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I. Introduction

The action potential of nerves hes been studied since the
time of du Bois-Reymond and Hermeun, starting in 1848. Its main
characlteristics;—~that of belng negative, having a relatively slow
velocity compared to other electrical changes,--and the conditions
for excitation were being studied at this early pericd. The cur-
rently held conception that the physical mechenism of the action
potential resulte from the bresking down of an electrically polar-
ized mewbrsne during sctivily was also being evelved by these
investigators and their canﬁemywrari&a»

Their recording nethods were galvanometers, which were
slow and not sufficiently sensitive to obtain faithful reproductions
of rapid and minute electrical changes. Later, the capillary electro-
meter, which had the advantage of being fairly sensitive and which,
of course, did not draw current, was used. It had the disadventage,
though, that it possessed considersble inertia and that elsborate
corrections in the records were necessary. The string gelvanometer
of Binthoven also was widely used;y it was much more sensitive to
rapid changes in pobtentdal, butl, on the other hand, drew curvenb.

In more recent years, the development of the vacuum tube
amplifier allowed minute potential changes to be detected, and
several new types of oscillographs to record these smplified re-
sponses were invented., One of these rapldly moving oscillographe (the
mechanieal one devigsed by HMatthews) consists of an electro-magnet,

connected to the output of the amplifier, which moves an iron
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tongue bearing 2 small mirrcor. The second type, the cathode ray
oseillograph, introduced for this work by Gasser and Frlanger (1922),
reproduces most faithfully the potential varistions sinee it is
without inertia. It furthermore has the advantage of allowing
direct visual observation.

With the aid of this latbter oseillograph much new infor-
mation has been gained within the lest two decades regarding the
action potentials of myelinated nerves, The older data has been
checked, amplified, and a deeper analysis made of the underliying
mechanisms, In most of this work the sgeiastic nerve of the frog
has been used., The methods of leading off have been folrly simples
the nerve was dissected from the animal, washed in Ringer's sclution,
and placed upon non-polarizsble silver-silver chloride or calomel
electrodes in a woist chavber, Long lengths of nerve - up to
13 cms ~ have been cbtained from this preparation, thus enabling
the distance between the stimulebting and lead-off electredes o be
large. In the main, single-ended amplifiers have been used, of
which the proximal lead (the one nearest the stimulus) has been
connected directly te ground, while the disitsal one went to the grid
of the first stage of amplification,

The most obvicus elecirical sign of nerve activiby is the
action potential spike; as recorded, this smounts to several milli-
volts in emplitude., Indeed the spike was the only sign known until
the present methods were introduced. It turned cut to bhe a mmch

more complicated phenomesnon than had been expected. As recorded
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from frog nerve, the first, maln, "A" spike consisbs of four parts,
the o, B, ¥ and 0 waves., These are followed by two slower effects,
the "BY and “CY waves, OSee Gasser and SBrienger, 1927; Erlanger
and Gasser, 1930,

In these papers it was shown that the nerve is composed
of groups of fibers which have different rates of conduction, from
42 to 0.3 m. per secs The fibers of a nerve range in diameter from
20 down to 1L w , and it was found thab the lerger the fiber, the
faster is the rate of conduction. However, since the fibers of a
nerve are nob present in a uniform distribution of sizes; & cone
tinuous "opectrun® of gotlon potentials is not recorded, but instead
the series of waves slready wmenbioned,

A correlation bebween fiber dlameber and conductlon
velocity attempted by Geasser and Frlanger in 1927, when only the
Aa, B, and Y waves were known, indicated that the velocity was
proportional to the fiber diameter, This view was changed in 1930
with the discovery of the sdditionsl waves amd upon & more careful
reconstruction of the action potentianl from fiber size date, and
it was stated that the veloclity varies with the square of the
diameter. Douglass, Davenport, Heinbecker and Bishop (1934) believe
that the truth lies between these two possibilities, Recently, howe
ever, Gasser snd Grundfest (1939) and Hursh (1939) have concluded
from careful recounstructions of memmalian action potentials that the
conduction rate is really proportionel to fiber diameter,
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Further investigation of nerves from the frog and of both
myelinated and unmyelingted mammalien nerves have pointed to the
conclusion there are only guantitetive differences between the
conduction velocities of fibers of different diameterss It is the
opinion of Duncan (1934) that whether a fiber in these animals is
myelinated or not depends only on its size; fibers acquire a medule
lary sheath when atieining a diamelor of 1 0 2 p 4 And it can be
soncluded from Bishop (1933) that conduction rate declines gradually
in the sugllest myelinated fibers to that found in those without a
parked myelinated sheath.

Blair snd Erlenger (1933), using suall nerves from the
frog, have compared other fiber properities against conduction rate,
They found that the threshold of gtimulation decreased continuously
with increasing velocity, and thet, indeed, for any one durstion of
a consbant stimulating current, the voltage vrequired decreased
smoothly as the conduction rate incressed. The sboolube and relative
refractory periods also gradually decreased as the veloeity of
conduction increased. However, the chronaxie and the summation
interval did not vary in o simple mammer. The chronaxie, for
instanee, remained almost constant until the fiber veloeity decreased
to 5 m. per sec. snd then began t© incresse sharply. The authors
do not assume that this indicates that there are two types of fibers
with different chronexies, but rather that the methods of measuring

the chronaxie, and also the summation interval, were at fault.
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Hot only bhas the action potentisl from a whole nerve been
found te be complicated, but also the actlon potential from a singl
fiber, This single flber potential is cbieined, in the case of
veriebrate myelinated nerve, elther by stimulating the whole nerve
with shocks so wesk thetb only a few of the most excitable fibers
are affected, or by the method developed by adrian and Bronk (192%)
in which a section of nerve belween the stimulus and the lead-off
electrodes is dissected untll the continuily of only ome fiber is
preserved,

Vhen o stlmulabing current is applied to a fiber, the first
result is a movement of ione which inltiates bwo vrocesses. Cne of
these processes is directed towerd excitation, while the other,
called accoé§aation or cathodal depression, is opposed to the first,
Bowever, if the sum of these two processes abbtains a ceritein minimel
value, the fiber responds after & latent pericd with a sudden, large
negative potential change known as the spike potential (see Hill,
1936, for thevries of excitation), This potential 1s propagabed
down the fiber, and in both directions unless blocked, at a uniform
conduction velocity (Srlanger and Gasser, 1937). The spike potential
followe the alleor-none prelationy thaebt isy; it rises to the greatest
extent possible under the condiitions existing ab a given point or
else dees not ccour at sll (see Kato, 1934, for his experiments
denonstrating this relationship, and for earlier work referred to

ﬂl@!’e) »
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The spike in frog WA® fibers reaches its c¢rest in 0.3 usec,
and declines to within a fow per cent of ite height within a further
0.6 msec, The spike does not end here but continues in & small,
negative after pobentisl which lasts for 20 %o 30 msec. in a freshly
mounted frog nerve {Gasser and Graham, 1932), After the nerve has
been stimulated for some time or if it is polsoned with veratrine,
this after potentisl increases in size and duration and may becone
ag large as 10 per ceut of the spike height. (Gasser and Grundfest,
1936}«

Following thess potentials there appssrs a swall butb
delayed positive after potential (Gacser, 1935; Gasser and Grundfest,
1936}, In freshly prepsred, fast frog and memmalisn fibers this
potential atielns a maxdmun of sbout 0.2 per cent of the spike
height in 30 msec, and then declines, In "C¥ fibers and after a
tetanus in the faster fibers this positive phase becomes much larger
and earlier, canceling the negative after potential and being fol-
lowed by a second negative after potentisl, This last potential
way then be folleowed by a second positive potential, Therefore
it seems that separste pesitive phases follow both the splke and
the negative alter potential. This conclusion is supporied by
ezperinents with verabtrine which asccentuates the negabtive aiter
potential.

The after potentials can be modified in still other ways,
Schmitt and Gasser (1933) and Lehmenn (1937b) have found that they

are sbolished during carbon monoxide polsoning and asphyxia, even
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though the spike remaing, They have been correlated with the
oxidative mebabolism of nerve and with heat production. Thus they
are considered an expression of the recovery process, but Casser
belisves that recovery attended Ey large after potentials is
expedited at the cosit of an extrz expenditure of energy and is

not often called into play in the animal, Lehmenn (19372) found that
removal of caleium from the solution bathing nerves had the effect
of decreasing the negative phase apd lucreasing the positive one,
while removal of pobessium had the opposite effect. UGreham (1933)
has glso found that ecleclun ilons, as well as waxming,'incr@ase

the negative after potentisl while pobtassium and cooling decrease
its She has later found that yohimbine inereases the positive after
potential,

Finally, the exeltabory effects sccompanying the verious
potential effecis should be nentioned, There is the well known
shsolute refractory period which lasts uvntil the spike is almost
over, during which it is impossible to excite the fiber. This is
followed by a relative refractory pericd of slightly longer duration,
upon coupletion of which the excitaebility has yelurned to normal
(ddriam, 1921). A spike elicited during the latter phase is not
as large and is not conducted as fast as a normsl ome, Bui the
end of the relative refraciory pericd does not complebe the excite
sbility cycle., Adrian snd Lucas (1912) found that a peridd of
superncrmal excitabiliﬁy ensues for a brief period. This period

was correlated with the negative after potential by Gasser and
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Erlanger in 1930. In nerves with a large positive after potential,
especially those polsoned wilh yohimbine, & subnormsl pericd fol-
lows; this decreased excitebility wes shown o acconpeny the positive
phase by Graham and Gasser (1934). Ouly efter all potentisl changes
kave ceased can the fiber return to ite normal state of excitability.

These are the principal facts, then, deseribing the
electrical changes occurrving in nerves and nerve fibers possessing
a wyelinated sheath, Further references i research on this subject
may be found in Davis (1926), Brlanger and Gasser (1937), and the
Annuzl Review of Physiclogy (1939).

It has never been possible to lead off action poleutials
from isclated, single, myelinated nerve fibers. It is possible,
however, to cbtain large, single umuyelinated fibers, which are
' free from ail other tissue, in crustaceans and cephalopods. These
fibers seem very promising maiterial for investigation of the action
potential, bub have only been studied within the last few years.
Experiments on unmyelinabted fibers previcus to this have gll been
done on whole nerve bundles.

Levin (1927), end after him, Furusawa (1929), invesiigated
tthe retention of the action potential® in the leg nerve from Maia,
They used a sensitive galvanouweter of falrly long perioed, which
recorded the sum of the monophasic action potentials produced by
tetanic stimulusy the activity under thedr live electrode was
compared to the injury potenitisl by this method., They found thab
after several minutes of stimulation at the rate of 50 per sec, the
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acbion potentisl wes reduced by 50 per cesnb or more. It was even
possible that after such a pericd of stimulation the gsalvenometer
remained at its maxioun position and only graduzlly returned to the
initiel one, This was bteken to iudicate that the nerve becane
completely "depolarized® and then slowly recovered, teking 10 min,
or move, Furusaws found that the injury potential could be re-
vereibly abolished by asghyxia, apd he cencluded thal the ®action
and injury poteunbials are two aspeats of the same fundamental
phenomenon, viz. of an active merbrane pobentizl existing at the
surface of the nerve fiber and mainteined by oxidative processes.®

Action potentials resulting from a single stimulus were
led off from the leg nerves of several crustaceans and of Limulus
by Monnier and Dubuisson (1931) using a cathede ray oscillograph.
Their records were complicated by spuriouns electrical responses which
were not satisfactorily explained; much importance was paid to
chronaxie measurenenis of the constituent fibers.

lmllles (1934) studied the action potentials of the leg
nerves of Hala with 2 string galvanometer. He attempled in
particular to search for fiber groups, and reported three such
groups which he compared to the slowest three in vertebrate nerve.
Lullies mainteiped that these groups were distingulshed by having
different thresholds, refractory periods, conduction velocities,
and resistance %o narcosis (with urethane). He investigated fiber
sizes, finding 40 to 50 fibers with & dlameter of 10 to 20 while
the diameter of the remaining fibers ranged from € down to 1 »
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Bayliss, Cowan, and Scobt (1935) alse led off action
potentials from Mala nerve, They used a three sbtage amplifier
and & mechanieal oscillograph adapted from a loud-speaker. These
authors were not able to find the three waves reporited by Lullies;
they found two, however, conducled at a rate of aboubt 2.5 and
1.0 m. per sec., respectively, at 12° €. The question of the
existence of after potentials was raised; especially in regard to
the retenticn of the action potential which Levin had founds Their
resulis are of interest since they found that veratrine produces
a negative after potential resching a maximum abt 125 msec, and
lesting as long as halfl an hour, though they were not sure that
ropested dlscharges of the fibers did not complicate the plceture.
Yohimbine produced & positive after potential of 200 msec. durabion,
Their results with these drugs are analogous to those alveady
mentioned in regurd to myelinated nerve.

Again using Haia nerve and a mechanicel oscillograph,
Bogue smd Rosemberg (1936) reported on the various weves appearing
in their action potential records., They found one main wave and
three smaller onesy the first of these later waves was regarded as
possibly due to 2 repeated discharge, for which crustacean nerve
is notoriocus, while the other two were looked upon as the result of
definite fiber groups. They also reporied a negative after potential
lasting 30 to 60 mzec, Velocity measurements ranged from 5,3 to
1.4 m, per sec, They studied the effect of frequency of stimulation
on the size and form of the action poteniial, Rapid stimulation
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(200 per sec.) produced a record on which the main waves were SupeT-
imposed on the after negabivity bub followed the rhythm of the
stimuli; with still higher frequencies the response beceme ir-
regular. Thelr preparations were readily fatigued after 2 win. of
such stimulation and only partially recovered. No positive after
potentisl was seens

The electrical response of vertebrate nmmyelinated nerve,
from the rebbit's vagus, was investigated by Bishop (1934). He
obtuined vecords thalt were nelther nonophasic nor were they satis~
factory to him, His explanabtion of their complexity is ivcomplete
and doubitful.

All these invesbigators used whole unmyelinated nerves
which were led off in moist air, They all c¢btalned recoxds which
were highly couplex and beotween which there was 1little agreement.
The nature and relative imporitance of the complicating factors was
not at all clear,

One of these factors mey very well have been, as the present
work will peint out, the conditions of leading off, The characier-
istics of the amplifier and recording systems are also of prime
jmportance, With single-ended amplifiers the potential from the
active locus will affect the leading off even after it has left the
grounded lead, though of course decrementally (Erlanger and Blair,
1935), The use of a differentiasl smplifier, in which only the dif-
ferences in pobentisl of the two leading off points is recorded,
would seem advissble., Here a third, relerence potential, ground; is
available for reduction of the stimulus artifact and the elimination
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of external disturbances. For reference to such amplifiers see, for
instance, Schaitt (1937) and Toennies (1938).

The work on umiyelinated fibers so far reviewed has evidently
been done with the view of corrvelating the experiments in this field
with those done on \;ertebra‘ba, myelinated nerve. Since it is not
difficult to prepare either single large fibers or fine bundles of
the smaller fivers from crusiacean nerve,; for instance, it has be-
come both wasteful and unsaiisfactory to use whole nerves, ylelding
necessarily complicated records, in the study of this type of nerve.

The first recording from single crusiacesn fibers*was done
by Hodgkin (1935), using an amplifier built by Toemnies, He worked
with large motor swons frow the leg nexrves of Carcimus. Instead of
leading off in alry, his fibers were submerged im a layer of aervated
mineral oil. He recorded action potentials from these fibers that
were similar to those from single medullated fibers published by
Gasser and Grundfest (1936). The impulse itraveled at a uniform
rate of 2 to 5 m. por sec. and the duration of the spike was 0.8 to

? 1.0 msec, with a wmave-length therefore of sbout 4 mm, as compared

to one of sboub 40 mm, in frog A" fibers. The absolute refractory
pericod lasted for sboub 1 msec, and a fiber could transmit as many

as 500 impulses per sec. However, in this paper be was particularly
interested in the sub-threshold potentials which arvse at the grounded
stimulating electrode when the excitation was just sub-limipal, This
sub-threshold potential was shown to be distincet from the well known
polarization potential which arises, when a potertial difference is

* But see van Harreveld and Wiersma (1926), pp. 94-96.
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applied slong a nerve fiber, from the capacitative action of its
menbranes and which can be easily imitated with physical models,
Hodgkin's potential was negabive, avose locally abt the cathode
stimlating elecirode, znd merged into the action potentisl if the
stimivs was sufficlent. The maximum height of this potential, though,
was at nost cne-seventh that of the spike., This resullt is of some
interest because such a local or unpropsgated response hasg never been
cheerved in myelinsted nerve.

The same author (1939) has alsc shown thabt the velocity
of impulses in these fibers are greuber by 40 per cent shen the
impulse travels through a portion of fiber svbmersed in sea water
solution as compared to air, This finding is Beken as evidence that
gurrents generated by, bub cutside, the fiber are necessary for
conduction and supporits the polarized membrane theory of nerve
action t be discussed later,

The purpose of the present work hes been pot only to study
the shape and properties of the action potential from the larger
single unmyelinated fibers and from fine bundles of the smaller
fibers, bul especially to consider the faclors concerned in the
leading off of these sction potentials, In doing this it also be-
came necessary to re-~exanine the meaning of the acticn potential
in the light of current views as to its nature.

The thesis is divided intc three maip parts. In the first,
the preparation of the fibers and the methods of leading off will be
described. These latter were of twe typess in moist air and in

solutions
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The second part will deal with the resulte cblained, and
especially the effect of vearying the euviromment of the fibers
The form and shape of the action potentizl will be deseribed, and
dats concerning the veloclty of conduction in different fibers will
be presented,

The final section will review the theories and facts
currently believed in regard to blo-electric potentials, aznd a
eritical analysis of the important factors pertaining to the leading
off of sotion potentisls from unmyelinated fibers and the conclusions
to be drawn will be given. A4 new method for such leading off will

be oflfered.
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IIQ Hethods
A+ Preparation of nerve fibers

Host of the experizents here reported were performed on
vsingl@ notor axons from the ¢law of the erayfish, Caxberus clarkii,
The method of preparation was essentially thalt developed by
van Harreveld and Wiersms (1936), and subsequently used in this
laboratory,

The chitin was vemoved from the top of the ischio- and
meropodites., The muscles contained in the latter segment were
renoved, Sometines the chell of the carpopodite was partly re~
moved in order to obiain & longer length of fiber. Following these
operations, the c¢law was clamped above a Pelri dish with the ex-
posed portions just lying under van Harreveld's (1936) crayfish
aolution., Dissection was carried oubt with the aid of a lowe-power
binocular microscope.

A precaubion should be mentioned here. It geened wise to
remove ag much bloed as possible from the claw and paritdoularly
from the reglon of the nerve before dissection was begun. Furusaws,
(1929) and others have believed that blood clotted sbout nerve fibers
nzy depress thelr excitability.

A1) of the nerve which obvicusly did not cohbain motor axons
was immediately rewoved, The remaining portion was teased into smaller
bundles with fine needles, Nicro-nanipulated platinum electrodes

were uged to test for the function of the axons contained in the
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bundles. The stimulus was the shocks from the secondsyy of an
induetion coll, occurring at the rate of about 50 per sec, A bundle
suspected of cantaiﬁiﬁg the desired fiber was ralsed upon these
electrodes and the claw was observed as to whether or not stimulabion
coused a conbracilon,

In thig manner the axon and its other large neighboring
fibers were isclated, Usually the large motor fibere of the claw
occur in two groups, the fibers of each group being closely con-
nected along their length by comnective tissus, Removel of this
tigsue was, indeed, the most delicate step, for the fiber had to be
prepared free for at least 20 mm., without injury at any point., In
the early part of the work this was not always done; instead a
®oridge® preparation was made, the axon being single only at one
point just distal to where the stimulus was to be later applied.
However axons prepared in this manner seldom survived long. Hence
the main necessity for long lengths of isclated fibers, but it will
appear later that there are other important ressons as wells

With practice the preliminary isolation could often be
made in 2 few minutes. The complete isolation of the fiber from
all other tissue and mounbing it in the lead off charber reguired
more tdme (30 minutes or more). The fiber, together with a short
length of nerve attached st elther end for esse in clamping, was
then removed from the claw and transferred to the moist chawber for

leading off sction potentials.
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This was accomplished by streibching the fiber out on a
small bent plate of celluloid dipped into the Pelri dish, and then
guickly transferriag it to the meist chamber, which had been
previously filled with solutions There it was flosted off the plate
and its ends clamped, After the fiber had been properly adjusted
in reaspect to the electredes, the solution was pipelted out, leaving
the axon either stretched acress the electiodes in the first ar-
rangenent of the chamber or lying in the trough in the second
(see II, B}. A cover was sealed to the top of the chawber with
vaseline., The fiber was then ready for the experiment.

The smaller nerve fibers, of less than 10 p diameter,
wore almost lmpossible to prepare for long distonces beczuse of the
close atbachment of comnective tissue, TFurthermore, there was no
way, during preparation, of checking whether they still conducted
impulses, since they did not cause a contraction. For these reasons
it wes impractical to use them, Irhibitor fibers were used in a
few instances, but since thelr action potentdals showed no quale
itative differences from these of the motor axens, the latter were

used almost exclusively beceuse of greater convenience in preparvation.



Bs Descripblon of lead off chamber

It was desirable %o construct the lead off chavber of a
material possessing the following properties: (1)} the materisl must
be & good insulator electrically; (2) it should be capsble of being
easily and aaeuratelﬁ worked and should be sturdys (3) it should
be transparent for ease in orienting and measuring the fibers; and
(4} it should mnot liberate substances toxic to the preparation.
There sre a nuwiber of maberials, transparent plasties, which
satisfy the first three conditlons; these materials include cast
and pressed Lucite, cellulose acetate and nitrate, cast Bakelite,
and Oatalan. Thelr sullebility in respeel to the fourth condition
was tested by extracting milled shavings from each of the sbuve
substonces with physiclogicsl solution at 50° C. for 24 hours. The
extracts were placed in a smell celluloid chamber through which
peveral prepared nerve fibeors passed, Sinece these fibers still
innervated some of the mscles of the claw, conduction of nerve
impulses through the extract ccould be convenlently tested by stime
ulating the fibers, proximal to the chamber,

0f all the substances tried, cast Luclte was the most
acceptable, Conduction through its extract was maintained for ome
and a half hours, and it mel the other conditions satisfactorily.
Therefore this methyl-methacrylate resin, manufactured by Du Pont,
was used for constructing the chamber and; especially, the trough
deseribed under (2) below.



It may be noted at this peint that freshly killed nerve
tissug does not seem to be polsonous to living fibers when placed
in close contact in selution. The chomber used in testing the
plastic extracts wes packed with lengths of nerve which had been
.tharoughly crushed; the prepazred fibers were led through the chamber
and covered with more crushed nerve, Conduction of impulses through

this mess was uniopaired after wore than an hours

(1) The chamber for leading off in wmoist air

The chanber consisted of an cutside box 27 mm. wide by
83 mm. long and 15 ma, deep, cexented to s larger sheet of Lucite
and open at the top and one end. Iate this open end a second
similar but smaller U-shaped box of the same depth was fitbed so
that it blocked the open end of the first box, This second plece
was held and its position varied by means of a screw threading a
bleck mounted on the base of the apparatus, Electrcdes ran from
one side of the boxes to the other at & level 9 mm. sbove the base,
and were connected 1o binding posts mounted on the bases The ends
of the fiber were clamped at the center of the ends of the twme boxes,
Therefore the nerve fiber lsy perpendiculerly across the electrodes,
A?ho%cgr&ph of the chawber with a nerve bundle in place is shown
in Figure 1.

The pair of stimulating electrodes was always abt the end
of the outer box, which will be ecalled the "proximal? end, while
the lead off electrodes were then ®distal.®



Figpre 1, A photogreph of the chamber'ss arranged for
lesding off 4n moizt aly, The two electrodes running =eross
the box =t the left sre for stimulation, The electrode at the
extreme right 48 the Qistal lead off, while the other two are
optional for the proximsl leasd off. The serew arrangement at
the right ie fer vorying the length of the echamber, & lucite
cover fits on the top when in use,
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The electrodes were, at first, silver wire of ,015%
dismeter, plated with silver chloride. These were later discarded,
for reasons to be noted below, and platinum wire of ,010% sub-
stituteds The fibers were held st their ends by small clamps
made of fine rubber bands stretched sbout a smell curved plece
of celluloids The clamps were ablached to the box by fine brass
SCTewss

It becane apparvent that the method of mounting the fiber
and its orientation to the electrodes was exiremely lmporiant in
deternining the form of the elecitricel record.s While the arrange-
ment described above gave resulis of value, it was labter sbandoned

for one which allowed the lesding off process to be more satlisfactory.

(2) For leading off in solution

This latter method involved the use of a V-shaped trough,
whieh was fitted into the chawmber, and in which the fiber ley sur~
rounded by a smell quanbtity of physiologiesl solubtion. The trough
with a 90° angle at its base was cub into a 1/4 inch strip of Iucite.
A series of Tine holes were drilled from the side of the strip to
a point aboub 1/2 mm. below the angle of the trough; these were mebt
by 2 corresponding series of smaller holes (90;4 dismeter) bored
from the base of the trough with a fine needle., This formed a
system of fluld leads to the nerve fiber, for these tubes were fil-
led with physiclogical selutdion which was in contect with wire

electrodes inserted a short distance into the holes at the side of
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the strip, This arrangement has the advantage of removing the fiber
from conbact with any metal and allowe the use of non-polardsable
electrodes, such as silver-silver chloride,

The trough was made 40 mm. in lengths The fibers were
held at thelr ends by "overhead" V-shaped blocks of Lucite into
which smell slots were cut. These blocks were mounled on the ends
ef the inner and outer boxes, respectively, in such a way thal the
angle of the V could be swung down into the angle of the lrough,
meking & snug fit. The bundles of nerve left at either end of the
fiber were wedged securely into the slots, resulting in the fiber
lying evenly slong the bottom of the trough when the blocks were
swung into place, Since .the distal block was mounted on the movable
inner box, it could be shifted along the trough. This allowed the
fiber W be adjusted to any desired length, and also permitted the
use of fibers varying from 15 to 32 mm. in length,

Figure 2 gives & top view and cross-section of the trough
and shows the relation of the overhead blocks, The position of
the stimulating and lead-off electrodes is also indicated. 4 photo-
graph of the charber with the trough in place is shown in Figure 3.
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Figure 3. The chomber ns arrsnged for lesding off im solution.
The trough is secn down the center of ths Box. The slot~clomps are
sre raised slightly out of the trough. See Figure 2 for other detalls.



Cs The amplifier, cathode ray oscillograph, and siimulator

The action potentials were lsad inte a five-stage resisbance-
edupied pushwpull amplifier. The frequency respense of the amplifier
systen was down 20% at 10 kilocycles end 35% at 15 kilocycles at the
high frequency end and less than 30% at 1/2 éycle per second, referw
red to the response ab 1 kilogycle. This range was ample to record
Taithfully the form of the led-off action potentiel. & wiring
diagran of the first two stages is glven in Figure 4.

The lead-off slectrodes were connected to the two input
grids, spd neither of them was grounded.s It will be noted that no
grid lesks were used on the first steges They were unuecessary
because the grids were prevented from flating by being connected to
the grounded stimulating electrode by neans of the fiber and its
surrounding solulion, Grid lesks were shunned to avold the pos—
sibility of amy curvent flow along the axon., The possible current
flow, from the grid through the capscity to ground in the tubes and
back through the fiber,ﬁh&ﬁ could be caused by the action potential
would amount to less then 16*19 amperes; therefore there was no
denger of the fiber's subjecting itself to electrotorms.

Good insulation between the eleclrodes was insured by care
in the construcition of the chasber and btrough, and pariicularly by
coating the electrodes with glypbel and paraffin et the points where
they entered the chamber, The leading off of an appreciable action
potential from an idle electrode due to 1ts capacity to ground was
quite impossible with this set-up (see III, B (2) ).
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The amplifier operated differentiszlly; thet is, it responded
only to differences in the potential of the two lead off electrodes,
The response to a pobentisl appllied belween hoth grids shorted
together and ground was sboutb 0,59 the response when the same potential
was applied across the grids. Such an zmplifier is essentisl in this
type of work for o number of reasons, Since it iz necessary to ground
one of the stimuleting elecirodes, a single-snded emplifier would
lead off a large stimulus artifasct, whereas in the present csse the
stimulus tends to affect both grids equaelly and this artifact is
winimized, There are several other very imporiant considerations
for the use of a differential awmplifier which had best be discussed
later (see IV, B).

The response of the amplifier to 1 mv, belween the grids
was 1 cm, on four stsges and 5.5 cm. on five stages. This amplifi-~
gation could be further varied by means of a gain control consisting
of two ganged potestiocmeters placed in the plate eircuits of the first
stage.

The signal was fed into a cathode ray oscillograph with an
accelerating anode potential of 3000 v. The sweep cireuil, producing
the horizontal deflection of the spot on the fluorescent sereen
was constructed to produce an egual deflection per unit of time;
in other words; it was gulte linear. The vertical deflection caused
by the signal fed into the amplifier was glse proporitionzl to that
gignal. Therefore the led-off action potentisl was not distorted

gither in respect to time or height,
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The screen of the oscillograph was coated inside with a
material which produced & highly lumlmous spot, especially suitable
for photographing, when the bean of electrons from the cathode
impinged upon it, The horizontal deflection was synchronized 1o
sweep across from left to right 30 times a second. This allowed
phctegraphs of the screen to be made with a Lelca ceamera, with the
shutter adjusted to 1/30 ssc, Using one of the new fast films,
vory clear records were thersby cbtaived,

Stimulation was obbteined from an cseclllator generating
recbangular wavess Briefly, the frequency was determined by a
thyratron relaxation oscillator which fed inbto a peaking amplifier,
This in turn btripped & multi-vibrator circuld which reblocked itself
after o time determined by the setting of the duration contrel, The
oubtput of this circult controlled the plate of the outpub tube, the
eathode lead of which was inserted into the output potenticumeter.
This apparatus gave sharply rectanguler waves, the freguency and
duration of which could be varied over as wide a range as desired.

It was necescary to make a muumber of minor changes in the
electrical equipment to adapt it for the present work. The iuput
cable to the first stage of amplificabtion was removed, and the wires
fron the lead off eleciredes to the grids were made as short as pose-
sible to reduce the capacily between the leads., The filament biss
resistors were increased to produce differentisl amplifier operation,

Also a more convenisnt galn control was installed on the first stagea
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The stimdlator contributed an undesirsble AC hum uniil
the heater on the oulput stage was grounded. The oubpubd was alsge
made more relisble by replacing the thyratron at this point with a
tricde and by rewiring the output potentiometers Iu most of the
experinents a 0,5 nf. condenser was inserted in the positive lead
to eliminate the electrelbonic action on the nerve of a direct cur-
vent component in the stimulus. The stimulabtor was altered so
that it could be synchromdzed to freguencies that were multiples
or sub-multiples of 60 gyeles. Thereafter it was sebt gynchronous

with the sweep cireuit of the oscillograph, ususlly at 30 per sec.
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III, Resultis

A. From leading off in moist air

(1) 'The action potential

When leading off was accomplished with the method first
described, with the fiber suspended across the electredes in moist
air, the resulting sction potentials were very large., The spike,
in the case of the wotor fibers of Cambarusy; often ranged from
5 to 25 mve In the larger fibers of Panulirus, the rock lobster,
it could even amount %o 50 mv., corresponding to what Hodgkin
fournd in Carcinus, However it was noticed that the height of the
spike under these clrcumstances was rather varisble; furthermore
the records were seldon simple bub, instead, beset with complications
which will be discussed presently. MNo correlation bebween fiber
dismeter and action potential amplitude gsould be made except the
gualitative one that the larger the fiber, the greater the spike
helghts

On the other hand, the duraticn of the spike was usually
fairly constent at shout 1 msec., the asscending phase requiring
about 0.4 msec., while the descending part took the remsining time.
The spike dropped sharply toward the base line, and was followed by
& very small negative after potential lasting sbout 2 msee, No
positive after potential was ever cobserved. Therefore when leading
off took place under favorable conditions, the asclion potenltial was
simple, negalive and monophasic. It should be stated here that
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monophagicity, or the recording of the potentisl from cme elecirode
only, was accomplished in all experisents by killing the fiber--by
crushing at a point just prior io the distel lesding off electrode.

Figure 5 is the record of an action potentiel obtained
from the fiber producing abduction of the claw in Casbarus. I
balieve that this recerd gives a fairly accurate picture of the
potential changes that oceur at a given point on the surface of a
crustacean single fibgr when this method of leading off is used.

The veloeity of conmduction was measured by leading off
at two poinis 5 to 10 mm. apart. The sction potential at point A
was recorded, then at point B, followed by amcther neasurement at
point Ay The sawve strength and duration of stimulus was used in
all three imstances, The elapsed time between beginning of the
sbtlmilus srtifact and the peak of the spiks was evaluated from
‘each of the three reeo:ds. These tlumes were required to check in
the first and last case. The distance between A and B divided by
the time requived for the iupulse to travel between these points,
cbtained by subbtracting their Platent periods,® gave the velocity.
In the varicus motor fibers of Carbarus this velocily was found %o
range from 3,0 to 3.5 msec. at 20° C.; see Tsble III. Since the
duration of the action potential is a bout 1 msec., the wave-
length is asbout 3.0 to 3.5 mum.



Figure 5« 4An action potential of the axon caus-
ing abduction of the claw in Camberus, The proximal
lead off electrode was 12 mm. from the stimulus,
the artifsct from whieh is seen at the left, Time
is 1 msec,



(2) Objections to this method

There were mamy objecltions to this method, First,
metallic electrodes ceused damsge to single fibers, Silver-silver
chloride electrodes were found to be very poisoncus. The silver
ion was the injuring sgent notwithstanding the swmall concentration
possible. This conecentration, of coursey lies within the range
allowed by its very small sclubility product., Coutrol experinents
showed that a procipitate of pure silver c¢hloride suspended in cray-
fish ringer will irreversibly sholish conduction within one minute
afber a drop of this suspension was placed on the surface of a
single fiber,

After thiz factor was discovered, platinum elecircdes
were substitubeds They wore satisfaclory for leading off action
petentials, bubt the products of electrolysis sppearing at the
stimilating electrodes seemed o depress the exeitebility, for the
threshold usually rose,

A second and even greater drawback to the method was the
acbion of surface btension. This factor entered when the sclution
was pipetted from the chamber after the axen had been mounted. The
fiber clung to the {luid while it was being withdrawn., This produced
stretching until the restoring tension in the fiber exceeded the
- gurface tension of the seolution. Then the awen snapped back o a
horizentel position across the electrodes, However, since ihis
stretehing was not uniformly applied along the length of the fiber,
a flow of its viscous contenie often occurred. Irregvlarities in



the diameter of the axon thus arose end it will be shown later that
these variations were in part responsible for the spurious effects
encountered in the electrical record. See Seetion IV, B, for a dié«
cugsion of this., Figure 6 is a drawing of a Panulirus notor axon
of 65 B dlameter ip which these irvregularities sre shown., The
axens also tended o become flattened over the ares in contact

with the electrodes,

Veriations in the amount of the fluld layer surrounding
the fiber were =isgo suspected to be another cause of the spurious
electricel effects. These variations arcse because small beads of
fluid would collseb along the length of the fiber, Evidence thab
such beads would produce lavge positive artifescts will aleo be given
later. Figure 8 is a record led off from a Pamulirus axon which il-
lustrates well the baffling array of spurious electrical effects
often encountered and in which the acbion potentisl recorded at the
proximal electrode ig smaller than some of the spurious effects.

Finally, single fibers suspended in moist air seldom
survived longer than fifteen minuites, The canse of thelr death ney
have been largely the fact that potassium lons were liberated at the
surface of the axon whenever & wave of sectivity passed, Evidence of
this liberation of potasslum in crustecean nerve has been found by
Cowan (1934) who, working with Maia, observed that the potassium
concenbration inside the fiber is sboubt thirteen times thalt in the
blood, thet it is libersted only during activity, end that it rever-

sibly abolishes conduction. In the present case it was discovered
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Figure 6, Iirregularities seen alons the course of 2 fiher from
Panulirus of about 50 P diameter, At £ 18 seen the flattenine
over the electrofej at E, ¢, and D, the constrictions in the fiber;

anc¢ at £ the presence of a bead of fluid, /11 these would tend to

ceuse g8 variation in the conduct:nee along the fiber.



Figure 7. The arrey of spurious elsetrical
regponses often recorded when leading off took
ploge in moist eir. The fiber #se from Pamulirus,
of 60 u dismeter; the proximsl lead off electrode
wos & mm. from the utimulus snd the Firet negetive
variation at the left corresponds to the action
potentisl led off there. Time, 1 msec.



thet washing the axon with physiclogiesl solution would ofien
regtore activity, It was alse observed that a 0.2% solution of
potassive chleride in crayfish ringers would abolish conduction
within 2 1/2 ninutes.

An atbempt was made to overcome these difficuliies by
surrounding the fiber and electrodes with mineral oil while leading
off took place, aflter Hodgkints maathédg This was accouplished by
introducing a layer of the oil zbove the fluld in the chamber and
then sucking the physiological selution oub from under the oil
layer, which was thereby lowered to the level of the fiber, This
method did reduce the action of surface btension bul had the dis-
advantage of introducing irregularities in the amount of {luid
surrounding the fiber; insulation belwsen the electrodes was
rendered less certaing and it was generally nessy.

The above enunerated factors and probably others which
eseaped detection made this whole method very unsatisfactory.
v’marefam it was dbandoned.

By Results from leading off in solution®

(1) Advanteges

The second method, thab of leading off in solution, was
then sdopted. Its sdvanbages mey be menbloned at the Gutset:,
First, the axon is surrounded by the solution contained in the

trough and is therefors in an envircmment more similar Yo that

® 411 the following results were chiained from the erayfish,
Cambarus clarkii,



obtained in the animsl, The fiber itself capnot be danaged by the
withdrawal of fluid. Second, the use of {luid leads between the
metal electrodes and the botton of the trough removed the fiber

from contact with netal; and also permitted the use of nen-polarizable
electrodes. If care was teken that solution from the fluld leads
did not cireculate into the trough during the experiment, preparations
vould easily conduct for au hour or longer, using silver-silver
¢hloride electrodes. Under these conditions, the decline of the
spike helght under continmuous stimulation is very small and the
tpgtention of the action current® (which is really another way of
saying that the sction potential becomwes smaller) found by Levin
(1926) arcd Furusawa (1929) does not oecur,

It should be stated, however, ilhat someihing perhaps
akin to the "retention¥ described by these asulthors was seen during
the late spring and the susmer months. Then prepared fibors seldom
survived longer than helf an hour. Their behavior was interesting
though exasperating: the action potentisal would remain at an glmost
constant level for 15 to 30 min. and would then begin to decline,
invarisbly starting ob the distel end, The distally led off potential
would drop out while one recorded more proximally was still declining,
Within a fow mimtes after this phenomenon started the fiber would
become completely and irreversibly inexcitable. A tentative ex-
planation of this effect iz that the injury potential cceurring at
the ends of the fiber, and which is known 1o be an oxidative process,
depletes the fiber's emergy reserve ab its locus, progreasing down
the fiber as it does go. Conducting the experiment st & lower
temperature was of doubbful benefity rather the temperature ab which
the animals themselves were kept sesmed to be of ilmporiance, This
was shown by storing them in an aguarium at 10 to 15% C. for one,
or better, two weeks prior to the experisment. Preparationg then
became as durable as they had been in winter months. That sone
change occurs in the metsbolism of the erayfish during warn weather
seens certain, for gquick fatigability of another physiclogical process,
that of peripheral inhibition, was noted under similar circunstances
(Vermont and Wiersma, 1938).

Furthermore, one did not have W worry asbout the fiber's

liberating of pobtessium during activity. This was shown by the



control experiment desecribed in the lest section where crushed nerve,
which also liberates potassium sccording to Cowan (1934), did not
embarrass the function of single fibers in solution even though the

danaged tissue was placed in contact with them,
(2) The problem of spurious elecirical respenses

However, when the trough method was first used, spurious
spikelike electrical responses were recorded at points correspoading
ﬁa the position of idle clectrodes i these elecitrodes were between
the two actuzl lesding off electrodes. Iundeed, spikes were obiained
corresponding to the poinis vhere the fluld lesd holes were placed
oven though the metsl wire to these losds had been removed, or cven
if the holes were filled with air] TFurthermere, the base line on
the screen was greatly disturbed between these spurious action
potentials, and positive variations appeared.

There were several possible hypotheses for these effects,
nanelys insufficient insulation between the lead elecitrodes with
each other and ground, capaciity bebween the elecirodes, variations
in external conductance along the fiber, and finally, unegual
tensions or pressures on the surface of the fiber.

Resistance neasurenents showed thalt insulation between
the electrodes was sufficiently great so that leading off from an
idle electrode was iumposgsible from this cause.

Hodgkin (1938) also had trouble with the leading off of
action potentlals from idle elecbrodes and blamed this difficulty
on the capacity of the electrode tw ground. The possible capacliy
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between electrodes in the present case was sbsurdly swall, ss shom
by calevlations, This possibility was tested, however, by orieanting
a platinun wire at differend angles to the btrough. The wire was
held at one end by a glass rod and the other end wes just allowed

to contact the solution about the fiber. An electrical variation
sroge ab this poimt, but ite magnitude was independent of whether
the wire was parallel 0 the elecirodes or ab right angles.

It had long been suspected that variations in the
sonductance of the fluid aleng tho fiber could be the cause of the
spurious responses snd an analysis was mede of how this could occur
{see IV, B}, To test this hypothesis a finely drawn glass rod with
a small rounded poind was used W change the amount of fluid at s
definitely localized point, The rod was applied by hand, the fiber
and trough belng observed under the mnleroscope,

It was found that a negative artifact followed by a suwale-
ler positive one arese at the point where the glass was being
inserted into the selution surrowxiing the fiber even though it did
not meke contect with the latter. On the other hand, when the point
was being withdrawm & positive potential followed by a smaller
negative one appesred at this place. The latter poteuntials appeared
just at that moment when the point had drawn up & small pesk of fluid
above the surface of the solution before breaking contach with it.
It must be undersitood thalt the fiber had to be stimulated in orxder
for these effects o ocecury furthermore they only occurved if the
rod was inserted between the two leads to the grids. The ssme ef-

fect wae observed vhen a fine bundle of myelinated fibers from a
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frog was svbostituted for the crayfish fiber. Figure £ is 2 drawing
of the position of the glase point in the two cases and the resulting
spurious response seen on the oseillograph screen,

Therefore it is really a lecsl varistion in conductance
that preoduces these spuricus electrical responses. This was
further lested in seversl ways., Small sgar-crayfish ringer blocks
were made and iungerted at a polnt slong the trough. Vhen the sction
poﬁeh‘hlaa. reached this place, a positive potential sppeared:s this
wWas a gzéizxt of locally increaged comluchtance, Conversely, if the
crogs-section of {fiuid sbout the axon wes decressed by local
spplication of vaseline or & drop of mineral oil, a2 negative
potential arvge. Thet the effect was reslly limited to the point
in questlon could be demonctrated by first killing the fiber just
distal to the place in question. UHo change in the electrical response
resulted. If it was killed just proximally, the effect immediatbely
Gisappeareds

The cause of the spurions responses ab the idle eleclirodes
can now be explalned. Vhen the elechrode holes were bored inte the
vertex of the trough, & very sweil mound of wmaberisl was forced wuwp
on either side, This was sufficient te raise the fiber slighitly
out of the sclutdion which rewsined in the trough, or st least to
decrense the smount of solution present at the site of the vlecitrode,
Therefore a negative varislion appeared when the action potential
reached the idlie elecirode and this was followed by a usuelly smsller
positive one as 1t passed this point. Vhen the irregularitics were
removed from the trough the artifects no longer appeared at the idle

slectrodes,
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I% has been saild that these effects always appeared
between the electrodes connected to the two grids, and never
between the first grid and ground. This fact arose from the action
of the differential amplifier and will be discussed lster. Exper-
iments to be described preseully show that the externsal action
potential is larger in & region of decreased conducbance and sumal-
ler in a region of incressed conductance. It will then be demone
strated that thia_will produce a negative or a posiiive respouse
as the asction potential crosses the boundary into a region of
lower or higher eanduetanaa; respectively.

The local pressure hypothesis no longer seemed very
likelys It had been made in the first place because preliminary
experiments in which the fiber hed been gradually stretched during
leading off indicated thal the action potentisal incressed with
vengion., This resull was dependent on a change in conductance
rather than tension (see III, B {6) ). That pressure on the fiber
menbrane may produce a change in the sciion potentisl still is &
pessibility. However, this would be very difficult to test withoub
altering the conductance of the surrounding medium and the effect
would preobably be small.

(3) Conditions for obtaining satisfactory records

To obtain satisfactory records it wes then necessary te
insure that ne varistions in conductance could ogcur between the

two lead off electrodes. This was atcomplished by doing two things.
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It appears that there ave two criticel factors involved
in leading off by this method. First, the size of the pore from the
fluid lead to the trough; and second, the amount of solution sur-
rounding the fiber. HNHot only must the amount of surrounding sclubion
not very slopng the fiber or fibers, but these must alsc be aniform,
This mifcrmiﬁy is wmost readily obitained in single fibers.

The first fector is analogous to that encountered in the
recording of sound on film. Light from a fine slit is focused on
the moving film and the sound reglstered by variations in the
intensity or width of the inmage, The finer the image of the slit
the moye faithful will be the recording. The same consideration
will apply here. Another, very lmportant consideration is thab the
action potential of the fiber will always become smaller (as will
be shown in tﬁe next part of this section) as it pssses the region
of increased conductance which must occur at the pore electrode,

The change in the action potential may be minimized if the electrodes
are as small as possible, though these will, in practice, be larger
than the dianeter of the fiber.

(4) Experiments in which the conduclance
ghout the fiber mas varied

It was of interest to study the effect of changing the
conduectance éf the solution sbout the fiber, This could be done by
varying the volume of the soluition or ids counductivity. DBoth nethods
were tried. The fivst, by varving the volume, was achieved by using
a pumber of lids which were beveled to different depiths so that each



First, ancther trough was built on the same design butb

- with greater care being taken that there were no irregularities in

its walls, Second, a "Lid" was nsde to fit inbo the trough, This

1id consisted of a rectangular strip of Lucite with one of ihe long
edges beveled at 45%., The beveled edge was fitted into the angle of
the trough after the nerve fiber had been set in place there bub
before the fluid had been withdrawn from the chazber. Therefore

the preparation was made o lie in & snall, wnifornm triangulex

space completely filled with physicloglcal solution. See Figure 12, A,
for a drawing of this 1lid.

Since there was alwgys a thin film of fluid between each
side of the lid and the corrvesponding side of the trough, it was
important thet the 1id did not cover the stimulating electrodes;
for the current flowing between the stimlating electrodes upon
excitation would then also flow in this sheet of fluid, This cur-
rent flow would produce a tremendous positive srtifact during the
stizulus and thus disturb the amplifier response for a few milliseconds,
This action is shown disgrammatiecally in Figure 9« It will be seen
that the equipotential lines in this current flow paitera extend over
inte the region between the leading off electrodes axd thus establish
a potential difference between the two grids which can be very large
compared with the action potential, especially if the proxzimal lead
off point is near the stiomlus,

Moy variations in conductence along the fiber up to the
proximal grid lead cannot induce any difference of polential between
the grids, and thersfore camnct disturb the record.
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gave a different cross-section of soluticon, which was, of course,
constant along the lengith of the fiber,

It was found that increasing the cross-section of the
£luid had the following principal effects on the action potential:
the spike height decreased, apparently according to a hyperbolical
relation, the duration of the impulse was shoriened, but ne ap-
procieble change in velocity was detectable in the range of variation
which was practiceble. Figure 10 illusirabtes the different types
of action potential led off from one point during the course of such
an experiment, and Teble I gives the date from these experiments,

There were several difficulties to this experiment. First,
it was impossible to have the flvid uniforuly placed about the fiber,
gince this would reguire thait the axon lle in the center of a
e¢ircular tube, Second, the mumber of polnis on any one curve was
limited by the fact that changing the 1ids was a delicate tasks
when the 1id was withdrawn, the resuliing circulation of fluid
tended to displace and damage the fiber. Several experiments werse
invalidated for this resson, Plabimmu lead off electrodes were used
so that Agh would not be carried to the fiber by this circulation
of fiuids

Figure 11 is a graph of the spike height against conductence,
plotted log-logarithmically. It will be seen that the points of each
experiment fall roughly aleng a straight line, Thic suggests that
the relationship is a hyperbelic function, and imdicates that the

action potential external to the fiber varies with the conductauce
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Figure 0. Four setion potenti-l records tcken from the sbe
ductor fiber of Cambsrus, The potentials were obt-ined from fiber
at an electrode 7 mm. frem the stirvlus. In & the cross-section
of the trough wss 4037 mm.3 in B, 1373 in C, .209; and in D, 810,
Thme, 1 maee,



Figure 11, Oraph of the data glven in Tedble I,
The ordinates reprasent setion potentia) heishts in per-
_eontages of the hefght of that obteined from leading off

th the trough of o858 sm,” aross-sention, The sbseisene
yepresent the trough erosse-section corresponding to esch
point on the eurve,
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according to such an equatdon ass
(h+ a)(e+b) =k

where h 1is the height of the spike, ¢ the external conductance,
and a, b, and k are constanis,

It will be seen from Figure 10, as well as Figure 5, that
the rising and falling phases of the spike are remarkably linear,
isesy are straight lines, This was always the casse. The ratioc of
the duration of these twe phases, that of the rising to that of the
falling, ranged between 0.4 and 0.7, and did not appear to vary
significantly with the conductance, However; the totel duration
of the splite seemed to decrease with increasing conductance (see
Teble I). The short negative after potential present when leading
off took place in air was usually either very brief (1 msee. or
less) or sbsent entirely.

Changing the conductance by changing the conductivity

of the solubion swrrounding the fiber in the trough was dome with the
aid of solubions 'made by mixing the ordinary physiological solution
with one having the same osmotic pressurs as the former but which
was not ionized. OClyeine, asparagine, glucose, sucrose, arabinose
and urea were among the substances used for the un-ionized solution.
Of these glyciney asparagine and arabinose gave the best results;

- these would probably be less involved in tho metabolism of the fiber
than the otﬁers and therefore would be less likely to depress its
function. Ween the physioloegical solution was diluted up to



half with the solutions of these substances, the action potentials
increased over those in the plaln solution by as much as 45 per centy
see Table II,

However, if the proportion of un-ionized solution was
increased to threo-fourths or more reducﬁion of the action potential
was observed; its duration became longer and the conduction rate
decreased., Decrease in the latler wes seen in cases where the spike
was heightened: in the preparation of 6/24 in the Tsble, the velocity
w28 5 m. per sec. in physioclegical solution bubt only 3 m. per sec.
in half arabincse.

Hhy the greater concentratious of these solutions depressed
the action potential is not at all clears It may be due partly to
interference wiith the osmotic relaticns of the fiber which would
disturb its surface menbrane where the getion potential is believed
to arise; and partly to disturbance of its metebolism, It should be
said that the effect of warm weather on the animals, already mentioned,
also entered here and msde veloclty weasurewents difficult siumece the
fivers conducted their full length for only s short time after they
were mounted, The soluticns of the other substances all preduced
smaller asction potentials, even in half proportions Gluceose, which
is probably wmetabolized, was the worst of the lot,

If the assumption be made, and it seems fair to do 50,
that the only effect of the weaker solutions of glycine, ssparsgine
and arsbincse was to lower the conductance outside the fiber, then

the larger than ®normal® action potentials cbizined in the experiments



with these soluticne are additional evidence that the height of the
getion potenitial is a function of the conductance of the medium sur-

rounding the fiber, To show this was the purpose of the experinment.

Another interesting phase of the effect of conductance
on the action potential is the production of the spuriocus responses
already described. Your cases were studied: (1) where the action
potential crosses a sharp boundary from s region of lower to one
of higher conductance, (2) the converse of this case, (3) where
the action potential travels through a region where the conductance
sharply increases for a shori distence snd then sharply returns to
its previous value, and (4) the converse of (3), From the resulis
already described and from theoretical considerations, which will
be presented in the next section, one should expect & pure positive
srtifact in the first case, a pure negaiive one in the second, a
diphasic positive-negative ope in the third, and a dipbasic negative-
posiiive artifact in the last case.

This experiment was easily verformed with the aid of
special 1ids, which are plotured in Figure 12. It will be seen
there that these lids are milled sc that the amount of solution
asbout the fiber sharply incresses or decreases as required,

Pigure 13 presents pictures of the electrical response recorded
in each of the instances. The preximal lead off electrode was

2 mns from the stimulaiting electrode in cach case while the
discontimuities were placed 5 to 8 nm. distal; as is noted in the
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nerve fiber

Figure 12. Drawings of trough lids

Looking down on the bevelled edge eof the ordinary, uniform 1lid
ond as placed in the trough for lrading eff.

Lid fer production of pure positive or negative "spurious" re-
sponses by a sudden chenge In the conductance.

Lid for producing a positive-negative diphesic artifact.

Lid for producing & negrtive—positive diphasic artifact.
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Figure 13. Artifacts produced with various types of lid.
A cooresponds to case (1) in the text; B, to case (2). C, to
case (3); and D, to (4). Changes in conductsnce are indicated

under each picture.

C and D are retouched. Time, 1 msec.
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legend, In cases three and four the artifacts remained until the
length of the reglon of increased or decreased conductance was
cat down Yo szero, although the response became very small when

the region was shorier than a quarter of a2 millimeter. Such a
small increase in conductance as wes afforded by an electrode hole
(90 p in diameter) produced no detectable artifact,

(5) The velocity of conduction

Ho significant varistion in veloclty was found except
that it was greaber when the fiber was surrounded by solution,
This agrees with the finding of Hodgkin (1939), who worked with
fibers from the shore crsb, larcinus. Larger fibers wers also
cbserved to conduct faster., However, the range of sizes of single
fibers which were cbtainsble from one specles of animal was not
great enough for a significant correlation to be made. Pumphrey
and Young (1938}, working with cepheloped fibers of 30 to 718 n
diameter, found that in these unnyelineted fibers the conduction
rate seemed to vary wilth the square root of the diameter. Table III
lists velocity data from many of the present experiments,

The guestion as o whether there are fiber groups in
crustacean nerves, especially groups corresponding to those found
in frog and mamsaliszn nerve has interested a number of investigabtors
see the introduction, ILullies and Bogue and Roserberg thought there
were at least three groups, which were even designated aeccording to

the nomenclature used for mpyelinated nerve, while Mounier and
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Dubuisson and Bayliss, eb al, found but two. Wiersma (1933)
pointed out that Honnler and Dubuissonis resulis were very
likely dus to double discharge of the nerve fibers upon stimue
lation. Iwllies' thresholds for his slow wave were very high,
as were these of Bogue and Bosenberg. The latter suthors con-
sidered the possibility of double discharge and indeed did not
deny it |

In the present work the larger fiberg have been treated
ag single axons and need not be discussed furthers Fine bundles
of gsensory fibers of fifty fibers or less were prepared and their
action potentiels led off. The faster conducting, and hence the

arger, of these fibers responded at alwost the same thresheld

ag the motor axons; their conduction rate was sbout 2 m., per sec.
#hen the stlmulating potential was raised by fifty per cent all
the remsining fibers were probably stimmlated, for the action
potential was maximal and also rather smcoth and prolonged. The
velocity of the slowest impulses was gboub 1 n. per sec. |

In order for a second wave o appear in the record it
was necessary b stimulate with a much higher potential, up to
three times the threshold stimulus. The second wave was never
distinet if the leading off was near the sbimulus, See Figure 14
for pletures of these action polentials led off abt bwo distances
and stimulated et various potentials. In view of the facts thab
a much greater sbimulus 18 necessery to elicit the second wave

and that erustacean fibers are exbrenely prone 1o double discharge



Pigare 14. Action potentisls lod off from a bYundle of less

than 50 senmsory fibers. Ian A& the leading off electrode wes 2 mm,
from the stimulus and in B, 7 mm. The durestion of the stimulus

wos the same in all, but the strength as 2 : 3 : 8 : 10 in each
onss, reading down. Time, 1 msec.



under such conditions, I should certainly conclude that there

are at most two fiber ngroups® in crayfish merve. One would
consist of the large motor and inhibitory fibers having s dismeter
of 20 W or more, and the other of the smaller, semsory fiberas
having a diameter of less than § u (for aunatomical dabta, see

van Harreveld aud Biersma, 1937).
{6) Stretching experimente

In investigaling optimal leading off conditions, the
luportance of the length to which the fiber was siretched was
considered, Therefore a series of experinents were performed to
deternine the effect of altering the axon's length on its conduction
rate and spike helght,

When leading off took place in 2ir or in the lidlecs
trough, a marked increase in acticn current height took place if
the fiber was graduslly lengthened by screwing out the inmer box.
This effect, however, was spurious. Wien the amount of fluid,
and hence the conductance, sboub the fiber wes not allowed to wary,
no significant increase occurred; in fact, if anything, the action
notential tended e become smaller as the axon was lengthened.

There was seen z possible, Eut nomentary, increase in veloeily in

a few preparations. If the fibers were stretched to as much as

130 o 150% of their original length (in the animal), they scon began to
lose their exeitabilibty, accompanied by a decline in the action
potential.s This decline was mogt easily broughit sbout if the fiber

was quickly restored to its original length, An inerease in length
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of 0% or less was quide reversible in its effect and ot acs
compsried by any damage to the axon. See Table IV for data. If
a small neyve from g frog or one of the dorsel spinal rootlots
from & cat was siretched o an extent allowsble for crustacean
fibers, death of the bundle soon ensued.

| Crusbacean fibers ave guits elastic and may be reversibly
stretched up Yo 150 per cent of thelr natural length provided they
are pot stretched for too long a period. This property dis-
tinguishes them from myelinated fibers. OCrustacesn fibers are
aiways under some tension in the galwal, and it nay be concluded
that, for leading off purposes, it is best to stretoh them to
approxinately their original length.
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Table II. Conductance experinents

The results of experiments in which the effect of conductance was
studied by changing the conductivity of the solution bathing the
fiber in the trough. Under "Soluticn® is indicated whether 1t was
the ordinary physiological one that was used, or the pmpcrtian
with which the physiclogical solubtion wes diluted with the desig-
nated isotonic, un~ionized solution. The spike heights are given

in per cents of the initial one in each case,

Date Preparation Selution : Spike helght, per cent
6/17/39 fast sdductor physiological - 100
1/2 glycine 108
4/5 glycine 48
physiological 40
" (10 min. wait) 48
6/19/39 fast adductor physiclogical 100
3/4 glycine 33
physiological 73
1/2 glycine 88
6/21/39 slow adductor Wfsiolegical 100
/2 asparagine 120
1/2 sucrose Vi
6/21/39 fast adductor physiclogical 100
1/2 glycine 145
1/2 % (10 wmin. wait) 140
2 ures 65
1/2 urea (10 min, wait) 45
6/24/39 slow adductor siological 100
1/2 arablinose 120

3/4 avabinose 35



W GEN* = ¥ ‘uBnoag

™
<t}

fum OTg*

~ YT 60T

&

AN

3

L

LIl GEO* = ¥ ‘udnoay,

L, 019"
N l,g m~ON -
mm GEO* = ¥ ‘udSnoay

z
MW AOZ* = ¥ ‘ydnosy

o

PTT 3nomTe “ginoag

PTT 3nOWTA nﬂm\wﬁvO.HH

9%0

L9
D)
(e}

70
.
zZ°0
T*0
70
g0

*DoSw
oWt} UOTIVYTOKY

¢
9°¢
87
oY
Gy
0°9
A
&*g
8'¢
0°0t
£'g
€

‘008 /*u

£1TO0TOA

8T

B}
4]

Je0.9UBTJ

JOONDPR #4O0TS SNIBGWE(

J0301DG8 STIBOER

JOLONPPE Q88T SNXBGERD
S Logonpps 18I STHIBQUEER)
J070TPPE MOTS SnaTTNURd
J0%0UPPR 188 SNITINURJ

IOXSTT 98BI SNIBGERY

JIONDTPGR STIBGIED

TOTYBIRdOI

*ufnoay sul IO BeJE TRUOTIO8S-880I0 91 05

8I8F81 4Vu *II0 SaT0BST IO SUOTITIUOD JUSISIJLP Iopun ‘TBUTUER oyl UT possossor

Loz 1qBu8T Sy} 03 POUDIODILE USUM SJeGTI QTUOISIFIP WCIT PLUT+1qe £3T00Tes oyl

squsweInsyrew A TooTes *ITT 87wl

6€/21/4

65/L/S

€£/9/5

(94
(3
J
&

6L /ET/T
6% /ET/7
6¢/TT/€

¢£/8/€

enBsq



— *ssoadds ¢*T (&) t 4. S0BOTS

z2°0 G*z (3) 8 gseq887
; 8I0GTI O qnous
Jo oTpimg Lrosues 6e/62/6
C— sxoxdde O*T ') B ‘q.g010TS
2*0 o'z () 8 -§seq88]
BIOQTY 0§ InogE
Jo oTpung Azrosuss 6£/81/6
Z*0 o8 94 Zojanppe 98y 6£/91/6
ze0 . o8 - z090mppE 957 6£/21/6
z*0 : . 2 o - ZOJOTIPPE EBY 6€/6/6
9°0 2w sz Zoyonppe moTS 6€/L/6
£%0 oY ¥74 JI0390ppe KOTS 6£/9/6
§°0 8¢ 3 Jog0NppR A0TE 6e/81/L
*gouw *pos/*u n ,
SUT} UOTYELTOXY . BpooTea JegemR Tl uomBeaedead a8

N.&% ontn 1o H0T3008~-88000
PINTI ® ms ‘YSnoTy ouy UT 9RO POTLIRD TTE £BM JJo SuipEeT om

pue ‘eniequrl) WOJY POUTELAO TTPR 2J08 SUSULINSEROU SUTROTTOT Oyl 090N

penuTauod foquomeanseew L3I00TEA  “IIT OTqRY



€0
€0
i
7s*0
Y90
09°0
09°C
67°0
€970
00
o%*0
970
€0
£7°0
£7°0

AU

%
g
€

8°'T
™y
8°¢

‘o8 / um
Ay tooTOp

(44
oC

A
QTR 40T
9z
XA
1TRM 40T
€e
v
1TeE 40T
™
VA
L2
oz
Gz
S 12

0z

bt 15114
3 8ue

n g7 JOLONPPE MOTS

N 4€ I030MPPB 9S8BT

J01ONPPR 98BI

IOLOMPPE 3SBJ

uoTy)RIRCAIg

*Am UT TeTQusl0d UOT10® oyl IO 1uydIey 9yl 01 4oyrTdsy pue

‘erm UT JBQIJ O} JO WSUST oyl 01 SJIBISI ySuery *PITPNQS SBM SISGTI

9T3uTs SuTyores1s IO 100339 oY UYOTUA UT SqUewTIodxse IO S3Tnsal ayj

gquemTISCKS 08I38

‘AT oTO®j

6e/21/9

6€/€/4

éc/1/4

ée/1/59

S



FACH

IV. Discussion
As The polarized membrane theory of the action potentisls

The most widely accepted view of the nalure of asctiom poten~
tlals, and for that matrt_,er, most biowelectric potentialsy is that
they avise from the presence of eleclrically polerized membranes.
These nenbranes possess an activa portion a few melscules thick,
believed to consist of lipoid molecules oriented normally to the
surfaces This layer is, abt rest, usually charged negatively on
the internal side and positively on the externals Any action which
will increasse the electricel permeability sufficlently between
these charges will cause excitation, during which there will be a
current flow from the oubtusdde of the layer to the insides This cur-
rent flow will increzse the permeability of adjacent regions and thus
gpread in a waves The slze of the wave or impulse st any point will
depend only on the conditions which cbtain there,

After the impulse has passed over a region, it graduslly
recovers from its depolarized condition by restoration of the elec-
trical orientation of the layer, Energy is requirved both for the
recovery and the maintensnce of the mewbrane. This energy is cb-
tained, at least in pert, from materials contained in the axis
cylinder of the fiber, in the cape of nerve. Otherwise the function
of the axis eylinder is structural and serves as an inbternal conduciting
medium, &n external conducting medium would also seem 10 be essential,
even 1f it be contained in a thin layer of comnective tissue on the

surface of the meuwbrane,
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Biowelectric potentisls are most cleerly manifested in
nerve, miscle, in certein large single plant cells - zlgse such as
Valopia, Nitella, Chara, etec., snd in the sensitive plant, iluosas
In ell these objects action potentisls can be excited, In most
plants, in the skin from aninals and in animal embryes, inherent
or constant potentials can be obitained betwesh ceriain pointe in or
on the surface of the tissue; these potentigls, however, are not of
immediate interest iﬁ the present work.

Thers is at present much evidénce supporting the ®polarized
membrane® theory of the action potential given ebove. Osterhoutls
work on large algaé cells kas definitely shown, by placing one microw
electrode into the protoplasm of the cell and ancther on the surface,
that the surface membrane is the site of a potential difference. See
hig review (1936) feor references to his sxtensive work in this field.
fince the time of Beranstein, in 1871, the injury potentizl of nerve
and muscia has been generally comsidered 10 be an expression of the
potential difference existing across the surface nerbrane of the
oell, Here, of course, the lead to the interior is by way of the
injured part. This view is strongly supported by the fact that the
potential is readily sltered by treatuent of the uninjured part with
chenicals, healt and cold, while such treatuent st the damaged region
iz of 1little effect.

Another important support of the mesbrane theory is the
avidenaevtﬁat an external éanducting medium is used for conduction
of the action potential, In Nitella, Osterhout and Hill (1930)
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fcund that the action potentisl could be conducted over a spob
killed with chlorcform by means of a salt bridge. Hodgkin's (1939)
evidence that the nerve impulse is conducted at & faster rate in
solution than in aiyr also points to the importence of the external
conducting mediuws, In the same paper this suthor states that the
action current in Careinus fibers is gble %o pass & narrow inactive
region 1f this region is short-circulted out with metbsl.

The variaticns in the asction polential with changes in
the conductance outside the fiber reporited in this thesis is sgain
strong evidence that the sction potential is a menmbrane mechanism,

In the iron wire modsl efvﬂerve the wave of activity is
conducted at a slower rate if the wire is coufined within a nsrrow
glage tube and thus exhibits a phencmenon similar to that described
for nerve (see Lillie, 1936), The point of this is that this model
also depends on surface activity. Another interesting effect shown
by the iron wire occurs if short lengths of glass tubing are threaded
along 1%, becouse then the wive is exciited by currents eddying around
the outside of the tubes and conduction is inecressed in rate, From
this behavior, Gerard (1931) has suggested that the faster conduction
rate cbserved in myelinated fibers depends on a sinilar mechanism,
the re-excitation occurring from node to node, There is sone evi-
dence {see Erlanger and Blair, 1935, and Tasaki, 1939) from experi-
sents on blocking the internodes,; that conduelion really proceeds in
this way in myelinated fibers possessing nocdes of Ranvier. However,
the behavior of fibers in the central nervous system, where it is

believed that nodes ave zbsent, should also be exanined.



How the mewbrane potential is seb up and maintained is st
present a theoretical matter: Some sort of diffusicn potentlal is
favored st present, It is well kunowp that different ionle covcentra«
tions prevail in and ocubside of nerve and muscle fibers and plant
cells which show hio-electric potentials, Inside, potassium is
present in relatively high concentration while sodivm is found in
mach lower strength. This is a common state of affairs in nany
other types of cells, but Osterhout believes that the differences
in concentration of the highly mobile polassium ion partially ex-
plaing his plant cell potentials. He has been shle, for instence,
to reverse the sign of the injury potentisl by epplying solutions
of electrelytes in certain copcentrations., It has already been
remsrked that Cowan (1934) Ffound liberation of pobtassium from
crustacean nerve during sctivity.

The mere difference iy ionie concentrations on two sides
of a membrane is not enough, however, to explain bio-electric
potentials, Osterhoubt has shown in cells of Velonia and Halicystis
that when the same solution is present in the central vacucle and
outside the cell a potential difference is maintaived between the
two. This means that the two menbropes bounding the protoplasm of
the cell must have different characteristics, These mewbranes are
partly, at least, lipeid in composition; Beutwer (1933), in per-
ticuler, hes studied a mudber of srtificial lipoid nmewbranes and
has shown how potential differvences may arise across thems

Pucthermore, there 1s the problem of how the cell bullds
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up lerge concentrations of certain substances in its envircnnenb.
This too must occur across the surface membrane., Finally, the changes
in permeability which asccompany an actlon poltential are umexplained,
How does excilation increase permesbility, and how ig it decreased
again on recovery? Uetaebolic events abtending the after potentials
in perve would indicate that the main cost of the lmpulise ilg paid
during this recoverys

in the present discussion the besring of some of the date
pregented in this thesis upon the aature and form of the aciion
pofential and its relation to the nabrane theory will be concidered.
In particular the influence of the external medium on the leading

off of the scetion potential will be discussed.
Bs Explanation of the variation-in~conductance effect

Bxperiments described in Section III have demonstrated
that variations in the conductance of the fluld survounding thab
section of the fiber between the two grid elecirodes resulied in the
generation of elther positive or negative deflections in the record
at points directly corresponding to the reglons along the fiber at
wiiich the conduslance varieds

As 2 patter of fact, that this verlation could be responsible
for the genergbion of the spurious response was suspected before
gome of the conduchbance experiments previously described wers under-—
teken, so that the remaining were performed as verification of the

analysis which will now be presented.



First, the mechanisw by which the amplifier responds to
an actiocn potentlial starting from the grounded stimulating electrode
ang traveling down the axon with no exbernal conductance varistiouns
present must be considered. It muab be borme in mind thet since the
amplifier is differential in operation, the deflsction produced at
any instant will be proporitionsl only to the difference in potential
between the two grids, end is pot in any sense a function of their
sbsolute potential gbove or below ground, Wien the action pobentisl
ig between the grounded stimulating electrode and the first lead off
elecbrode, both grids will be affected equally, and therefore no
deflection will be produced on the screen.

Before considering what happens when the impuise reaches
the first grid electrode, the potentisl drop which moves along the
fiber with the impulse should be made clear. The difference in
potential between the two sides of the meubrene ab the regions
preceding and following the instentaneous position of the action
potentisl will produce a current flow from the outside to the inside
of the polarized layer through the depolarized region. This currend
flow is diagramued in Pigure 15 4, in which eguipotential lines from
the depolarized region out into the surrounding medium are represented.
Figure 15 B shows the sccompanying instantaneous potential disitribubtion
along the fiber.

In this figure it will be clear thal B also represents
the shape of the crustacesn action potentisl., Indeed, it was beken

from one of the records. A of this figure was constructed from B
by drawing vertical lines from a series of peints on the potential
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wave which represented a constant inecrement of potential, The
points where these vertical lines intersected the boundaries of
the membrene of A debermined the points of emergence of the equi~
potential lines of A, From these latter lines the lines of current
flow were constructed. In this way it was possible to construct
the approximete current flow shape from the action potential shape.

Therefore; when the depolarized regiom is under the first
grid electrode, it will becoms negative in respect to the second,
distal electrode; and the action potentizl will be represented on
the cathode ray tube. When the impulse passes on %o the region
between the electrodes,; both will again acquire the same potential
but only if there 18 no variation in the action potential of the
fiver in this region. %hen the impulse reaches the disgtal grid the
latter will become negative with rgsyect to the proximal one and a
deflection in the positive direction will occur.

Experiments have been presented which ghow that the
potential drop aleong the external medium surrounding the fiber, which
corresponds to the led off action polential, becomes smaller as the
conductance of thal medium incresses, In other words, the external
action potential has been ghomn tc decrease in high conductance media
because, using a differential amplifier; it is the saue polential as
the lod off signal,

From this experimentally determined fact it can be under—
stood why variations in conductance of the external wedium will
produce spurious effects to the cbserver. Consider the case where

the impulse encounters a region of suddenly decreased conduciance.
The external sction potentlal will become larger as it travels into
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this pew enviromment., Figure 16 & represents the resulting potential
distribution along the Tiber as this change occurs. It will be seen
that the distal electrode will become more positive with respect to
the proximal one while the impulse is passing through the changing
environment., This will present, therefore, a negative artifact on
the oscillograph. After the impulse has completely passed into the
reglion of undform but decreased conductance, both grids will again
acquire the same potential, Conversely, if the impulse encounters

& reglon of increaged conductance, a positive artifact will appears
see Flgure 16 B,

It is nob difficult to derive a mathematical expregsicn
for the artifsct resuliing in these cases, In Figure 17 A the action
potential erosses a sharp boundary between region 1, where we shall
denote the spike height by hl’ to region 2 where the spike height

becones hQ, How let
o = el(x - vt),

whers ey is the external action potential, x and ¥ are the position
and velocity of the action potential, and + is the time, Then from
experinmentel dabe, at least to a goed approximation,

°2 = 212 b
From the figure it is seen that

b Tty |
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Records of these artifects have been shown in Figure 13,
A and Bs An expression for the artifacts shown in C and D of the
latter figure can algo be derived. Refer again to Figure 17, In B
the action pobtential in region 1 suddenly encounbers a narrow region
2 of different conductance. Using the same notation, it will be seen
that

and that

Ae _a:j.w. Bey «
By Taylor's series,

.@.&.Ax+~—-——-?l«(m—2~*.,. .
dx dx2 2

If Ax is sufficiently small we getls

, - d ,
pe 2 E&Ei.ﬁ.g%éx

8 hy -1y de P
hy x
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bel de
In the last exp LONS e (and ¢l 8
In the last expressio g ( -5-—?13: } changes sign at

the tip of the spike, accounting for the diphasic response already
seen. If the ascending and descending arms ¢f the spike were
completely straight lines, the above devivatives would be constant
during each phase and the last expression for Ae would be exact
when Ax was small compared to the wave-length of the impulse. It
should also be noted that as Ax decreases 80 does the artifect,

The expressions just derived for the two main types of
gpurious response do roughly agree, quentitatively, with experduent.

The artifacts led off from fibers in molst air should alse
receive a word. It will be renembered (see III, & (2) ) that they
too were both positive and negatives, 4 positive~negative response
should arise every time the impulse crossed sn idle electrode or
one of the bheads of fluid thet often collected on the fiber, The
large positive or negative responses thal were described are not
as certain of explanation, bubt it will be recelled that comstrictions
in the fiber frequently arose which could very likely be the cause
by altering the action potential as 1t passed,

1t should be added that Bishop, Erianger end Gasser (1926)
also reported spurious electrical responses from myelinated nerve
that were very similar to those deseribed heres However their

explanation of thelr artifscts does nobt £it in the present case.
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O The external action potentisl

The guestion now arises as W why the external section
potential decreases with increasing conductance, Lebt e represent
the difference in potential across the polarized membrane which
causes a current, i, to flow from the oulside surface through an
external reslisbance, Bgs through the depolarized region and the
axis cylinder, with an effective internal resistance, Ry, to the

ingide surface: Then

e = i(Re + Ri}d

Now iR, is the external action potentiel}, and can be represented

by the expressions

external action potential = e mmuggunn

Rt Ry

Since e and Ri cen be assumed to remain constant, and Ry
be large with respect %o Ry, it appears that the sction potential
tends to vary almost proportionally with R«

By will be & function of the resistivity of the medium,
and the geometry of the fiber and of iis enviromment (here the
trough). The relationship between Ry and the cross-sectional area
of a triangulsr treugh allews of no simple mathematieal expression.
Therefore the relstionship expressed by the graph of Figure 11 can-
not be reduced t ap experimental relationship between Ry and the
action potentisl, which would test the wvalidity of the preceding

equation,

* I. e.? its amplitude.
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There are several consoguences of the relationship expres~
sed by the first equation of pege 56. It iz clesr that if e and Ry
ave assuned coustent, then an increase in Ry will imply that i
&éﬁr&aﬁes; This will mean that the rate of depolarization of the
werbrane will decrease, and henece the velocity of the impulse will
be less. This, of course, is whal has been cbserved experinentelly:
fibers led off in 2ir have a slower conduction rale than those led
off in solution,

If v represente the velocity and d the duration of the
impulse at some poind, then the wave length, A 4 of the action

potential at thet place is given by:
A= vd,

The wave~length will rvepresent the electrieally permeable region
which accompenies the impulse dowm the fiber. It has already been
peinted out that the permesbility must increase as the impulse ape
proaches 2 vegion of the fiber and decrease with recovery after the
impulse has passed, following which the meubrane begins to vepclarize.
This recovery process is probebly an affair of the axis eylinder and
the membreue and should be independent of the surrounding medium,
Therefore variations in conductance should not influence it, and

if the velocity lucreases with incressing exbernsl conductance then
the duration should decrease, The present data, though insufficient
on this poinb, suggeet thabt this nay oceur, for the duration is sboub

1 msec. in air and 0,6 to 0.8 msec, in solution,
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Dy Leading off condivionss: Conclusions

So far as the suthor ls aware, this is the first tiuwe
that leading off in solution has been adopied as a wmethod and not
just for a study of its effects Oraib (192%), who was interested
in the electrical response of the heart, led off section potentisls
from sbrips of striated muscle bathed in sclution, He used a string
galvanometer, which has the same advantage as a differential ampli-
fier in recording only the difference in potential bebtween two
points, but has the disadvantage of drawing current., However, his
muscle was bathed in a large quantibty of solution., This resulted
in leading off triphasic sciion potentials from each peint instead
of monophasic ones, because of the bending back of the ilso-potentisal
lines in the surrvounding medium (compare Figure 9, showing current
flow in a sheet, and also Figure 15).

The quantity of solution which surrcounds the preparvation
(in the present case a single awon) is ap importent consideration.
It must be kept as small as possible, in oxder to ¢bdain as accurate
a pleture as possible of the polential change slong the gurfsece of
the fibery, but must be large euncugh so that variations in conductance
along the fiber do not cecur,

The reason that this wmeithod has not been used before is
probably that, since most studies of nerve action potentials have
been made on whole nerve bundles, the variastions in conductances
encountered heve been minimized. These variations at any point, due

to irregularities in the fluid clinging to the surface or the presence
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of electrodes, would be small because of the relatively large cross-
secticn of the bundle,

‘The method promises to be very satisfactory in this type
of investigabion., It should prove flexible enough to allow such
experinents as the action of drugs upon the activity of single fibers
to be carried ovt., And ib may be possible to adspt it to allow
experinents on the response at the ex§itimg glectrode, where the

gtinmulus artifact is a complicating feature.
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¥ Sunmary

1« A review of the electrical phenomens found in myelinated
and unmmyelinated nerves and single nerve fibers appears in the introe
duction,

2« In this paper the action potentials of single unnyel-
inated motor fibers, maloly from the claw of the crayfish, Cambsrus
clarkii, were studied with a differential amplifier and cathode rey
escill@gmpﬁs

3. Twe types of leading off chamber are described:

(1) for leading off sction poteniials in molst eir, and (2} for
lesding off with the axon mounted in a %éaugh and surrounded by a
small quantity of physiologicael sclution. '

4e Tue electrical records cbteined with the forumer method
were usually complicated by spurious respenses, The disadventages
of this wethod are described, The latter method was then adopiad
and ite edvantages pointed outbs '

5. However spurious electrical effechs sitill appeared,
The cause of these responses wes found to be werlatlons in conductance
along the medium surrounding the fiber. They were eliminated by
introducing o trough-lid which prevented these variations,

&y  Experiments were then performed in which the dependence
of size of the asction potential on the conductence was shown, This
was done by varying both the volume and the couductivity of the
golution sbout the fiber, Spuriocus responses deliberabdely produced

ave described,
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7. ‘The shape and other properties of the setion potential
are given, Heasurements of the conducticon rates of simgle fibers
showed thalt these ranged from 3 to & m. per sec, in Carbarus, being
greater in solution than in sir. The velocily in small sensory
bundles ranged from 1 to 2 m, per sec. The guestion of fiber groups
is discussed.
8. The effect upon the sction potentisl of stretching
the fiber is described.
9, The nature of bio-electric potentials is discussed,
An analysis is made of how variati&ns in conductance nmust produce
spurious electrical effects, It is alse shown how the height of
the action potential is velated to the resistance of the mediun
about the fiber,

10« TFinally, the method of leading off in solution is
showm t neet the regquirements for cbtaining undistorted action

potentials from single fiber preparations.
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