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I, Introduction 

T.ae action poten-ciaJ. of nerve@ has been s tudied since the 

• time of du Bois-Reymond and Remenn;,; starting in lS,48,. Its main 

eharacteristios,-that of being negative6 he.vi~ a relatively slow 

velocity eomparetl to other electrical Cha11ge.s,-a.nd t,he conditions 

for excitatio~ were being studied at this early period. The cur­

rently held conception t,hat the physical mechanism of the action 

potential :resuJ.ts from the breaking dotn,l of an eleotrically pol ar ... 

i zed merabran.e cluring activity was also being evolved by these 

investigators and their contempora:rles. 

Their :reeo:rding met,ho<ls we1•e galvauo-meters , which were 

slow and not suf.f.ioiently sensitive to obtain faithful reproductions 

of rapid Md minute elec·l:.rica.l changes. Later, the capillary electro­

meter, which had the adva:nta.ge of being fairly sensitive and ?r'hich, 

of course, did no'b draw cu.r:rent, was used. It had the disadvantageJJ 

though, that it possessed considerable inertia end tha.t elaborate 

eor.reotio:ns in the rei.eo:rda were necessa:ry11 The string galvanometer 

0£ Eiathoven also was widely used; it, was mu.ch more sensitive ·to 

rapid changes in potential, but., on ·bhe other hand_, drew ourrerrt~ 

In more recent, yearsp the development of the vacuum tub:e 

&m])lifier al.lowed minute potential changes to be detected, and 

several new t:rpes of oseillographs to record t hese acmplified re,.. 

~ponses were ilwented. Cue of these Dapidly moving oscillographs ( the 

meehanioa.l one de-vised by l\!iat.t.hews) consists of an electro-magnet, 

connected to t..½.e output of' the amplifier, which moves an iron 



tongue bearing a small mirror,. The second type, the cathode ray 

oseillograpb, ir1troduced .for this work by Gasser and Erla.1-,ger (192-2)., 

reproduces .most f'ai thfully the poten'!';,i al variations since it is 

without inertia.. It furthermore has the ad:vru.1tag~ of allowing 

direct visu~J. observation. 

With ·t:Jie aid of -~his l at·ber oseillog:ra.ph mu.ch new iJ;ri'or­

matiors. hs.s been gained within t.he l as·t. ·two decades regl1Xding the 

action potentials of myeli.n.a:ted nerves"' The older data has been 

checked, amplified,. and a deeper analysis matte of the underlying 

mechanism$. I n mo ,;_; t of this lt-ork -~-ie sciatic nerve of the frog 

has been used. The metJ:iods of leading off have been fairly ei.mple: 

the _nerve was diss~c-ted from the animal~ wa.shed in Ringer• s smlution, 

and placed upon non,..,.polari2iable silver- s:ilv~,r chloride or calomel 

~lectrodes in a moist chamber. tong lengths of nerve - up to 

l.3 cm., - have bee.n obWned from this preparation, thus enabling 

the di.stance between ,the stimuui.ting and lead-off elec-t:,rodes to be 

large. In the ma.in, sin_gle-e:nded ~.mplifiel"S have been used, of 

which the proximal lead ,( t he one nearest the s.t:lmulus) has been 

connected directly to ground, while the di:i:,te.l one went to the grid 

of the .first stage of amplification. 

The most obvio,us elec:trical eign of nerve activity is tihe 

actiori pot,ential spike; ~ recorded; this amounts to several milli­

volts in amplitude. Indeed t.he spike was the only sign known until 

the present methods v-,ere introduced. Iti turned out to be a. ilrll.Ch 

more complicated phenomeno11. than h,,,iui been e:icpected6 As recorded 



from frog nerve, 'c.he first, ma.in, n A" spike consists of four parts, 

the o.., P, 't and b waves. The5e a:re followed by -~wo slower effect s, 

the "BU and ncn waves. SE:?e Gasser- and .Erlanger, 1927; El'langer 

@d Gasser~ 1930• 

In these ps.pers it was shown t hat the nerve is composed 

0£ groups 0£ i~ibers vtaich have diffe:r<i:lnt rates of corldu.ction, from 

42 to 0 • .3 m,. · per sec. The fibers of a ne:tVe r ange in ~te:r from 

20 down to l r4- , and it was found that the larger t,he fiber, '~he 

faster is the ra:t.e of conduction. 11c-wever, since the fibel'S of a 

Ml"Ve tu."~ not present i:n a uniform distribution of sizes , a eon .... 

tinuous uspect:ru.mtt ot 13,ction potisnt.:lals ia not recorded~ but ins·t.ea.d 

the seriea of waves already m.e.ntion.ed. 

A corr®.l:0.tion between fibe;r di&u!le·t.er and eo-nrluction 

veloci•ty attempted by Gasser and .Erlariger in 1927 11 when only ·I.he 

Au, ~, and t waves were kn~-wn, indicated that the velocity was 

proportional to the fiber diame¼r. This view was changed in 1930 

wit.h ·the discove:t""',t of the addi tioual wia::ves alld upon a more c-areful 

reconstruction of the a.ot:lon potential :from fiber size data, and 

it was stated that tr-z-e velocity var·ies id t.lt the square of the 

diameter. Douglass, Davenport, Hei nbecker and Bishop (1934) believe 

t..11at the truth lies between these two po8sibilit:Les. Reeentl._y:, how ... 

ever, Gasser and Gw.ndfest (1939) and Hursh (l939) have concluded 

from caref\il reconstructions of ma.m.ma.111:ltl _action potentials ·that the 

conduction rate is really proportional ta fiber diameter. 



Further investigation of nerves from the frog and of both 

nryelina ted and un.,weline:ted m.a.,-nrru:uian r,i.e:rves have pointed to the 

conclusion t..l'iere are onl.y quantitative dii'ferenees between. the 

·Conduction velooi ties of fibers of' diff.orent dia.in<3·bers;i; It is the 

opinion of Duncan (19.34) that whethe:r a fiber in the'Se animals is 

myelinated or no·~ depends only on its size; fibers acquire a. medul­

l ary sheath when at~.iJ!'..ing a diamet,er Gf 1 to 2 r'- ft 1\nd it can be 

conclu..ded f'rom Bishop (193.3) that coi'lduotion rate declines groou.alfy' 

in the srna,lles t my-elina te<l 1'ibo1 .. s to 'that found- in those without a. 

marked r.welina ted sheath,., 

Bl8i!' and Erlanger (19.33), using small ne:rves from the 

frog, have compared other fiber prc,pe:rties against conduction rate!! 

They found that t..¾e threshold o:f' stinrulatit>n ·decreased ccm.tinuously 

with increasing velocity, and that:1> indeed, f'or &ry one duration of' 

a com:rtant sti!l'iUlating current,, the vol ·he,ge :required decreased 

sr:neot'ltly as the conduction rate inerea.sed~ The absolute awi relative 

refracto:t"'Y periods also gradru:illy decreased a~ the veloci izy' of 

conduoti011 iooreased,. Hol':-ever, the ehronaxie and the summation 

inter-val did not. vary in a simple manner,. The ch:ro1ime, for 

instanf,le; remv.ined a.lmor;st coiiztant until the fiber velocity deereas.ed 

to 5 m. per sec., £'~ ·then l>egai,, -to increase sharply. The aut...h:or$ 

do not asm.une that this indica:l;e$ that thei"e are two type·s of fibers 

with different ehron~es, hut ra:t:,he:t· ·that the methods of' measuring 

·tr:te chroru.xie, and also t.½.e Sumnl<:rtion interval,_ were at fault .• 



Mot only has the actio:n potential from a whole nerve been 

£i'.>und to be complicated, but also the action pot,ential from a single 

i'ihe:r. Thi s single f'lber potential is obt&J.ned, i n the case of 

Vel"te'bra te nzy-elina. ted llel"'iie, el t her by stimulating the whole nerve 

with sh<>cks so weak that only a f ew of' t he mo5t excitable fibers 

are .affected, o:r by the met.riod de-veloped by Adrian and Bronk (1928) 

:i.-t1 v1hich a section of nerve between the stimulus and the lead-of! 

elect~rodes is dissec·~ unt,il the conti:nu.5:lr.y of cm.ly ene fiber is 

preserved., 

Whe-a a s timula~g current is applied to a fiber, the fir.st 

resul t, is a mo.,roment, of ions which in:Ltiatea two processes . One of 

thes.e processes is directed towe.rd exo.1 t ation, while t he other 1 

called a.cco~dat,io:n or cathodal depression, is opposed to ·the firs t,. 

Ho-weve:r, i.f the sum o:f.' these t\v-o processes at-l;ains a certain minimal 

value, the fibe:r responds after a l atent period with a sudden, large 

nega'i;ive potential change icncwn as the s pike i.'lO·tential ( see Hill, 

19:36, for theories of e:iroit,ation) • 'l'W.s poten:tial is propagated 

down the £:iber1 ~ in both directions ut'lleis blocked, a:t a uniform 

conduction velocit.v (Erl~er and Ga&ser, 193'7}. The spike. potential 

follows. t,he ~11 ... or- 11one relation; that ie1 i '& rises t.o the greates t 

extent possible under t he oonditJ.ons e.:.tti sting at a given point or 

else does not oeour at eJ.l (see Kato.fl 19.34, for his experiments 

derm;ms ·t.rating this r.ela:tionship, ai'l<l for ea:i:·lier worlc referred to 

t h.ere)• 



Th~ spike in f:rog up,,,n fibers reaches its crest in 0.:3 msec" 

.md deoli:ne.s to within a. few per cent o.f it~; height within a. f~theJ? 

().,6 msee. 'l'he spike does not end here but continues 111 a small, 

nega'ti "Te after potential which l asts for ro to ,30 msee. in a freshly 

mounted frog nei:1-ve• (Gasser &'.ld Grahara, 1934). After the nerve has 

been stirnulated for some t;L.11e or if it is poisoned with veratrine, 

this after pe·hential increases in si:zie aw du.ration and mey become 

a$ larrge as lO p@l' cent, of the sp11-ce height. (Gasser ~'ld G.rw.'.ldfest, 

19,36). 

:F'ollowing t.he-se pcrtential.s th:$:t'e appears a S-iilall but 

delayed positive after pot©ntial (Gass.er, 19.35; Ga:sser and Grundfeat# 

1936) • In. fre,shly prepared, fas t frog and me.mmalian fiber:s this 

potential attains a maximum -of. a,.bout 0.,2 per oont of t,he spike 

height in 30 n1sec. apd then cleelines. In 11oi1 fibers and after a 

tetanus in the fast0r fibers this posi"t,ive phase becomes mue..11 larger 

ruid earlier, oanoelin.g the nega:IJ.ve a.fter pQtentiril. and being f'ol­

lowed by a. second nega:t.iv{;) after potential,. This last poterrtial 

may t,hen b~ i'ollowed by a. seooud positive poteirli~. T'nere.fo:r.e 

it seems t..hat separate posi tiv~ phases follow both t..11e spike and 

the negative after potential. This eonclus:l.on is supported by 

experiments with veratrill$ wl:lioh accentuates the negative af'te1• 

potential .• 

The after pcrtentius can be modified in still other Wl\YS• 

Schmitt and Gasser {1933) £tl'!d Lelun~n (l9'.3'7b) have found that ·they 

are abolished during carbon mono;rl.de poison.i.ng and asphyxia, even 



though the ;;;pike rew..ain.~~ They have been correlated -e:tlth the 

oxidative met abol ism of ner-11e and with he:at produetlon. Thus they 

ar.e conside.red an expression of the reco'irery process, but Gasser 

believes that l:'ecovery attended by large afte:r potential~ i s 

expedited at the coat of an extra expenditure of energy and is 

not often or-i"l 1.ed in.to pla,y in the aniL1'aJ.. Lehm&rm (1937a) found that 

remo·•.r.itl of' ca.lei um from the scluti9n bat,b.i:r..g nerve,s had the ef'f eet 

of decrea sing ti.110 negative phase a;ud i ncreasing the p.os:ttJ.ve one; 

while r emoval oi' pot assium had the opposit,e effect. Oral1a.JJ1 (193.3) 

has also foul1rl. t ho.t calciw.n :tons , as wall as warming, :tnarease 

-t,he negat.i Ve nfter pot,entitJ. while potat;s.i-u.m and cooling decrease 

it. She has later found t ha t yohirt1bine it1<}re21.s.es the positive after 

pot,ential . 

Finally, the ex.eit,ntory ei'foot.s acoo.mp~u:~ying the vs.rioue 

potential effects S.hould be me:nt;J..onoo.. There is the w~ll. kncJV,'n 

~bsol ute refractory period which last,s unti.l the spike is al.mos t 

c,rer; duririg which it i s iJr&po:ssiblo to e~cite the fib.er., This is 

followed by a r el a ti ,rn r,f~i'rac tocy period of sl,.i,g}1 tly longer d:ura t i on, 

upon completd;.on of rtaich the exci tabili ~ has l'G.turned to nor;aal 

(Adrian, l.921.) ... A spike elicited during the l atter phase is not 

as large and is not conducted. as .fast as a :no:nool one, But the 

end of th© :i.~elati ve refracto:r.y pe:t•iod does not compl1:rte -t:he e;Kei t... 

abili ·ty c.-ycl0+ Adrian m1.d Iruoas (1912) f ou11d that a period of' 

supernormal excitability ensues for a b.rie.:f period~ 'l'his period 

was correlated with the negative after potential by Gasser· e.r.ld 



Erlangez• in 19.30,. !;n 1:1e;rves wi -U-1 ~. large positive after potential, 

especially those poisoned with y.ohimbine, a. suboorm.,J. period fol­

lows; this decreased excitability was shown to aocompaey- the positive 

phase by Graham an.cl Gasser (1934) ~ 01il.y e£t®r all JJOtential changee 

have cee,sed can the fibe:r return to i t~i 11orm1?J. ~rtate cf exci ta.bility_. 

'l'hese are the pr"..t.ncipal facts, theti.9 describing the 

electrical changes oecu:rring in nerves and nerve flbers possessing 

a myelinated sheath. Further references to :research on this subject 

may- he found in DaVis {1926), Erl~01· and Gasser (19.37), and the 

Almual Renew of Physiology (19.39) • 

It. ha.s never been possible to lead off action potentials 

£:rom isolated, single, myelinated nerve fibers .. It is possible; 

however/J to obtain large1 single UJl1UYelinated fibers, which are 

' free from &.11 other tissue, iu crustaceans ~:ul Gephalopods. These 

fibe:rs seem ver:1 pro.ndsing material for iuve-stigation of ·we ®.ction 

poten'tial, but have only been studied within the l ast few years. 

Experiments on unmy(-U:i.1V,1. ted fibers previous to this have el.l been 

done 0 11 whele nerve bundles. 

Levin (192·7), and aft.er him1 Furusawa (1929), itwestigated 

" the reten.tio11 of the, ac-'~ion po·ttmtial!t in '!:,he leg nerve from Maia. 

'!hHy used a sensitive galvanometer of fairly long period, which 

recorded the sm.a. of the monophasic action :pot0nt:Lals produced by 

tetanic stimulus; '!:,he actirl ty under their live electrode was 

cor0:pared w ti1ie injury potential by this method-. '.they fo,J.l'Jd that 

after several minu:tes of stimula. tion a:t the rate of 50 per sec. the 



action potent.isl was reduced by 50 per cent <n:· more. It was even 

possible that after s-...wh a period or .s~e.tion t.b.e gaJ.:vanomErher 

:remained at its 1nax:lm11:m posi ti.on a.Tcld only gr~1J..elly returned to the 

im tial one. Tl.us was taken ·to itJrlica.te that the nerve became 

eoiupletely 1$de1:>olariz-oor- and then slowly i'ecovered; taki1'lg lO nd.n. 

or m-ore. Furusaw.,. found that the· injury potential oQ-uJ.d be re­

~~rsililly abolished by asphy:lda., and he ooiwl.uded the.t the tta.ot101!l 

~t1d injury potentials tJ:r@ -t,wo aspeo·~s of the same fuoo.1:\llierr!ial 

phenomenon, 11-.tz~ of an active membrane potential e:rJ.sting a.t th,e 

sm·face of the u.0:rve .f'iber and mai11.tai1ted by oxidEttive proc~sse,\ha 

Act.ion poterrtitils resulting from a single stimulus were 

led off fl'lora t,he leg nerves •Of seve:ral crustaceans and of timu.lu.s 

by Tuiomder and D-..ibtrl.sson (19:31) using a cathode ray oscillogra11h, 

Their records were comi-:,llcated by spurious elect,rj,cal responses which 

we:ve not satiafacto:rily explained; much importance Wa.5 paid to 

chronme rneasm"ements of the cGnsti went f j,bers. 

Lullias {19.34) studied the action potentiru.s <>£ the leg 

nerves of' Maia with a string gal van,orueter... He attempted in 

particular to • search for fiber groups, and :r-ep0:rted three suoh 

groups which he compa:i'.'ed to the slo\lest three in vertebrate )J.erve .. 

Lullies maln:tained that, these groups were distinguished by having 

clli'fero11·t "i:-,hresholds, refractory periods;. conduction velocities, 

and resietance to narco·sis (with urethane) • He investiga. too. fiber 

si ~s, findi ng 40 to 50 fibers with a diameter of 10 to 20 while 

the diat11eter of the remaining fibers ranged from 8 down to l • 



Ba;yliss, Cowan., and Scot·c (19.35) al.so led off aet iQU 

potentials :f'rQm Maia nerve. 'i'hey used a three stage amplifier 
, 

and a mechanical oscillog:r•a,ph ooapted from a loud-speaker. These 

authors wer-e not able to find the three waves reported by Lullie-s; 

they found two, however, conducted at a rate of about 2.,5 al'.ld 

1.0 m. per see., respectiv~lY, at 12° c. The question of the 

existence of after potential$ Wa$ raised, erapecial.ly in regard to 

the ret.ent.ion of t.he acti<.>n potential. which Levln had found.. Their 

results are of interest since they foWJd ·that veratrine produces 

a negative after potetrC-ial reaching a ma:xifu-uru at 125 msec. and 

lasting as long as half an hour, •!;hough they were not sure thi!».t 

repef.1. 'ted discharges of' the fibers did not eomplJ.ca.te the picture." 

Yohimbioo produced a pOsit,ive a.ft,er potential 0£ 200 msec. duration., 

Their results with these drugs are anaJ.ogous to thoae already 

. mentioned in regard to nzy-eline. iie(l nerve_. 

.Again using Maia nerve and a mechaniea.l oseillograph1 

Bogue and Rosenberg (1936) reported on the various wave.s. appearing 

in their action potential records,. They f ound one raain wave and 

three smaller ones; the first of these lat.er waves was rege.rded a.s 

possibly due to a rep.est«! d.i:1charge, for whioh crustacean nerve 

is notorious, while the other t.wo were looked upon as the r esult of 

defini t .e fiber group~. They also reported a nega't,i ve after potential 

las.ting 30 to 60 msec. Velocity measurements ranged from 5,3 to 

1 . 4 m,. per sec .. The-$ studied the effect -of frequency of stimulation 

on the size and :torm of the action potential .. Rapid stimulation 



(200 per sec.) produced a record on which the main waves were super ... 

imposed on t.11.e after ooga ti Vi 'l:.t but i'ellowed the rhyt.hm of the 

stimuli; 1iTith still higher frequencies the response be~ame ir­

regular. Their preparations were r$adi.J.y f atigued after 2 m.i.n. of 

such stimulation and or.ily par-tially recovered. No :positive after 

potential. was seen .• 

The eleotd.eal response of ver-t-,ob~ate 'Ulill'lrfelinated nawe, 

from the rabbit*s vagus, was investigated by Bishop (1934) .. He 

obt.ained records that ware neither mouophasic nor v1ara they satis ... 

factory to him.. His eJ.."'Plarurtion .of their complext ty is incomplete 

and doub·~ful • 

.All thes0 in.vestige. tors u$ecl w".a◊le 'Ul'lll'\Yeli:na ted n,g;rves 

which :were led off in moist air. The.if .all obtained records which 

:i!lere highly complex and between which t here :was 1i tt.te. agreement. 

The nature and relative importance of the com-plicating fao.tors was 

not, at ill clear •. 

Oue of these fact.ors rrie3 w:cy well have been, as the present 

work wi.U point, out.1 the conditi,9:ns of: leading oti\ The ehm•acter­

isties of' the amplifier and recording systems are also of prime 

importance. With single-entled amplifiers the potential f:rom the 

active locus will af.fect the leading off even after it has left the 

grou.nded lead; though oi' course decrementa.111 (E:rlange;r e.nd. Blair, 

1935) •· The use of a differential ~N.er, in which only the dif­

ferences in potential of t..lie two leading off points is recorded, 

v,-ould seem. advisable. Here a tJ:12.ro, reference potential, ground, is 

available for reduction of the stimulus ar·tifact and the elimination 



of external disturba."lees. For :referenee to such amplifiers see, :for 

instance, Sohmitt (1937) &J.d Toenn!es (19:38). 

Tlw wox-k on umuyellnatea. fibers so far .:renewed. has evidently 

been done vrl th. the view of correlating the e:xperi.'Rents in this -field 

m t'h those done on vertebrate, myel.inated nerv<;i. Sinee it is not 

diffieuJ. t to prepare ei thet' single large fil;lers or fb1e 'bundles of 

the smaller fibers from crustacean nerve, for i:ostru:aee, it has be-

come both wasteful and unsatisfaete:ry to u.se whole nen-es, yieldiDg 

neee$sa;ril,y eom.pl:.1,cated x-eeords, in the itudy of this -qype of nerv-e. 

The first recording from single enistacean fibers*wa:s tl()ne 

by HOdg'.ld .. n (l 9.3f'i ) , using an ro.'lpllfier built by Toemu.es • He worked 

with large m~tor axons :i'ro,ra the leg nerve$ of Careinu.s. Instead o:f.' 

leading .o.£f in air, his .f'ibe;t-s were sub:merg~ in a layer of aE!lrated 

mineral oil. He recorded aetion potentius from these fiber~ that 

were ~imilar to those from si ngle medullated fibers published by 

Gasse:r:- and Grundfest {l.936}. !he i~e ~aveled at a uniform 

rate of :; to $ m., peiX' seQ. 4'U'ld the duration of the $pilte was 0..-8 to 

} l. •. o msec. with a. V@;Ve-length. t..~erefore of alxru.t 4 mm. as eompa:red 

to (}ne of abeut 40 mm* in frog tt-Ati fibGrs . The abS()lute l:'efrac:to:ry 

pe1•iod lasted for about l msec. and a £:!,.her ceuld tranemi t as ma.ey 

as ;oo impulses per see. Iiowever.? i:n this pa.per he Wai particularly 

interested in the sul) .... th.reshold pGtential.$ wh:tch arose at the gr:ounded 

stimulating electrode \J'hen the excitation -w~s just S'll►limi:P.al. This 

s'!Jb ... th:reshold potential was $h'own to be distinct £r<.>m the well known 

polarization potential whl.ch axises» whea a potential di:t'.'fere:1:1ee is 

* But see van Harreveld an,i Wierslllc'l (1936 ), :p:J?. 94- 96. 



applied along a nerve fiber., from the ¢:apae:i,. ~ ti ve action of it$ 

memb:vanes and which can be easily imi 'teated with physical. mooels.,. 

Iiodgkin:1s potential was 11egative, arose locally a:!i t he ea.thod$ 

stimul.ati.ng eleet:rode, ·and merged in.to the action pote:utial if t.~e 

stimulus was sufficient., The ma.x:imum. he:iglit of this potential:; though, 

was at most one-seventh that 0£ t,he $pik:~. This 1·esult is of s~me 

J.nte:te~rt because such a loaal or unprop,-igated l'BSponse haP.J never been 

observed in myallt.w:wA nerve.~ 

The aame ~uthor (19.39) has also shown that the veloeii;,y 

of' :in1pulse;a in these fiber5 a;r.e greater by 40 per cent w'.aen t.1-t.e 

it.qpulie t:ra.vels t..h.rou.gh a po:r•bion of ;fiber subme:rs.ed in sea wate?­

solution as oomp.u•,oo to air.. This finding is t a.¼:ez1 as erlcle:nee that 

curre11ts genel?a;ted by,' 'hut outs:i..d0111 the. i'i'ber are necessary for 

condu.ct~on •and supports the polarized meinbrane theory of nerve 

action to be dis.cussed la.tar. 

".fue purpoae of ·the present work has been not only to study 

the shape .a,nd properties of ·the action pcr~ential from the larger 

single 'l:lnIDYelinated fibers and i'rol!l fine bUlldles of the smaller 

fibers, but especially to oonsidex- the factors concerned in the 

leading off of these action potential.a. In doing this it also be,.. 

eam.e neoessa:ry to r.e,..exa.~ne the meaxdng of the action potential 

in the light of eu:rrent views as to it,s na-t-ur0. 

The thesis is div.tded into three main paxts.. In the first, 

the preparation of the fibers and the methods of lea.cling o£f will be 

described. The~e latter were of two types; in 1ooiet ai;r aiJd in 

solution~ 



The se:eond part will d-eal with -the results obtained, and 

especially the effect of r4ying the environr11e11t of the fiber, 

'l'he form and shape 0f the action potential will be described, and 

data concerning ·the velocii:u of conduction in different, fibers will 

be presented,. 

The final $ectio:n will review the theories and facts 

current,ly believed in regard to bio ... elee'tric potontial.s , and a 

cri ticaJ. analysi s of the i mport.an.t fa.C 'liors pertaining to t.he leading 

off of action potentials from unmyellna:ted fibers and the conclusions 

to 'be drawn will be given. A new raet.'100. fo:r such leading off rill 

be offered. 



IL, Met.nods 

A, Pr·epat-a tion of t1erve fibers 

Most of the ~e:riments here l?eported we:re performed on 

single motor axons from the claw of the er~ish, Crua'baru.e elarkii. 

The me·thod of preparation we.a ess-en tially that developed by 

van Harreveld and Wiersma (1936), and subsequently used in t.."d.$ 

labors. tory _ 

The chi tin was r@moved from the top of tl1e ischi°'"" arid 

m:et"opodi tes., The muecles contained iu t.l-J.e latter segment were 

removed.. Some'liiw.es the shell of the carpopodi te was part,ly re­

moved in order t..o obtain e. longex.· length of fiber... Following these 

operations, the elaw was clamped above a Pet,ri dish wl'th ·~e ex­

posed portions just lying under van Harreveldls (19.36) crayfish 

bin.ocular microscope-~ 

A precaution should be mentioned he:!le~ It. seemed vdse to 

re1iove .as much blood as pos~ible :from the claw and P..'U"tioularly 

from the region of the nerve before dissection was begun~ FUJ:.•usa,,a ) 

(1929} and others have 'believed that blood c1o·hted about nerve fibers 

All o.f the nerve which obviously did not contain motor axons 

was immediately removed~ The remaining portion was teased into smaller 

bundles wit,h fine needles~ Miero .... manipulated platinum eleetrodes 

were used to test for the function of the axons contained in ·the 



bundles,. The stimulus was t he shocks from the secondart.r of an 

induction coil,. occurring at t he rate of abo1..:i.t 50 per see. A bundle 

suspe.cted of cant.a.iri.ing the desired fiber was raised upo11 these 

electrodes end the claw was Obser·ved as to whether or not stimulaition 

caused a contracti◊n .•. 

In thie moom.Br the axon and its other laxge neighboring 

fibers were is-ola:ted. Usually t..l>ie large motor fibe:r ~..l of the cle:w 

oecur in too groups, ·the fibers of ea.ch group being closely oon­

nect®d along ·their length by cc1meetive tiss-ue,. Removal of this 

tissU:e was, indeed., tho most, dellca. te step, for the .fiber had to be 

prepared. free tor at least 20 mm,. without injtl!'y at any point-. In 

:ehe ea:rl;y p~t of th@ work tir.is was not always done; :'Lnstead a 

"bri,dgett preparation was rr.a.de, the a..wn being single only a.t one 

pQint just dietal ·to where the stimulus was to be later applied. 

!row.ever axons prepared in this mann.:er seldom survived long. He1':l.Oe 

the main necessity .f'-0r long lengths of isolated fi.bers, but it Will 

appear later that there a.re othe-r imp0,rtrort reasons as well.-

With practice the preliminary ia◊lation could often be 

made in a few minutes. 'l'he complete isola tion of the fiber from 

all othe-r tis-sue a,.'ld mount-ing it in the lead off chamber required 

more ti.me (.30 minut,es or more}. The fiber, together with a short 

length of nerve attftched at either erld f'or ease in clamping, wa.s 

then removed from the claw and ·transferred to the moist chamber for 

lead:l.ng off action pot,enti.9.lS! 



'l.'his was accomplished by sti·etchi1;1g the fiber out on a. 

small 'bent plate of 00lluloid dipped into t he Pet,ri dish, . and then 

quick.ly transferring it to the moist .chamber, which had been 

previously filled with solut::to11-~ There it was floated off t he plate 

arui its ends cl amped,. After t..11.e fiber had been properly adjusted 

in respect to t,he electrodes , the solution was pipett,~d out, lea.vi1.1g 

t he axon either str.etehoo across thei elect:t•odes i n the first ar­

rangement. of the ohianiber or lying in. the t:t-ough in the s-econd 

{see II, B),. A cove1• was sea.loo to the ·top of. the chamber With 

Vaseline, The f'ibex was then rea<zy for the e»perlment .• 

The i;;u.iller nerve fib-e:rs, Q.f less ·bhax1 10 t.t dia:met-er, 

were al.most impossible to prepare fo:r l,ong dista1'1ces because of ·l;.h.e 

close attacl11uent of connective "~S$ue. ]'u.w,the:rmore, there was no 

wwr, du!'ing p:r-epa.ra·t10:n., 9f eheoktr.ig wheth~ t,11e:y st.ill cot1 . .ducted 

impulses, since they did not cause a contraction., For these J1easo:ns 

i. t was :i.m:practioal to use them,. I rJ.ubi tor fi'be-rs were used in a 

few instanees, but since their action potentials- showed no qual­

itative di.fferences from those of ·the motor axons, the latt,er were 

used almost exclus5;.veJ,y bec~use of greater convenience in preparation. 



It was desirable to construct the lead off chamber oi' a 

material. possessing the following properties: (1) the mat,erial. mt1st 

be a gooo insula-oor electrioal~; (2) it should 'b-e capable of being 

easily and aceura.tely worked and should be stuxdyf (.3) it should 

be t.ra.r:i.spal.~ent for ease in orienting and measuring the fiber.a; and 

(4) it ~hould not Ube.rate substances to~c to tb.:e prepara:tiion. 

There a.re a. number of ma.ter.ials, transparent plastics, v&1ich 

e.a:t-iisfy the first th:ree eondi tion.s; these mat erials include cast 

and p:re@s.ed Lucite; cellulose acetate and nitrate, east Be.J.relite, 

and Catalan. Their sui tabili t;y i:n respect to the fourth eondi tio-n 

was tested by extract ing milled shavings from each of the abo-ve 

substance$ with physiological solution at 50° C* for 24 hoursM The 

extracts we:re placed in a smeJJ. eell1.lJ.,c)id chamber thl'Qugh which 

seve:ral prepared nerve fibers, passed., Since the.se .fibers still 

innervated sQme of the mu-sclesi of th$ claw, conduction of nerve 

im:piJ.lses through th.e ext,racrt oould b-e conveniently t .ested by stim,... 

ulatin8 the fibers> pro::QJUal to the .chaniber M· 

Of all "Ii.he substance~ tried; cast Luc:i;te was t11e w..ost 

acceptable,. Conducti:on t,hrough its e~tract was maintained for <nie 

and a ruuf hours., and it met the other coX1.ditione satis:faoto:rily. 

Therefore thii methyl, ... methao.ryla:te resin, manuf' actured by Du Pont., 

waa used tor eonstruoting the cllambe.:r and, especially, the trough 

described under (2) below. 



It may be noted at this point that freshly killed nerve 

tissue does not seem to be poisonous to livtng fibers when placed 

in close co:-<rtact in solution. The chamber used in testing the 

p~stic ~racts was packed with len,g.t,hs c,f nerve w'.iich had l:>ee:ta 

t.'i'loroughly crushed;. the prepared fibers were led throogh the chai"'!!ber 

and aovered wi. t h more orut\hed nerve., Co1tih1ction o:t: impulses th.rough 

this lllGSf3 was unimpaired after more -~hm:l. an hour• 

{l} The C<hamber for leading o.f'f in moist air 

The chamber consisted o;f an outside boJt 27 mm. wide by 

83. mm. long . mid 15 mm. d~p., eemeµted to a larger sheet, of Lucite 

and open at t.rie• top and <::>ne end"' Into this open end a second 

similar but smaller u ... sha,.~ed box of' the same depth wa$ fi tt-ecl . so 

t.h:a.t i'I~ blo.e'lced the open end 0£ the firs·~ bo:xf This second plece 

was held and its position varied by I,fles.n~ Qf a screw three.dirig a 

b.loek mounted on the bas.~ ef the a:pparatus~ Electrcd~s ran from 

one s;i.de of the boxes to the ~th!Sr at a. levu 9 mm. $l).ov-e the baee, 

and were connected to binding pests mounted on the baseit The ends 

Qf the fiber i.1ere ela111ped at 'the center of the ends of the t.wo boxes. 

Therefore t he nerve fiber l~;r perperu:li.cul.arly across the ele.ctrodesj 

J,,. photograph of the chamber with a nerve bundle ln pl.aoe is sh0'\\-1ll. 

in Figure l. 

?he pair of stimulating electrodes was always at the end 

of the outer box, whieh will be ea.Ued the Tiproximal11 e1ld, whil~ 

the lead of'f eleetwodes we.re then 11dista1JI 1,1 



Figpre 1. A hotograph of the chamb&r ae arran ed for 
l dix:.g off 1!, moL,t P 1:r. T r, t';o ler.tr(de::: , 1n~1 ., .'lcrc s 

th box at the left re tor stimulation . The electrode at the 
ext eme ri . 't 1 t 1 <1in+;,,1 lt.~"'. off, 1'"htln thr- ther tt•o are 
optional for the proximal lend off. The screw arrangement at 
the right is fer v rytn~ the 1~urth oft c ehoreb0r. ~ lucite 
cov r fits on the top hon in use . 



'Xhe electrodes W"£:l"a,, at .first, s:tlver w-ire of ,015u 

diameter, plated Vil th sil vex· c:h.lo:ricle. 'J?h~e were la te.r discarded 1 

for reas:om, to be notoo be-low, and platil11lll'! wire o:f ,.010~ sub,.. 

sti tuted. The fiber.s we;re held at, their' er.tels by email clamps 

made of fine rubber barils stretohed about a s:mill eurvoo pi.eee 

o:f celluloid,. The clm.'ilpS v1ere atte.e.l:led to the b@x by fine tirass 

serewsf 

It beca.R1e apparent that the metltod ot mounting the fiber 

and its orienta·tion to tJ.1:e electrodas was extremely imi:>0rtant in 

dete:m!l.i1rung the fQrm of the elect1~i.ca:J.. reoorc'h Vll:rlle tt:'1:e arrange,.. 

rnetrt d-esorihed above gave results of -value, it was later abandoned 

for one w·hioh aJ.lowoo the laading 0££ prooess to be more sa:tisfacto:ry • 

(2) For leading of£ in ®elution 

'l'h:l.s lattez• method involved the U.$:e of a v ..... sha.ped trough, 

W1'..ieh was fitted into t.he ch~Jr1.ber, ~ in which t he fiber ley sur .... 

rounded by a small qua.nt.i ty .of physiologiotl solution.. The troug)a 

with a 90° r:uigle at i us b&i.Sl'e was out into a 1/ 4 inch strip of Lucite, 

A series of fine holes ,rere drilled i'rom the side of the strip to 

a po:i.nt about 1/2 mm.,. below the srigle of the trough; t.11ese were met 

by a o.orrespondi11g series of srilallei~ holes (90 rl di~.m®te:r) bored 

from the base of' the trough with a fine need.le.. i'his formed a 

system of fluid leads to the 11erve fiber:, :for th.ese tubes were fil­

loo. with physiol()gical so:t.u·!J.on which was in contact with wire 

electrodes inserted a short di::Stanc~ ;Lu·lio the holG)s at the side 0£ 



the strip. TM.s &rt>ru:Jgement has ·bhe advantage of removing the fiber 

from contact with axry metal and allows the use of non-polariza.ble 

e.l$0t1-odes.\l such as silver-silve'.l:' chloride. 

The trough was made 40 mm. iii length. '.ll'he fibers were 

held at their ends by t1.overhead" V-shaped blocks of Lucite into 

which small slots were cut.. These bleaks were mounted on t..½.e ends 

of the i .nner and outer bc.1>:g,es, respectively, in such a way that, the 

c11-""4<µe of t he V e.ould be swung dom1. into the engle of the trough., 

making a snug fit. The bundles of nerve left at either end of the 

fiber wer-e ·wedged securely into t he slots, resulting in the fiber 

lying e-venly aJ.ong the bottom o:f "t:,he trough when the blocks were 

·S~ into pl.ace,. Sinee i;,he distal 'bl.eek Wa.8 p~·Ged on the :movable 

inner box, it eoul.d be shifted along the trough. l'bis allowed the 

£ibe:r to be adjusted to erry desired length.,; and also permitted the 

use of fibers varying from 15 to .32 mm. in length., 

Figure 2 giV'E!l$ a top view and cros~- section of the trough 

and shows the relation of ·she ove-rhead bloeks+ The position of 

t he stir.a'Ulating and lead--0:ff electrodes is also indicated. A photo­

graph of the eha.mbe:r wl th the t1"'ough in pla.ce is sl).ow11 in Figute 3_. 



TOP VIEW 

OptionR.l 
+ Sti::n, proxim,..,l distPl -lead _ lP.P.d 

offs off 
,,, ,,; ,,: : •' 'I I f I I ,,, 

'" 111 I I I I I I I ,,, ,,, ,,, ,,, 
I I I I I' ,, 
• I 11 ;,, "' 

,,, 
I a• I I 

I I I I ,,1 11 I I I I I I 
If ff 

I 11 I I I I 
' ' I 

' 
_ _IJJJ __ 

I I 11 I I I 
1111 I I I I I I 

I I 11 I I I ., I I I 

'•' '=' 

'a' ------ --------,., -- - - - - - - - - - - - - - - - - - - / -- - - -- -·-----

"•'" i;,D , 1,l\\t\ It 
L.•L•.:.11_J 7_ 

,-1:, r:,i.,,:· .. r:, ~, r;-,1;', 
\._.i',_j'•~,:...•. •-1.1.;.•, 

-:-
Slot- Stirn, Slot-
clamp clamp 

Slot­
cl.? mr, 

,, ________ ,. 
------~•ciee ____ 1 

Electrode 

CROSS-S:SCTION of trou,,h throu&;h a. lend 

Fig:ure 2, -'fop vie.,.! and cross-section of the trough 
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syatein was dovm ioi at 10 ldlocycles &nd 35% at 15 kilocycle$ at the 

high :freq;uenCIJ end and le$s than 30% at 1/2 cycle per second, :refer-

The lead-off e.leetrodes il."®l"e cc,umected to the two input 

grids, an.tl neither of thfi',m was g~~-ed.~ It will be no·l;.ed the.t no 

gr.id leaks were used on the f:l:r"St stage4 They ~.rere unn,sHJaesacy 

beca:uae the grids were prevented from f¾ati~ by being eom.i.ected to 

the grounded st.imulating eleetrode by means of the .f1be:r and its 

flow, f:rom. the grid through the capaei ty to ground in the tubes and 

back through the i'iher, that could be ea.used by the action potent.ial,. 

would amo'IJ.n-t to less th!lll 1.o•l(} ~peres; theref\i:re there was no 

in the constr-action of the chan:ibe:c and t?ov.gh, ru1cl r,articularly by 

coating 'bhe electrodes with glypt-.u and pa.l'affin at. the poi-niiis wha:re 

they eirte:red the ehe.mber • 1.'he lea.ding Qff of an appreeiabJ.e action 

po·tential f'rom an idle electrode due to its eapaeity to gro'l:U}.d wae 

quite impossible with this set..c.up (see III, B (2) ). 
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The amplifier operated diff'ereutially; that is, it responded 

or.t.ly to di:ff'$rences ir.t the potential of t,he t1ro lead off electrodes~ 

Th-e response to ~ potential applied be;f~i,.,e-en both gX'ids shor~ 

together and ground wa~ about 0,!5% the response when tl1e same potential 

wai applied across the grids:;; Such an &'tlplii'ier is essential in this 

type of work for a number of r~MOtlSi, Since it is neceSS&rY to ground 

one of the stimulating electrodes, a single ... ended arapli.fier woitld 

lead off a le.rge stimulus ti.rtifact$' wherea-s in the present case the 

stim.ulus tends to ~ffe.ct both grid.s equa.lly and this .;.,.rtifact is 

minimized, T'ne:re are several other very important CQnsiderations 

for the use of a differential ampli.fie-r which had best be discussed 

later ( see IV, B). 

The :response of the amplifier to 1 mv~ betvreen the grids 

was 1 em. on four stages and 5.5 cm., on i'ive stages. This amplifi-­

eation could be furthBr varioo by mear~ of a gain control cQnsisting 

of tw ganged poteut.iom.etere placed in th.e plate cireui ts of the f:1.rst­

st~.ge. 

Th.e sign.al was fed into a cathode r~· osoillograph with an 

~ocelera:ting anode potential of ,3000 v~ 1he sweep cireuit, producing 

the horizontal deflection of the spot on the fluorescent screen 

"l¥as cx:mst:ruct,ed to produce an equal deflection per unit of time; 

in other words, it was quite linero,.- The vertical deflecrtion caused 

by the signal fed into t he ampli:f."ie:e was also proportional to tl1at 

sign.al,, Therefore the lecl-off' action potential wa.s not distorted 

either in :respect to time er height. 



Tl.11S s:creen of t he oscillog:re,ph was coated ilwide with a 

matet"ial which produced a h:l.ghly lu.minous spo·t-11 0speoially suitable 

for photographing, ,,.hen the beam of' elisc.trons from the -ca.t.liode 

impinged upon it. The hori1?or1tal deflection wa@ synchronized to 

sweep across from left to right .30 ti.tnes a se,CQnd., This allowed 

photographs of the screen to be made with a Leioa camera, with the 

tShutter adjusted to 1/30 sec., Usi.rig one cf' the new fast films, 

very clear records were thereby obt,':dned. 

f~tim.ulation was '3btained from an oscill ator generating 

reetan,.,,~l" waves ., Briefly, t he £re.qt.ency was determined by a 

thyratron relaxation oscillator wtdch fed irrto a peaking amplifier. 

Thi~ in tm•n tripped a multi-vibrator circuit wh:i.ch :rebloeked itself 

after a. time determined by the setting of the dt.u:•ation control, The 

ou't-ptit of ·t.his circuit oo-ntrolled the plate of the o~tput, tube, the 

eat.bode lead of which was inserted into 'the output potenti"omete:r-. 

Thi@ apparatus ga:ve sharply reetangular waves» the f'requeney and 

duratiou ef wh.ich could be vari,ed over a s wi-de a range as desired" 

! t was n0cessa.l";'f to make a number of mi:n.or changes in the 

elect-rical ~uipment to adapt i ·t for t."'le present work;, The i nput, 

cable to the first s ·tage of e.mplificat.ion was removed, and the wires 

from the lee..d. off electrodes w the gr-lds were mruie as short as pos,;. 

sible to reduce the eapaci ty between the le~ds.. The filament bias 

resistors i.~rere incrltlased to p~duce differential emplif ier operation. 

Also a more convemien:t gain control -was ins t,a.·11ed on the firs t stage., 



The stimul.ator contributed rui uxidesi:rable AC hum u.ntil 

t11e: hea:ter on the output stage w;as g;r(;)mu:led.- Th~ c;mtput was also 

made more reliable by replacing the thyratron at t his point with a 

triode and by rewJ.xing the output potentiometer" In most of the 

e~rimer1te a 0.5 mf. condenser was u1se:rtoo in the positiw lead 

to ®lirr.d.:nate tli.e eleotrototdo action. ori the nerve of ~- direct cur ... 

rent component in the stiutu.lus, '.the stimulator was altered so 

that i :t. could be synch:ro1:"J.ized to :frequencies that we:re nn.tl. tiples 

9r su:b ... mul tiples of 60 cycles. '.l!her~a.:f'ter it was set synchron-ou.s 

#itb. ·e,he sw0ep cireui t ot the o{:loillograph., ust1t:JJ~ at .30 per sec. 



A. :From l@adi.ng o£f in moist air 

(1) The actior1 potential 

When leadililg o!'f was accomplished w-.l th th.e method first 

described, with ·the fiber suspended across the elect.1:ctles in moist 

air, the !'$Sult.i.ng action pote-ntials were very large., The spike, 

in the ease of the motor fibers of Cai1iba.rus1 often rang.ad from 

5 to 25 mv.. I n the larger fibers of Panulirus, the roek lobstsr, 

it could even amount to 50 mv,, eorrospondi11g to what Hodgkitl 

found in Carcinus. However it was notieed that the height of the 

spike UJJde:r these eire-umst.ances was r~ther variable; furthe1•m.or.e 

the records were seldom ~imple but, instead, beset with complications 

which will be discussed presen:t,ly,. No correlation between fiber 

diameter am action potential amplit--ade eould be ma.de except the 

quallta:tive one that the larger the fiber, the greater the spike 

height, 

On the other hand, the duration of the spike was usually 

tai1~1y constru1t at about 1 msecH the a.seen.di~ phase requi,ring 

about 0~4 msec .. , while the de:seen.dJ,1\g pa.rt took the rem!l.ining time. 

The spike dropped sharply wward the 'ba-se line, and was followed by 

a V<rrr:y small negative after potential la.sting about 2 m-seo. No 

positive after po ten.tial was ever observed.. Therefore when leading 

off took pl-."tce under favo~able conditions, the a¢tion. potential was 

simple, negative and monopha.sic, It $houJ.d be stated here t.he.t 



mono-phasici ty, or the recording of the potellltial. from. one electrode 

only, was a.ceomplishoo in all experiments by killing the fiber....,.;by 

crushing at a point just prior to the distal leading off electrode,. 

Figure 5 is the record of an actJ,on potential obtained 

from the fiber producing abduction of the elaw in Cambarus • I 

believe that this record giv~s a fai:rly aeourate picture of the 

pc;>tential changes that oeeu:r at a given point on the su:rface of a 

crustacean single fiber when this method of leading off is used~ 

The veloeity of conduct-ion was tn$aSured by leading off 

at two points 5 to 10 mm., apart. 'l.'.he action potential at point A 

was recorded, t hen at poi.nt B, followed by another mea5urement at 

point A- The same strength allCl duration ot stimulus was used in 

all ·tm:ree insta:neef! ., The elapsed time 'beween beginning of the 

st-.lmulm.i artifact and the peak of 'the spike was evaluated from 

ea.ch of the three reeoms. These times were required to check in 

t.h.ra first and last case. The distance between A and J3 divided by 

the tim.e required tor the impulse to travel between these points, 

o'btai11ed by subtracting their fll.atent periods," g.a:ve the velocity. 

In the various motor fibere of C.a.'l!lbarus this veloei t-y was £0:u.nd to 

range from 3.0 t .. o 3.; msee. at 20°' C,.; see Table II.I. Since the 

dUI.'a..tion of' t:.11e act-ion potential is a bout l msec., the wave­

length is about 3+0 to 3.; mm.. 



Ftgure 5 . ! n action potential ot the axon caus­
i ng ebduction of the elaw in Camb rus . 'l'h proximal 
lead off eleotrode was 12 mzn. from the stimulus. 
the !l.rtit ct trom hich is ee n at the left., Time 
is 1 maec . 

-, 



( 2) Obj eetions w t,½i .. s methoo 

There were ~ objeetiom..s to thi.:s metlrocl, First5 

metallic eleetrodes caused d~e to sirigle fibers. Silver-5ilv.er 

chlo:dde electrodes were found to be very poisonous. The silver 

ion was the injuring agent no'twi ths~ng the small concootr.ati-0n 

pos~ible.. 'fi.J.s concentration, of course, lies wlt.hin -t11e range 

allow~ by its very small solubill ty product., Control experiments 

showed that a prelCipitate of pure silver .chloride suspended in or~ .... 

£iih ringer will irreversibly abol.i.sh conduction within one minute 

at:~r a drop of this suspensicn was plac~d on the SUI"faee of a 

single fiber,. 

After thia fae 'oor was discovered, platinum eleetrcdes 

were substi t.1.rtoo. They WGre sa•tisfac'lt,ocy for leading off aetion 

potentials, but the products of' elect:rol.ysi:s appet>.ring at the 

stimu.1.ating eleetrode.s seemed to depress the excitabillty, tor ·l:;he 

threshold usually roEie:• 

A seeond aril even greater draw'baek to the method was the 

action of su.r£ace tension,. This f aewr ent,e;red when the solution 

was pipe.tted from the oh~..raber after the axon had been raounted~ Th®' 

.fiber cl:ung to the fluid while it was being withdraw.., This p:rodu.ced 

s.tretohing until the r~etoring tension .in the fiber ~eeded t..he 

. surf aoe tension of the solution.. Then t..tJ.e a.-wn snapped b~ek to a 

hox-izontal :position acroes the electrodes~ However, 5,inee this 

stretchipg was no·t; uniformly applied aloi1g the length of -the. fiber, 

a now of its Viscous contents often oecu.rred:• !rregulari ties in 



the diameter of the axon thus aros,e and it Will be shovm. later that 

these varia tio:ns wet'<\'3 in part :responsible for the spill'ious ef.f eets 

en-0qu.ntered in the electrical record. See Sectio.n IV, l3, for a dis­

cussion of 't.hi,s., figure 6 is a dl'awing of a Pm1.'lllitus motor a..."'ten 

of 65 rt diruilete:r in which these i:vregul,ar.i ties are shown, The 

~ons ,al.so tended, to become flat te:ned over t,11e wea in contact 

nth the eleetrooes. 

Vru:-ia:t.ions -in the amount of the fluid l3Y'e:r surro~:i'.ng 

the fiber were also suspecwd to be another ca:uee Qf the spuT-ious 

e1e.ct!'ioe.1 ei'feot.s ~ These va:da tions a;rose because small beads of 

flu:i.d wol,l.ld collect along t h~ length of 'li,he, fiber~ Evide-nce, that 

such oea.ds would produee larg€ positive a:rtift,-cts will also bG given 

la:ter 11 Figure 8 is a reeol'd led off from a Panul.irus a.xo:n which u ... 
lustrates well t.he baffling arr.w- of spurious electrical e:ff'-ects 

often encountered and in which the action potential. :recorded a.t the 

pro~ electrode is s.maller t.rian s.ome of the spw.•ious effects. 

Finally• sinr.)..e £ibere, suspeooed in i:noi~rt air seldom 

survived longeI.' than fif'teen minutes., The cause of their death may 

ha\.~ peen l ~gely the £act that pote.ssium :i,.ons were liberated at t-he 

surf a-Ge of the axon 11Vhenever a wave e.f aeti vi ~Y passed. Evidence 0£ 

t:his liberation 0£ pot.r\ssium in .cruetacea.n nerve has been found by 

Cowan (19.34) who, worJr..ing w.i th Maia., observed that the po~sium • 

eonoei1tra.tion ins ide the fiber is about thirteen t,im.es t.lia.:t in the 

blood, th.!'J.t it is liberated only duri~ activi.tyt @Jlt1 that it rever­

sib~ abolishes cotlrl'Uotion. In the pres~nt ease it was discovered 



.. 

r.lectroc!c 

fiber 
D 

Fir;ure 6 . lrregu)nrit1es seen alon,,. the course 0f' r:i fi'!--cr f'ro""· 

ranulirus of' Ahout SO p clinmet· r. At 

over th
0 

ele~trofci nt P, c, and D, t~~ constrictions in th~ fi~er; 

nnu at 1 thr• riresonce of o. bead of flu 1 do • 11 thc.se wo,1ld tend to 

c~use o vnri.·1tion in tho conduct· nee nlon,· the fibc·r. 
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ricure 7. !la& ure, ot 1ou1 el•etri 1 
"••"• olte n rd.•d. a le cli oft teok 
J l 1•\ air. !Ill fihr fra• fro• J> 11"'1•• 
ot 60 1J. • 1 aa\n-; tu p¥'0x11141 1 4 off el otrod 

• 3 . fro• t oJt. u d4 t • ftrat aept1 
r1ation t t left oorn •dG tot action 

ote:n.t1 l led oft there. fl•• 1 u•c· 



X\elirtore activity! It was also observed that a o,,2% solution of 

po~s.sium ohlor:tde in oi-eyfish ringers ,•-tou1c! abolish cQnduction 

within 2 l/2 minutes. 

Art. attempt was made to overcome these dif:f'ieuJ:ties by 

su.rround,,i:ng the fiber and elec"ltrodes m.th n-d11eral oil while lea.ding 

off took place,, after Hodgkin' s riwrthod.. This \-Vas accomplished by 

in troi;lueing a la,y-er ot the oU above the fluid in tl1e chamber aril 

then $UCking t.he physiological solu:t.1.on out from under the oU 

leyer., which wae thereby lowered to the level or the fibm> .-, This 

aav:antage of.' introdueir,g i;t~'$gu.l.a:r:!J,ies ~ tb.e amount of flw.d 

Su;.rt.!'ounding the f1-'b:er; illSUlation bet1.'le.et1 the electr.cdes wat 

1Xhe above ent;mlel~a tea. £'actors and pl'Gbably othe:te which 

escaped de,,-eeotion made thi$ whole met.'lod very tm~a'ltd.si.'acto:171.., 

'rl1er:efoN it was abandoned.., 

{l.) Advan ta.gee 

* All 'the f(.')Uowing results were obtained £1"0-m the crayfj,,sh, 
Gaiubarus· elarldi,. 



m. thd:rawal of £1\'tid• Second, the use of nui.a. le,ads between. the 

ntetal electrodes end the bottom of' the trough removed the fiber 

i'rom con.ta-ct 1d th metal,. and alse pcetmi t'll;ed the use of non ... polarizable 

electrodes. I f o:~e was taken that ijOlut"ion from. t.<tie fluid leads 

@aJTing that the ac'tiion potentia.1 b¢.com.e.$ smaller) found by Lavin 

(l926) 1J;U1d Ft.U'usawa (1929) does not occur. 

::tt should tie sta.~1 ho•·1rel', that something perhaps 
akin tQ the ttre·tention" d.e$erlbed by thes-e authOt's was se~n during 
the le:t.e spring and the SUllim(;i}ll' montll~-•- The:n. prepared fiber$ seldom 
survived longer than hal.f' M h~rw?,. ?he.:ir behav-lo:r wa.~ utereativ..g 
t..h.ough e..-utsp.er1.rti11g: ths action potential. wqu..ld :remain at -at\ almost 
6-onstant level for · 15 to 30 min., .w.d would th(311 begin to declinet 
i$iv,at>iably sta:rtiug at the distal end., The distall.y led off -potential 
would drop out while one recorded more prox:1.mal:ly was still dee.lirdng. 
Vii thin a few m:bn.i te:s after t.'11.is phe110rri.en.on .started "bhe fiber would 
become com.pletel,y and ir-.cevers-1bly inexcitabl.e. A tentative elt• 
plan.at.ion of this effect is that the i .njuey potential occurring at 
the ends of the fiber, a.t1d which is. known, to be an oxidat,iv-e process, 
depletes the fiber'' .s energy reserve at its locuw, progressing down 
the i'ihe:r as it doe$ $0,, Q()ndticting the experiment at a lower 
temperature was of dotibtful benefit; rather the ter,1peratu:re at which 
t1:1e ~~a them.eel vs~ wel?e kept seeru:ed to be of im,_tX>:rtanee. This 
was sho1m by swrini t..Q.e:at in an aquarium at 10 to l;Q C.,, fo:r one; 
or better, twC;> weeks prior to the ~;per:Lment\11 ?reparations the-a 
became a.s durable as they ru.td been in winter months. 'lhat sorne 
QhaP..,ge eccurs in the nietaboliS!ll of the craofiih duri1'lg warm weather 
~eems oe:r'tain1 for- quick fatigabil.ity of another physiological proce-ss, 
that .of periphel"al Wu.bi tion,. wa.~ noted m.1der similar ei:t·cumstanc.ss 
(W:armont am Wiersma, 19.38). 

FUr-therru.>re, GU$ did not nave to worry about the .fiber•s 

libei·ating of potassium during activity. This was shown by the 



eontrol experiment descr:lJJed in the last sect.ion where crushed r...e:rve, 

which also l:i.berate-s po-ta.ssium according i;o Cowan (l.934), did not 

e1nba1•ras.'ii the f\lnetion of single .fibe..rs in solution even t.."wugh the 

damaged tissue was placed in contaet with them,. 

(2) 'l'he problem of spurious ele~t:rieal responses 

However 1 vib.e:e. the tri:nl$h methcid V!aS first used, spu:r.ious 

$pike.like electrical re:sponses we1~,e ;r:eeorded at points eonesponding 

to the posi t;ion of' :tdle electrodes if these elect.rodes were between 

the two aetu-a.1 l~ading off electrodes. Indeed, spiltes were obtained 

eorresporoing to the points where the fluid lead holes were placed 

even though the metal w:t:re to these l ead~ had been removed,; or even 

U the holes r>/Gi .. 0 filled n'l.h a.1.1.~1 Furthemore, the base line on 

the screen. was greatly clistw:boo between t.hese spurious action 

po t en·G!ials,. and. positive -varia. tions appeared. 

There ware several possible b.ypcrtt1eses for these effects, 

~ly1 :tnsu.ffi~ent inS1.u..a.tion bet,waen 'ti.lie lead electrodes Wi tu 

each other am ground; capaci tiy bet~en the el.{~ctrodeB1 varlati.ons 

in external cc:mductati.ce a.long ·t...lJ.e fiber, and firwJ.ly, unequal 

tensions or pre-ssures on the sur,face of' the f'ibe1:· ~ 

Resistance measurei1ie-.a.·is show:oo, tliat i.r..sulat.:J .. on between 

the electredes was su.ffi.etentl.y gre..-1\t S'Q that leading off frora an 

idle -electrode wa.B impossihl.e from this cau.$~• 

Hodgkin (19.38) 8.lao l'Uiid trouble td. t..l-i the l.eadillg off of 

action potentials from idle electrodes and blamed this dif'ficu1ty 

on the <;apacity of ·bhe electrode to ground. The poesible Oapaeiiw 



between electrodes in the p,resent o:ase was absurd:cy s1nall., :as shown 

by ealculationZ! . This possibility w-as tested; however:; by orienting 

a piatinum w'l.re a t cU.ff ererr!;; ~les to the trough. The wire was 

hel d a:t one el.18. by a glass rod and the other end was just allowed 

to contact t he solution about the f!be:r. An electrieeJ. variation 

arpse at this point~ btit its mag:uit,ude i1as independent, 0£ whether 

the ,rl.1·e was pe.:rall.el to the electrodes o:c at right anglei. 

It had long been .suspeet,ed that v.a:riations in the 

conductance of the £lui.d al,0I1g the fiber could be ·the cause of t..'he 

spurious responses and an ~ sis was made .of how this could oeeu:r 

(see IV, B),., To test this hypothes1.s a finely drawn glass rod with 

a ~m-aU rou..tlded pc;in:b was used to change the ~unt of' fluid at a 

definitely locellzed point. 'l'he rod was applied by hand; the fibar 

and trough being observed under t he r eroscope. 

:tt was found that a negative artif'act followed by a emal­

ler pQsitive one arose at the ~iJ:rtr where the glass wa.s being 

inserted intQ t.he solution surro,;1;.i;--u:iir,ig the fiber even though it did 

not make contact with the latter. Oil th~ other hand., when the point 

was being withdrawn e. positive po-teutial followed by a smaller 

negat-lv·e one appeared at this plaeet The latt,er po·beutials appeared 

jiw·t at ·that moment when the point had drawn up a small peal\: ◊i' fluid 

above the surface of the sol.utiox1 before breruldng contact rr.lt,h it. 

It lln.rn·t be understood that the f.ibe1~ had to be ~timulated in order 

for these effects to occm·; furthermore ·they only occurred if the 

rod was inserted. between the two leads ro the grids. The same ef.., 

feet was observed when a. fine bu.:ndle of m-yelinated fibers frcrm a 



cf the posi tiou of:' ths glass poL"'lt in the two Ca.iJes and t he resulting 

The1·ef.'ore it is reill;r a l ocal variation in e0nd'tlctance 

wei~e made and i1iserted at a poi~t <ll1011g the trough, When the a:etio-:n 

-pot,ent.~ajL. , :r;eadhad this plaoo, a positive po tent.ial a.ppeai"ed: this 
. ,. .. , ·: ,-,· . 

in qu.ostion could be dem.ons trated by first, killing tJ1e f'ibe:r· just 

~esulted,. If it, was !tilled just pr~'l?lly~ the effect immediately 

The ceu1se of the spurious respo1tses at '.the idle eleotrodes 

out of the solution which rrtnw:ined in the trough, or ut lea.st to 

reached the idle electrode and this was followed by a usually smaller 

po~i t:i ve one as it passed this point.. Wne.n the irregularities were 
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It, has been said that these effects always a,ppea.red 

between the electrodes conneet....6d to the two grids, eu1d. never 

between t he fir~t g:rid and grcrw"ld. this fact arose from the action 

of the differential amplifier alld will be disct1ssoo later. E;)tper ... 

imetrbai to be described presaritly shoiv ·tt~it the external action 

potential is l&..rger in .a region of deerea.sed oo:nductanae and sroaJ. ... 

ler i..11 a reg.ion of iner~as-ed conductance. It will then be demo:a­

st:rated that this will produce a m~gative or a po-si.tive respcmse 

as tne action potential cr.e@ses th,a bou:13dary into a region Qf 

lower or higher condtltrtanee, respecti. 1fely.., 

The 10.caJ. pressure hypothesis no longer seemed veey 

likely., It had been made in the first pla-ee because preliminary 

experiments i1t which the fiber hetl been gra.due.lly stretched during 

leading off indicated that the action p0tenti.al increased mi t.11 

tension. This resul't. was dependent on a eha."lge in conduetance 

rath@r than tension (see Ill, B (6} h That pressure on t.~e fiber 

membrane mgg p:rodu,ce a. change in the action potenti.al $till ts a 

possibility. However, this would be very difficult to test, without 

al teri.ng -i:...\-ie co:nduct,s-utce of the surrounding medium anc.l the eff eet 

would probably be sl'ILlflll. 

(.3) Conditions for obtaining sati$factory reoo;rda. 

'lo obhlu se:tisf aotory record$ it wa~ then neee:iisary to 

insure that uc variations in conduotanee Could. occur between the 

two lead off electrodes, '.l.'his wa.a aocomplished by doing two thingsf 



It appears tba.t therf¢l a.re two critiee.l factors iJ:1volvsd, 

in leading o£f by thia method. Fi;r,$t, th.e size of tl1e p0re from the 

flu:id lead to the t.l"OU.g.'1; rua.d see0nd, the amount of soltition su:r,... 

rounding the f'ibew. l1¢t only must the SJllOWrt of surrounding solution 

not wa:ry along the fibe1• o:r fibers,. bv.t 'these must also be uniform .. 

'!'his uniformi trs is IBQSt readi1.y- obtained in single fiberis. 

The first. factor is analogous to that encountered in the 

reeolXling of sound on film.. Light :t'l!om a fine elit is foouseo. en 

t1ie moving film• a:11d the sound ;r:egiatered 11y. va:riatio~ in the 

int.ens! t.r or w.i.dth of the it!l .. ag®•· The finer the im.-:;i.ge of the slit 

the mo:re faithful will be the recording,. the same consideration 

will apply here. An.other, very important eo:nside;rati<.m is that the 

aetion :ootential 0£ the fibe:f' w.Ul alwa_v$ beoi;m1e smaller {~ will 

be s.l10wn in the next part of this section) a:s it passes the region 

◊f inereased col.ld.uetance whieh nm.st oeeur at the pore electrode.; 

The change in the action poter1.ticl. llk"lY be ruir.J.liuzed i:f.' the electrodes 

~® as small as possible, tho'Ugh these will; in practice, he la:rger 

·than the diru11eter of the fibe?>,. 

(4) ]v..-periments in which the eoooueta.nee 

a'lx>u.t the fiber was Varied 

It Wa$ of' interest to stud:y the effect of changing the 

corA:uctance of the solution about ·bhe fibe:r1t This could be done by 

varying the volume ot: the solution or its corrlucti v-l ty. Botb methods 

were tried~ The £~:rs:t, !:l Vat""~ the vql'Ull:lG.; was achieved by using 

a number of lids which were beveled to di!f erent depths so tha:t. each 



First., another trough v.,-as biti. l t on the same design. but 

with greater ear,e being ts.ken that -thBre were no irregularit,i-es in 

its walls~ BecotU:l, a ttlld" was mad0 to fit into the trough~ This 

lid consisted of a rectangular· strip of Lucite with OUG of the long 

edges beveled at 41;/J,,, The beveled edge ir® fitted into t he ~le of 

the trough after the ne:Ml'e fiber hae been set in place there but 

bef'ore the fluid had been with draw from the el.1.,).mber., Therefore 

the p-repa.rat:l,(l)n \las mad$ ta Ue in a $mal.l., tU'.ti..form triangular 

spac.e ccmpletE>ly filled ~ th physiological. solution" See Figure la, A, 

tor a draw:l,ng of this lid. 

Since there was a.lwazyrs a thin fih-n. o:f fiuid be'tweoo each 

side of ths lid and the corresporl.ding side c;f· the trough; it wa.iJ 

important that the lid did not cover the etiraula•ting electrodes·; 

for t.11e current nowing between the sti1'n;..tlating electrodes upon 

excitation would then al.so flow in this $heet of f'luid,. This cur-

rent now would produce a. tremendous positive artifa~t during the 

stimulus and thus disturb the amplifier response for a f'ew milliseconds .• 

This e.-ctio11 i$ shown dia.gra.mro.atioa.lly in Figure ~9:. It will be seen 

tha:1;, the equipo~ntial line~ :Ln this curr0nt. flow pattern ex1ileml over 

into the region bet~en the leading o.ff electrodes a.11.cl. thus establish 

a pote11tial difference bet.vfeen the two grids wbieh can be very large 

compared with the aetion potential~ espeoi~lly if' the proximal lead 

off point is near the stinm.loo. 

~ variations in eonductanee along tl1e fiber up to t he 

proximal g:rid lead emmot intluce any di.f:t'ere:nce of' potential between 

the grids, and therefore eannot disturb the record. 
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gave a different cross..,,section of solution, which was.l, of courii>e, 

cons~t .along th.e length ot t..}ie fiber. 

It wa.s founcl tha.t increasing th~ e.l'Oss-seotion of the 

flu:id had the .follow-lug principal effects on the action potential: 

the spike height de-creased, appa;rentl.y according to s. hyper'bollcal 

relation, the duration of t..11.e impuls·e was shortened, but no ap­

pr@ci.able ehangs in velocit-y was detectable in the r~e e£ variation 

much was practieable., Figure lO ill:us t:r~:tee the cli.fi'ereut types 

of action potential led of£ 1'2:'om one poi.nt durir..g ·t.he course of sueh 

an e~"Per.i.ment, and T.a.ble :t gi,res t;he data. fx·om these experiments., 

There wet~ several difficulties to this experiment, First, 

it was in:1poes:i.ble to have t..11e fluid 'Unifo:rmly placed about the fiber, 

since tltls would req·uire t hat the axon lie in the ¢etrber o:f' a 

circular tube.., Second, the 'a1Uillbe:r of points on az:zy one eurve wa~ 

limi'ted by ·the fact that changing the lids wa.s a delicate ta.sk; 

whe~ the lid was withdrawn, the resulting e:i:rcula.tion of fluid 

tended to di$place and damage the fiber, .Several experiments were 

in,~a.Ude:ted for this reason. Platimtm le~ a.ff elec-t,rodes were used 

oo that Aft+' would n.ot be carried to the fiber by this circulation 

0£ flt:u.d,. 

Fi(!,11:re J.1 is a graph ef the spue height against conductance, 

plotted log-logari tru::d.ce.lly. It will he seeu tJ::t..at th.e points of' each 

experiment :fall roughly tlori,.g a straight line. Thie suggests that 

the rela.tionship is a hyperbolic funet.i.on, and indicates that the 

action potential external to the fiber varies with the co:oduct,a:no~ 



A B 

C D 

Figure 10. Four action potentL'l records te.ken fr.om the ab­
ducto r fiber o:r Crunbarus. The potentia l s were obt11ined from fiber 
a t an electroc1e 7 mm. i'rcm ;the stimulus. I n a the cross-eection 

t::, 
of the t r ough wos .037 mm.; i n B, .1:37, in C, . 209a and i n D, . 610 . 
1'llme , l msec. 
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according to suoh an equation as: 

(h + a) ( e + b) = k 

where h is the height or the spike, c the e~mal cond:uctanoe, 

and a, bJ ru:1d k are constants. 

It will be seeu from Figure l O, o.s well as Wigure 5 , that 

the rising and falling phases of the spike are remarkably ll11ear; 

i,e., are straight lines. This was always the Oa$e. '?he ratio of 

the duration of these two phase$, that o.f the rising to that of the 

falling, ranged between 0.-4 Md 0.7, and did not appear to vary 

sig1d.ficantly with the oonduc·ta.nce. However, t he tot.si1. duration 

oi the spike seemed to decrease ·m th increasing cooo.uctance ( s~e 

Table I). The short negative after potential present wh.en leading 

off took place in air wa.s usually either very brief (l msec. or 

less) or absent entirely• 

Changing the oondu.ctanoe by chan~ th2 eqno.uotivi;t',Y 

cf the soluti.on surrounding the .f:i,ber in the trough was done with. the 

aid of solutions made by mixing the ordinary physiological solution 

with one ha.'lling the same osmotJ.c preasure as the former but which 

was not ionized.it Glycine, asparagine, glucose, sucrose, arabinose 

.and urea were among the substances used for the un--ionized solution. 

Of these glycine, asparagine attd a.rabinose gave the beirt results; 

. t hese would probably be less involved in the metabolism of the fiber 

t han the others and therefore would be less likely to depress its 

function.. When the physiologiaal. solution was diluted up to 



half vd th the solutions of these substar..ces., the action potentials 

inerell.sed eve-1~ those in the plain solution by as mu.oh ae 45 per cent; 

see Table II-

Hov.rever, if' tl1e proportion of un .... io1'iized solution was 

increased to tb.reo ... fourths o:r more :reduction of the action potential 

1;as observed; its durati<m became longer and the conduction rate 

dem .. ·eased,. Decrease in the l.att~r w.as seen in oases where the spike 

vras -h.eighten.ed: in the prepa:r•ation of 6/24 in the Table, the velocity 

was; m, per sec-. in physiological solution but only 3 m,. per sec.-

in ha1..£ a.rabi:uos·e. 

Why th$ greater eoneentrations of these solutions depressed 

the action potential is not at ell clear'!! It may be d:o.e pa.i•tly to. 

interference wi. th the osmotic relations ot ·t.t.e .fiber which would 

disturb its surfae.e ms.rnb:ra.ne where the action potential iD believed 

to a.rise; arid partly t(a distui~ba1.1ce of its 1m~tabolism.- I -~ should be 

said that the effect of warm Viea.the:r on the m-.dmals, al.ready mentioned, 

cl.ao e-n:lr,ered here aaid L'W.d.e velo0i ty measu.tement.s diffictil t since the 

fiber~ conducted their full length i'or only a short time after they 

l-lere mounted~ 1'he solutions of the ot...iter substanees ail produced 

smalle-r a.et~ion potentials, eve.n ill half proportion.- Glucose, which 

is probably metabollz:.eo., wa~ the v;orst of' t he lot-, 

I! the assu:mption be mad-e, a1ld it seem~ fair to do so; 

t,,11,at, the only effeet o.;f the weaker solutions of glycd.ne, aaparagine 

and ar@.binose was to lower the eo:nductane-e outside t.he fiber:, then 

the larger than Jtnormal" action potentials obtained in the a."'q)e-riments 



wi:tb. these s·oluti.ons are additional Enr:1.derioe that the height of the 

acti~n potentie.l is a ;function of the conductance of the medium sur .... 

rowiding t he fiber. To show thi.s vms the purpose of th-e e~perir:10nt. 

Another intelre!frbil'lg phaee ot the effect of conduetanoe 

Qn the action potenti&l. is the producrt.ion o.f the S!;,'U.t'icus responses 

aJ.teady described. Four ca$es were studied·: (l) where the ac·tion 

potential crosses a sharp boundary f'rof.a a 1.·egi,on of lower to one 

o:f higher co~.uetanee, (2) the eorrve:rse of t hi s case, ( .3) wher0 

-the action potential travels through a :region where the eooouc·~.anee 

sharply increases for a short diete.uoe and then sharply returns to 

its previous value, and (4) the converse of (.3), From the results 

already de-scribed and from theoretical eo:o.eiderations, which will 

be p;i.•e-i%,nted in the ne~t section, one should e:x:~ct a pure positive 

artifact. in the first case, a pure negative 0110 in the seeo-nd, a. 

diphasio posit ive-negAtiVe ~ne in tl:ie third, an.cl a diphasic negative. 

positive artifact in the la.st, c~ise., 

This experime-rro was easily perf'o:rmed wi t..ll the a.id of 

speoial lids, ·which are pictured in Jig1.tre 12. It will be seen 

there tlia't t h.ese lids are milled so that t.he amov,nt of solution 

about the fiber sharply increases o:r deereases as r~quired-

Figure l.3 presents pi.ct-o.:res of the eleet:rieal response recorded 

in each of the instances. The pro:ldma.l lead off e:leotrode wa,~ 

2 mm,. from the stitm;1lating eleetrode in eacl1. ease while the 

discontinuities were placed. 5 to 8 nmi.. dista.11 as i.e noted in the 



A 
1------------" ~~j 

nerTe fiber 

B 

C =Di--------------

D 

====-~...__________.] 

/+.. Looking down on the bevellPd "d ge of the or<!inRry • uniform lid 
ond A.B r,,lPC'"d in the trough for 1 10 ing off. 

B. Lid for production of pure positive o r ne&;e ti ve 11 s-ouriouR 11 rf!-

s")ionse s by a sudden chr-ne;e ln the con due t1:ince. 
C. Lid for producinr. a ,ositiv~-negntive di-DhPsic Artifnct. 
D. Lid for producinr,; a ne,~tive-positivf' diulwsic Artifrct, 



B 

7J 
C D 

~icure 13. Artifacts produced with T8r1ous tne• of lid. 
A co•responds to case (l) in the text; a. to c se (2). c. to 
c ee (3); and D, to (4). ChallC&• in conductrulc are indicted 
under each pictur. C and Dare retouc d. Time, l msec. 



logeud. In oa$es t.bree and f<n,i:r- the artifacts remained until the 

lengt;h of the region 0£ increased or d~ere&se<a co-nduet.anee ffll:4S 

Cl1t doM1 to zei-o; althov.gh the response became vet!y smaU when 

the region was shorter than a q;u.ai'ter of a millimeter• Su.eh a 

~l ii1cz-ease in conductance a.a was a.f'fQrded by an eleet.:rode hol-e 

(90 t'- in dianwte:r) produced no de tee table art.if a.ct.., 

(5) The v~loci. ty 0£ wl'lduation 

!~o sign,ificant variation in velocity was found exeept 

tiJ:1-a·t it was greater when the fiber wa,e surrGnmded by solution. 

This agrees with the finding of Hodgkin (1939}, who worked with 

fibers f:rem the shore c:vab1 Oa:rcinus. Larger fibers W$re also 

observed to c0nduct fas,ter~ H<11wever111 the range of sizes of single 

fibers which ware obtainable :from one ipecie,e of animal was not 

g:rea:t. enough :for a significant cor~lation to be me.de. Pumphrey 

e.nd Young (19.38), working with eephru.oped fibers of 30 w 718 ~ 

diame·rier, found that in these 1ln!llyeline.too. fibers the ccnctuetion 

rate seerned to va.wy wi tb th$ square root of the diameter~ Table III 

lists ve].ocitq data from ~- ot the, present expeldments. 

Tke question as to imethe:r there are fiber groups in 

e:rustacean nerves, es~eially groups oorres:pondi..rig to those found 

in frog and mammalian nerve has interested a nu.~~r of investiga.toreJ 

see the introduction., tul.Uea and Bogue a."ld Rosenberg thought t here 

were at least three groups, which wet'e even designated according to 

t.'1e oomencla·t.ure used for nweUnated nerve, while Monnier and 



wbuis{llon and Bt.yliss, GYt al, fOliUlll but two.. Wiersma {1933) 

poi:rrGed out that Monnier end Dubuisson• s re$ul. ta were very 

likely due to doubl e discharge of the nei·ve fibet's up0n stL.~ 

lat.ion. Lullies• thresholds for his slow wave were very high, 

as were those of :Bogue a,nd. Rosenberg. 'fue latter authors con­

s:tde:t-ed the poss.i'bili ty of double discharge arlCl indeed did not 

deny :i.t11 

In the pre5~nt work the larger f ibe:rs have been treated 

a$ sil'l{i£le axons and need not be discussoo furthet',. Fine l.nu:l.dles 

of seusory i'ibe;rs of fifv fibers or lea~ l"tel'.'e prepared ~ thai:r 

aetion pcr~ntials led off"' The :faster eo11queting, and hence the 

larger, of these fibers we$ponded .at almost the same thll'eshold 

as the motor axons; their conduction rate wa.s about 2 m.,. per see. 

'f.i1en the stimulating pote.ntia.l was x1ai.sed by fifty per eent a.ll 

·the remaining fil11e:rs were probahl;r stiraula too, for the action 

p0tential was mui..-nal aoo also rather smooth .and prolonged,. The 

v,eloci-ty of the ,lowest i.,npulses wa~ ai,ou:t l m. pier ~~c. 

In order for a secot:ld wave t<,,. appear in the record it 

was ne-0essa.ry to stimula.te w.i th a much highel~ potential, up to 

t.½ree times the threshold stimulus. The se~ond wa'1"e was never 

distinct if ·the learling off lVa.S near the stimulus. See Figure 14 

for picrtures of these action potent1'"-J.s loo off at two distru:1.oas 

and stimulated at various potentials. In view of the i'aets that 

a much greater stimulus is 11ece-ssa,:cy to elicit the second wav,e 

arui that, crustaoean fibers ~e e..ictiremely p;eone to double discharge 



A 

J'ipre l4. .&ottoa .tt0'8aUals l od. "ti from a. 'bwlcUe of le,,a­
tbea 50 •••aory f'lberis. la A Ule leadiq oft electrode •" a mm. 
f,em the stimulue a.Q.d in B, 7 mm. '?he duration or the etimulua 
wn• the same 1n all, lmt '1le etreagtb a.a 3 : 3 : 6 : 10 1n em.eh 
oaae, read1•« don. f 1me, l tune. 



1,ll'lGl.er such conditions; I should certainly conelu,dlf:) tha t t here 

at'$ at most ·two fiber "group$" in crayi'i~h zierve. One would 

consist o:f the large mowr roil ll'll'd bitocy fibers having a diaI:Jetet 

of 20 r' or more, and the other of the smaller; ~en$ory fiber-s 

'bav.ing a dieu11eter of lesi:i than 8 ,-.. (for anatomical data.1 see 

van Harrev$ld and Wiersma., 19,37). 

(6) St:retohing experiments 

In inveetigat.i.1:)g op·M.mal leading oft oonditioM, the 

importance of t he 1.er,gth to which the f-lber was stretched \vas 

eonsidered. Therefore a series of e"""P®:>iments were FtfJrfo:I'me.d to 

det$r1ro.ne the e.fi'eot o.f • al te'..t'L.".l.g tb.e axou.t s length Oii its conduction 

rate and spike height,. 

When leading off took place in air or i u ·the lidless 

t:rough, a marked increase in aetion current height took pla-0e if 

the flber was gr.aclually lengthened by scre~ir.g out t he i1'lller box. 

"This effect, howeveJ:"1 was spurious .. Whe:11 the arnount of fluid, 

and hence ·the eonductanoet about the fiber was not alJ.o.wed to vary, 

no sign.ificmrt inc:reas'® oecurred; in fact, if anything; the action 

potential, tended to beoome small.er as the axon was lengthenE..~ .. 

There was seen a possible, but mom~ritn,y, increase in veloeiw in 

a fe\'1 preparations ... If the fib@:rs ,.,ere stretched to ~s mu.ch as 

130 to 1,0% of their original length (in ·t.l-ie an'.irnal), they soon began to 

lose thetir excl. tabili ·l;y, accomparaied 'by a decline in the action 

potential. ':£ J.is decl.ine was most easily b:rQught about if the fiber 

was quickly restored ·w its original length. An increase in length 



of 20% or lees was q_v.ite rever.tible in its ei'f.eet and not ae ... 

CQW.P,<'"!il'l..ied by an,y- damz..ge t<, the ~-=o.ti* See Table Iil for data,., If 

a small nel"\l'e from $ frog or 0-ne ot the do1•s,al ~pirt..al. rootlets 

frcm a eat was stretched to an ext®nt allowable for Ct,'USt1acean 

·fibe-rs, death of the bundl$ soon ensued. 

Crustac~ .f'.iber$ are quite ellltsti.e and may be reve:1tsibly 

stretched ur, w 150 per oeilt of their tlq,~aJ. l tr:rcJgth provided they 

ai,•e not stretched t"'".or '.toe long a pe:rit,d~ This propert-1 dia­

tingitl.shes ·them from myelir.i.a.too. i'ibere. C:r:-usta.ce.!!!.n. i'ibers .u·e 

always under so:1ne te!lf'J.o.:n in the -1l~:tmd, and i ·t r.iaay be concluded 

t,ha:t, 1"01' leading of'i' purpo.ses; :.Lt is best to et;retch them to 

appro~a.mat-ely their original length\!> 
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Tabl:e II. Conductan.ce experiments 

The results of experiments in ,vhi.oh t.~~ ef'i'eot of conductance was 

istudied by changing the eonduet:hit,y of the :solution bathing the 

fiber in the trough. Under nsolutio~tt is itldieated wl1e·ther it was 

the ordinary physiological one ·th.at was used, or the propo!'titm 

with which the physiologica:.1 solu.tion was diluted with tl1e ·oesig-­

nated .:i.soto:nic, un-ionized $Olution.. T'ne spi,ke heights are given 
' , 

in pei- cents of the initial one in oocll eas~. 

Preparation • Sol u'tton. 

6/17/39 fast adductor physiological 
l/2 gzyeine 
4/; glsroine 
physiological 

6/19/39 

• (10 lilin. wait} 

£ast adductor physiologica1 
3/4 ijlycine 
physiological. 
l/2 g:i.ye,tpe 

6/21/39 slow adductor phy:s:l.ologioal 
l/2 aspali'aghe 
l/2 sv.Qrose 

6/ZJ../39 .fast adductor physiological 
l/2 glycine 
1/2 " (lO min" wait) 
i/2 i.wea. 
l/2 urea (10 min. wait) 

6/24/39 slow adduoto» ;M.nysiolog.ical 
l/ 2 ara'binose 
3/4 arabinose 

Spike height, per cent 

100 
108 
48 
40 
48 

100 
33 
73 
$8 

100 
120 
77 . 

100 
145 
140 

65 
45 

lOO 
120 
35 
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IV. Discussion 

.A. The polarized membrane theory of the action potentials 

The most widely aece-ptoo view or the nature of a.eti<m. poten ... 

t4,.als., and £or that matter; most bio-...eleotric potentials» is that 

they arise fl?om t,he presence ot elect,ric~ pole.ri::.1ed merobranes* 

'J.'hese m.e:ml:;}ranes poss0ss an a.ct:tve portion a. f .ew molecules thick, 

believed to. consist of lipoid molecules oriented oor;nally to the 

su:rface,. Th.is layer is,. at rest1. usually charged :negat;:t.vely on 

t..tie internal side at1d positively on the externa.J.1 Arzy- action which 

will increase the electrical permea}:>111 ty suffiele11tly between 

these charges will cause excitati.o:n,, 0:1.u-iP.g which there :will be a 

current flow from the GUtside of the layer to the iruside11 This cur .... 

re11t flow will increase the permeability of adj a.cent region$ and thus 

spread in a: wave.. :!he size o:f' the wtave or imp1.:ilse at arr:/' point will 

depend only on the oondi ·t.:iJ:>ns which obtain there,_ 

Ai'ter the a pu.lse has passed over a region, it gradually 

.recovers from its depolarized condition. by re~rtoration of the elec ... 

trical or-ienta.tion of the lay@t'.~ Energy is required both for the 

recovery and the maintenance of the mem.bl'ane. This energy is ob­

tained, at least in part..? fr-on1 materials contained in the axis 

cylinder of the fiber, in the case. o.f nerve., Othe:r'Wi.5e the functien 

of the a.xis cylinder is structural and serves as au inte,rnal conducting 

medium.. JtJ). external c<.mducti:og medium would also seem to be essential_, 

even if' it be contained in a thin layer of connective tissue on the 

surf ace of the mGmbrai'l<il . 



Bio-electric pot,enM.als are most clearly manifested in 

nerve, muscle, i.n certain lug~ $ipgle plant cells - algae such as 

Va.lonia., ru tella, Chara., ete.,; m.nd in the sensi ti.ve ple.nt~ ~iimosa-. 

!n all these objects action potential,s (\'~ be exe.ited., Ii1 most 

plants, int.he skin f.rom animals $nd in animeJ. embryos, inherent 

or constant potentials ean be obt8.i:ned be·tween ce;rtain points in or 

on the surface of the ti.S$ue; t hese potentials, howerV'er1 ar-e oot c,£ 

im.'ll~iate interest in the pres$'ti't work. 

There is at p:re..'iJ.ent mueh evidence supporting ·the "polari:zoo 

:meml1ranetf . theory o.f the action pertential given above11 Osterhout1 s 

werk <l>n large algae eells ha~ defini te:l;y sho\m, by placing one micro-­

electrode into t.'1-ie protopl&sin of t,.}).e cell and another on. the surfaee11 

th:a:t ~,he surf'aoe menibraiae ia t..'tie site of a pot.$ritial cti.fferem.ce., See 

his review (19,36) for references to his exten$iVe work in this f ield. 

Si,n.ee the time of Bernsteini in 1871., tl-'1e injury potential ot ne1"Ve 

am muscle has b@en generally eonsidered to 1?-e an expreeiaion of the 

potential. ~ff'erenee existing across the surface membrane of the 

Gel19 Here, of course, the lead to the in.te:rior is by way of the 

i:ajwed part. This view i s str0tigly supported by the fa.ct that the 

potential is readily al tered by treatment of t.h.e uninjured pa.rt wi t.n 

el:1etd.eals, heat .e.nd eold; whUe sueh treatment at the damaged region 

:ta of little ef:f'ect .• 

Another i r.r.portant. suppot"t of the m.c-mbra.x:iei theory is the 

evide.nee that an external cond.uo ting medium 1$ used fpr conduction 

of the action 1:-'IO-tentiat. In Nitella.1 Os terhout afirl Hill (1930) 



found tha:t the action potential eov.ld be eooo.ueted over a spot 

killed with chloroform by mean.a of a salt bridge. Hodgkints (1939) 

evidence that the nerve impulse is conducted at e, faster rate in 

solution t han i n air also points to t he :t:mporteiice o.i' the external 

eonducMng m(il(titun. In -'i:he same paper this. author sta,tes . that the 

action our:rent ill Carcir:!U.S fibers is able to P8,S$ a narrow inac-t.i ve 

region. :i.f' this region is shor'b--Oircui ted out nth met-sl.* 

The variations in ·bhe actim.'l potential with. changes in 

:tJ.1,e COiii.du.cta.nce otr~side the fiber reported in this t,hesis is agei:n 

stro11,.g evidence that the action potemtial is . a membrane meehanism. 

In the iron w-ll~e model of nerve the wave of activity iij 

e:ondueted at a slower :rate if the wire i::J oor.f'ineid within a narrow 

gla$s tube and thus exhibits a phenomenon similar to that descl"ibed 

fo:c nerve ( see Lillie, 1936) ., The p0int Glf this is tha:t. this model 

al.so depend.s on surf ace activity• Another intr.::!resting e.fi'ect shown 

by the iron ·rdre occurs if short letigt.hs of glass tubing are threaded 

along it, because than t he wu"e is Gxci·ted by currents eddyiB.g around 

the outside of the ·t.uhes mld co1w.u-0tion is increased in ratEh From 

this 'beha.vi.or, Gerard (1931} ha-s suggested t hat the faster 001¥1uetion 

rate observed in J1W@lina ted fibers depe:nds on a similar meohanism., 

t,.-i,,e re-t;;l)tcitation eccurring from node to ~e.. '1!1:ere is some evi, ... 

derwe ( :,ee. E.rla:r.i,ger a.."'ld Blair, 1935, and Tasaki, 1939) .from experi­

ments on blocking the :i.nternodes, that oor:iAuction really proceeds in 

tk1is wa3 in rcyeliMted fibers possessing :nodes o:f Ranvier... Ho'iivever., 

tl.1~~ booavicr.t' ef fibers in the eentral nervous syistem, where it i.s 

beJ,iev:ed t.nat noties ar® absent, should also be exan4noo .. 



. . 
present in :relatiil-ely high eon.centratio11 vfuile sodiutil is found in 

pJ..a:uis his plant cell pote:1a't,i~.ls,. Ue has been able, for instanc~, 

'to r®Ve:rae the sign ·of' the injury potenti&l by app4"i11g solu:&ion$ 

that when the same solu.ti.011 is present, in the cantra.1 vacuole ~ 

ou'bside the oell a f)Otetrtial di.f.f 0.rer1ee • is maiirtatood between the 



up la!'ge con£,:entration$ of certain substances in its environment .•. 

'l'liis too must occur across tri.:e .surface mer.ribra.."l.e~ Fina.Uy, the cha,pge~ 

in -pe:rmeability which accompany an action potential are unexplaitled.. 

How does e~citation increase permeability, a.mi how is it decreased 

agein on recove:ry? Metabolic events atte:c.u:ling the aft,e:r potentials 

in nerve would iw.ilcate th~t the ma.in cost of the :unpulse ts paid 

during t.'lis ~ecovery~ 

In the present discussion the beta.ring of some of the data 

p:resen.too. in this thesis upon the na.tui--e ar.4 i' orm of the action 

potential ar-.d its r-el.ation to the meinbr.ane theory wi:U be con~-idered. 

:in pa-rticula::r the influence of t.he exte~na.l ri1edium on t.h.B lead:i.ng 

Gff • ~r t.~e ao'l',ion pot10n-eial wfiJ. be diso--~ssad., 

E;xpa1"imen·es described in Section III have de:manstra:wd 

th--::,/G varia ti.ons in the conductance 0£ the fluid surrowading tiha.t 

sect.ion of the fibeT. he·h'.veen t,tie tnro g:i:-id elec"'~:i:-.o.des res1.u:ted in the 

g,anera.tiou of ei the:r positive 0r negathte de.fle-ctiona izi the :ree-0:ro. 

at poin·t;s directly corresponding to tJ1e regions along the fib.er at 

which the -cli>nduot.ar..oe varied,. 

As a m.""¾.·t.ter of f'a.crti tna·t thts Viil."ia.tiolt eould be responsible 

i'or the gene-r3..tion of the s:,owious :respon.s'e was suspected before 

some of the conduc'ba.nc~ .ootperiment s previously described were under­

taken, so that the rei:mniug t>1'9l."e perforr,ied as ve:rifioation of the 

amil;rsita whJ.oh \'till now be p:t•esc:iUW"' 



Fi:cst1' the mechanism by which the amplifier responds to 

an action potential. startil':lg £rem the gro'Utlded stimulating electrod$ 

and tl"aveling down the a:x:on with ;no e:itter~ co:n.ductauoe variation.s 

ainpUfie-r is di:t'fE'lrential in operatior,1,, t,.,1le deflection produced at 

any instant w.J.11 be pr-oportional 01'.IJ..y to the d.ifferenoo ir, poterr~ial 

be'.!iween the two grids, and is not in rMfff sense a function of their 

is between the gro:u:ncled stimulating electrode and the first, lead off 

eleetrode, both grids will be af.f ec·ted equally, and therefore no 

defleat:1.on will be prQd'U.c.ed on the screen.. 

Before conside:d.ug Yi'nat ha:ppells when ·t.11.e impulse rea.ehes 

fiber with the inlpulse $hou.ld be me.de clear., The difi"erence in 

potential betwifeP. the two sides of the :membrane at the regions 

p:reced:uig and following the inst&rrl1,3nsous position of the actio:a 

poten:tia.l will produce a current flow from the ou:tside to the inside 

of the polexized l,ayer i:l:1rough the depolarized region,. This current 

flow is diagra1nmed in Figure 15 A., in w.hich equipotential lines from 

·t;b.e depolarized region out into the stlrl'Onnding medium are :represented. 

Figure 15 B shows the 8.ecompa.,.1Ying instantaneous potent,ial distribu.tioti. 

along the fiber. 

In tb.is figure it will be clear tha:o B also represents 
the shape of the crv.staeean action potential. Indeed, it wa.a ts.ken 
from one of the :re:eoros. A of this figure was constructed from B 
by d:re.wing Yertical lines from a seri es of points on the po·i;enti~l 



FI
G

U
R

E 
1

5
a.

 

\ 
\ . 
·, 

fl
 

a 
-

£ 
""+

 _
:;: 

-+
-:

; _-
:-r

+-
+

-+
--

=
I-

-~
 

-
-
-
-
-
-

--
-
-
-
-
-
-
-
-
-
-

--
-

--
-
-

-
-

-
-

--
-

-
-

-·-
·-

-
-

-
-
-

-
-

·-
--
-

-
-

-
-

-
--

-
-

-
-

-
-

-
-

-
-

-
-
-
-
-

-
-

-
-
-

-
-

-
-

-
-

-
-

-
-

-

P
ol

ar
iz

ed
 i

lie
m

br
an

e 
-
-

-
-
~
~
~
 

~
.-

--
-

·-
-

--
-

\ 

-
-
-
-

. 
-
-
-
-
-
-
-
·
 \ 

\ \ 

' ' \ 

A
x

is
 

o
f 

F
ib

er
 

~ 
/ 

V
 
t +

 
i-

FI
G

U
R

E
 

}5
b

. 

'"" ., 

i 

/ 
/ 

' \ 

-,, B
 

' \ 
/ 

/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 

/ 
/ 

,;
-

+
 +

 -
+

 
+

 
+

 
+

 
+

 
+

 
-+

 
+-

+
 :

+ 
-

-
-

-
-·

 
--

-
-

-
-

-
-

-
-

--
-

--
.,

_ 
-

--
-

-
-

-
-

--
·-

-
--

-
--

-
--

-
-

-
-

-
-

-
-

-
-

-
-

-
-

--
-
-

-
-

· 
-· 

-
-

-
-

-

-
_ 

_ 
P

o
la

ri
z
e

d
 M

e
mb

ra
n

e 

A
 -

-
--

-
-

-
-

-
·-

-
--

--
-

-

Ax
is

 
o

f 
F'i

b
er

 

1)1
.r

eo
ti

o
n

 
o

f 
.P

ro
pa

ga
ti

on
 

C
u

rr
en

t 
Fl

ow
 

an
d 

P
o

te
n

ti
a
l 

D
is

tr
ib

u
ti

o
n

 i
n

 a
nd

 a
ro

un
d 

P
ro

pa
ga

ti
n

g
 H

er
ve

 
Im

pu
ls

e.
 



52 .. 

wave which represented a eonstant increment of potential. The 
points Vlh.e:re these vertical lines interso,oted the, boundaries of 
the mOOlbrane of Ji. determined 'the poin:ts of eme:rgel'lce of' the equJ. ... 
potential lines of A,. From these latter li.nee the lines of' e--urrent 
flow were constructed.- In this way it was possible to construct 
the approximate current flow shape from the action potential shape. 

grid electrode, it will beeom,e :negative in :respect to t he second.;. 

distal eleot:rooe, and ·bhe action poten:ti.a.l will be represented on 

the cathode ray tube., When the impulse passes on to the region 

between the electrodes, both will again acquire the s.ame potential 

but only if there is no va,riati.ou in the aetion potenti.u of the 

:fiber in this region.. When the impiu.se :reache.@ the distal grid the 

latter will become uega.t:i.ve with respeet to t..iie proximal one and a 

deflection in the positive dire¢tio:n will occur. 

potential drop along tt1e ext,erual. medium aurroundi:og the fiber, which 

eorre$pOnds to the led off action pote:ntia.11 becomes smaller as the 

condueta.uee of ·that medium increases. In other woms., the external 

action potential has been shown to decrease in high eonducrbance media. 

because, using a differential. amplifier; u 1§. the same. PQte.?l,.tiel; ~ 

the led off signa:J.., 

From t..llis experimentally determined f aet it can b.e under­

stood why variations i:in co1:1duet~ae of the ext@rnal medium will 

proouce spurious affects to t,he observer,. Consider the case where 

t he irapulse encounters a region of suddenl,y d.ee:reasoo. conductanael! 

The external. action potential will become larger as it travels into 



t.11is new env.i.ronmen:t,. Figure 16 A represents the resulting pot.entif/!.l 

distribution along the fiber as t.l:d.s cha..~e occurs. It will be seen 

that the distal electrode will become more positive with ~e5pe:et to 

the pro::d.mal one while the impulse is paaaing through ·the changing 

enviroiwent., '.!;his will present, therefore, a nega:t.tve artif.act on 

·the oseillograph. After the iriipulse has oompletely passed into t-1'10 

:regio11. of uniform but decreased cotld.uctanoe, both grids will again 

acquire the sue potential. Conversely, 1,f t,.ti.e impulse e,ncounters 

a regicm. of ;tnere,ased eonductanee, a. posi t;i.ve artifact Will appear. 

!t is not difficult to derive a mathematical expression 

£or the arti:faet resulting in theae cases. In Figure 17 A the action 

denote fue spike height by 1\i to region 2 where t..11-e spike height 

becomes n2• Nt)w let 

fflle:rN~ •i is the eX.ternal action powntial, x @cl v are the p0aition 

and vel,oei ·by of ,the action potential., and t; is the time~ Then from 

experimental da.ta, at least tic) a good app:r-o::d.matiQU.1 
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Therefore: 

Reeords ·of these artif'aets have been shoitn in Figure 13, 

A ru1d B • An expresrlon for the artifacts ;shoWll in O Sl'ld D of the 

l.a;trt.a:r figure can also be de.rived. Refer ~a.in to Figure 17. In B 

t..½e acti.on potential in region l suddenly encounters a narrow region 

2 of different co?;lduetanee. Us:1.:ng the same nota:bi.011, it will he seen 

that 

~ that 

Ae 



the tJ,.p of the spike., accounting for the ,U.phasie response already 

~een~ If tlw aseendil'ig aru::l de.seanding arms ef the spike were • 

completely str aight li11es, the above derivatives wou.ld be oona\ant 

The e.xpresaions J,.ist d@rived for the two main types ef 

$pu,rio'U.$ response do roughly agref,;l, i:;t1;um ti ta ti vel.y, with eXp~riment. 

should arise fiVeJ;-y time ·the impulse crossed an idle electrode o:r 

as certain of expl~tien, but it will be recalled that constrictions 

in th,e fiber frequently arose which could ver-rJ likely be the eaus~ 

by al t,ering the action potential as it passed. 

It should be added t.hat Bishop; Erla~er and Gasser (1926) 



The ~uestion now a:risea as to why the external ~ct.ion 

potential decreases 1.ti:~h increasing comlu-0tance.. Let. e rep:re,sent 

t,.½e difference in p0terrtial a.cross the polarized membrane which 

ca1.tses a current, i., to flow from the outside au.t'fa.ee through an 

e,tbernal re~d.stanea, R8 , th:rout,Yh the depola.:t'i~ed region and th~ 

axis O"'Jlinder, w1 th an effective internal resist.a.nee, I¼_, to t."1e · 

Now Ute is the exte:r:ti.al action potential~ and cax1 be :repr.ese:ated 

by the exp:ressioru 

external action potential 

Since e and ¾ can be assumed to J?-ema.in eo1w~ant, and I¼_ to 

'be large wit:.l} respeet to R&' i t appears that the s.ctio:n potential 

te11d1;1 to Var."f alJaost p:copo:rtiona.lly with Re• 

1\i will be a func.tion of the reaistivi ty of the medium, 

end the geom~tr,-1 of the fiber 8.l'},d of its environ.1Uetr~ (here the 

t-rough). The relationship between Re and t he oross--s.ectio11a1 area 

of a triangular trough allows of in.o simple mathematioe..l expression. 

Therefore the relationship e.xpre.ssed by the .graph of Figure ll can­

not be reduced to an experimental relationship between Re and the 

a◊tion potential,:; which wo'ulld te-st t.n.e vwdi t.y of the preH:,eding 

---------
• 1. e. , 1 ts 8JDIBli tu.de. 



soo by the f i rst equation of riage 5611 It is clea.r t.ha:t if e a.nu 1¾_ 

are • a.seumed cons:ltant, then a:a. in¢l. .. ea$e in Re will in\pzy that 1 

deer.a-as.es. This will r:1ean that the r~te o:f depola:riza:Mon oi' 'the 

me:mhram.e will decrease, road hence the velocity of the impulsf$ will 

If v represerrts t he velocity and d t.."le duration of the 

impulse has pasa~d., .follow.inf; which the membrane 'begins to re.polarize. 
I 

T'i:1is :teeove~J process is probably an <U'i'air of the ma cylinder and 

t he men:ibrane and should be independent cf the surrounding medium• 



D. Leading ofi' conditions: Conclusions 

So far as the author is aware, this is the first tiitte 

that leading off in solution. has been adopted as a. m-etb.od 8.00. not 

jt:t:st for a study of its e;ff ect. Craib (1928), who was interes-t,ed 

in the electrical response of the heart, led off a..c:rt:ion potentius 

from s·mrips of stria:ood muscle bat.'-led i n sol;11t:Lon,. He used a. st.ring 

galv21.nom-ete:r, which has the $3ame adv-.~i.n:tage 1i1.S a differential ampli­

fier in recording only the differenc-e in pot0r1.tial between two 

point,s, but; hv.s the disadvant,age of drawing cur;rent. However, his 

muscle was bathed in. a large quanti ·ty of solution. Tl1is resu.1 ted 

it1 leading off triphasic action potentials fro11i ea.oh point ini>teiad 

of' monophasic ones, because o.f the bending back of ·~he iso-potential 

lines i u the surrounding medium ( compare figure 9 11 showing current 

flow in a $heet, and also Figui .. e 15) • 

',rhe quanti i,y of solution which surrounds the preparation 

{:i.zl, the pl'ese1·rt case a single axon} is an important cousidera.tion.., 

It must be kept as small a$ possible, in order to ob:tain as accurate 

a picture as possible- 0£ the poteutial ch~.nge along the mu-f t!l.ce 0£ 

tl.10 fibe:r1 but irrast be l!ll.I'ge enough so that va:datio:ns in conductance 

along the fiber do not occur,. 

The reason t.hat -this method has not been used before is 

probably that; since most studies of nerve ac-17,ion pot,entials have 

been made oi1. whole :nf;lrve bundles, the variations in conductai.1c$2 

encountered have beex1 mim.mized. These variations at an;r point, due 

to irregula:d ties in the fluid clinging to the surf ace or t...lie presence 



of electrodes., would be small because of the rel.stively large cross­

,s-ection of' t,he bundle, 

The method promiae~ to be vei.--y satisfactory in t.l-ds type 

of investigation. It should prove flexible ~mough to allow such 

experit1.m1te as the action of drugs upon the act:tvit;y of single .fibers 

to be carried out. And it may be possibl e to adapt it to allow 

experiments on t,he response at the e:xci ting electrode, where the 

stimulus artifact is a complicating fea:tu.re.. 



1... A 1~ev:tew of the electrical.. phenemena fou.nd i.n nwelinated 

and ~elina tea nerves a..Yld single ne.t-"le fibers appears in the intro­

duction. 

2. I.n this paper the action pote.m.tials of single un.m:7el ... 

:inated rnotor fibers, mainly :from t'he cl.aw of th(;) crayfish, GambstMls 

elarltii, were st,u.died with a differential amplifier and eat,hode r~ 

oseil1og:rapl1-. 

,;. Two t.ypes of leading off chamber are described,; 

(1} for leading off s.-0t:ton potentials in moist air3 and (2} for 

le~.di;ng off with the a..'lton moutrl:,...,-::.d in a. trough and ~urrounded by a 

small quanti t-y of physiological solution. 

4. The eleot:rioal records obtained with the formei:r :method 

were us·ael..1.y (.Kn.iplieated by spu:rio~s re•spo:nses. 'l:he disa.dvru.1tages 

of this met..hod are dese:ribed,. 'lhe latt,er method was then adopted 

and its advarrtages point.ed wt ... 

5;t However spurious electrica1 effee'i:,s ·still appeared, 

The ctiuse 0 £ these :r~spenses was found to be va:ri.atio:ns in conductance 

along the meclium SUl:'l'QUnding th$ fiber. They v.,e;re eJJ.F.ins.tt..".>Cl by 

iu~odueing a trough-lid which prevented these varia.tioM• 

6, E;xpe:rim~nts we:re tht}l1 performed in 1ihich the dependence 

or $ize of the aetion potential on the con.duote.uee was sh<irm., This 

was don.e by varying both t.he volwne and the coD.ducrtiYit;r of the 

:sol,ut.i.on about -the .fiber.. Spurious resp<m.ses deliberately produced 

are described., 



7« The sha.t""OO a.rad other properties of the a-ction pot,entie.l. 

are given. Measurements of the conduction rate6 of single :fibers 

sho1rod that these ranged from. 3 to 8 m. per sec. in Camba.rus; being 

gr-eater in sol1.1·t:ton than in air. The velocity in small sensocy 

l'J"undle.s ranged from l to 2 m .. per see. The question of fiber gro1.ips 

is discussed"' 

s. '.Che •®f.i'eet up.On the aet.i.on. poten·tial ef stretehing 

the fiber is described .• 

9. 'l'he nature of bi.o ... electrie peten.t.t~J.s is discussed, 

An a.."'lalysis . is made 0£ how v~riations in conduc·~ar..ee must produce 

spurious electrical. effects+ It is also shown how 'the height of 

t.}}e a.ct.ion potential is related t o the resist.a.nee of the medi-um 

about the fiber . 

10. Finally, the method of leading off in soluticm ie 

shown to meet ·the requirements for obtaiuing undistorted action 

potentials from single fiber prepara.tion.s . 
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