second experiment,
which appear to suggest that the internuncial fibres are localised in the lateral
column, are as follows :—

Cat 376. Cord divided, and peripheral end connected to the galvanometer at the
intervertebral disc between the 8th and 9th dorsal vertebrie, section of the loft
posterior column opposite 13th dorsal vertebra,
|

. R Duration of . Effeet in Effeet in neighbouring
Time. Execitation. Gt il : * 5 =
i ZCHaLIon excitation, Part excite galvanometer. museles,
|
6.3 5000 5sces. | Left 1st lumbar 55 Powerful reflex in
(Strong posterior root trunk muozcles

stimnlns)

Left hemisection of the cord was then performed at dise between 13th dorsal and
1st lumbar vertebrae.

A Ly Duration of Effect in Effect in neighbouringe
Time, Exeitation. | bein Part exci - e
! e | excitation. Part excited. galvanometer. mnscles,

i . | |
| 6.12 B0 & BECH, Left 1zt lumbar ! T Reflex  limited  fo
| lmtﬂrinr Tt muscles below the
| point of hemisec-

tiom

(2.) Descending Discharges.

While PrritGer’s law concerning the upward internuncial discharge of spinal nerve
centres undoubtedly prevails, nevertheless the anatomieal investigations of Locgnant
CrarkE, the physiological observations of Browx-SiéQuarp, and the anatomical

researches of Gorar, recently confirmed by Rasox v Casar, show that there must
MDOCCXCL—E. 4T



506 MESSRE, F. GOTCH AND V. HORSLEY
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even if there are not direct ";l"‘-"'li-:ill'_" channels, In i.l-'l,i;lll.l.l..'- work oS to show
that there are such direct paths, and this is extended by KoLuiker. We commenced
. : ; . - - . | e

the mvestiration of this poin by the o vanometric method with an ;|I1,|-1__--_||1 Lo

XULT

ascertain whether any eleetrieal |'|I-'II|__‘!' can be detected in the cord below the entry
of the stimulated afferent nerve, and have obtained |'---i-‘i.'-.'l' results. Our |>|-|!:| wias
to divide the cord in two |:-|.|-'--:-»_ as 1n 1'::;-!-f|-l' VIil., and to connect the lower
lumbar end of the traet included between the sections with the galvanometer. (See

fir, 25.)
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The trunk of the last dorsal nerve was then excited,
Cat 378. Cord divided between 8th and 9th dorsal vertebra, and at dise between
3rd and 4th lumbar vertebre,

Excitation of left 13th dorsal nerve, effect in lower (lumbar) portion of cord.

[
Duaration of | Effect in | Effect in

;
Time of Intensity of |
| observation. stimulus. | stimulos. ralvanomet er. muscles. |
e fos e ' |
| ool |
11.:3:3 | 2000 b 2 | Fair reflex |

11.36 B 5 Al Fair reflex

In order to see whether this effect was transmitted by the fibres in the posterior
or lateral column, the left posterior column was now divided opposite the centre of
the body of the 1st lumbar vertebra. The excitation of the root now gave the
following effect : —

Time of Intensity of Duration of Effect in Effeet in
ohservation. stimulus. stimulus, galvanometer, muscles,
et i stconds, | = S
11.58 S ] Left 13th -dorsal | = ood reflex
nerve, central end
12.4 Left lateral column divided (hence complete lefe hemisection).

1215 E000 | a Left 13th dorsal B
| nerve, central end |
|_ | ] ) ) |

We here see most unmistakably that the descending effect is very different in
character and localisation from the ascending effect previously described, for (1) it is
much smaller, (2) it is mainly dependent upon the continuity of the posterior column,
whereas the ascending indirect effect is dependent upon the integrity of the lateral
column.

These results, which were quite unexpected by us, are in very remarkable
agreement with the anatomical researches of Gorar, &e.

SEcrion 6.—O0x thE Evecrrican Coavces 18 e CorTicarn Nenrve CENTRES,

In all the preceding investigations we have studied the characteristies of a nerve
centre by examining the electrical changes, and thus the excitatory processes present
in the nerve fibres connected with such a centre.  We chose the spinal cord sinee it
contains the simplest form of a complete centre that the Mammalian nervous system
presents.

3T2
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stimulation of the retina to obtain evideneces of definite
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arrival therein of nerve impulses.  The difficulties of effectual isolation and the
uncertammties of the area of connection, comprising as it dees a mass of subjacent
nerve fibres, seemed to us to aceount for the indefinite and L'-'l[-i'ii."l-nl:% character of
the electrical indications as l]i‘-u'EIE:l_'n.'t‘l] 1-:-.' the ;_}mlrurl'_unl_'iur.
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The experiments of Beck, of FreiscHL voN Marxow, and of DaNmLeEwsky in
this connection have been referred to in Chapter 11, which deals with the history of
the electrical method. With reference to these we would here only point out that
the experiments of SerscuENow, WERIHO, and ourselves, to which in his Polish paper
Beck alludes, seem to us to indieate that the observed electrieal changes may have
their seat in nerve fibres Ilruuﬁﬂdil:}_g from or to centres, rather than in any form of
central, t.e., corpuscular, nerve mechanism.

Any electrical changes in the contacts of the eclectrodes with the cortex might,
therefore, be as much caused by the impulses travelling in the subjacent fibres as by
changes in the cells or other surface termini.

The above criticism obviously does not affect the evidence which the presence of
definite electrical changes offers as to localisation, but seems to us to discount any
advantage which the method might offer for the investigation of the functions of a
nerve centre by the study of the actual changes in its cells.

SUMMARY.

It is obviously impossible to formulate with sufficient aceuracy many general
coneclusions as to the mode in which the functional activity of the spinal nerve centres
is generated and discharged, but we cannot refrain from pointing out that the
electrical method supplies many ways of investigating this very important and
difficult subject, and further that it throws most unexpected light on the obscure
(uestions relating to the working of the several parts of nerve centres.
Most prominently stand out two principal facts :—
(1.) The kinetogenetic portion® of a spinal nerve centre is probably the afferent
side. (See Section 2.)

(2.) The part in which the delay and diminution of impulses passing through is
effected is the efferent side of such a centre with the field of conjunction.
(See Section 2.)

The consideration of these facts, unexpected as they were, shows clearly that the
interpretation by Basriant of sensori-motor nerve phenomena is probably the most
correct yet advanced. The hbasis of that interpl‘etatiml, namely, the doetrine of
kinsesthesis as formulated by him, is in complete harmony with our experimental
results.

Bastiax has for many years contended that the ordinary division of nerve centres
or parts of the same into sensory and motor respectively is misleading, and that not
only has the statement that the source of a nerve centre’s discharge is the mofor part

# By the term * kinetogenctic portion” we have styled that part of a centre in which the potential
energy is converted into kinetie.
$ “The Brain as an Organ of Mind.” “ Paralysis, Cerebral, Bulbar, and Spinal.”
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of it no basis of actual fact, but that i1t 1s more |1||i1u.-'u|rl:i::u] to associate such souree
with the sensory prart.

Among the considerations which favour this view are the following :—The
undoubted physiclogical resemblance which exists between the succession of events in
il I'kll[llllt?il"}' oar I'i""l.'x III|:|"."\.‘-II'IE,!':|]I:I T'UH]:]E_'U[:;\'L‘!}', :lll[{ t.]'ll!} il l:'I_I:II,'HIS i,]-i'l ﬁl]l}ll ]lﬁj'l:."]'llllﬂg“l,ﬂn’;l]
events as are known to be concomitants of the former. The lrﬁ}m*.]]i]lug'u::l] p}u_ﬂmlm‘*lm
of reflex action show that the afferent impulse in all cases precedes the efferent dis-
charge ; psychological analysis also shows that muscular sense impressions similarly
|1-I‘E(:E{]t’t those discharges which evoke « voluntary " coordinated movements. Hence
he concluded that since the sensory excitation always precedes the efferent output, the
former must have primary importanee, in other words, that the development of kinetie
enercy must take place in the afferent side of the centre. To express this view
briefly he coined the term kinmsthesis.

As the electrical method affords the first opportunity of an experimental eontribu-
tion to this subject, it is interesting to find how strongly its application bears out
Basmian’s position. In this chapter it appears probable that the kinetogenetie
portion of the centre is the afferent side of it, and the more especially when it is
seen how readily the centre discharges into the afferent nerve channels (i.e., actually
“ backwards,” as compared to the course of ordinary afferent impression).

The method has further enabled us to ascertain what conneetions and facilities for
conduction the efferent, or so-called motor side of a nerve centre possesses, and
instead of finding, as might have been expected from the ordinarily expressed beliefs on
this subject, that we had to deal with a souree of energy that was readily aroused,
and freely connected with its neighbours, we found, to our surprise, that it afforded
nothing of the sort, and that its power of conducting impulses centripetally was
apparently #il.

Curiously enough, this last point was foreseen also by Jases, who, in his celebrated
work on the * Feeling of Effort,” 1880, while endorsing the views of Basriax, says
that the *“electrodes of the physiologist,” if applied to the central end of the anterior
root, would not arouse any “sentient,” i.e., afferent impulse in the cord. We are
happy to find that our experimental results, unusual though they were, are, never-
theless, in close agreement with the deductions of the logical method of these
distinguished writers.
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CHAPTER XIT.—ON THE ELECTRICAL CHANGES EVOKED IN THE SPINAL CORD
AND NERVEE BY THE ACTION OF ABSINTHE AND STHYCHNIA,

SECTION 1.—EXPERIMENTS (CONTROL) INCLUDING THE UsE oF ABSINTHE.

Very early in the present investigation on the effects produced by electrieal excita-
tion of eentral apparatuses, the advisability of obtaining a control of our results
presented itself. The use of strychunia by pu Bois-REvMoxDp as a control demon-
stration of the excitatory electrical state in nerves, formed, as it always must, the
basis of such a method.

We, however, first selected absinthe as particularly exciting nerve centres, and,
according to one of us® (V.H.), specially the cortex. Absinthe has been known since
the experiments on animals by Marek! to cause, in small doses, effects only explicable
as poisoning of the highest cerebral centres, thus producing mental changes, delirium,
hebetude, &c., while in larger doses it evokes clonic epileptiforin convulsions with
stertorous respiration, &e.

Maexax] has, of all writers, contributed the most to our knowledge of the action
of this substance.

By injecting small quantities of the essence of absinthe either into the stomach or
into a vein, he produced a very striking series of phenomena, which he showed were
identical with idiopathie epilepsy.

Following up its action more closely he endeavoured to ascertain the share taken in
the produetion of the fits by the brain and spinal cord respectively. This he investi-
gated by first dividing the cord at the atlanto-oceipital articulation, and then injecting
absinthe, artificial respiration being kept up.

Unfortunately, he only describes one experiment (No. 6) in which the cord was
completely divided. He concludes, however, from his other experiments that the
drug excites simultaneously the lower (spinal) and the upper (cerebral) centres. It
has, however, been shown by one of us§ that complete section of the cord at the
Sth dorsal vertebra prevents the appearance of the characteristic convulsions in the
muscles of the parts below the level of the section ; and, further, that the corresponding
parts or limbs, if the execitable cortex of one side be removed, will not take part in
the first general epileptiform convulsions which follow the injection of the drug,
whilst, even when in the subsequent fits such parts are affected, the muscles only pass
mto a slight degree of tonus.

Until a more extended series of researches should negative these points, it is

¥ Brown Lectures.

t *Comptes Rendus de I"Académie des Seiences,” vol. 58, 1864, p. 628; also Amory.
T ‘Recherches sur les Centres Nervenx,” Pavis, Maxvox, 1876,

§ *Reports of the Brown Institution.”



al2 MESSRS. F. GOTCH AND V., HORSLEY

reasonable to accept the conclnsion that absinthe excites par cxcellence the complex
cortical eentres.

It will be well, perhaps, to mention that by the method of simple observation the
following phenomena are elicited by the excitatory action of absinthe.

After injection of two drops of essence of absinthe® into the jugular vein of an
animal, narcotised with ether to the degree of unconsciousness, there oceur, after a
suflicient interval has elapsed (30 seeonds or so) to permit of the translation of the
poison through the heart and lungs to the arterial system, and so to the brain, the
following events :—

The small facial musecles begin to twitch in single elonic spasms, next passing into
a state of tremulous tonic spasm. This order of convulsion passes rapidly down the
body, until the tonic spasm in the limbs is extremely marked. After this has
obtained for a period varying with the dose injected, the tonic spasm gives way to a
long series of clonie twitches. j‘L{_t{H]I'IIINlI'l}-‘iIlg these motor * discharges,” there is
profuse salivation, and sometimes escape of urine, while in eases in which narcosis
has not been preliminarily employed, unconsciousness and coma are early symptoms.

It is thus obvious that absinthe affords a very simple and efficient means of
chemical excitation for the purpese of testing the validity of the results of electrical
stimulation of the motor cortex.

We have employed it under the following experimental conditions :—

(1.) Connecting the nerve to the galvanometer or electrometer.

(2.) Connecting the spinal eord to the galvanometer or electrometer, at the same
time observing the contractions of the muscles in different parts.

The method employed was, so far as the electrical connections of the obzerved parts
were concerned, precisely that described in the preceding pages. Special precautions
had to be taken against any agitation of the preparation. The narcosis with ethec
being temporarily maintained, the external jugular vein of either side was exposed,
penetrated by the needle of a hypodermic syringe, and two minims of the essence of
absinthe injected, the narcosis of this drug taking the place of the etherisation,
which was forthwith terminated. It was invariably observed that the galvanometer
showed evidences of excitatory electrical changes in either nerve or cord, before the
muscular contractions in the immediate neighbourhood of the ohserved level became
accentuated.

In respect of what has been said above, we may here add that we never saw con-
tractions of muscles innervated from points below the level of section in the spinal
cord when that was divided.

¥ Obtainable of Messrs, Horkrx and Winniams,
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(1.) Excitationof the Intact Central Nervous System by Absinthe.—Electrical Effects
i the Seiatic Nerve.

The results obtained by this arrangement were as follows :—

() Observations with the r‘;'rrft'fmu;nf!w'_-—'l"hc{thJ(rJ'lllltﬁtlts were made on four Cats,
one to fifteen drops of absinthe being injected. The preliminary effeets noted in the
galvanometer while as yet the spasms were limited to the upper anterior muscles of
the bﬂ({}' amounted to small deflections, of which the rulhm'ing are cx:unp]ea: dihh,
8, 10, 10, 13, 15.

When, however, the toxic effect of the drug became more marked, and the
discharges summated produced a fully developed fit, as above described, then the
deflection of the galvanometer was notably imereased, and ran up to maxima of
135, 150, 150, 185, 210, 272, 275, these averaging nearly 200. In smaller attacks,
but still generalised, the deflection varied from 45 to 85. With regard to the
magnitude of these deflections, it is to be noted that their large amounts are
doubtless due to the completely bilateral and prolonged character of the cortical
discharges and the continued effect on the galvanometer.

(b.) Observations with the Electrometer.—When during any one of the above
observations the electrodes in contact with the central end of the nerve were switched
over 80 as to bring it into connection with the electrometer, the effect was visible, but
varied notably in amount from a small movement of the mercurial meniscus to 1
division.

It was thus abundantly clear that the employment of absinthe gave maximal
electromotive effects in the sciatic nerve through the overwhelming discharge of the
highest cortical centres, and the tigures obtained from the galvanometric deflections
give a fair notion of the {}mllr.b..'u':d.h-'ﬂ. maglaitm]u of these tiiﬁch.'n':._fu:-'-, the more
especially as the degree to which the epileptic discharge developed could be plainly
seen in the amount and duration of the spasm in the neighbouring museles. This
hl:lng 80, it is, of course, }HLI‘{I]:{ necessary to add that the cessation of the convulsion
was synchronous with a halt i the swing of the galvanometer needle.

(2.) Euacitation of the Nervous Systein by Absinthe.—Electrical Changes tn the
Spiaal Cord.

As mighi have been anticipated, the electrical effects observed in the spinal cord
when the central mechanisms were excited by a diffuse stimulus, such as that of
absinthe in the circulation, were larger than that witnessed in the peripheral nerve.

We have made four experiments in Cats, and one in the Monkey (Macacus vhesus),
and have usually measured the effect with the electrometer. With this mstrument
the excursions of the mercury were very marked, varying from slight movement in
the case of nitial spasms to excursions of even five divisions in severe fits.

MDCCCXCL—B. 3 U
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[n the galvanometer, similarly, the lowest recorded deflection was 110, the highest
being over 300 and u]n‘i::ltst}r conditioned by the duration of the eonvulsions,

No comparison can be drawn between the magnitude of the deflections and those
obtained from the nerve, for the above and other reasons. In general they confirm the
validity of the views advanced, respecting the results obtained by electrical excita-
tion of the central nervous system as detailed in the foregoing chapters.

An experiment in this connection may here be mentioned as of speecial interest
regarding the action of absinthe. The toxic action of this drug is unquestionably
excitatory as far as the highest nerve centres arve concerned. Frawqois Franck *
found that it produced inexcitability of the cortex. One of us has previously
suggested that this is a question of dosage, in common with other narcotic agencies.
In the present series, while observing in one case the deflection ]-rmiuccd by absinthe, we
superadded electrical exeitation of the previously exposed cortex. The result (Cat 99)
was to notably increase the effect. Thus, while the chemical stimulus was actually
evoking a powerful discharge, the additional electrieal excitation caused the centres
to produce still morve kinetic energy. In this stage, therefore, the absinthe had not
exhausted the cortex. The additional effect was visible, both in the electrometer and
galvanometer, when either was switched on to the cord.

SECTION 2.—EXPERIMENTS (CONTROL) INCLUDING THE USE OF STRYCHNIA,

The method of employing stryehnia differed from that detailed in the case of
absinthe in one important particular, namely, that the spinal cord was severed from
its connection with the encephalon. The spinal cord in two Cats and one Monkey,
and the sciatic nerves and the posterior root in two Cats, were connected with the
galvanometer for observation of the excitatory electrical changes. The solution of
strychnia employed was a 1 per cent. solution of the acetate. It was injected into
the peritoneal cavity, and the toxic symptoms observed. The tetanic spasms,
like those obtained by absinthe, were of very varying force and duration, but gave far
higher readings than absinthe.  We will return to this point later, and meanwhile
briefly state the results obtained.

(1.) Electrical Efjects in the Scintic Nerves.—The observation of the effects in the
Mammalian nerve during the discharges due to strychnia bas furnished valuable
control results. We have, however, used the method to obtain by its means the
evidence veferred to in the preceding chapter on the discharge of a nerve centre
backwards down the posterior root as well as the discharge down the anterior roots.

(2.) Electrical Effects in Posterior Root.—Similar changes to those in the nerve have
been obtained in the case of the posterior root. These have been already referred to
in Chapter XI., Seetion 3.

(3) Electriced Effects in the Spinal Cord.—When the spinal cord of an animal was

® Loc. cil.
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severed, and the lower fragment connected in the manner practised in all the
preceding experiments, and strychnia injected, very large electrical changes were
observed. These were produced in the upper, as well as the lower, end of the dorso-
lumbar portion of the cord. The maximal effects were over 500 scale of galvanometer,
and the average in one experiment of all the readings was as high as 300,

To sum up these experiments with a chemical stimulus, fromn the point of view from
which they were designed, it is clear that the execitatory electromotive changes (z.e.,
diminution in the resting difference) observed to oceur in the central nervous system
when that is excited electrically or mechanically, are true indications of physiological
phenomena aceompanying funetional activity, and, further, that their amounts vary
divectly in proportion with the intensity and duration of such activity.

CHAPTER XIII.—SUMMARY AND CONCLUSIONS.

The consideration of the results given in the foregoing chapters shows, we venture to
think, that the electrical method of investigating the localisation of nerve impulses in
the Mammalian nervous system is one which has furnished several new aspects of nerve
funetion, and we believe that if further pursued it will prove one of the most valuable
means of differentiating the structure of the nervous system, and gauging the nature
of the funetional activity of the nerve centres.

In view of the extended scope of our present research, we feel unable to give a suffi-
ciently brief summary of the results. We therefore propose to enumerate, by way of
conclusion, some of the general principles which we think we are justified in dedueing
from our work.

The following remarks, therefore, cannot in any sense be regarded as embodying
the whole of our investigations, and we must consequently refer our readers to the
individual chapters, and especially to the remarks at the end of each, for information
as to points upon which we do not here touch.

(1.) Resting Electrical Difference.

The resting electrical difference between the eut and wninjured longitudinal
surface respectively in the Mammalian mixed nerve, spinal nerve root, and spinal
nerve, has been found by us to have the following value:—

—_— —— —_ —

Cat. Monkey.
Worve .. . . o4 (69 eases) 01 Daniell (12 caszes) 005 Daniell
Roob- .. o . o (5 cages) 025
ool L L L {50 cases) 032 £ (10 cases) U232 s |
|

— e —
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We have found, further, that the difference is subjeet to variations of which
the following are the most important :—

(@.) A notable fall is observed in all three tissues in consequence of systemic
death.

(5.) The difference in the cord is inereased after the functional activity of the organ
has been aroused.

(¢.) The difference in the cord is more pronounced when the tissue is in connection
with the encephalon. (See Chapter 1V.)

{_2.} .."::"-‘_ﬁ'qrn! in the Sp.r'rmf Cord on Ereitation ﬂf the Cortex Cerebri,

In extension of our discovery that excitatory electrical effects can be observed in the
spinal cord to result from excitation of the cortex cerebri, as previously described, and by
means of which the character of the impulses derived from the cortical centres may he
studied, we have obtained effects in both the cord and the mixed nerve, following
similar excitation of the cortex, and ]:n:,r GDm]]:LI'ii]g the result of these observations
together have found that the excitatory state evoked by cortical activity undergoes
a diminution of over 80 per cent. in the passage from the cord into the sciatic nerve.

We have also applied the galvanometric method to differentiate the cortieal excit-
able areas, by recording and comparing the discharges from the same in the spinal
cord, and have found a striking degree of localisation demonstrated thereby in the Cat
as well as the Monkey.  (See Chapter V.)

(3.) Effect in the Spinal Cord on Excitation of the Coronae Radiato.

By a comparison made between the amounts of the electrical effects produced
in the spinal cord and the mixed nerve respectively after excitation of the corona
radiata, we found that the cord effect is four times as great as that in the nerve, and
further, that this eorona-radiata-to-cord effect is little more than half the complete
cortex-to-cord change. (See Chapter VL)

(4.) Bilaterality.

By comparing the records of the extent of the electrical effects in each half of the
longitudinally divided cord, and in the mixed nerve of each side, we have made fresh
observations on the important and complex question of bilaterality of representation
in the central nervous system. We have found—

(#.) That it is possible to obtain strietly unilateral effects in both the spinal cord
and sciatic nerve with complete excitation of both cortex cerebri and corona radiata,

(b.) That the circumstances which favour the production of bilateral effects are
such as bring into play other portions of the central nervous system, e.g., the opposite
excitable cortex, cerebellum, and basal structures ; and,
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(e.) That such bilateral effects, under these circumstances, can be evoked move
rpﬂdi]}r by excitation of the corona radiata than of the cortex.

Hence, we conclude that, as far as the eortical efferent representation of the lower
limb in the Cat and Monkey is concerned, the normal condition is that of
unilaterality. (See Chapter VIL)

(5.) Electrical Changes evoked in the Spinal Cord by Excitation of its Columns.

Observation of the electrical changes in the dorso-lumbar spinal cord, when
evoked by direct excitation of its fibres after severance from the encephalon, has
revealed by comparison of the electrical changes produced the proportionate existence
of direct and indirect channels in the various eolumns of the cord.

We have thus examined the columns so far as they conduet ascending and descending
impulses respectively in the Cat and Monkey. This analysis we extended by employing
the exclusion method of intervening sections, as an addition to observations on the
intact cord. The results show that .—

(e.) In the Monkey a relatively larger number of direct fibres are contained in the
lateral column than in the posterior column, the reverse being the case in the Cat,

(b.) For both classes of impulses and of animals observed we have obtained («) no
evidence of crossing between the lateral columns, (8) evidence of indirect connections
between one posterior column and the lateral column of the same side, (y) evidence of
cross connections between the posterior columns.

(e.) There is no evidence of the existence in the anterior columns of the cord (Cat
and Monkey) of any eontinuous fibres between the mid-dorsal and lnmbar regions.

() The spread of impulses from path to path in the spinal cord appears, in
addition to what is stated under (b), to be conditioned as follows :—The posterior
column fibres spread into other ecolumns more as they ascend than as they descend,
whereas the fibres of the lateral column spread in a converse manner. (See

Chapter VIIL)
(6.) The Relations of the Spinal Cord to the Lumbar Nerves.

We have investigated the relation of the peripheral nerves and their roots to the
paths and to the bulbo-spinal centres in the dorso-lumbar region of the spinal cord.

The investigations consisted in observing (A) the electrical changes produced by
exciting the mixed nerves or their roots in the spinal cord when separated from the
encephalon, (B) the electrical changes produced by excitation of the divided cord in
the spinal nerves, and (C) the excitatory changes produced by stimulation of the
spinal centres,

A. The results obtained by the first method may be grouped as follows :—
(«.) By far the majority of afferent impulses ascend the cord on the same side as
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the entering root, both h}' direet and indirect paths, a small minnrit.}r ascend by the
posterior column of the {}|}|Jﬂ-ﬁit.n side, and a mere fraction by the lateral column of the
opposite side.

(b.) The direct path of afferent impulses is localised in the posterior column of the
same side as that of the nerve or root excited.

(¢.) The indireet paths of afferent impulses are localised in the posterior eolumns of
both sides, and in the lateral column of the same side as that of the excited nerve.

(d.) The proportionate development of both systems of nerve paths in the two
sides of the cord may be inferred from the percentages of the total transmission of
excitatory electrical changes from the afferent nerve to the cord.

Of the electrical changes there are transmitted by :—

Same side,

Posterior column of same side as excited nerve . . 60 per cent.

80 per cent.
Lateral - = 3 e e %

Opposite side.
Posterior column of opposite side to i SR

20 per cent.
Lateral = - = o X LR - -

(See Chapter 1X.)

B. The descending electrical effects, as far as the relationship of the cord and nerves
15 concerned, were investigated in the mixed nerve, the spinal cord being severed from
the encephalon and excited,

The resnlts of these experiments, obtained with both minimal and maximal
stimuli, and controlled by the exclusion method of intervening sections, were as
follows :—

(.) On minimal excitation of the posterior column, impulses are directly trans-
mitted into the posterior roots of the same side, and so into the mixed nerve; with
maximal excitation some impulses are similarly transmitted through indirect paths.

(.) On maximal excitation of the posterior column, impulses are transmitted by
indirect paths across to the posterior roots of the opposite side, and so to the mixed
nerve of that side.

(c.) On excitation of the lateral column, impulses are indirectly tnnsnuttaed to the
mixed nerve of the same side as that of the excited column,

(.) The proportionate percentage of the total transmission of excitatory electrical
states from the various excited columns of the dorsal cord into the mixed nerves is as
follows :—

per cent. per cent.
Exeitation of posterior column of same side as obhserved nerve '?3
Same side 82
A lateral i - »
posterior 5 opposite ,, 15 15
lateral 4 L % 3 2
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(¢.) Our evidence shows that electrical states (i.c., impulses) are transmitted with
great facility from the excited areas in the cord down the afferent chanmels of the
cord, posterior roots, and nerves (see Chapter X.).

C. The researches into the relationship between the spinal cord in the dorso-
lumbar region and the mixed nerve and spinal nerve roots, have enabled us to formu-
late some generalisations on the functional activity of the spinal nerve centres as
follows —

(.) There is complete obstruction to all eentripetal impulses which may reach the
cord by the central end of the anterior root.

(0.) A marked quantitative diminution as well as delay in time is suffered by impulses
which leave the spinal cord by the anterior roots, whether these have originated in
the cortex ecerebri, corona radiata, or the lateral columns of the cord.

(¢.) An inereased resistance to descending, as compared to ascending, impulses by
certain indivect paths is offered connected with the afferent side of the spinal centres.

(d.) Whenever a spinal centre discharges, nerve impulses pass from it down the
posterior roots as well as the anterior.

(¢.) The effect produced in a mixed nerve by the reflex discharge of a spinal centre
down the nerve fibres is notably small when {_",.I_I!Hl]:'l,[‘ﬁ_!d with that evoked |:-:,r their
direct excitation (see Chapter XL.).

It will be gathered from the extent and variety of the above conclusions that the
employment of the method used in the above research has led us on from one investi-
gation to another. We commenced our experiments with the object of ascertaining
the character of the cortical discharge, and we employed for this purpose the capillary
electrometer.

We then made use of the galvanometer for the same purpose, and at once found
that a method was opened up for investigating, not merely the general characters of
a cortical discharge of impulses, but the cmnp:wu,tiv(: amounts of such impulses when
generated in different parts of the Mammalian nervous system. This led to its em-
pleyment as a means of ascertaining the distribution of the channels in the spinal cord
:1]0]1;); which these iml‘.lll]s-'.u.‘i 11::,5:‘-;:.:::1, and thus to the determination of the extent to
which afferent as well as efferent nerve impulses were localised in fibres on one or the
other side of the cord. The necessity of stimulating for this purpose the various roots
of the nerves brought before us in a most striking manner the remarkable difference
between the central conneetions of the two kinds of roots, and thus finally opened up
the possibility of new investigations into the anatomical relations of a eentre and the
particular physiological attributes which characterise it.

The correctness of the method is, we think, shown ’n}r the way in which the results
set forth in the foregoing chapters were progressively obtained by its use. Many of
them were unexpected by us, and needed ample verification. We had thus an
opportunity, in frequent repetition of the swme experiment, of probing the extent to
which the data our method furnished could be relied upon. From this point of
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view we are firmly eonvinced that, when proper precantions are used to avoid the
disturbing influence of capricious factors, the present plan is one which gives as sure
indications as any other method which has been used in the carrying out of investi-
eations into the eentral nervous system, whilst by its mode of application it has the
merit of ensuring definite localisation in hitherto unexplored regions. The wide extent
of the field of research which the use of the method opens up is obvious. We have
only employed it for elueidating a few of the phenomena which are exhibited by the
functions of the brain and spinal cord; but the functions of various ganglia, the
relations of the sympathetic system, of the more central portions of the bulbe-spinal
system, and finally of the encephalic structures may, and undoubtedly will, be satis-
factorily approached in the future by its means.
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Arrexpix A.—Topographical Relations existing between the Superficial Origins from
the Spinal Cord of the Spinal Nerves, and the Bodies of the Vertebrme in the Cat.

CERVICAL NERVE. COREESIOXDING YV EETEBRE.
oneiteraiogs o .« « « - Upper border of 1st corvieal
Elonmonng D, ST ey, Upper half of 2od cervieal
1 1] FE e - = -« = = %« =+ Middle of 3rd cervical®
IV. .5 + . . . .« % . . Upperborder of 4th cervical®
V. . . . . . . . . . . Intervertebral dicc between 4#th and 5th cerviecal
YI. . . . . . . . . . . Lowor border of Sth cervieal and dise betweon Sthoand Gth

cervical
Yir. . . . . . . . . . . Iwowerhallf of 6th cervical
¥IIL. . . . . . . . . . . QCentreof 7thcervical

Diogsar.

I. . . . . . . . . . . Disc between Tth cervieal and 1st dorsal
Ir. . . . . . . . . . . Lowerborder of lstdorsal and dise between st and 2nd dorsal
IMr. . . . . . . . . . . Lowarhalf of 2nd dorsal
V. . . . . . . . . . . Lowerhalf of 3rd dorsal
¥. . . . .« . i+ . . « . Lowertwo-thirds of 4th dorsal
VL . . . . . . . . . . Centreof body of 5th dorsal
VII. . . . . . . . . . . Lowerhalf of Gth dorsal, and disc between 6th and 7th dorsal
WIAE: & - .« 2w v .+ Lower half of Yih dorsal, and dize between 7th and 8th dorsal
IX, . . . . . . . . . . Dizchbhetween 2th and 9th dorsal
X. . . . . « .+« « . . Intervertebral dize between 92th and 10th dorsal
XI. . . . . . . +« .« « . Upperhalf of body of 11th dorsal
XIT. . . . . . . . . . . Middle of body of 12th dorsal
X1 . . . . . . . . . . Lower half of body of 13th dorsal
Louear.
I. . . . . . . . . . . Lower half of 1st lnmbar, and dize between 1st and 2nd lnmbart
I. . . . . . . . . . . Lowerquarter of 2nd lumbar, and disc and upper quarter of
the Srd lumbar cenive opposite disct
IIr. . . . . . . . . . . Disebetween 3rd and 4th lombar
IvV. . . . . . . . . . . Lower border of 4th lumbar
V. . . . . . . .+ . . . Mddle of 5th lnmbar
VL. . . . . . . . . . . Lower quarter of 5th lumbar and disc between Sth and Gtn
Yil. . . . . . . . .« . . Upper fourth of Gth lambar
BACEAL,
I. . . . . . . . +« +« +« 2n¢ndfonrth of Gth Inmbar
I. . . . . . « « =« « « 3 fonrth of G6h lombar
ImE. . . . . . . .« « . + Disebetweenbth and 7th Inmbar

Cocevgear.—The cord tapers gradually to 3rd sacral vertebra.

* These nerves consequently run slightly forwards from the cord to leave the interverfebral

foramina.
t+ These nerves are directed slightly forwards on leaving the cord.
MDCCOXCL—B, 3 X
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Arpexmix B.—Table showing Persistent Eleetrieal Difference between Suorface and
Cross Section.  Distance between Contacts 1 centim, Difference expressed in
fractions of 1 Daniell.

1. Sciaric NErRvE.

(1) In Connection with Broi.

CRE: (TI)® s vh s m s s Monkey (47) . . . & . . 007

L e e P (| 1 LRy e e e
T e b S LA R € L R a1

BTt [ e R U, SR ] o L e et L I, 7

i TN e gt gl L e CINRD " BREY . e b s e ROE

) o e e gt o T RS w0262y . L e . DS

el 1 1) W R R VT o BT L G s . v TDOS

L (R R S () 2 ARe0YE T NG s

SRR S e | = (333 . . 2 o4 o, 0B

o OBENL d o o SO0d R S

S EBOLY i e sl e TOOB 2 E8E) L o o e

e 1 " (3G8) . . : ww s QD

T s T L Avernge ‘005 Daniell.

e 0 e S 1

e o TR S e S AT |

Gy o B

P e e 11

B ESOEYs o  oE w e w 0DD

s EAEIEYES S o D

e Ay e e e i

e BRI e e T

o ABRAY . el 0075

Average ‘000 Danicll.

(2) Cord Divided in Dorsal Region.

Cat (32) . . . o . 005 . At (64) . - . o oo e e UIB
AR R S T e i
A T R e T e SERIOGN . e e e

(O 1y R e e e e ) 1 | ce e L L )]
R P B e e N T T | R T S R L ) )

A RBAY  B N ) i S L e R R ]
ax AELBEN . e OO [ [ R R R T e 1 1
T ey TR SRS | | ' SOPAREYG et 2R e e iR
o T3 o e e e O ' L T R L B
D LTS ol it 5950 A R | R L 1 TR S R L
ST e T S sk w (275). + « « . . « o 'DOBB
A B R A s P 111 o TEEBY. o e e e O
i ke Dy R R e RO 11 o b R SR BN e ] ]
i L L R S . )1 P 11 R
L e S Sl 1] 1= T e L R R e |

LSO L e st o, el ol ST ] 1 T e ) |
B I ) = R L S S e e
W 04V LG G L o L l0E E 150 e, ke SR 1 |
SRR ) R b ) | (i S R R R |

Average 0004 Daniell.

* As stated on p. 303, the numbers in brackets following the mention of an animal refer to the page
in our note ledger in which the observation is recorded.
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{3.} ;’!ﬂw Previons (}‘nﬂﬂﬁmm on Cord,

Cat (227) division of left postericrroots . . . . . 007 left
(227) o 2 & S R e 10 BT

- (230) division of right postervior column ., . . 008 ]eft
s (230) o = = v s o . S Tight
(247) o - -, v . o« . "2 right
(251) division of both posterior columns . . . . 012 right

(259) left hemisection . . . . . . . . . . 009 left
(259) .. R A 2 :'i:;lli.

1I. Lumean Roors.

Tth Left Lumbar Posterior Root.

Fat: (841): = @ i=e 0 o L 085 B T s T e ey R e e 1 ) 11
ol T Ly R S | e L e R A e )
S 1 T T R o e o S Average ‘02 Daniell.

6th Lumbar Posterior Root,

s e e S LT B

Gt Lambar Anterior Root.

b e

I11. Spixan Corp.

Erectricarn Difference between Cross Section and Surface. Cord Divided and
Isolated at Position Indicated in Table. Contacts 1 centim. apart.

(1.) Cord in Connection with Brain

Cat (51) 1st Jumbar . . . . 033 ' Monkey (41) 12th dorsal. . . ‘018
w (BO) 12th dorsal .« . . . c0dd = (48) 12th dorsal . . . 024
(0F) 12th.dorsal . . . . 03 - (52) 12th dorsal , . . <029
(114) 2nd luambar . . . 037 s () 192¢h dereal . . . 027
(118) 4th lombar. . . . 0% ,,, (234) 12th dorsal . . 025
o (124) 3rd lnmbar, . . a6 [ Average ‘025 Daniell.
» (126} 2n0d lumbar . . . (M |
(288) 13th doreal. . . . 033 |
- {ﬂi-ﬁ; Ist lnmbar . . . . 033 |
(814 12th dorsal. . . . 025 |
o (B16) 13th doreal. . . {32 |
w  (S17) 13th dorsal . . . "k |
o (S19) 12th dorsal . A |
wo (023) 13th dorsal. . . . 031
w  (324) 13th dorsal . 033 I

Average 034 Daniell.

rw
-
1
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(2.) Cord Severed from Brain.

Cot (37) Bth dorsal . . . . 044 | Monkey (271) Sth dorsal. . . N7
pw (B7)9th dorsal . . . . 026 i (281 Bth dorsal. . . 027
p (100) Sth dorsal . . . . 036 o (321) 7th dovasl . . . =013
g (103) Oth dozsal . . . . 03 Averape ‘019 Daniell.

» (121) 11th dorsal . . . . 031

p (140} 106D dovsal . . . . 03

w (145) 10th dowvsal . . . . 03

w (148) 11th doreal. . . . ‘025

") 0k dorl, © | o O o ot e o o B

s (192) 11th doreal. . . . 023 & Ufll} et e

. (194) 10th dorsal, . . . ‘018 w (170} 1st lambar . . . . 029

, (196) 10th dorsal. . . . -03 b UL e

» (248) Bth dorsal . . . . 025 I ey GO Lok Rammbawte e e UG

N (357) 2od lumbar . . . -036

o (2890 Fth dorsal . . . . 014 w hSHe) Bnd lombar: o

. (327)9th dorsal . . . . 028 o (371Y 1at Tombar- . o 08

. (337) Gth dorssl . . . . 026 (378) Spd lumbar . e 028

. (339) Bth dorsal . . . . <03 Average 033 Daniell.

b (344) Bth dorsal . . . . 04

wo (246) Bth dorsal . . . . 026

o (DY 10th dovsad, . . . 02

w  [(353) Bth dorsal ., . . . =04

w (370) Bth dorsal . . . . -039 Monkey (321) 2nd lumbar . . 018
Average ‘029 Daniell. w (252) od lnmbar . . 018

(3.0 Cord in Connection with Brain, but divided Longitudinally into Right and
Left Halves.

Left. Rizht.
| . i
Cat (129) . . .| 2nd lumbar . . _| 025 (=
e (130% . . .| 'Istlumbar . . . [ 0] RS
o (138) . . .| 2ad lombar . . .| (2R 2]
w (135) . . .| 3ed lumbar . . .| 22 1%
g (09, . .| 1stlumbar . . . (H5s | 027
n (B18) . - .| 13th dozsal . . . ‘= | (115
e daedd o o L | 13th dorsal . 0 015 = bR
[

Average *02 and 02 Daniell.
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| Lieft. Right.
Monkey (213) .| 10th dorsal . . . (i 014

- (215) .| 10th dorsal . . . L 012

= (217) .| 1lth dorsal . . . 013 011

2 (235) .| 1lth doreal . . . 013 011

i (237) .| 2od lombar . . . i s 0

Average "016 and 011 Daniell.

(4.) Cord Severed from Brain and Divided Lwmgitudinally,

|
| . ‘ Lieft, Righe.
Cat (137) . . .| 5Bth dorsal : ! 007 016
wo (143) . . .| 9th dorsal | 021 013

(3.) After Scetion of Columns 1-3 Months Previous to Observation. Cord Severed
from Brain.

Cat {223} division of ]mEhTi.::r roots on one side, Llthdorsal . . . . . 012
w  (231) division of right posterior colommn at 7th dorsal, 11th dorsal . . 025
o (2562) division of both postevior columns at 10th dorsal, 6th dorsal . . 022
o (260) loft hemiseetion at Oth dorsal, #thdorsal . . . . . . . . 017
g (283) lelt hemisection at 12th dorsal, Gth doesal . . . . . . . . *038
»  (228) hemisection on ri;.;ht gide at 9th dorsal, 1st lumbar . . . . . 018

Average *022 Danicll.

(6.) General dverage.

Average, all eases, cord, Cat . . . . . 032 Daniell,
i . Monkey . . . . 022
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Descmirrion oF PraTtes 29-35

Plate 29. Arvrangement of an experiment on a Cat for the investigation of electrical
changes in the spinal cord consequent upon excitation of the peripheral nerves.
See Chapter T11.

Plate 30. Photograph of the encephalon and spinal cord of an adult Cat, two-thirds
natural size, showing correctly the proportionate size of the various regions of
the neural axis.

The spinal nerves in this and the succeeding Plates are indicated by Roman
ﬁgurv:-: ani :-;||::1t1n] letters.
a, b, ¢, d are points on the cortex cerebri referred to on page 329,

Plate 31. Photograph of the neural axis in a Cat; the same preparation as in
Plate 30, as :ll'l':arlg{-lli. for the {'_‘{[:PI‘h:lr-nIH on hi]aim-n]if._\', &e.

Plate 32, Photograph of the encephalon und spinal cord of an adult Rhesus Monkey,
to show, in comparison with Plate 30, the proportionate size and details of the
neural axis in the Monkey as contrasted with the Cat.

Plate 33. Photograph of the nenral axis in the Monkey ; the same preparation as in
Plate 32, as :.1':':|:1;:r:~:] for the experiments on hil:ut!-rrliit}', &,

Plate 34. Photograph of a recent disseetion of the lumbar plexus in an adult
Monkev, showing the arrangement of the roots entering the plexus.

A.e. = Anterior crural nerve.
i, = Obturator nerve,
E.P. = External popliteal.
I.P. = Internal pu]l]ih'u].
Hs. = Branches to hamstrine muscles.
An. = Branches to anal and pudie plexuses.
= Filum terminale.
Plate 35. Photograph of o recent dissection of the lumbar plexus in an adult Cat.
Le tm—ing as in Plate 34. '

S8 = Small seiatie.
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