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ABSTRACT

Anatomically speaking, there are two tynes of nerve
fibers in vertebrates: myelinabed and uwmmyelinated flbers.
In the fopmer Lthe axon is covered wilth a proteinslipid
atructure {myslin) whish is Iinterrupted at more op iaﬁﬂ
regular intervals (Ranvlier nodes). In unmyelinsted Cibers
this myelin strucbure is asbsent. HNyelinsted fibers conduct
impulsses much laster than unmyelinated Tilbers. In order Lo
sccount for the high conduction velocitles of medullated nerves,
Liliie has propossd Lhat exelitation takes ploce only abt the
nedes of Hanvier with the eircult bstween adjacent nodes belng
made through the axoplasm of the fiber and the medlum externsl
to the fiver, This is the theory of saltatory conductlon,

The literature on saltabory conduction is orisically
reviewed and 1t is coneluded that only two experiments
that have been done seem bo Indicate Lhat saltatory conduce-
tion occurs. These are the narcosls exreriments of Taskal
and the alr gan exrerliments of Huxley and Frankenhaeuser.
These experiments have baon carefully repested and lmproved.
From the results of these sxperiments 1t is concl-ded that
medullated nerve can conduet in & slituabion where the condle
tions negeasary for saltatlion do not existe The possibility

hat saltotlon 1s the normal vhyslologlcal process of

gonduction cannot be discounteds



INTRODUCTION

The theory of saltatory conduction in medullated nerve
was [irst prorosed by Lillle in 1925, The theory implies
that impulses are conducted along nmedullated nerves in s
discontinuous manner f{rom one node to the next. Lillie felt
that the theory asdeguately explalned the hipgh conduction
velocities typical for medullated nerves, The exzperiments
from which he formilated the theory were not actually per-
formed on myslinated nerve, but on an "iron-wire model" of
nerve. Following the publicabion of Lilliets experiments
the theory was generally accepted by physiologlsts desrite
the fact that there was no evidence based on exveriments with
living nerve to substsntiate it. Xleven yoars after the
vublication of Lillle's theery, blair and Erlanger rerformed
the first experiments on nerve that were offered ss evidence
for saltatory conductlons. Since then the problem has been
investigated by & number of authors, most of whom have conw
cluded that saltatory conduction is, Iindeed, the mechanism

of conductlon in medullated nerve f{ibers.
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PART I, & REVIEW OF TUE LITERATURE

A Some Hisbological and Fhysiologleal Properties

of Nyelinated Nerves

It 1$-must@mary to divide nerve fibers histoleglically
into two clesses: myelinated and non-myelinated filbers.
Myelinated flbers are slmost exclusively confined te the
vertebrates, while the unmyellnated axons appear in both
vertebrates and lnvertebrates., Actusally, the distinction
between myelinated and non-myelinebed nerve fibers 18 not a
sharp one. for sll nerves seem to possess myelin to some
degree. The myélinateﬁ Fibers consist of & central core,
the axis cylinder of axon, surrounded by & layer of proteine
lipid material (myelin) that csn be stained black by treat-
ment with osnic aclid. In the frog the dliameter of the axon
represents about seventy percent of the total fiber dlameter

(1), the rest belng myelin. The non-myelinated fiber is

evlinder constltuting between 95 to 99% of the total fiber
diameter (2,3). Both types of ribers are covered by a layer
of flat cells, the Schwann cells of nerulliemma.

On longltudinal section the unmyelinated {ibers sppear
uniform, while the myélin gsheaths of medullabed axons are
interrupted by two types of struciuoreds The most obvious
interruptions of the myelln sheath are the nodes of Ranvier.
The segment of axon between two consecutive nodes of Ranviern

18 known as an internode. The internodes contain the "Clefts
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of Lantermann™ which penetrate the myelin obliguely all the
way to the axis cylinder. It was long believed that bthe
Lantermann clefts were artifacts, bubt thelr exlstence seems
to be beyond questlion now that von lMuralt (i) has observed
them in living nerve flibers under polarized light. The
physielogleal significance of the Lantermann clefts iz un-
knowns The controversy on the role of the Ranvier nodesg in
nerve conduction ls the basis of this thesisd

There are many conflicting opinlions in the literature
about how nodes are formed. The following three paragraphs
are quoted from the work of J.Z. Young {(5) becsuse they more
or less summarize the current views.

"The nodes of Hanvier are interruptions of
the coating of myelin without any bresk or membrane
across the axon: The protoplasm of one Schwann
cell covers each internode and the nerullemmal tube
wall turns in at esch node to make a ring, the so-
called cementing disc, which does not extend
into the mxoplams.: Nodes cccur on fibres of all
gslzes in vertebrate peripheral nerves but not on
fibres of the central nervous system. They are
present in the medullated nerves of prawns but only
on the larger fibres. They are also absent from
regenerating nerve [lbres in the-early stages of
myelinatlon,

"In 8 normal mammalian nerve the inbernods
length Increases with Ilbres disueter but at a rate
which varies in different rerves. In man the
smallest fibres (2-3 milcra) hove internode lengths
up to 1.3 m in the antéerior tiblasl and ulner
nerves, C.7 mm in the mandibular nerve. The slove
of the line releting internode length to dlameter
is therefore stesper In the faster growlng nerves.
This suggests that when myelin is first lald down
on the fibres of 1«2 micra dlameter the interncde
length is about 200 micras and the extent to which
1t incresses depends on the amount by which the
nerve is subseguently stretched durling growth,

"Observations on developing and regenerating
nerves confirm this view. The increase of internode



lengths during development is proportionsl to the
growth of the part. Regenerating nerves are at
first covered with a continuous sheet of myelin
which then broaks Iinto segments about 200 micra
long, varying conslderably. Although the flibres
subsequently indrease In diameter the interncde
length remslns short, Sanders and Whitteridge
have shown that these large fibres with short
internodes conduct as rapidly &8 normal f{lbres
of the same dlameter. Nodes and interncdes are
therefore probably not of critical importance for
conduction a8 ls sugpested by bthelr absencs from
many medullated fibres.”

Young (6,7) has since reversed his stand that fibers of
the centrai nervous system are not segmented by nodes,
Uther investigators, too, have found nodes in the central
nervous system (8,9,10) and they regard the myelin as a
highly lablile substance whilch gulckly "closea” the nodes
after death or during the usual straining procedures, Lorente
de No (11) agrees with the concept of the lability of the
myelin shoath. He states that:

"e w = with freshly exclsed nerves the myselin

sheath is discontinuous at all, or to be less

pealtive, at practically all the nodes of Eanvier.

If a nerve has been excised some time, however,

the myelin is found to be continuouz at a nuumber

of nodes of Ranvier ~~ nerves fixed & hours or

more alter excision have heen examlined in which

noiles lacking & myelin sheath were a rarity."

The most striking vhysioclogical characteristic of
myelinated nerve is the very high condustion velocity., For
example, 8 20 fiber of the cat may propogate imrulses at a
veloclty exceeding 120 meters per second. It was formerly
thought {12} that the conduction velocity was proportional to
the square of the flber diameter, but more recent investica-

tions agres with Gaaser's finding (13) that a linesar relation~

ship sxlsts between the conductlon veloclity and fiber dlameter
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in mamnalian medullabed nerve. Zotterman (1.) has found a
linsar relaticnship between axon diameter and internodal
length. Hupsh (15) claims that the conductlon veloclty is
directly vroportional te the Internodsl length, Tasakil (16)
came to a simllar conclusion and gives the following
relations betwesen conductlion veloclby, fiber dismeter, snd

internodal length for the bullfrog sclatic at thﬁﬁ

vV £ 0,146D V % conductlon veloclty (li/sec)
i D # fiber dlameter { )
L & 2,05D L = interncdal length {mm)

The concluslon can be drawn from this that, according
té Tasakl, the conduction veloelity 1s directly related to
internodal length and this In turn would indicate that the
time needed for an impulse to jumr from one node to the next
i3 & constent one for all myvelinated nerves of the same
species, Thus, according to this view, a 20 fiber of the
frog conducts abt s veloclty of 30 H/sec while & lgﬂz’ fiber
conducts at 15 ¥/sec simply because the Eanvier nodes in the
Hejéffiber are twice as far apart as those in the 19¢L/fib9r,
and not because of any difference in the time needed to jump
from one node to the next.

Senders and Whitteridge (17) have investigated the
relatlon between veloclity and internocdal length in snother
way. They crushed the peroneal nerves of rabbits snd when
they had been allowed to regenerate between 4,56 to 1186 days,
the invernodal distances were about nalf nermal. There wasg,
however, no signiflicent differences in the conduction wvelocity

between these regenersabed nerves and normal nerves, Furthepw
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more, they found that the myelin sheaths of the nerves
proximal Lo the leslon thickened and thelr conduction
velocitles increased by 11% while bhe thickness of the
exis cylinder remained constant. Thevy concluded that the
conductlion velocity 18 related to the thickness of the
myelln sheath and is not related to the internodal length.
Van Muralt (L) similarly concludes that the conductlon
veloelty of & fiber is related solely to the amount of myelin
surrounding 1t. He has chosen to compare twe Pfibers that
conduct at 25 ¥/sec, Ons wes a 19121 fiber from the frog
sclaetic in whieh uhe ratlo of axis cylinder to filber 1s 0.73.
The other was & %/L,fiwer from the saphsnous nerve of the cat
and 1ts axis cylinder/fiber ratlo is 0.58. FHe quite
arbltrarily assumes that the reason a %Az/fiber of the cat
conducts &t the same rate as a lglé/fiber of the frog 1s that
it has proportionately more myeiin. This 1s obviously doubte-
ful, because, smong obher things, he falls to consider that
the webabolie rate of a cat nerve (as measured byrcxyﬁan con=
sumption) 1s about seven times that of a frog nerve (18),
Indeed, it has bsen demonstrated that fibers of the same
dismeter and myelin thickness of different specles of mammals
can conduct at entirely different retes. Fibers ef’ﬁsz/
diemeter of the cat and rabbit veroneal nerves have bthe same
myelin thickness (2,5} yet the cat nerve conducts at 108-111
i/sec while the rabblt nerve doos nct exceed 69 N/sec (17).
In any given svecien of mammals there is = striking

difference in the conductlion velocitles of myelinsted and
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unmyelinated fibers of the some dliemeter (19). 4 medullated
A fiber of one micron in diemeber of the cat will conduct at
about O « 7 M/ssc., while the unmyelinated C fibers which are
as large as a.gayfda not conduct faster than 2 M/sec. It

is clear that myelinated nerves have Séme spaci&l rroperty
which enables them to conduct impulses at velocitles greatly

in excess ¢f those that unmyelineted fibers can attain.

B. Thne Hature of the Nerve Impulae and the Problem

of 8altatory Conduction

In an lsolated nerve fiber the only tangible sevidence of
the propagation of an impulse 1s the sction potential.
This 18 essentially n wave of negabiviiy moving with a finite
veloclty over the surfece of the nerve Tiber. A4t rest the
nerve membrane is polariszed so that the oubtside is nositive
wlth respect to the Iinslde. In terms of eguivalent circuits

%

(figs 1) the nerve membrane !s ususlly picbured as a

series of units aach conslisting of a resisbance (52) and a
capacltance (ﬂli in parsllel and a battery (%) which supplies
the E.u.F. for the membrane. The inside (cors) of the fiber
i8 represented by a series of resistances €R3) and the
resiastance of the external mediwm surrounding the fiber by
(Hl)a The arrows in fig. 1 give the flow of current

through the membrane model when a current is pasased through
electrodes A (snode) and C (cathode).

The clagsical concepnt of a nerve impulse (Bernstein

Theory) postulated that at rest the nerve membrane was polar=
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Figure 1. The Equivelent Bleotriesl Cirouit of ﬂu Herve
Henbpene, ¥odiffed sfter Fulton (19).
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ized but duriﬁg actlvity the charge scross the membrane
was reduced to zero, Then during the absolube and relative
refractory verliods the membrane was repolarized. The
Bernsteln theory was based on messurements made with exter-
nally placed electrodes. OCurtis and Cole (20), and later
Hodgkin and Huxley (21) and Marmont (22) reinvestigated
the electirical evenis during the passage of an impulse and
their work has led to a modificatlon of the Bernsteln theory.
In their sxperiments they used the glant axon of the squid
(550 dlameter) and made messurements with one external
electrode and one microelectrode {ngég/diameter) Inserted
into the axoplasm of the nerve. At rest the rotentlial smcross
the membrane was of the order of L0 to 100 mV. ¥When an
lmpulse passed over the fiber the potential was first
abolished, then reversed in sign {(outside negative with
~respect bto the 1lnside), after which 1t returned to normal.
This reversal of the membrane potential occurs at the height
of the actlon notential and is significant because it shows
that more than a simple depolarization and repolarization
takes place.

As an Impulse passes alaﬁg an umnyelinated nerve flber
current® flows inward through the exclted part of the mem=
brane, through the core of the axon, then outward in front

and in back of the excited reglon and then through the external

% The term "current" 1s used here in the conventional
sense as {lowlng from positive to negative,
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medlum to complete the cilrcuit., This "local circuit®
mechanlsm for Inmpulse propogation in unmyelinated nerva is
universally agrsed upon.

For medullated nerve twe theories of conduction are
being prorosed at the present time. The theory of continuous
conduction maintaina that impulses in medullated nerve are
propagated by local clrcults beneath the myelln exactly as
In unmyelinated nerve« On the other hand, the theory of
saltatory conduction maintains that the actlon rotentlal of
one ncde excltes the next node and that the cirsulif between
two successlve nodes is made through the axis evlinder in
the internode and through the medium external to the Fibar,
According to the saltatory conduction hypothesis the current
flowing through an internode 1s a pessive current (in the

gense that 1t does not depolarize a membrane in the Internode).
Cs A Review of the Literature on Saltatory Conduction
The Ostwald-Lillle Iron Wire Model

If a plece of iron wire (23) is put in concentrated
nitric acid (60 = 70 vol % HNO3) & f1lim of oxide forms over
the surface of the wire, This oxide is impermeable bto the
nitric acld and prevents it from dissolving the wire, When
the surface of this "passive" wire lz scratched or stimulated
electrically the film is broken down, and then the nitric
acid ethacks the wire and forms another oxide £1ilm on 1it.

This bresking down and reforming of the oxide coating is
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propagated along the entire surlace of the wire. Lillie
found that it book 2.7 seconds for an impulse to pass over
an iren wire 75 om long in a bath of 70% nitrlc acid at
L® €. This inorgenic system exhiblts certaln propertles
of nerve, For example, there is a definite threshold for
electrical stimulation, and abscolute refractory perilod
follows excitablon, and under certain condltions there may
be repetlitive dlscharges. The system also shows accommodation
to slowly Incressing currents, sumatlon of Inadequate
stimull, and after potenslals. Furthermore, the "impulses™
are propagated by local clrcults because the veoloeclty 1s a
function of the conductivity of the external medium,

In Lillie's opinion the bare iron wire in nitric acid
is a model of an unmyelinaeted nerve fiber, He was able %o
construct & model of a myelinated nerve by threading the
lron wire through segments of glass capillary each 10 em
long and with a gap of 2 mm between the segments, In this
model the segments of glass caplllary represent the myelin
and the gaps represent the nodes of ﬁanviar; When one end
of the iron wire was stimulated the conduction time f&v
75 emt of wire was too brief to be measured by the‘mathoda
available to Lillie. During the pasgsage of an impulse each
node became active first, and then the impulse spread in
both directlons through the internodal reglons, Lillie
therefore postulated that in myelinated nerve sxclibtation
ocours only at the nodes of Ranvier. He believed that the

high conductlion velocities of myelinated nerves are due
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80lely to thelr being segmented by myelin s¢ Lhat excltation

oceurs in a discontinuous manner.
The Polarization Experiments of Blalr and Irlangsy

Figure 2 diagrams the Tirst published expsriments
(2.) on single nerve fibers that wers considered to show
evidence of saltatory conduction. A single nerve fiber of
the frog extends from D to ¥ with nodes abt a,b,c,d, etoc.
It is stimulated to the left of D and a cathode is placed at
D, an ancde abt node d., Actlon rotentlals ere vecorded at
d and He Two shocks 3 msec, apart were delivered to the
nerve, "A" shows a recording without anodal polarization
of node ds 32 is the stimnlus artifact of the second shock
and both spikes are diphasic; the second spilke travels in
the refractory nperiod of the firat and is therefore smaller
than normal. In "B" anodal polarization has been applled st
d and the recording shows that the firat spike has been
blocked there because 1t 1s monophasic. The second splke
18 normal and traveled over the entire lengbth of the fiber
in spite of the ancdal polarizastion. Thlis second splke was
supposed to have skipped the ancdally polarized node d.

Their second experiment ls realiy a corcliary of the
first, PFigure 3 shows a single flber extending from G to
N with nodes at a, d, ¢, etc,, and with an anode placadv
approximately at node ¢ and a cathode at the next node, d.
The recording oscilloscope 1ls placed between nodes d and W,

When anodal polarlzation was applied at node ¢ an lmpulse
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I:figuro 2, Anodic Polarization of a Ranvier Node.
lipdified alfter Blailr & Erlanger (2i).
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Figure 3+ Anodic and Cathodic Folerization of
A4 jacent Ranvier NHodea, lodifled after Blair &
Erlenger (2l).



vassing over the flber was blocked st this node and
apparently reinitlated at the next node, It then passed
over the rest of the fiber.

These experiments msy be interpreted in the 1light
of data cbtalned later by Fodgkin (25) on the potential
changes ccourring at an ancdle bleock in urmyelinsted nerve,
Hodgkin found that with various typses of nerve blocks he
could record an exponentially decrsmenting potential
beyond the block even though no impulse could pass through
the block. This "extrinsic potential" was found to sxist
s far as 5.4 mm beyond a block. It was repeatedly found
that one lmpulse may dle out at a block but in doing so it
lowers tho threshold at the bloek to such en extent that s
second impulse arriving at the proper time can pnsa‘nnw
impeded through the blocks It 18 sometimes sald that the
second impulse "Jumps cver the bleock." This is not true
because the block has been temporarily removed by the first
impulse., This may explain why in Blair and Erlanger's first
experiment the second lmpulse was sble t¢ pass over the
enbire nerves

The second experiment of Blalr and Erlanger also is
no argument for saltatory conduction. To vrevent an
impulse from pasaing completely through the bleck the
anodically polarlzed node had to be polarized enough to
ralse 1ts threshold several times above normal. The cathodie
cally polarized node consequently had 1ts threshold

lowered, Yhen the lmpulse arrived at the anode it was



not completely extingulshed., The electrotonic potential
extending beyond the block would presumably be enocugh to
bring the cathodieally polarized node (which would be

hyperexcitable) to threshold and lnitiate a propagated responses

Strength~Duration Curves and Action Potentlals of Single

Medullated Nerve Fibers,

Unmyélinated nerves8 have a uniform threshcld of
excltatlon over their entire length. According to Kato
{26) the éibuation is quite differenb for myelinated nerve.
By placing an anode on the central nerve trunk and a cethode
at a neode of Henvier he determined the strength of current
needed to exclte as a Tunction of the time fdér which the
current is applied, Curve A (fig. L} was obtalned with the
cathode at & node, curve B with the cathode half-way along
an interncde. VWhen a shock of 1 msec, dﬁratien was delivered
at a node 10 volbs were required to bring the fiber to
threshold, but when a shock ol the same duration was de~
livered halfway along an interncde roughly 70 volts were
required. (It should be noted that such high potentials were
requlired bscause high realstance capillary electrodes wers
used for stimilating).

Most Investigators apree (20-29) that the action
potential measured at a node with externally aprlied
electrodes 1s greater than that messurad at an Internode,
Many have Iinterpreted this as meaning that pﬂtﬁntiﬁla are

gset up only at the nodes, hence saltabory conductlon exists.
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On the other hand, these measurements of the actlon potential
wlth external electrodes may be Interpreted as meaning that
the transverse resistance at a node is less than that of an
Interncde, hence it 1s nossible to measure a crester
potential aﬁrm node. This is to be expected on the basis

of Kato's expeoriments,

Recently, Lavorte (30,31) has challenged the ildea that
the actlon potential measured at a node with external
electrodes is grsater than that measured at an internode,

He recorded potentials from the lateral line nerve of the
carp in which only one fiber was conducting, He found a
continuous action potentlal with no manifestation of sage
mentatlon., It is difficult to reconcile his results with
those obtalned on dissecting single fibers, but one might
posslbly attribute his results to the shunting of current by

the tissue surrounding the fiber.
Tasakl's Narcosls Experiments

It 1s very &iffisult to mnasess accurately the
slgnifleance of Tasaki's many exveriments (32-35), Some of
the results are complebtely contradictory, and many of the
experiments are go complicated that it 1s difficult to undere
stand thelr meaning.

In 1936 Kato and Tasakl (36) reported that when a single
Ranvier node was exposed to a narcotlic solution, conduction
was immedlately blocked. The narcotlcs used were urethane

in Ringer'!s solution (1.0% to L.0%) and cocaine in Ringer's
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solutlion (0.005% to 0,1%). Three years later, Tasaki (32)
reported that narcosis of a single node does not stop conducw
tion, He found that only wvery concentrated solutions of
narcotics (over 5% cocaine and over 10% urethane} would stop
conduction at a single node, but this condustion block was
usually irreversible., However, when two nodes were exposed
to & dilute narcctic sclution conduction was usually
reversibly blockeds

Cbviously these experiments are completely contradictory.
If narcoslis does block conduction at one node this does
not mean that saltatory conduction does not occurs It may
be that saltation takes place but that the salfebty fector in
frog nerve 13 too small for an impulse to pass over an
Inexcltable node. If narcosis of one ncde does not block
eonduction then this would seem bo indlcate a discontinuous

systenms
The Air Gap Experiments

These sxperiments stem from an observabtlon by Kato and

Tasakl (36) that part of an internode may be suspended 1in

the alr across two s2mall pleces of glass capillary without
the fiber being damaged. The myelin sheath protects the axon
szalnst deying, but if a node is suspended in the alr gap
then the nerve dries and dies Immediately. Kato 1s quite
sxplicit in stating that a nerve with a desliccated inter«
node can conduct for hours.

In 1949 Huxley & Stampfli (27) claimed that 1f an
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internode was deslecated over an alr gap and the laterel
pools were not connected, then conductlion ceased, I,
how&&er, the pools were connected by a thread moistened in
Ringerts solution conduction was restored, hey Interpreted
this as evidence for saltatory caﬁduation; the implication
being that the exbternal resistance surrounding the nerve

was ralsed to such a value that current could not flow hetween
the nodes of Hanvier. Unfortunstely, they made no quantita~
tive measurements on the reslstance between the experimental
nodes. It should be pointed out that the results of this
experiment, of correct, constitute conclusive evldence for
saltatory conduction,

More recently, Frankenhaeuser and Schneider (37) have
published some quantitative daba on alr geap experiments and,
like Huxley and Stampfli, they came to the conclusion that
saltatory aanduction ex1aﬁa. They assume that a reasonsable
approximation of the longitudinal reslstance of the axoplasm
of an internode can be obitalned by mssuming the axoplasm to
be a cylindepr of Hiﬁgay*a solution. Using Hodgkin's value
{(27) of 90 ohms/fouble centimeter as the specific reslstance
of Ringer's solution theéy calculate, from the following
squatlion, a longitudinal Internal resistance of 17 megohms

for a 10 ¢ fiber with a 1.5 mm internodal length.

B s (90) . {025) : = 17 megohms
A (3.1)(25x 10-8)

2 internodal length (em) 5
® oross sectlon of axoplasm {(ecm®)
% specific resistance of Ringer's solutlien

1
A
g
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Actually the reslstance i1s higher than 17 megohms because
ﬁhéy,madg a false asssumption in caleculating the axls cylinder
diameter, In thelr experiments they used fibers betwesn ‘
1?/¢ and lgfn,diamatar. About thirty percent of the diameter
of frog nerve is myelin (1}, so that a 1%/z,fiber would have
an axis eylinder of 8;%%(, and a 1%AQ;fiber would have an
axis cylinder of 7*94tj Assuming an internodasl length of

1.5 mm, the 12/¢;f1bar would have an internodal axoplasmlc
resistance of 2l.7 megohms, and a 1q/ﬂ; fiber would have a
resistance of 35.7 megohms.

?ha& placed a 10 op lglzfibﬁr over an alr gap and row
corded sction potentials from the nodes on each sida of the
gaps They "estimate" the resistance of their gap to be
sonewhere betwesn 10 %c 30 megahmsg This 10 to 30 megohms
of the air gap was in parallel with a 15 megohm resistance
of the grid lenk of the oscilloscopes. The effective external
resistance in thelr experiment was 10 megohms, if we assume
the exbternal resistance of their air gap to be 30 megohms,
They found that this 10 megohm 9eéigtanca blocked conductiﬁn
in aboubt two or three minutes after the fibers had been put
over the alr gap. | |

A clue to what happened iﬁﬁthair experiments 1s contalned
in their admission that thelr nerves dled within five to
ten minutes after they put them in the air gap. Furthermore,
they had to walt a few nminutes after they put the fibers In
the gap before conduction stopped. This was to allow the

fluld to evaporate from the surface of the gap. As previously
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mentioned, Kabto and Tméaki have conclusively demonstrated
that internodes of uninjured fibers can be deslocated for
hours without any resulting Injury. One can only conclude
that Frankenhseuser and Schneider performed thelr experiments

on damaged fibers that were about to die.
Qold Bloeck Experiments

Yaﬁipms attempts have been made to get a reverslible
conduction bleck by cooling the interncdsl reglon of a
single nerve without cooling the adjacent nodes. The results
from different investigators are completely conflicbting.
Those that favor aaltatary sonduction (38) maintain that a
conduction block only supervenss when the nodes have been
cooled, others {(39) clalm that conduction cen be reversibly

blocked without cooling the adjacent nodess
Pressure Block Experiments

Sechnelder (3%9) ﬁas shown that 1% 1s possible to block
conduction reversibly by applying pressure to an interncde.
He felt that this was evidence agalnst saltetion, In later
experiments (37} he found that pressure applled to an
interncds blocked conduction at the node next to the block,
He concludes that slnce a ﬁrasaura block is not confined to
an internode his previous results do not constitute evidence

against saltatlione.
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PART IX. NETHODS AND RESULTS
A. A lNethod for Dissecting & Bingle Moter Fiber

Tasaki (}40) and Stamprli (41) have brlefly described
thelr methods for preparing a single motor flber - muscles
preparation. In thelr preparations they ussed the gastroc-
nemius miscle, but it was found in the present investipgaw
tion that 1% 1is better to use the sartorius muscle. The
gastroenemius 1s s bullky nmusele and 1t is difficult to see
the contraction of a single motor unit when 1t is not
located on the surface of the muscle. The motor fibers
inmervating the gastrocnemius are about the same dlamcher
as many of the sensory fibers and, at best, ons has sbout a
50~50 chance of selecting a motor fiber. In the sartorius
nerve there are about e dozen flbers that are 20,. or larger,
Because they are so much larger than the rest of the fibers
they are easy to recognlze, and it was found that they are
almost invarlebly mobor. A sartorlus nerve~muscle preparas
tion 1s more difficult to rrepare than s gastrocnemius
preparatlon, and a single fiber is more difficult te dissect
from the sartorlus nerve because of the greater amount of
connective tissve, But the grsatly increased chances of
diésﬁatimg a motor fiber, and the sase wlth which a singl&‘
motor unit can be recognized more than compensate for these
disadvantagos.

The dissecting Instruments ere made from ordinary

sewing needles and glass capillary tubing. A plece of
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carillery & inches long is used as a handle end the blunt
end of the needle ls inserted a short distance into the
caplllary. This end of the caplllary is then heated and
erushed with pliers so as to hold the needle firmly. The
tip of the needle is ground on an ollstone and polished with
Jewelerts rouge. The needle tip should come sharply to a
point because a long tapering polnt bends or bresks. It 1is
best to have some coarse-tipped needles for removing the
sheaths and some fine~-tipped needles for dissecting the
nerve fibors,

The best preparatlions can be obtalined from five and
one~half inch frogs (measured from anout to anus). A
sartorius nerve-muscle rpreparatlon is &iasecteﬁ out to=-
gother with sbout two centimeters of scilatic nerve proximal
and distal to the sartorius branch, The dissection is done
in a 25 x 10 mm petri dish whose inner surface has been
coated 1 om deep with y&raffin except for a circle 3 om
in diameter in the center of the dish. The nerve is 1llumine
ated from beneath thils hole in the paralffin. The Swo ends
of the muscle and the distal end of the sclatic are pinned
bo the paraffin, There umst be no slack in the nerve yet
great cers must be taken not to stretch 1t.

The nerve is now examined under a dilssecting micro=-
scope (15x ocular, 1lx cbjective). With blunt dissecting
needles all of the blood vessels and debris are cleaned from
the nerve. During this phase of the operation there should

be enough Ringer's solutlion in the dish to barely cover the



Flzure 5, The Dissectlion of a Single lotor Fiber « Nuscle
Preparstion,
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nerve, The dissection 1s begun aﬁ the point where the last
nerve branch leaves the sartorius nerve (fig 5a), this is
about 2 cm from the sartorius muscle. High power {(15x ocular,
6x objective) 1s now used. The branch is pulled back with a
dull=pointed needle and the Ltwo comnective tlssue sheaths
{epineurium and perineurium) between the branch and the
sartorius nerve are cut throughs This cut is extended for
about 1 em {(fig 5bl)es In making bthe cut great csere must be
taken not to touch any of the nerve fibers, end yvebt the
thin, transparent perilneurium which closely Invests the
nerve bundle must be aﬁt throughes 4 fline needle 1s now inserted
(fig 5¢) between the two sheaths and they are gently pulled
to one slde and cub through sll sround the nerve bundle
(fig 54). The cut ends of the sheaths are then gently pulled
back over the intect nerve in the directlon of the muscle for
a distance of about 1.5 em (fig 5e,f). The branch is then
cut off and the nerve is allowed to become slack by removing
the pins Irom the muscle and the sclatic nerve. If the dissecw
tion has bsen properly done, the 1.5 cm of undamaged nerve
fibers will flatten out on the surface of the dish when the
tenslon is removed (fig 5z)+ I the perineurlum has not
been premoved the fibers will remasin together in a compact
bundles It 1z useless to attempt to dissect a single {iber
from a bundle that 1s still cevered by the perineurium,

Now the dissection of the single fiber begins, In
order to fletbten out the nerve bundle as much as possgible

most of the Ringert's solution is removed from the dish, For
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this reason the disssctlon mast be done quickly. Two small
needles (fig 5h) are laid on each slde of the nervs bundls
and are drawn apart so that the nerve is separabed into three
bundles with the center bundle contalning about ten fib&ﬁst
The lateral bundles sare cubt through sc¢ as to leave only the
center bundle intact {(f1g 51}, This center bundle is now
carefully examined for a large medullated fiber (about Egpg/
diameter). The fiber should preferably be Iin the center of
the bundle, not only because 1t is easier to dissect there bub
also bescause the fibers in the center have been less subject
to damage. When the fiber has been selected the bundle is
again separated and the lateral bundles cut through so
that only the single fiber remains (fig 53, k).

In the experiments described 1n this thesis the cut
fibers were only dissected back for a short distance., In
the narcotic experiments about & 3 mm stretch of single fiber
with a node in the mlddle was dissected free, In bthe alr
gap experiments about 1,5 te 2.0 mm of internode was dlssected
freae. It was necessary to use such short lengths of fibep
because it is very difficult to transport a long length of
single fiber from the dissecting dish to the slte of the

experiment.
By The Narcosis Experiments

Since Tasaki's narcosls experiments are complstely
conflicting 1t seemed desirable to repeat them. These

experiments ave aignificant only in that if narcosis of a
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single node does :§¥ block conduction then it would seem
that saltatory conduction exists., If narcosis of & node
does met block conductlon, then it may be argued that saltaw
tion may ocecur but the safety factor is nobt great enough for
an impulse to pass over one inactive nodee.

A narcotlzing chamber was constructed in a 15 x 90 mm
peﬁri dish, A small plece of giéss capillary (about 1/6 mm
in dismeter) was bent in the form of a loop and fused to the
inner surface of ths dish, The small poecl that was formed
by the loop and the inner surface of the dish was about 1/6
x 1l x 2 mm, The pool was shown to be watertight by placing
a drop of water in 1t with a microplipette and observing under
a mlecroscope that the water did not leak out of the pool.

The entire inner surface of the petri dish except for a cirecle
2.5 em in digmeter around the inner pool was coated with
paraffin 0.5 cm deep. It was possible to narcotize a single
Ranvier node in the small center pool while the nodes on
elther side of the narcotized node lay in a ‘common pool of
Ringer's solution. This provided a path of ilow electrical
resistance between the latter nodes.

The procedure used for narcotlzing a single node is
as follows, The narcotlc was aiﬂsolvad.in Ringer's solution
and a small amount of fastusol®™ (1 drop of a 5% solution in
25 ml of narcotic solution) was addeds A fastusol=- Ringer's

solution without e narcotlc had no effect on a single flber

# Fastusol 18 a red aniline dye that is commonly used
sg an anticoagulant,
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that had remained in it for several hours. Because the
narcotic solutlon was dyed red with the fastusol it was
possible to determine 1f any of the narcotic leaked over the
edges of the small center pocl, In these experiments cne can
therefore be certain that none of the narzotic reached the
surrounding nodes, The contraction of a single motor unit

in the sartorius muscle was used as an index of nerve
conductions

'In all the experiments urethane concentrations from 7.0%
to 1.25% stopped conduction immediately when applied to a
single Ranvier node (table 1). The conductlion block was
fully reversible with these concentrations of ursthane be~-
cause conductlon returned immediately when the narcobic was
removed and the nerve was washed with Ringer's sclution. A
saturated solution of vhenylurethane (about 0.2%) also
stopred conduction immedlately and reversibly when applled
to a single nodee.

A 0.04% solution of eserine salicylicate stopped
conduction reversibly in sbout }j0 seconds. Lower concentra-
tions of eserine seemed to have no effect. The conductlon
block produced by eserine was somewhat unususl in that when
the nerve was stimulated at about ten shocks per minute it
seemed that every second or third lmpulse was blocked before
the complete block supervened. A 0.35% solutlion of prostig-
mine bromide had no effect when applied to a node for as
long as ten minutes, Nachmansohn (IL2) claims that even

though prostigmine is a powerful anticholinesterase 1t has
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Table 1
Narcotie Concentration
Solution , of Harcotic Results
Urethane-Ringer's 7% Immediate Conduction Block
T 5;; # 1 ]
st 2'550 " " "
i 2'9% " it L4
" : 1*25'% " 14 i
n 1.0% No Effect in One Minute
Phenylurethane~Ringer's Saturated Immediate Conductlon Block
(About 0.2%)
Eserine~Ringer's 0.0L% Conduction Block in LO Sec.
Eserine~Ringer's 0.02% No Effect in One Minute

Prostigmine~Ringer's 0.35% No Effect in Ten Minutes
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no effect on peripheral nerve because 1t cannot penetrate the
nerve membrane.

These experiments falled completely to substantiate
Tasaki's recent claim that narcosls of a single ncode does not
stop conduction. Tasaki (L3) and Curtis (}ly) have objected
to these experiments by claiming that if s long length of
single fiber 1s used the current produced at the last active
node wlll be dissipated in the low resistance path surrounding
the narve‘and will return thﬁaugh sevaral of the more distal
nodes., Under these condlitilons the current strength in the
individual nodes might not be sufficient for stimulation,

The objections are not valld because in these experiments
only‘ene node of the éingle fiber was dlssected free and the
"pest of the fiber lay in the nerve bundle., If nerve has &
safety factor it should not have been changed by this small
amount of dissection: The concept of the safety factor was
introduced by Hodgkin in 1937 (25): He definled 1t as the
ratio of the magnitude of the action potential (recorded
externally) to the amount of depolarization produced by a

Just subthresho}d stimulus of long duration. For unmyelinated
fibers he found safety factors of 3 to 7. Tasakl (35) claims
that there is a éafety factor of about 5 for saltatory
transmission between nodes in medullated fibers. (Tasakl uses
the term "safety factor" to mean the ratioc of the maximum
potential developed at a Ranvier node to the amount of
potential, applied for e long duration, that 1s necessary to

stimalate a node). The experiments reported here do not
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necessarily mean that saltatory conduction does not take
place, bub they do indicate that the safety factor in nodal

transmission ls less than Tasakl claimed,
€s The Alr Gap Experiments

in these experiments 1t was assumed that a good approxe
imation of the longltudinal internodal resistance of the
dxonlasm can be obtained by aasuming that the axoplassm is
a cylinder of Ringer's solution, The myelin sheath has a
very high elsctrical resistence (27} compared to the axoplasn,
To obtaln the dismeter of the axon twice the thicknoss of
the myelln is subiracted from the external diamster of the
fiber, By assuming that the myelln represents rvoughly
hirty percent of the external dlameter of the fiber (1),
end that the specliflc resistance of Ringer's solution 1s 90
ormsfec at 20° € (27), the axoplasmic reslatance of a 29%%>
fiber with & 2.5 mm internodal lenpgth may be calculated from
the equation that Frenksnhaeuser and Schneider used, This
gives a value of 1lL.8 megohms. In order to test fop
saltatory conduction the exbternal resistance must be raised
to at least several tilmes this calculated intermodal resistance.

It immediately became c¢lear that s high externsl '
reslistance 1s not easily attained. If, as was dome by Tasaki,
two pleces of glass capillary 0.16 mm in dlamester are cemented
to a glass plate with a gep 0.2 mm betwsen them, the electrical
reslstance betwsen the two pleces of caplllary 13 of the order

of 500 to 1000 megohms, I the pleces of ceplllary are covered
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with Ringer'!s solution for a few minutes and then the liquid
is withdrawn from the center pool (between the pileces of
caplllary), and the zap thoroupghly dried with strips of filter
paper, the resistance botween the two external pools is
only about 0.3 megohm, This low resistance is dus to
slectrolytes from the Ringer's solution which have adhered
to the surface of the glass plate, Since in all of the
previously reported alr gap experiments the nerves were
floated across the geps in Ringer's solution, 1t is extremely
doubtful that in any of these experiments the external
resistance was made high enough to ectually test the salta~-
tory conduction hypothesls, Furthermﬂre; date will be
presented later te show that electrclytes from the Ringer's
gsolntion adhere not only t¢ the surface of the gap, but also
to the outside of the myelln of the internocde which 1s
suspended in the gep, Lven if it were possible to meke the
resistance of the gap extremely large, the slectrolybes
from the Ringer's solution which adhere to the surface of
the myelin would lower the extermal resistance so much that
it would not be vposslibls to test for saliatory conductlon,
These difficulties can be overcome In part by floabting
the nerve ascross the gap in a solutlon of & nonelectrolyte
such as an isotonic glucose solutlons. The glucose solution
is then withdrawn from the mlddle pool and the gap
thoroughly dried with strips of filter paper., Then the
glucose solution in the lateral pools is replaced with Ringer's

solution., It was found that if single nerve fibers are
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repeatedly stimulated In lsobonic glucose they rapidly
deteriorate, If they are not stimulated they can safely
remaln In the glucose for fifteen minutes. In the experi-
ments reported here the fibers were never in glucose for more
than bwo or three minutes and they were not stimulated during
this times

In the firat experiments, when the [iber was {loated
geross the caplllary ridges and most of the fluid withdrawn
from the middle pool the musecle contracted violently. After
this contractlon the preparation would not respond to stimula=
ticn even if it were refloated in Ringer's solutlion. Because
the contraction cccurred when the fiber first touched the
glass ridges it was believed that 1t was belng damaged by
being strstched scross the gap. Many months wers spent
constructing saps of varlous shapes and slzes bubt the nerves
always died when placed moross them. It was then found,
as Tasaki (45) has previously noticed, if the two
lateral pools were connechted with nonpolarizable zincszine
sulfate~agar electrodes that all of the fluid could be safely
withdrawn from the middle pool. This is not a solutlion
to the problem because when these elsctrodes were withdrawn
the same violent muscular conbtractlon resulted. But 1f the
experiment 1s done 1ln a grounded Iron cege then there 1s no
muscular contractlion when the slectrodes are withdrawn,

It seemed, therefore, that in an unshielded room a
potential developed between the glass plates, and when the

nerve [{iber was vlaced across the gap enough current pessed
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through the flber to stimulate it and perhaps even ki1l 1it,
(Although 1t must be admitted thab the fallure of the nervew
muscle preparatlion Lo respond teo stimulation after the
violent tetanus may have been due to fatipus of the neuro=
muscular Junctions).

In crder to determine the potential bebween the plates
In an unshielded room, a twenty-four megohm resistence {Rl)
(representing a rough évar&ga of the measured Iinternodal
resistances) was pleced in series with the two megohm
impedance of an oscilloscope {RQ) and was cohnscted to a
‘pool of Ringer's on one of the glass plates, The other
vlate was connected to the oscillo&coyé; The potential
recorded on the oscllloscope was thenm _ B2 | or 2/26 of the
total potential, It was found that patﬁ%g;;lglof 30 to 100
mV existed between the platés, depending on the elactéiaai
sppliance put in the immedlate vicinity.

Because the resistance of the gap was extremely large
practically all of the current that [lowed between t-s plates
passed, in the actual experiment, through the fiber. From
Ohm's law 1t may be calculated that this current amounts to
about i x 10~12 amperes, *This 1s a very small amocunt of
current, but since the structure through which the current
passed 1s also very small a sufficient current density socems
to have besn produced to cause stimulabion.

Two different types of alr gaps were uged. The first
type of alr gap experiment (fig &) wes done with a gap

Q0«2 mm wide between two pleces of glass caplllary cemented
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Figare 6, Alr Gep Constructed on & Glose Plate,
(&} m'ﬂ:p; (n)agaa of am*:“ szxuum; {c) Petri Dish
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to a glasas plate. Taﬁlélz shows the resulsts of six experiments
in which the nerve was floated across the gap in glu¢036
solution. All of the nerves conducted for an hour with vpart

of the sxperimental Inbernode suspended in the alr gap. AL

the end of the hour the experiment was terminated by
measurlng the reslstance of theé gap with the fiber in place,
Then the desiccated internode was cut through and drawn baclk
from the gap. The rasigtanca of the gap itself was then
measured. In all of thes experiments: the nerves wafe stimalated
by Inductlon shocks appllied to the central end of the sciatlc
and the contraction of the sartorius motor unit was used

as an Index of nerve conductlon, To make sure that the

nerve was belng stimulated only at the stimulating electrodes
the threshold of the flber was determined before floating it
across the pgape. There was hg aprreclable change of threshold
in any of the experiments after srrangement of the fiber

mﬁar the gap. A8 an sdded precaution, at the end of the

hour the nerve was stimulated by pinching the central end

of the aciatlic with a forceps. In doing this the central

end of the sclabic was touched wlth the forceps for a moment
before the nerve was pinched, When the forceps touched the
nerve the musclse uguaily twitched, indicating that the nerve
had been stimulated, This might be due to the fact that the
shielding was Inadequats end the Investigator's body acting
a8 an anternna, plcked up enough current to stimulate the
nerve, Or the stimilation may have been due to the forcens

geting a8 a galvanlce couple. After this twitch the nerve was
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pinched and the motor unit in the muscle aslways twitched in
response to thls mechanical stimulation of its motor nerve.

In all of these experiments the nerve conducted even
though the resistance of the gap was several times the
calculated internal resistance of the fiber. The exact
external reslstance cannot be debtermined simply because 1t
is not known how far the calculated internal resistance
deviates from the actual internal resistance. BEven though
these two factors cannot be precisely determined, it can be
safely sald that the external resistance achleved in these
experiments is high, and probably higher than that which other
investigators have attained,

Because saltatory conductlion has become such an integral
part of the concept of nerve conduction, it was decided to
improve these sxperiments, To do ﬁhis an alr gap 0.2 mm
wide was constructed between two unconnected glass plates
{fize 7)s These two platea were mounted on wooden supports
(D) that were embedded in paraffin (E)s. The reasistance of
this gap was always greater than 1000 megohms =~ the highest
reslistance that the avallable electronic ohmmeter could
measure. The resistance was high because the supports of
the platea were sebt far apart in paralffin which is a zood
Insulator. Table 3 shows the results of szix experiments in
which the nerves were f[loated across the gap in isotoniec
gluceose solutlon. The nerves were stimulated as previously
described. They were left In the gap for only thirty minutes

but they could have survived a mich longer periocd if
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Necessary.

It will be noted in teble 3 that the measured inter=
nodal resistances are significantly greater than the calculated
pesistance., One can think of several reasons for this. It
was only possible to measure the dlemeter of the flbers when
they were lying in a very shellow ﬁaolféf riuid. In this
condition the fibers may have been somewhat flattened out,
and the measured diameters sare probably greater than the true
diameters, FPurthermore, the resistance that was calculated
was the longitudinal resistance of the axoplasm, and the
measured resistances were this rplus the transverse membrane
resistances at the nodes, 8ince the amount of membrane which
18 exposed at & node 1s very small, its transverse reslstance
rey be very larges

The resisbance of the outside path is formed by the
resistance of the gap which 1s very high (more than 1000
megohms) and coverings of the axoplasm (myelin and neurllemma).
The fact that the best pesistance measurements are higher
than that computed for the axoplasm would tend to indzcaté
thet the reslstance of the ccverings of the axon is very high.
Thus the total resistence of the outsida\path of the circult
pﬁstulaaaa as necessary for saltatory conduction is very
high when comparsd to the inside resistance through the
intarnode. Since the gap used was of vafy‘high resistance,
and the cutside of the fiber was freed, as far as possible
from electrolytes by treatment with glucose solution, the

resistances given in table 3 probably come quite near to the
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real internal resistance of the current path postulated In
saltetory conduction.

The effect of electrolytes adhering to the nerve filber
is demonstrated in table L, where the more than 1000 megohm
air gap was used, but the fiber was flosted over the gap
in Ringer's solution, When Ringert's solution is used the
outgide reslstance Ls low compared to the internal resistance.
In all previous investigations Ringer's solution has been
used to float the [ibers over the gaps. Furthermore, the
gaps that were previcusly used had lower resistances than
those used in the present investigation. Both of these factors
tend to lower the resistance of the outside current path.
It is therefore doubtful that any of the alr gap experiments
reported in the literature can be serlously rsgarded as
evidence for saltatory conduction. In none of the experiments
were precise measurements made of the resistance of the gap
and of the resistance of the fiber In the gap, but it seems
doubtful that in any of them the external resistance was made
high enough to tesat for saltatory conductions

On the basls of the air gap experiments reported here
1t seems justifisble to conclude that medullated nerve can
conduct under circumstances where one of the conditlions for
saltatory conduction is not fulfilled, namely the presence
of an cutside current path of sufficlently low resistance.
In these experiments it has to be assumed that the ilmpulse
was transmitted by local clrcults beneath the myelin of the

desiceabed internode. It 13 concelvable that & medullated
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nerve can conduct elther by continuous conductlon or by
saltatory conduction, but it should be pointed out that there

is no reasonsble evidence to demonstrate this.
CORCLUSION

Many different types of experiments have been advanced
as evidence for saltatory conduction, €Cold and pressure
blocks have been applied to internodes, Ranvier nodes have
been narcotized, end internodes have been suspended in air
to increass the external resistance, After havimg critically
reviewed these sxperiments 1t was concluded that the cold
block experiments are of doubtful value because 1t has not
been demonstrated that cooling an internode does not change
the temperature of the adjacent nodes. On the other hand,
pressure blocks.may ralse the iInternal resistance of an Inter=
node., Tasakl has made the claim that narcotizing a single
node does not stop conduection. This has been a strong nlece
of evidence in favor of salteblon. When his experiments were
carefully repeated it was found that narcosls of a single
node blocked conduction immediately and reversibly. According
to the saltatory conduction hypothesls current flows bstween
nodes in the medium external to the fiber. If this 1s true
then it should be possible to block conduction 1if the rosistarnoce
external to an internode is made high enough., Several
attempts have been made to do this and all of the Investigae
tors concluded that conduction 1is blocked when the external

resistance is made high enough., However, none of these
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experiments ylelded quantitative measurements as to the
external resistance necessary to block conductlon. When
these experiments were repeabtsd and lmproved upon, 1t was
found that due to technical diffisulties none of the experiw
ments were able to achleve an external reslstance hiph enocugh
to test for saltatory conduction, In the experiments reported
in thls thesis 1t was passible to achleve external rasistanéas
which probably were large with respect to the internal
resistance without blocking conduction. On the basis of

these results 1t has beesn eancludéd thet medullated nerve

can conduct in a situstion where only continuous conduction

is possible. It may be that medullated nerve can conduct by
saltatlion but it is felt that no ocne has yet demonstrated
this,
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