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I. HISTORICAL AND GENERAL INTRODUCTION*

This work is concerned with a study of the action of veratrine
sulphate on the electrical responses of skeletal muscle, All the exper-
iments performed in this study involve the use of frog's skeletal muscle.
However, because of the similarity of the actions of this alkaloid on
nerve and muscle, much of the discussion and many of the references given
will concern studies performed on nerve fiber preparations. 4bout 10
ﬁears agé, an excellent review on the pharmacology of the veratrum alka-
loids appeared (Krayer and Acheson, 1946), Since the history of this
subject has been exhaustively covered in this review, I feel that it is
both unnecessary and wasteful to cover the same field again. Therefore,
in the discussions, I will concentrate on recent work and on the more
important of the earlier studies.

A, A brief description of the veratrum alkaloids and
their effects on biological materials

According to Krayer and Acheson (1946), "The veratrum alka-
loids are obtained from liliaceous plants belonging to the sub-order Mel-
anthaceae. The species most throughly investigated are Veratrum album,
Linn.,, native to Europe; Veratrum viride, Aiton, native to the United
States and Canada; and Schoenocaulon officinale, Gray, also called Asa-
groea officinalis, Lindley, or Veratrum Sabadilla, Retz.,, the Mexican or
West Indian Sabadilla.®

The name "veratrine®" usually refers to the total alkaloids ob-
tained from the Sabadilla seeds, and "veratrum" refers to an unknown num-

X Some of the experimental results included in this thesis have already
been published (Burns, Frank and Salmoiraghi, 1955).




ber of the total alkaloids from either of the other two species. Vera-
trine contains primarily the two ester alkaloids, veratridine and ceva=-
dine, and a small amount of the alkamine cevine., Upon hydrolysis, both
veratridine and cevadine yield cevine plus various organic acids. Shanes
(1952a) has studied the ultraviolet spectra of veratridine, cevadine and
veratrine and found that in the ultraviolet spectra of veratrine could be
distinguished the spectra of the other two. He also found that these two
alkaloids had slightly different effects on crab nerves. These differ-
ences were of a quantitative nature, (See Krayer and Acheson, 1946.,
for a more detailed description of the chemistry of the veratrum alka-
loids.)

At present, interest in this group of alkaloids is based on
their use in the treatment of hypertension and eclampsia. Krayer and
Acheson (1946), give a detailed description of their toxicities and
their actions on circulation and respiration., These alkaloids (par-
ticularly veratrine) are also frequently used as pharmmcological tools
in physiological studies, Recently, Aviado and Schmidt, (1955), have
reviewed the literature on the study of the stretch receptors of the
thoracic viscera, These studies provide a beautiful example of the use
of a pharmacological agent in the study of a physiological problem, In
much the same manner, in the past century, the veratrum alkaloids have
been used in the study of nerve and muscle, Unfortunately, the rewards
have been scant., The results obtained have mare often served to con-
fuse issues than to elucidate basic physiological phenomena.

According to Krayer and Acheson (1946), the effect of vera-

trine on the skeletal neuromuscular system was first clearly described




and analyzed by Prévost in 1866 and von Bezold and Hirt in 1867. At
first, it was felt that veratrine acted only on muscle and had little or
no effect on nerve, Only later was it shown that, except for the me-
chanical response, the action of veratrine on nerve was identical to its
effeect on muscle,

I would like to quote the description given by Krayer and
Acheson (1946) of the classical mechanical response of frog skeletal
mscle to veratrine treatment. "The resting muscle, treated with an ap-
propriate dose of the drug, shows no obvious abnormality. If, however,
a brief stimulus be delivered to the nerve or muscle, the usual quick
contraction of the muscle is followed by a phase of slow relaxation
which may last for more than twenty seconds. The myograms resulting
from this type of response have varied shapes. Weak veratrinization
leads to a twitch-like initial contraction and partial relaxation, fol=-
lowed by a slow secondary rise and fall., With stronger poisoning, the
dip in the myogram diminishes, and the height of the secondary rise grows,
With still stronger doses, the curve presents a smooth rise to a maximum
several times the normal twitch height, followed by a long, slow fall to
the base line.,® Such records can be found in almost any paper dealing

with the mechanical responses of veratrine treated skeletal muscle,




B. Contracture vs. contraction

A contracture might be defined as an increase of tension or
a shortening of a muscle without the presence of propagated electrical
responses (Gasser, 1930), Most of the earlier workers felt that the
response of a veratrine-treated muscle was a true contracture following
a muscle twitch (Krayer and Acheson, 1946; Gasser, 1930).

There are two main procedures by which this question can be
settled. One would be to show the presence of propagated electrical
responses during the veratrine muscle response; the double myograph
technique is the other., In the double myograph technique, a long thin
muscle, such as the frog sartorius, is gently clamped in its center,
both ends being used for myograph recording. Veratrine is then applied
to one half of the muscle with care being taken to assure that there is
no spread of the veratrine to the other half., Then either end of the
muscle is stimulated and recordings are made to see if the response is
limited to the poisoned half (Feng, 193, 1938).

For some reason, the earlier workers who attempted this exper-
iment came to the conclusion that the veratrine response was not trans-
mitted from the treated half to the other., Later workers, however,
even more surely reached the opposite conclusion (Feng, 1936b, see Krayer
and Acheson for a more detailed list of the other workers who used this
technique),

Although most of the earlier workers felt that the veratrine
muscle response was a contracture, it would be unfair to imply that this

was a universally held view., Buchanan (1899), for example, attempted




to show that the mechanical response of a veratrine treated muscle was
the result of a tetanic electrical response of the muscle by showing that
the mechanical response of the veratrine treated muscle could be dupli-
cated by the tetanic stimulation of an untreated mﬁscle. She goes on 1o
say, "Our own subsequent experiments with regard to the electrical re=-
sponse of veratrinised muscle showed that this also has the character of
that of tetanus produced by rapidly repeated stimulation, not that of a
twitch", The actual records, however, (Burdon-Sanderson, 1899) made by
means of the mercury capillary-electrometer leave much to be desired.
These papers are important in that they show that the question of con-
tracture versus contraction could not be definitely settled until better
methods of electrical recording were developed.

According to Krayer and Acheson (1946), it was not until 1912
when Hoffmann was able to demonstrate oscillations following a single
stimulus on the electromyogram recorded by using the string galvonometer,
that the tetanic nature of the response of veratrine-treated muscle was
shown, With stronger veratrine concentrations, the duration of the os-
cillations decreased although the mechanical response persisted. This
work has been confirmed by many others, particularly with the aid of the
oscilloscope for recording the electrical responses of the muscle (see
Krayer and Acheson, 1946),

Krayer and Acheson (1946) felt that this question was entirely
settled, The response of veratrine-treated muscle is not a contracture
and only severe veratrine treatment of amphibian muscle produces con-
tracture, There are two observations in the literature concerning this

point that I would like to discuss,




One is by Feng and Ii (1941) who believed that the mechanical
response of amphibian muscle far outlasted the propagated electrical re-
sponses and, therefore, at least the latter part of the mechanical re-
sponse was a true contracture. On the other hand, they found that when
they studied the response of veratrine-treated mammalian muscle (cat's
soleus muscle) the mechanical record could be entirely accounted for on
the basis of a tetanic response of the nerve-muscle preparation. This
might explain some of the different results obtained by authors who
worked with different preparations,

The other observation is one made by Kuffler (1945, and 1946)
while working with a single muscle-fiber preparation. In order to obe-
tain a repetitive response, he placed a drop of veratrine solution on ﬁhe
fiber at the point of stimulation, As he moved his recording electrodes
away from the point of stimulation, he found that some impulses origi=-
nating at the stimulated point died out while being conducted along the
fiber., This dbservation might explain some of the earlier results show-
ing that the veratrine response was not completely corducted from the
site of origin, |

Although the mechanical response of veratrinized frog muscle is
always reported to last several seconds, I have rarsly observed tetanic
responses lasting more than about a second. The usual duration of the
repetitive response was 0.5 sec. or less. On the other hand, the
veratrine negative after-potential gemerally lasted several sec. (Fig.
18). This result is in accord with the belief of Feng (1938) and
Kuffler (1946) that the latter part of the mechanical response of vera-
trinized frogt's skeletal muscle must be considered a contracture. It is

also possible that the proponged negative after-potential is involved in




the production of this contracture (Kuffler, 1945, and 1946).

Since this thesis is primarily concerned with the electrical
phenomena associated with veratrine treatment of frog skeletal muscle, I
have only discussed this question because of its importance in the his-
tory of this subject. Most of the initial records of the electrical
changes produced by veratrine treatment were made during investigations
of this problem,

Ce Changes in the electrical properties of veratrine-
treated nerve and muscle

Thus far, the mechanical properties of veratrinized muscle have
been described. The electrical properties have been mentioned only
insofar as they have helped in the interpretation of the altered mechanical
response, I would now like to mention several of the changes in electrical
properties of rerves and muscles that occur following veratrine treatment.
Since the effects are similar in nerve and muscle, they will rarely be set
apart in the following discussion,

It is common knowledge that nerve and muscle fibers are polarized
structures., The outsides of these fibers have a uniform positive charge
relative to their insides., The voltage of this steady charge is referred
to as the resting potential, Until fairly recently, the only way in which
this potential, or changes in this potential, could be estimated, was to
damage the surface of the fibers at a single point or to place a drop of
concentrated KC1 on a point along the fibers, and to record the potential
difference between this point and the undisturbed surface of the fibers.
The potential recorded in this manner is called the demarkation potential.

When the fibers are stimilated, a wave of negativity, or action




potential is conducted away from the point of stimulation at a relatively
constant velocity (the conduction wvelocity)e Originally, it was felt
that the action potential represented a brief reduction of the resting
potential to zero, When the action potentials of squid giant axons
were measured with inside-the-cell electrodes (Hodgkin and Huxley, 1939,
1945; Curtis and Cole, 1940, 1942), it was found that during the action
potential there was actually a reversal membrane of potential. This ad-
vance was followed by the development of inside-the-cell microelectrodes
(Graham and Gerard, 1946; Ling and Gerard, 1949; Nastuk and Hodgkin,
1950) for recording the resting and action potentials of smaller cells.
In the past 10 years, by the use of these and other techniques, it has
been found that the reversal of membrane potential during an action
potential is a property of most excitable tissues (Eccles, 1953).
Following an action potential several events occur before the
membrane potential resumes its resting level. If, following an action
potential, the potential across the cell membrane is not at resting level
but for a time is slightly less, then this event is called a negative
afterpotential, 1In a like manner, if the potential is greater than
normal, it is called a positive afterpotential. In some preparations,
notably the squid giant axon, there is frequently an oscillation of the
potential about the resting level following an action potential
(Hodgkin and Huxley, 1952d; Shanes, 1949a), This effect has also been
reported to occur following a subthreshold stimulation of this prepara-
tion (Shanes, 1949a)., Under certain circumstances, a single driven
action potential may be followed by a whole series of action potentials

without the stimmlus being maintained, This is often referred to as an




after-discharge., When action potentials occur without a stimulus being
applied to the tissue, this activity is referred to as spontaneous ac-
tivity.

As mentioned above, an action potential normally arises only
when the fibers are stimilated. When a stimulus is of just sufficient
strength and duration to cause the production of an action potential, it
is called a threshold stimulus. Any process which decreases the
threshold is called facilitation, and any process which raises the
threshold is called inhibition, If, while a stimulus is maintained, the
threshold of the fiber rises due to some mechanism inherent to the fiber,
accommodation is said to have occurred,

Although rather long, the above description of membrane elec-
trical (or better, membrane) phenomena has been given for the sake of
brevity., Every property or process mentioned is modified by veratrine
treatment, Even more surprising is that, depending on the experimental
conditions, almost 2ll of these properties and processes can be either
increased or decreased, I do not intend to go into a detailed descrip-
tion of the literature concerning these changes at this time, for most
of them will be discussed in the appropriate sections below., (See
Krayer and Acheson, 1946, for a detailed description of these changes).
Rather, I would like to describe some of the outstanding changes that I
have observed during my studies with veratrine.

When a frog's muscle is treated with a very weak concentration
of veratrine, no change is observed until the muscle is stimulated. It
is then found that the negative afterpotential is considerable prolonged,
With stronger veratrine concentrations, not only is it prolonged, but it

is also increased in size and, under certain conditions, it may be ac=
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companied by a series of action potentials (or after-discharge). With
still stronger concentrations of veratrine the resting potential will
decrease and the conduction of action potentials along the fibers may be
blocked.

These three changes, the prolonged and increased negative after-
potential, the repetitive after-discharge, and the block of conduction
with strong concentrations, are the ones most consistently reported.

D. Theories of the mechanism of after-discharge

production by veratrine treatment of nerve
and muscle

Since the begimning of this century, attention has been shift-
ing away from simply describing the action of veratrine on nerve and
muscle to trying to explain the changes that have been found. The ef-
fect which has held the greatest interest is the after-discharge, which
was called the veratrine contracture before adequate electrical records
were made, Several mechanisms have been proposed to explain this ef-
fect. These mechanisms might roughly be divided into two groups, the
electrical mechanisms and the chemical mechanisms., As will become ob=-
vious later on in this introduction, the mechanism proposed in this
thesis must be classed as an electrical mechanism.

The chemical theories propose that in the presence of vera-
trine the initial response produces changes in the environment of the
fibers that lead to the wveratrine response. One of the first of these
theories, proposed by Lamn in 1911 and von Frey in 1912, assumed that
the veratrine itself was changed by the initial response into a sub=-
stance which caused further contraction of the muscle (Krayer and

Acheson, 1946)., This theory seems to be based on the assumption that




the veratrine response was a contracture and little attention was given
to the possibility of changes in the electrical response,

A slightly more acceptable theory was proposed in 1911_; by
Venzar and Felter (Krayer and Acheson, 1946). In this theory, it was
assumed that some substance is released during the initial response and
that the veratrine makes the muscle more permeable to this substance,

The modern counterpart of this theory is the humoral transmis-
sion theory for the veratrine contraction, first proposed by Szent=
Gyorgyl, Bacq, and Goffart in 1939, Using the cross-perfusion technique,
they found that when the veratrine solution coming from a frog that was
strongly stimulated for several minutes was perfused through a second
frog, the muscles of the second frog contracted (Bacq and Goffart, 1939).
They also found that the presencé of veratrine in a solution perfusing a
frog increased the concentration of K™ in the solution leaving the
animal, Bacq (1939a) next studied the effect of veratrine on the con-
traction of the rectus abdominis muscle of the frog produced by the ad-
dition of KC1 to the bathing solution and he concluded that veratrine
sensitized the muscle to the effect of potassium. He next studied the
effects of changing other ion concentrations on the veratrine response
and he concluded that the veratrine response was not dependent simply
upon the external K* concentration but upon the following relation:
K + Na /Ca + Mg (Bacq, 193%b)., Probably the main hypothesis of this
theory is that the reason the veratrine contraction is only evident
following an initial contraction, is because the initial contraction
liberates active K* ions to which the muscle fibers are hyperexcitable
due to the action of veratrine (Bacq, 193%b),

There are several difficulties with this theory and recently

n
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another chemical theory has been proposed based upon studies of electrical
phenomena (Gordon and Welsh, 1948; Shanes, 1951, 1952a). In this theory,
it is proposed that Ca®* is released from the cell membrane during the
passage of an impulse and that the veratrine in some manner binds this
calcium or blocks recalcification of the membrane,

Just as there have been several chemical theories put forwa_rd
to explain the veratrine after-discharge, several electrical mechanisms
have also been proposed, One of the first of these was proposed in 1928
by Kodera and Brucke. (Krayer and Acheson, 1946). They felt that the
veratrine after-discharge was similar to the "closing tetamus™ seen in
many normal nerves and muscles. They, therefore, proposed that vera-
trine acted on the same mechanism responsible for the "closing tetanust®,
Veratrine might therefore be considered to interfere with normal accom-
modation. This theory was put forth in a more generalized form by
Schriever and Cebulla (1938). They proposed that the excitability
characteristics of 'rhythmically and non-rhythmically responding nerves
were quite different. In particular, they felt that the
"Eischleichzeit® of rhythmically responding nerve was always much
greater, Feng (1941) tested this theory on veratrine-treated frog
nerve and found that it did not apply to the rhythmic response of this
preparation. Another difficulty with this explanation is that one of
the most striking facts about the veratrine after-discharge is that it
occurs long after the external stimulus has ended.

Most of the other electrical theories have sought to link thé
after-discharge with the increased and prolonged negative after-potential,
Some authors have felt that the negative after-potential is associated

with a phase of supernormal excitability, while others have felt that the
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prolonged and increased megative after-potential was analogous to an ex-
ternally applied cathode (Krayer and Acheson, 1946)., Since the theory
proposed in this thesis is also dependent upon the altered negative after-
potential, these theories and their difficulties will be discussed in

greater detail below,

E. Our reasons for investigating this problem

In some recent experiments with the cat's cerebral cortex, Burns
(1954, 1955) has shown that there is a system of cells in the cortical
grey-matter which will normally give a prolonged series of afier-discharges
following a few driven responses. The experimental results lead to the
conclusion that this cortical after-discharge occurred because the different
parts of the cells involved did not repolarize at the same rate following
their driven activity. It was postulated that after an action potential
one end of the type-B neurons (Burns and Grafstein, 1952) repolarized
some ten times slower than the other. During this "differential repolari-
zation", current must flow from the more rapidly repolarizing end of the
cells to the other end and this current may be sufficient to cause the
development of an action potential, Following the first “spontaneous"
or undriven action potential, the recovery process is set back a step and
the same cycle of events may be repeated, thus giving rise to a series of
after-discharges. It was suggested by Burns (1955) that the mechanism of
differential repolarization might play some part in causing the after-
discharges produced by veratrine.

It is obvious that this theory should be classed as one of the
electrical theories as defined in the last section, It is also clear that

this is one of the theories in which the prolonged negative after-potential
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is given a prominent role in the production of after-discharges. This
theory is similar to the one proposed by Kuffler, (1945). He concluded
that the maintained, partial depolarization of the muscle fiber follow-
ing an action potential was directly responsible for a state of membrane
instability which could give rise to repeated action potentials. He
says, "All the evidence available indicates that the effects of the
negative after-potentials are analogous to those of cathodal currents
applied artificially to nerve or muscle fibers."

The differential repolarization mechanism differs from the one
proposed by Kuffler (19L5) only in that it would specify the analogy
between the negative after-potential and the effects of applied cathodal
currents a little more precisely. Forced uniform depolarization of
the cell's surface may lead to an instability of menbrane potential and
consequent development of a single stationary “membrane action potential®
(Hodgkin et al., 1952)., Alternatively, a local cathode may give rise
to transmitted action potentials because it depolarizes one section of
the cell membrane relative to neighboring membrane beyond the reach of
the polarizing current. In this case the final breakdown of membrane
potential would be associated with current flow between normal and
cathodally polarized membrane., It must be remembered that while the
differential rate of repolarization may initiate a second impulse, it
will only initiate a series of impulses if each of the ®spontaneous"™
impulses set back the recovery process, so that the negative after-
potential does not act as a maintained local cathode which would permit

the cells to accommodate,
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F. Approach to the problem

The differential repolarization mechanism, like most other
electrical mechanisms proposed to explain the veratrine after-discharge,
depends on the persistent depolarization of the membrane which follows
the initial response, but whereas the other mechanisms suppose that a
universal, partial depolarization is sufficient cause for the after-
discharge, the differential repolarization mechanism postulates that
there must be a depolarization gradient down the length of the fiber
before repetitive activity can occur, It will be realized that if
differential repolarization is the major cause of the after-discharge,
then local veratrine application should be far more effective in
producing after-discharge than its universal application to the whole
fiber, Therefore, the initial approach to the problem was a compari-
son of local and universal veratrine application. In line with this
‘study, it was of interest and importance to study the modification of
the veratrine after-discharge by other factors and to see how these
changes agreed with the hypothesis,

When this study was started, it was felt that if the wveratrine
after-discharge was caused by the proposed mechanism, the muscle fiber
treated locally with veratrine might well serve as a model for the
type-B neurone in the cat's cerebral cortex. The next step, therefore,
was to study the repetitive response in greater detail. In order to do
this, it was felt that it was necessary to see in what way treatment
with veratrine modified the properties of the muscle membrane,

I also became interested in the problem of just how veratrine

prolonged the negative after-potential., The best approach to this

problem was to study the membrane properties by means of inside-the=
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cell electrodes, Such studies were performed on resting and active
fibers. Many of the studies were carried out using universal vera-
trine application to avoid the after-discharge. This was followed by
a study of the potential changes along the fiber's surface during a
veratrine after-discharge. The studies with inside-the-cell
electrodes were not only useful in the study of the prolonged negative
after-potential, but also yielded useful information concerning several
of the other mechanisms proposed to explain the veratrine after-

discharge.
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II., GENERAL MATERTALS AND METHODS

A, The preparations

The sartorius muscle of the frog, rana pipiens, was
used in most of the experiments. In a few experiments the extensor
digitis longis IV was used. The exact methods of preparation and of
mounting the muscles will be described below (pp2¢-28. All the ex-
periments were performed on isolated muscles. ‘Many.of the experiments
were performed in the winter, about an equal number were performed in
the spring and autumn, and very few were performed in the Summer In
general, seasonal changes did not seem to affect the results of these
experiments, although quantitative comparisons were not attempted.
During the course of this work parasites were found in the muscles of
the frogs. At first, only a few cases were noted and when this oc-
curred the muscles were discarded., However, during the second half
of the experiments the incidence of infection became so bad that no
frogs could be found that did not have the parasites, and most of the
experiments with inside the cell electrodes had to be performed using
these frogs.

Since so many of the experiments were performed using
these infected frogs 1 felt that it was important to find out exactly
how the parasites acted on the frogs arnd what changes, if any, were
produced in the muscles isolated from such frogs. I therefore spent
some time investigating this question (Frank, 1956), The main con-
clusions reached in this investigation were that the parasites had in
some manner upset the water balance mechanisms of the frogs and that

the parasites had no direct effect on the mscles isolated from
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infected frogs. The result was that the tissue fluids of infected
frogs, both extracellular and intracellular, were hypertonic. This had
the effect of reducing both the resting potentials and the active mem-
brane potentials which were recorded soon after the muscles were
isolated. However, when these muscles remained in Ringer's solution,
there was a gradual improvement (increase) of the potentials recorded,
and after a few hours they reached normal values. On the other hand,
this condition had its advantages. In those experiments in which it
was necessary to compare same other value with the resting potential,
fibers were available having a wide range of resting potentials
without the addition of another experimental variable.

In some cases, experiments were checked by leaving
the muscles isolated from infected frogs overnight at 6° C. in a large
volume of Ringer's solution. Any parasites that remained in the muscles
were dead the following morning and the potentials recorded were con-
siderably higher than those recorded from freshly isolated muscles from
infected frogs. Qualitatively, the results of such comparisons were
always the same and any quantitative differences could be entirely ac=-
counted for on the basis of the altered ionic environment. Further
reference will be made to this question in the discussions below, and
a more detailed discussion can be found in the paper mentioned above

(Frank, 1956).




B, Solutions

The compositions of the various solutions used are
shown in Table 1. The reduced Na’ solutions were made by mixing ap-
propriate amounts of Choline Ringer's with Normal Ringer!s solution.
Thus a 30% Na¥ solution was made by mixing 70% Choline Ringer's with
304 Normal Ringer's solution. The resulting solution had a Na* con-
centration which was slightly more than 30% of normal but the differ-
ence was slight, |

In most of the experiments d-tubocurarine chloride
(Burroughs Wellcome & Co.) was added to the solutions to make a final
céncentration of 10'1‘. In some experiments, nerve-muscle preparations
were used, and in other experiments altered solutions were applied
universally to the whole muscle., In most of these cases the

d-tubocurarine was not added to the solutions.
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TABIE 1

Composition of the various solutions used (in millimoles per liter).

Type

Norma.l
Ringer
Low Kt
1.5 &t
2.0 ¥
1,5 Nat

Choline
Ringer

NaCl

111.3
111,3
111.3
111.3
161.3

KCl

2.47

3.76
Lok
2.47

247

CcaCly

1.08
1.08
1,08
1,08
1,08

1,08

uanco3

2.38
2.38
2.38
2.38
2.38

2.38

NeH,PO)

0.087
0,087
0.087
0,087
0,087

0,087

Choline

chloride

111,8

Gluocose

11.1
16,0
11.1
11.1

11,1

11,1

10
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C. Baths, recording systems and figures

Because of the wide variety of tests performed, several
different procedures were used., Some of the arrangements, such as a
moisture chamber or the suspension of the muscle in mineral oil were
quite standard. Others involved the use of baths specially designed
for this work., In order to avoid confusion, the various arrangements
used will be described in detail in the appropriate sections.

The same might be said of the recording arrangements,
However, the basic design of the recording system was the same in all
experiments, Potentials from the electrodes were fed through cathode
followers to two channels of amplification with coupling time constants
' which could be varied from 1 msec. to infinity (= direct coupled). Most
of the records were made on film with a Cossor 1049 oscilloscope. As
will be seen below most of the recording was direct coupled.

Voltage calibration for most of the records obtained with
external electrodes is not given since such calibration had no partic-
ular physiological meaning., A diagram of the recording arrangement is
provided with most of the figures. Because in many of the experiments
there was a great difference in the oscillograph spot velocities in
the X and Y directions, many of the "spikes®" have been touched up with

white ink in order to make the figures clearer.
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IITI. GENERAL PROPERTIES OF THE REPETITIVE RESPONSE OF VERATRINE-
TREATED MUSCLE FOLLOWING A SINGLE STIMULUS

A, Introduction

Ever since veratrine treatment of nerve was clearly shown
to produce a prolonged and increased negative after-potential (Graham
and Gasser, 1931) it has been assumed that the repetitive response was
in some manner responsible for the veratrine after-discharge. It has
been shown by many workers that the prolonged negative after-potential
in both nerve and muscle is associated with a phase of supernormal
excitability (Graham and Gasser, 1931; Graham, 1934; Gasser and Grund-
fest, 19363 Bremer, 1955) and it was felt by some workers that the
repetitive response was caused by the supernormality of which the
negative after-potential was a sign (Krayer and Acheson, 1946),
However, it has also been found that a prolonged and increased nega-
tive after-potential may occur without the presence of a phase of
supernormality (Grabam and Gasser, 1931; Acheson and Rosenblueth,
-1941) and the relation between the veratrine after-discharge and
supernormality is of a somewhat doubtful nature.

Of course, the development of a phase of supernormality
need not be the only way in which the altered negative after-potential
might produce the repetitive response. Kuffler (19L45),for example,
felt that the negative after-potential was analogous to an externally
applied cathode, He also found that small doses of veratrine which
failed to produce an after-discharge in single muscle fibers did

however increase the negative after-potential, and larger doses of
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veratrine which caused the appearance of after-discharge increased the
negative after~potential even more.
| There are other difficulties in accepting a cause and

effect relation between the negative after-potential and the repetitive
response. Thus, although Acheson and Rosenblueth (1941), in their study
of the effects of veratrine on circulated mammalian nerves, found a gen-
eral correlation between the amplitude of the negative after-potential
and the rate of the repetitive response, Dun and Feng (1940a), studying
the retrograde discharges from motor nerve endings in veratrinized
muscle found quite another relation. They found that the frequency of
the after-discharge was quite independent of the veratrine concentra-
tion, that the smallest concentration that led to after-discharge
produced the longest after-discharge, and that the duration of the
after-discharge decreased with increasing veratrine concentration,

Acheson and Rosenblueth (1941), also reported that with
inereasingly severe veratrinization the negative after-potential in-
creases while the repetitive response may decline. When frog nerves
are painted with veratrine solutions the after-discharge appears for
a short time before the negative after-potential is very large, but
it disappears while the negative after-potential is increasing (Feng,
1941). Feng (1941) also found that upon aeration following anoxia,
the negative after-potential increased to a value greater than before
anoxia while the repetitive response remained depressed.

In their extensive survey of the literature, Krayer and
Acheson (1946), have found that while an increased negative after-

potential with veratrine treatment has been reported to occur without
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the after-discharge, after-discharge has never been reported without
the increased negative after-potential, They conclude: "A general
correlation certainly exists among these three aspects of the vera-
trine response, namely, negative after~potential, supernormality, and
repetitive response. The discrepancies noted above, however, indicate
that other factors not now understood play a significant role.t

I would suggest that the conditions regquired for an after-
discharge as prescribed by the differential repolarization mechanism
might well serve to resolve many of the "discrepancies", Wible (192 a,
and b)showed that a local veratrine treatment of a nerve was sufficient
for the production of a repetitive response following s stimulus ap-
plied to the nerve and many workers have since taken to applying vera-
trine locally. However, if the veratrine is free to diffuse along
the surface of the fibers, the effect of the local application in the
production of the after-discharge might well be annulled, while the
amplitude of the negative after-potential at the point of application
is increasing.

Another way in which it is possible to obtain after-
discharge is by the uniform treatment of fibers which are not uniformly
sensitive to veratrine along their surfaces. When Feng (1941), ap-
plied veratrine uniformly to frog sciatic nerve he found that the finer
end of the nerve was more sensitive to veratrine (as indicated by the
size of the negative after-potential), and that the repetitive action
potentials originated in this region of greater sensitivity no matter
which portion of the nerve received the initial stimulus. Dun and

Feng (1941a), found it easy to obtain after-discharge from motor




nerve endings in the muscle which were also considerably more sensi-
tive to veratrine than the attached nerve trunk.

In this respect, the nérve-muscle preparation, which is
frequently used in veratrine experiments, is unusually complex, Dun
and Feng (1941a), have reported that the order of veratrine sensitivity
in this preparation is: muscle) motor nerve endings ) nerve trunk.

Since the motor nerve endings can after-discharge so readily, they have
to be considered even after the motor nerve has been cut. The relation
between the end plate potential set up by the repeating nerve endings
and the effect of curare treatment is rather complex and it will be
discussed later after some experiments concerning this phenomenon have
been presented.

A general outline of the experiments to be presented in
this section has been g;i.ven above (pg 8 ). A major concern of these
experiments was a comparison of local and universal veratrine treatment.
The experiments show just how the increased and prolonged negative after-
potential causes a repetitive discharge. In so doing they will help to
explain many of the discrepancies mentioned above., They also show that
the veratrine after-discharge is primarily due to a differential

repolarization mechanisn.
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B. Materials and methods

1) Preparations. = In a few of the experiments described
in this section the Extensor digitis longis IV was used. It was used
only in the perfusion experiment that will be described below and when
this procedure was abandoned the muscle was no longer used because it
was too short to be used in most of the other recording arrangements.

In all the other experiments, the sartorius muscle of
the frog was used. In some experiments nerve-nfuscle preparations were
obtained and used. The usual procedure, however, was to disect the
miscle free from the animal and then pin it out on a board. Small
strips were cut from the muscle under a disecting microscope so that
the cuts ran parallel to the muscle fibers and from end to end, A
strip usually contained some 50 muscle fibers and was about 1 mm, in
cross-sectional diameter, Fine silk thread was tied around each end
of the muscle strip and the preparation was placed in the bath arrange-
ment to be used.

2) Bath arrangements. -~ The saline bath used in most
of the experiments described in this section is shown in Fig. 1.

The bath was constructed from perspex (lucite) in such a way that we
could either apply drugs to one section of the length of muscle fibers
or apply them universally to the whole of the preparation. Nine holes
() of 6 mm. diameter were drilled in a perspex block to a depth of
13 mm. The centers of the holes lay in a straight line and were 6.5
mm, abar‘b. The upper one-’ohird of these holes communicated with one

another through a milled groove (G), of width 1.5 mm., and depth l mm.,
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Figure 1, = A diagram of the perspex beth used for mounting strips of
the frog's sartorius muscle, For description see text.




which ran the whole length of the perspex block. Each hole contained
at the lower end, a chlorided silver electrode (E), which had been
pressed into the perspex block so as to form a water-tight seal,

The muscle strips which were prepared as described
above, were lifted into the slot of the saline baths, with the distal
end in bath 1, In order to insulate the baths from one another
electrically, and to prevent interchange of fluid, petroleum jelly was
packed around the muscle in the groove joining the baths.

In some experiments, muscle strips prepared as described
above were mounted in a moisture chamber or in mineral oil. Neither
method proved very successful. The muscle strips and even whole
muscles seemed particularly sensitive to mounting in mineral oil,

Another method of mounting the muscle strips was to
suspend the muscle in a vertical position. The threads attached to
the ends of the muscle strip were fasteneB to opposite sides of a
perspex frame which looked very much like a picture frame. The frame
was held in an upright position and solutions were dripped onto the
top of the muscle strip and onto some other point along the strip
(Fig. 9). A thin strip of filter paper was placed onto the muscle
strip in order to assure a smooth flow of fluid down the strip.
Although this method proved very successful in allowing me to obtain
repetitive responses with verairine treatment, in other respects it
proved very difficult to control and so was not frequently used.

3) Solutions . - In all the experiements to be
described in this section, Normal Ringer's solution (Table 1), con-

taining d-tubocurarine chloride sufficient to make a concentration
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of 10‘u was used. In some of the earlier experiments, lO'5 d-tubo-
curarine chloride was used, but this was found to be insufficient to
properly block neuromuscular transmission, (For a further discussion
of this point see pp SO0 ~ 3 & )e

Veratrine sulphate (cbtained from Brickman & Co., Mont-
real) was made up as a 103 stock solution in tubocurarine-Ringer
solution, It will maintain its potency for about three weeks if stored
in a refrigerator.

i) Recording system. - The recording system was es-
sentially the same as described above (pg & J ). Most of the
records were made using the silver-silver chloride electrodes fixed in
the base of the baths. Occasionally, however, a microelectrode filled
with soft solder, (Burns and Grafstein, 1952), was used for recording
the repetitive activity from one or a few muscle fibers,

In the experiments in which the saline bath was not
used, silver-silver chloride electrodes were placed directly on the
mascle strips. These electrodes were used for recording, grounding
and stimulating the muscle. Occasionally, however, platinum

electrodes were used for stimulating.
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C. Experiments and Results

1) A comparison of local and general veratrine appli-
cation, = From the above discussion, it will be realized that if
differential repolarization is the major cause of the repetitive
response, local verabtrine application should be far more effective
in producing after-discharge than its application to the whole
fiber., For this reason, the initial experiments were designed to
make this comparison. The sartorius muscle was chosen for this
experiment both because it contained long parallel fibers that ex~

tended from one end of the fiber to the other and because its

fibers were uniformly sensitive to veratrine (Kuffler, 1945). However,

since the motor nerve endings are likely to produce a repetitive re-
sponse if the intrinsic nerve supply is stimulated along with the
muscle when the preparation is treated with veratrine, it was neces-
sary to block neuromuscular transmission,

Accordingly, experiments were performed to determine
the concentration of d-tubocurarine necessary to completely block
neuromuscular transmission and it was found that a concentration of
10"'5 was sufficient. It was soon found, however, that with this
concentration of d-tubocurarine, muscle strips uniformly treated
with veratrine usually produced after-discharges and that a region

roughly corresponding to an end-plate region seemed more sensitive

to veratrine as determined by the size of the negative after~potential.

It was, therefore, necessary to determine the effect of various con-
centrations of d-tubocurarine on the response of the sartorius muscle

uniformly treated with veratrine. Fig. 2 shows the result of such an

Jo
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Figure 2, = Effect of veratrine treatment on the end-plate potential of
the sartorius muscle., (2) and (¢) control responses of the
two muscles from a single frog, (b) response of leg 1 after
immersion in 10~7 veratrine sulphate plus 105 d=-tubocurar=-
ine for 15 min, followed by 5 min, in mineral oil. (d) res-
ponse of leg 2 after immersion in 2,5 X 10~7 veratrine sulph-

ate plus 105 d-tubocurarine for 15 min. followed by 5 min.
in mineral oil,




experiment.

Fig. 2a and ¢ show the response of the two sartorii from
a single frog to indirect stimulation., The sartorius, from leg 1, was
next placed in Ringer's solution containing 10~7 veratrine sulphate and
10-5 d-tubocurarine and the sartorius from leg 2 was placed in Ringer's
solution containing 2.5 X 10~/ veratrine sulphate and 10-5 d-tubocurarine.
After 15 minutes, these solutions were replaced by mineral oil. Fig. 2b
and d show the response of the muscles to indirect stimulation five
mimites after being placed in the mineral oil. The end-plate potentials
of both muscles show a staircase like rising phase which is probably
caused by the repetitive response of the motor nerve endings. The
repetitive response in the preparation treated with the stronger vera-
trine lasts longer and eventually leads to a response of the muscle
which involves a large portion of the muscle fibers. The muscles were
then stimulated directly. After-discharge was seen in the response
of the muscle from leg 2.

Similar experiments were performed using paired muscles
but only direct stimulation was used. The muscle pairs were soaked in
10~7 veratrine sulphate solutions for periods of 30 to L5 minutes and
one of each pair was simultaneously treated with d-tubocurarine, &
repetitive response was always found when no d-tubocurarine was ap-
plied. It was also found that while 10-5 d-tubocurarine reduced the
repetitive response, lO"h was needed to completely eliminate it,
Therefore, 10-)" tubocurarine was used in most of the experiments
reported below. However, for reasons which will be given below

(pg FO ), it might have been better to use 10~ d=tubocurarine.
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With muscle strips mounted in the saline bath, a few
fibers began to give a repetitive response after local exposure to
10~7 for 5 min. The veratrine solution was usually applied in two
adjacent baths (baths 1 and 2 of Fig. 1) of the seven baths through
which the muscle passed; the threshold concentration for the repeti-
tive response to a single stimulus (usually given to the untreated
portion of the muscle) varied from preparation to preparation but
always lay between 0,5 X 10~ and 0.5 X 100, Concentratians of
veratrine 100 or greater usually blocked transmission. Once the
required concentration for a threshold response had been found, the
repetitive response could be maintained indefinitely. Test stimuli
given once every half minute or minute would elieit the after-
discharge in repeatable fashion for mcre than five hours. Occa-
sionally, the repetitive response would disappear after about half
an hour of testing, but it was always possible to show that on these
occasions the veratrine had leaked from the baths to which it was
applied into a neighboring bath, As a precaution against this
failure to localize the action of the drug, the bath next to that
which contained the veratrine solution (usually bath 3 of Fig. 1)
was usually perfused with a slow flow of tubocurarine-Ringer!'s
solutione

When veratrine was supplied to baths 1 and 2 but the
rest of the muscle was bathed with tubocurarine-Ringer's solution,
there was a great difference in the repolarization rates of the vera-
trinized and untreated lengths of muscle fiber following a driven
action potential. Records made from leads in baths 2 and 3 (with

the amplifier direct coupled) showed a long-lasting relative




negativity of bath 2, upon which the activity of repeating muscle
fibers were superimposed (Fig. 5). Ieakage of the veratrine from
bath 2 into bath 3 caused an immediate decrease of this difference
in repolarization rates, and usually produced a reduction in the
after-discharge.

In contrast to the efficiency of the local applica-
tion of veratrine in producing after-discharge, the application of
the veratrine in the same concentration to all the baths through
which the muscle passed caused no repetition following a single
stimulus. This same effect was noted in the previous experiments
when the whole sartorius muscle was soaked in solutions containing
the same concentration of veratrine (10-7) and sufficient d-tubo-
curarine,

Soon after the application of veratrine to the whole
length of the muscle strip there was usually after-discharge, but
within a few minutes the muscle fibers reverted to a state in which
a single stimulus produced a single response, and stayed in this
condition indefinitely. The results of Fig. 3, which are from a
modification of this experiment, illustrate this point. Fig. 3a
shows the response to stimulation of a muscle strip which had been
soaked in 10~7 veratrine solution of 80 minutes before it was placed
in the series of baths, all of which contained veratrine in the same
concentration. The single stimulus produced no after-~discharge.
Removal of the veratrine from bath 3 was then begun by perfusion with
tubocurarine-Ringer's solution; Fig. 3b shows a single after-discharge

occurring probably in one muscle fiber of the bundle, 20 min. after
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Figure 3, = The responses to a single stimulus of the sartorius muscle
to generel and to restricted application of veratrine., (a)
After immersion in 10=7 veratrine sulphate for 80 min, (b)
20 min, after beginning of continuous perfusion of bath 3
with tubocurarine=Ringer solution, in order to wash out the
veratrine, (e¢) 130 min, later.




washing was begun., Fig. 3¢ shows the after-discharge recorded after
bath 3 had been washed through for 2 1/2 hr, Fig. 3b and ¢ also
show the development of a more rapid rate of repolarization for the
muscle in bath 3 as the veratrine is washed out. For example, in
Fig. 3 the driven action potential is passing from right to left
along the muscle strip, and channel 1 records its passage through
baths 3 and 2 as an upward, followed by a downward, deflection.

The downward deflection implies that the muscle in bath 2 is depo~
larized at a time when that in bath 3 is recovered; any prolonga-
tion of this downward deflection (as in Fig. 3b and ¢, channel 1)
indicates that the muscle in bath 2 must be repolarizing much more
slowly than that in bath 3,

Essentially the same result is obtained when the muscle
is exposed to the same conditions in the reverse order. A reliable
after-discharge in response to a single stimulus can be obtained
when all of the baths, through which the muscle strip passes, con-
tain veratrine except one. The repetitive response shown in Fig. La
was obtained as repeatable phenomenon, when baths 1,2,Lh,5,6 and 7
contained 0.25 X 10 veratrine solution, and bath 3 contained only
tubocurarine-Ringert's solution. The diphasic records make it clear
that muscle fibers treated with this comparatively low concentration
of veratrine can itransmit a series of action potentials at a high
frequency., Soon after bath 3 had been filled with the same concen-
tration of veratrine so that the whole muscle was submerged in a
uniform veratrine concentration, the after-discharge to the test

stimulus disappeared (Fig. Lb). Finally, when the veratrine in

3¢
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Figure Li, = The responses to a single stimulus of the sartorius muscle
to general end restricted application of veratrine. (a)
0,25 X 106 veratrine sulphate in all beths except 3. (b)
L7 min, efter 0,25 X 10-6 veratrine sulphate added to bath
3. (e) 70 min. efter beginning continuous perfusion of bath
3 with tubocurarine=Ringer solution in order to wash out the
veratrine,
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bath 3 was washed out with Ringer's solution, the after-discharge
returned (Fig. Lc). Note that the difference in repolarization
rates also returned.

2) The mechanism of action of a Veratrine concentra-
tion gradient. = The experiments described above make it clear that
frog!s skeletal muscle, physiologically isolated from its nerve supply,
will only maintain a repetitive response to a single stimulus if the
veratrine is locally applied, and not if it is uniformly applied over
the length of the muscle fibers, It is presumably the well-known
delayed repolarization of the veratrinized length of muscle which is
responsible for this after-discharge., After the driven action
potential has swept through the normal and veratrinized muscle, the
latter repolarizes much more slowly than does the former (see Fig.
5b), The different rates of repolarization must cause current to
flow in the extracellular spaces from normal to veratrinized muscle,
and it is this current flow at the boundary of veratrinized and
normal muscle which presumably causes the origin of an action
potential., (But see section V below.) This concept implies that
the threshold concentration of veratrine necessary to produce an
after~discharge should be accompanied by a measurable threshold dif-
ference of membrane potential between normal and treated membrane.
Fig. 5b, ¢, d, and e shows the development of such a potential dif=-
ference as a concentration of 10~ veratrine slowly attains its full
effects In Fig. S5b and c the potential difference between veratrinized
and normal muscle during recovery from the driven action potential is
not sufficient to trigger an after-discharge. Seven min. later the

potential difference is adequate for after-discharge (Fig. 5d and e).




Figure 5. = Responses to a single stimulus in a small bundle of fibers
from the sartorius muscle during the progressive application
of veratrine sulphate. (a) Control. Whole of muscle in
tubocurarine-Ringer solution, (b) 34 min., after 0,75 X 10~7
veratrine sulphate in baths 1 and 2, (e¢) 12 min., later.
After a further 6 min. 10~7 veratrine sulphate put in baths
1and 2, (d4) 7 min later than the previous record. (e) 1
min, later,
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That the threshold shown in Fig. 5 is not simply a
difference in repolarization between any two points on the surface
of the fibers, but a sufficient gradient of membrane potential be-
tween two adjacent points, can be shown by an experiment such as
the following: 1In the experiments described so far, the veratrine
solution was either applied locally to one stretch of muscle fiber
or was applied to the whole fiber. 1In other words, either there
was a2 maintained concentration gradient of the drug down the length
of the fibers or the concentration gradient was made zero., 1f the
necessary condition for after-discharge is a sufficient concentra-
tion or potential gradient, it should be possible to stop the after-
discharges which occur when a threshold quantity of veratrine is in

only one bath, by the addition of a subthreshold quantity of vera-

trine to the neighboring baths., In the experiment whose results
are shown in Fig. 6, 0.5 X 107 veratrine was first added to baths
1 and 2. This concentration of veratrine was only just above
threshold for after-discharge of the fibers whose activity is shown
in Fig, 6a and b, When 0,25 x 10'7 veratrine was added to bath 3
the repeated response to a single stimulus soon disappeared, (Fige.
6c and d), and only returned again when the veratrine in bath 3 was
washed out, (Fig. 6e and f)., The experiment of Fig. 6 required
considerable patience during the initial administration of veratrine
to baths 1 and 2 because each addition of the drug took some 15 min,
to reach its full effect under the experimental conditions. Moreover,
it is easy to see that the results of Fig. 6 can only be obtained if
the concentration in these first two baths is only a little above

threshold for the after~discharge. Only then can the subsequent po=~
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Figure 6, - Responses to & single stimulus of a muscle fiber in the

sartorius to lecasl application of veratrine sulphate
recorded from a metal micro-electrode in bath l. (as

0.5 X 10~7 verastrine sulphate in baths 1 and 2 only (for
3l min,)s (b) Seme as (a) L min. later. (¢) 2 min, after
beginning of perfusion of bath 3 with 0.25 X 10=7 veratrine
sulphate. (d) 3 min. later. (e) 6 min. after beginning
perfusion of bath 3 with tubocurarine=Ringer solution in
order to wash out veratrine, (f) 13 min, later,
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tential gradients between baths 2 and 3 and between baths 3 and L
both be below the threshold for after-discharge.

A similar effect was noted when we attempted to obtain
after-discharges using muscle strips mounted horizontally in a
moisture chamber. The muscle was kept in tubocurarine-Ringer!'s
solution for at least an hour before mounting. A drop of veratrine
solution was placed on one end of the muscle, usually by applying
a small piece of filter paper which was moistened with the solution,.
After a few minutes after-discharge followed each stimulus (given
every 1/2 to 1 min.), but this condition lasted only 5 to 10 min.,
after which there was a single response to each stimulus, In this
condition there was a large difference in repolarization rates
between the two ends of the muscle, but there was only a gradual
potential gradient in between. Once a muscle strip was in this
condition, adding more veratrine to the end of the muscle or adding
it in a stronger concentration usually did not bring back the after-
discharge,

On the other hand, the potential gradient could be in-
creased in the following manner, Fig. 7 shows the consequence of
two driven action potentials on a preparation mounted in the saline
bath. The potential gradient between normal and veratrinized mascle
is only sufficient to trigger a repetitive response from two fibers
during recovery from the first volley, but the after-effects of the
second volley add to those of the first so that the potential gradient
is finally brought above threshold for after-discharge of four or

five fibers.
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1 Sec

Figure 7. = The responses of a smell bundle of muscle fibers to two
stimuli in the presence of local veratrine. Chennel 1 shows
8 D.C. record from baths 2 and 3, Channel 2 records the
activity of a few fibers with a metal microelectrode in bath
L. 10"¥ veratrine sulphate in baths 1 and 2,




Another way in which the dependence of after-discharge
upon a suprathreshold potential gradient can be shown, is by varying
the frequency of the driving stimulus. A local concentration of
veratrine which is sufficient to cause a repetitive response to
stimuli given at one a minute may never cause after-discharge if the
driving stimuli occur at two per minute. The magnitude of the after-
potential (or delayed phase of repolarization) which follows a driven
action potential increases measurably with increase of the rest al-
lowed up to periods of about 2 min, As would be expected, the
probability of a stimulus causing an after-discharge is also in-
creased by prolonging the rest that precedes the triggering stimlus.

3) Modification of the after-discharge with polarizing
current. - The experiments described so far make it élear that the
veratrine after-discharges will only occur provided that during
recovery from a driven action potential a sufficient gradient of
membrane potential per unit of fiber exists., For any one muscle
fiber the value of this potential gradient will depend upon the
magnitude of the peak local concentration of veratrine, the effect
of this concentration on the negative after-potential, and upon
the concentration gradient down the length of the fiber,

This concept of the action of local veratrine applica-
tion implies that one should be able to modify the veratrine after-
discharge with polarizing currents applied to that part of the wvera-

trinized muscle which lies close to the untreated length of the

fibers, Polarization was effected by switching on a measured current,

which entered one bath of the series in which the muscle lay, and left

by another bath; the current entered and left these baths through non-
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polarizable electrodes separate from those used for recording. When
the preparation is treated with local veratrine, the addition of a
cathode in the veratrinized bath (No. 2) will increase the veratrine
after-discharge which follows a single stimulus given to the normal
portion of the muscle, If the veratrine concentration just produced
an after-discharge (as in Fig. 8a) then the cathodal polarization in-
creased the repetitive response following a driven action potential
(Fig. 8b)s In the experiment of Fig. 8, this increase was slight.
As would be expected, anodal polarization of the veratrinized stretch

of muscle fiber‘subtracts from the effect of veratrine so that the

addition of the anode to bath 2 stopped the after-discharge (Fig. 8d).

The reverse effects were seen when the polarizing currents were
switched off. Immediately after removal of the cathode the veratrine
after-discharge was decreased (Fig. 8c); after removing an anode the
discharge in response to the single test stimulus increased (Fig. 8e).
It is known that the polarizations forced on the membrane by passing
current through it for 1/2 min. persist for a minute or so afterwards
(Burns and Paton, 1951). Presumably the inward current flow due to
the relatively slow collapse of super-polarization after withdrawal
of an anode acts like the applied cathode, and adds to the imward
current causing the relatively slow repolarization of veratrinized
membrane; in this way the after-discharge is increased. (See Section
IV below).

;) Another method of local veratrine application. -
Aside from the technique used in most of the experiments described
above, two other methods of wveratrine application that lead to the

production of after-discharge, have been described, One is to
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O'5 Sec

Figure 8, = The responses to & single stimulus of (probebly) one of a

small bundle of muscle fibers during and after various
polarizing eurrents in the presence of local veratrine.

2 X 10~7 veratrine sulphate in baths 1 and 2 only, Polarizing
currents applied between baths 1 and 2., (a) eontrol., Polariz-
ing current off. (b) 1 min, after switching on 7.5 umA
current from bath 1 to bath 2, (Bath 1+), (e¢) 1 min, after
switching current off, (d) 1 min, after switching on 7.5 uld
current from bath 2 to beth 1. (Bath 2+), (e) 1 min. after
switehing off current,

e




place a drop of veratrine solution onto a muscle strip, horizontally
suspended in mineral oil or in a moisture chamber, and the other is
the universal application of a veratrine solution to a preparation
vhich is not uniformly sensitive to veratrine. Fig. 9 presents
another method for the local application of veratrine solutions,
Although with this method of local veratriﬁe application, repeatable
and reproducible after-discharges could be obtained, the technique
proved to be as unsatisfactory as the other two methods, for most of
the experiments I wished to perform. However, some interesting
observations were made while this method was being tested for its
usefulness.

Tubocurarine<~Ringer's solution, from the appropriate
reservoir, was run onto the top of the strip of filter paper attached
to the muscle at the rate of a few cc, per min. The veratrine solution
was applied in much the same manner to a point further down the muscle.
The constant flow of fluid from above prevented any significant spread
of the veratrine above its point of entry along the muscle fibers,
This point was checked both by the stability of the after-~discharge
phenomenon, and by the lack of any delay in repolarization above the
point of veratrine application. (A delay in repolarization only
occurs in portions of the membrane which are directly exposed to
veratrine.).

As was mentioned above, in the experiments using the
saline bath, when the conditions were such that a single stimulus
applied once every minute always produced an after-discharge, stimmli

given at the rate of two per min. would never produce an after-
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Normal Veratrine
Ringer Sulphate
Solution Solution .

Pigure 9. - Perfusion arrangement for obtaining local veratrine applica=-
tion. The lower two recording electrodes were moveable to
locate the site of origin of repetitive responses and the
potential gradient along the muscle.
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discharge, The shortest time interval that I ever found to produce
more than one after-discharge in any experiment using the saline bath
was 15 sec. But at this rate of stimulation the after-discharges
soon failed to appear, and it was more common to obtain preparations
which needed a two minute interval betﬁeen stimuli, This finding is
so cormmon that the necessity of a fairly large rest period between
stimuli, has been considered to be a basic property of the veratrine
repetitive response (Krayer and Acheson, 1946). However, using the
method illustrated in Fig. 9, it was possible to obtain an after=-
discharge following each stimilus when the muscle was stimulated
once every 3 sec. This was never seen to fail, however the longest
test that was timed lasted 3 min, Thus some 60 after-discharges
were obtained in a period of 3 min. without any}sign that they were
going to stop., Longer periods were itried but unfortunately not
timed since the experiments being performed with this technique were

of an exploratory nature,




D. Discussion of Results

In this paper concerning "“The mechanism‘of after-bursts in
cerebral cortex", Burns (1955) suggested that the repetitive response
of veratrinized muscle following a single stimulus, might be brought
ab;ut by the mechanism which he called "differential repolarization".
The experiments described in this section support this hypothesis,

The results of these experiments, moreover, have yielded some addi-
tional information concerning the details of this mechanism. Since
the following sections also contain experimental results which have a
bearing on this question, discussion will be deferred until the end of
the thesis when I will be able to use all the available pertinent in-
formation,

However, there are some points that are best dealt with
here, It has been suggested that veratrine has a "decurarization"
effect on neuromuscular preparations (Copee, 19,3; Goutier, 1950).
These authors found that when the frog sartorius nerve-mscle prepa-
ration was treated with sufficient curare to just block neuromuscular
transmission, subsequent treatment with veratrine would cause the
muscle to contract following indirect stimulation., They also observed
the "staircase like" end-plate potential (see Fig. 2) that has been
observed by others (Dun and Feng, 1940a; Kuffler, 1945), Since
Eichler (1938) had reported that there were no retrograde discharges
from motor nerve endings, it was felt that the veratrine acted

directly on the end-plate to cause a rhythmic response following in-

direct stimulation., That a repetitive response of motor nerves
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treated with veratrine can occur following a single stimulus was
clearly shown by Wible (192La and b), and that retrograde discharges
from motor nerve endings in veratrinized muscle do occur was clearly
shown by Dun and Feng (1940a). Certainly, the assumption that the
end-plate response under these conditions is independent of nervous
activity, can no longer be held without additional proof. Moreover,
just the opposite condition seem Lo be the case,

The term "decurarization" implies, as the authors who
use this term probably mean it to imply, that the action of curare
is inhibited, Since curare specifically inhibits the action of
acetylcholine and when given in reasonable doses has no other action
on the neuromuscular junction (Eccles, 1953 ), one would expect that
if some substance inhibits the action of curare its effect would be
to permit the normal action of the acetylcholine which is released
following stimulation of the nerve, Thus if the action of curare
was completely inhibited a normal action potential would occur fol=-
lowing a single stimulation of the nerve, if the action of curare
was only partially blocked then an action potential smaller than
normal, due to transmission across only some of the junctions, would
be observed, and if the curare action was only slightly inhibited then
all that would be expected would be an augmented end-plate potential,
But under the conditions that we have been discussing this is not ob-
served, The end-plate potential is not initially augmented but it
is prolonged (Dun and Feng, 1940a; Coppee, 1943; Xuffler, 1945; this
thesis, Fig. 2). Then it must be assumed that rather than decreasing

the effect of curare, the veratrine must in some way prolong the
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action of the acetylcholine that is released, Eserine is known to
prolong the action of acetylcholene and when a curarized nerve-
mascle preparation is treated with eserine the end-plate potential
is increased and prolonged (Feng, 1940; Eccles, Katz and Kuffler,
1942). But in this case the end-plate potential is quite smooth

in appearance with a gradually rising phase. In fact, the end-plate
potential of the curarized and veratrinized nerve-miscle preparation
looks far more like the end-plate potential produced in curarized
muscle by tetanic stimulation of the nerve (Feng, 1940) than pro-
duced by eserine treatment (which does not produce retrograde dis-
charges in the motor nerve - Dun and Feng, 19L40b).

This point has been dwelt upon in length not because of
its importance to the over-all problem of this thesis, but because
it is a typical example of the faulty reasoning and bad terminology
that has consistently hampered the study of the effects pf veratrine
on nerve and muscle., Even if we were to exclude the possibility of
a repetitive nerve response, nowhere was it shown that veratrine had
specifically inhibited the action of curare, When it is shown that
two substances have opposite effects on a preparation, it does not
necessarily mean that one is inhibiting the effect of the other. In
fact, when both substances have effects when they are given separately
and these effects are opposite in their nature, it is generally as-
sumed that they are antagonists rather than inhibitors. In much the
same way when two substances have similar effects when given
separately, it is not reasonable to assume without further proof that
when they are given together one simply potentiates the action of the

other or simply sensitizes the preparation to the action of the other.




A typical case in point is the well known theory (Bacg,

1939a and b; Bacq and Goffart, 1939) that the sole action of veratrine

is to sensitize the muscle to the action of external KV ions, Bacg
(1939b) further states that the reason why the veratrine contracture
is only evident following a contraction, is because the initial con-
traction liberates active X* ions, ions to which the muscle fibers
are sensitized by the action of veratrine, The sensitization was
shown in a very simple manner as follows: a dose of KC1l is found,
which,when added to the solution bathing an isolated frog rectus
muscle, will just cause the muscle to contract slightly. The

muscle is next bathed in a solution containing veratrine. The
muscle does not contract during this time, but when the same con-
centration of KCl that previously caused a small response is now
added to the bath the strength of the muscle contraction is several
times greater than before,

But this result is just as easy to explain if we com=
pletely reject the hypothesis that veratrine sensitizes the muscle
to the action of K* ions. It is well known that the tetanic vera-
trine response or the veratrine "contracture® does not occur unless
there is a previous response of the muscle (Bacq, 193%b, Krayer and
Acheson, 1946) and it is further known that this initial response
releases K* ions (Bacq, 193%) and presumably so do the subsequent
impulses of the after-discharge (Hodgkin and Huxley, 1947). Now,
if we further assume that the veratrine does not sensitize the muscle
to the external K* ions, what is the sequence of events during this
experiment? When the small dose of KCl is administered it caused

the response of a few of the fibers., This response causes both an
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increase in external K* concentration and the tetanic veratrine re-
sponse, The tetanic veratrine response causes a larger contraction
of the few muscle fibers involved and also a greater release of K*
jons, The increased external K™ concentration would now excite
those fibers that just failed to be stimulated at the initial K+
concentration and more fibers would become involved in the veratrine
response, Thus the response would grow to several times the size ob-
tained without the presence of the veratrine.

The fibers involved in the repetitive response may be
either the intrinsic nerve fibers (Brown and MacIntosh, 1939), the
muscle fibers, or both. Actually, the spread of excitation in the
series of events that I have described is not a necessity in the
explanation of the results of the experiment, since a tetanic re-~
sponse in the same number of fibers would also lead to a several
fold increase in the strength of the muscle contraction. In this
respect, it is interesting that the perfusion experiment (Fig. 9),
in which the conditions were most unfavourable for any increase in
external K* concentration, presented the most favourable conditions
for the production of after-discharge,

It is interesting to speculate on just why this exper-
iment (Fig. 9) presented such favourable conditions for the production
of after-discharges. It may be that the K* ions that leak out of the
fibers during the passage of an impulse actually hinder the production
of after-discharges and that the constant perfusion removes the ex-
cess K+ ions, It has been reported that excess K* ions hinder the

repetitive response in veratrinized nerve fibers (Dun and Feng,
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1940a; Feng, 1941), Or possibly some other substance that inhibits
the veratrine negative after-potential may be released during activ-
ity. In either case, the rest which is needed between stimuli under
most experimental conditions, would represent the time needed for the
released substance to diffuse away from the surface of the membrane.
On the other hand, the veratrine at the surface may be used up during
an after-discharge, and time would be needed for the veratrine con-
centration to again reach a sufficient level at the cell surface,

Or some other substance may be lost from the surface of the membrane,
In any event, it seems likely that the effect would be on the pro-
duction of the veratrine negative after-potential rather than
directly on the after-discharge since under the conditions where a
rest between stimuli is needed, the negative after-potential (hence
the potential gradient) is reduced, when the after-discharge is

eliminated.,




5¢

IV, THE EFFECTS OF VERATRINE TREATMENT ON THE FIBER MEMBRANE

A, Introduction

The two most striking features of the electrical activity
of veratrine-treated nerve and muscle are the repetitive response and
the delay in repolarization (or augmented negative after-potential)
following an action potential, The tendency of most workers has been
to consider them to be two expressions of the same fundamental process
(Krayer and Acheson, 1946). When one is looking at an oscillograph
tube, the sight of a series of discharges is much more inspiring than
a slow drift in the base line, and, possibly for this reason, most
workers have chosen to work with the repetitive response. Of course,
the frequent occurrence of repetitive responses in normal nerves un-
der both physiological and altered conditions also has had a part in
determining this preference.

Here then, are two assumptions that have frequently been
held at the start of investigations on the properties of veratrinized
nerve and muscle. One, that.the repetitive response and the delay in
repolarization are expressions of one basic process, and the other
that the mechanism of the repetitive response obtained with veratrine
treatment is the same mechanism that produces all (or some) of the
repetitive responses obtained under different conditions. There is
yet a third assumption that has frequently been held., It is that the
delay in repolarization following an action potential in veratrinized
nerve and muscle is simply an increase or accentuation of the

normally occurring negative after-potential, Frequently, the experi-
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mental procedure is to compare the veratrine response with the normal
or simply to study the veratrine response, and on the assumption that
there is only one process involved, to use the results in trying to
explain or understand the normal, Both these approaches leave one
somewhat dissatisfied, the former because so little is usually known
concerning the normal process, the latter because you can never feel
sure just how true the initial assumption is and just how far you are
justified in lumping the findings on the veratrine and the normal
process,

The "“differential repolarization mechanism' process pro-
posed above clearly divorces the repetitive response from the dela&
in repolarization. That is to say, they are not expressions of the
same basic process. Although the delay in repolarization is needed
in setting up the conditions for the repetitive response, there need
be nothing fundamentally the same in the two mechanisms involved,
This relation is clearly shown by the fact mentioned above, that
under appropriate conditions large "“negative after-potentials" can
be obtained with veratrine treatment without any after-discharge,
but under no conditions can a repetitive response be obtained
without the delay in repolarization. This does not mean that some
other factors associated with the "nmegative after-potential®, such
as increased excitability, have no effect on the repetitive re-~
sponse, but it does mean that these factors have only a modifying
influence and the basic mechanism can be studied without referring
to these modifying factors, This concept has proved to be essen-
tially correct and it has been of tremendous value in the study of

the repetitive response,
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At the conclusion of the experiments described in the
previous section I had a fairly satisfactory explanation of the basic
mechanism underlying the production of the repetitive response in
veratrinized nerve and muscle, but I had no idea how the delay in
repolarization (which I will call the "veratrine negative after=-
potential"® for the sake of brevity) was caused, This section is con-
cerned with a study of the veratrine negative after-potential, I
must admit that my primary motivation for this study was curiosity,
but there were also other reasons for this study. The information
to be gained is essential for any intelligent examination of the
other mechanisms proposed to explain the veratrine after-discharge,
since almost all these mechanisms have considered the repetitive re-
sponse and the veratrine negative after-potential as expressions of
the same basic phenomenon, This information is also essential to a
more detailed examination of the differential repolarization
mechanism in veratrinized muscle,

At first, I had hoped that I could find a systematic study
on the normal negative after-potential in the literature, which I could
use as a basis or at least a starting point for the study of the vera-
trine negative after-potential. However, I soon realized that most
other workers had approached this problem from the other direction and
had used the veratrine negative after-potential as a model for the
normal negative after-potential. Although the basic assumption in
these experiments might be entirely incorrect, it is easy to under-
stand why this approach was selected. It is far easier to study

the Qo consumption (Schmitt and Gasser, 1933), the heat production
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(Hartree and Hill, 1922), and the effects of an altered environ-
ment (Graham, 1933, and 193L), on a process that lasts several
seconds than on a process that lasts a few milliseconds.

Probably the most recent study specifically concerned with
the negative after-potential of frog's skeletal muscle is that of
Bremer (1955). Although little of the information contained in
this paper is new or startling, it does contain a systematic
review and study of the effects of various envirommental factors
on the normal negative after-potential. An interpretation of
these results is limited by the techniques used. In this respect
the results are similar to all previous work in which the response
of a whole muscle or nerve is recorded with external electrodes.

I would 1like to briefly summarize the knowledge gained
concerning the negative after-pctential of rerve and muscle using
this method, Most of this information can be found in the papers
of Krayer and Acheson, (1946) or Bremer (1955). The normal
negative after-potential of frog's skeletal muscle is independent
of curare treatment and the tension on the muscle, it increases
and decreases along with the temperature, it is decreased more
than the spike by metabolic inhibitors, it is decreased by in-
creasing the external concentration of either K* or Ca®" and it
is increased in size and duration by veratrine treatment., The
normal negative after-potential of frog's nerve on the other
hand is increased by increasing the external Ca** and decreased
by increasing the external X* , and anesthetics.

Using more modern methods of study, such as recording

potential changes with inside~-the-cell microelectrodes (Graham




and Gerard, 1946; Nastuk and Hodgkin, 1950), determination of fiber
membrane constants and changes (Hodgkin and Rushton, 1946; Kataz,
1948; Fatt and Katz, 1951; Cole and Curtis, 1939) and the mewer
concepts of membrane activity (Hodgkin and Katz, 19L49; Hodgkin and
Huxley, 1952d), it should be able to determine the physical chemical
processes éroducing both the normal and the veratrine negative after-
potentials. A vigorous attach on the problem of the veratrine
negative after-potential along these lines has been made by Shanes
(1949 a,b, 1951, 1952a, b). His conclusions, based mainly on

- studies using invertebraté axons, may be summarized somewhat as
follows (Shanes, et al., 1953): The veratrine negative after-
potential may be divided into two phases, an initial rapid exponen-
tial decline and a much slower exponential decline (Shanes, 1952a).
The slow decline is related to the increase of external K+ following
activity and its removal, and the rapid decline is associated with
the liberation of the K* from the inside of the axon. As is ad-
mitted, there are several difficulties with this interpretétion
(Shanes, et al., 1953). In this theory, both the normal and vera-
trine negative after-potentials are considered to arise in the same
mamner. The more prolonged action with veratrine treatment is
presumably due to a greater leakage of K* during activity. Recently,
a more detailed analysis of the normal negative after-potential of
the squid giant axon has appeared (Frankenhaeuser and Hodgkin, 1956).
They propose that the normal negative after-potential is caused by
the trapping of the Kt that leaks out of the fiber during the
passage of an impulse, in a space about the axon approximately

3008 thick, from which free diffusion into the surrounding fluid
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is inhibited. They believe, however, that the enhanced negative
after-potential obtained with veratrine treatment arises in a
different mamner than does the negative after-potential in the un-
poisoned axon,

Aside from a few isolated observations, the study of the
negative after-potential of skeletal muscle by modern techniques,
has.been relatively ignored. For example, Nastuk and Hodgkin
(1950) mention that the negative after-potential seen wifh inside-
the-cell microelectrodes was variable in size., Desmedt (1953)
observed that treatment of frog's skeletal muscle with reduced
external K* increased the negative after-potential when it was
measured in a conventional manner, but it was unchanged when its
size was measured with reference to the external potential,

The experiments to be described in this section were
designed to study both the normal and the veratrine after=-
potentials of frog's skeletal muscle., Two assumptions were made
at the start of this work. Not only were they a help in the
design of the experiments, but they have proved to be essentially
correct. One is that the veratrine and normal negative after-
potentials were expressions of two fundamentally different proc-
esses or events. The other is that the action of veratrine on
the muscle membrane is the same in the resting fiber as it is
following an action potential, but, of course, the action potential
accentuates this effect., It has been known for some time that
strong veratrine concentrations block conduction in nerve and
muscle (Krayer and Acheson, 1946) and since the block can be over-

come by anodal polarization (Lorente de No, 1947; Fleckenstein,
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1951), it is thought that the block is due to a depolarization
of the cell membrane., In contrast to the depolarization produced
by K" on frog nerve, that produced by wveratrine is not a linear
function of the log of the veratrine concentration (Feng and Liu,
1949). As mentioned in the previous section, I found that block
was produced rapidly and completely with veratrine concentrations
. between 0.5 X 10=6 and 10-6 in frog muscle, It would seem that
with moderate doses of veratrine the fibers are just able to
overcome the depolarizing effect of veratrine, but with the pas-
sage of an impulsé the balance is upset and a brolonged period is

needed for the fiber to recover its resting potential. In line

with this rather vague concept are the findings of Schmitt and
Gasser (1933). They found that the Op consumption of resting
nerve was increased by veratrine treatment, and that slight ac-
tivity, which had no effect on the 02 consumption of unpoisoned
nerve, increased it even further,

The results of the experiments to be presented support
the following description of the normal and the wveratrine negative
after-potential. In the unpoisoned fiber, the rapid falling phase
of the spike, presumably due to the facilitated outward movement

of K* (Fatt and Katz, 1951; Hodgkin and Huxley, 1952d), ends with

the fiber slightly depolarized and the negative after-potential is
simply the passive return of the membrane potential to resting
level. In the veratrine-treated musclé, the membrane becomes more
permeable to Nat* following an action potential and the enhanced in-

ward movement of Na® considerably delays repolarization.




B. Materials and Methods

1) Preparations. - In some of the initial experiments,
muscle strips were prepared as previously described (pg. 26 ).

In most of the expériments, however, the whole sartorius muscle
was used. After isolation, the muscle was placed under a dis-
secting microscope for observation. Parasites (trematode larvae)
generally were found (see pg. # 7 ) and all seen were removed,

The sartorius muscle from an uninfected frog has a thin, prac-
ticalxy invisible connective tissue sheath on its inner surface,
but when these paragites are present there is a proliferation of
the comnective tissue. As much of this connective tissue as pos=-
sible was removed and the muscle was mounted in the bath with its
inner surface exposed, When the whole muscle was to be used, it
was removed from the frog with a silk thread about its distal
tendon and its proximal end still attached to part of the bone. A
piece of thread was tied to each side of this bone. The baths were
provided with wires to which these threads were attached. The
threads attached to the piece of bone were fastened first and the
thread attached to the distal tendon was used to adjust the tension
on the muscle,

2) Bath arrangements. - At first, the saline bath (Fig. 1)
was used. DBoth the reduced size of the muscle and the petroleum
jelly around the muscle in the slots restricted the movement of the
muscle following an action potential and the microelectrode would

generally ramain in the fiber throughout the complete series of
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events., Later it was realized that several of the experiments could
be performed without recording the complete negative after-potential,
and since the movement of the muscle did not occur until several mil-
liseconds after the action potential, a more convenient bath arrange-
ment was sought., A paraffin wax bath similar to that described by
Fatt and Katz (1951, Fig. 1) was constructed. It was modified by
having two chlorided silver wire electrodes permanently set into the
part holding the muscle and acting as the bath electrodes. When in-
direct stimulation was used, it wes found best to cover the nerve with
mineral oil, rather than to use the small compartment as a moist chame
ber. The bath was cemented to the perspex top of s stage (see Fig.
22) which could be bolted to a myograph stand. A light source was
placed beneath the stage and the preparation was viewed from above
with a binocular disecting microscope. An eye-piece micrometer was
placed in one of the oculars of the disecting microscope for measuring
distances along the fibers. The outlines of the cells and the micro=
electrodes were best seen when the parallel lines of light were
directly in line with the microscope objective. It was also found
helpful to place a polaroid filter between the light source and the
ruscle,

Although the rmuscle movement was greater using this ar-
rangement, the visibility was far superior to that ocbtained using the
saline bath, It was particularly difficult to prevent twisting of
the muscle strip when placing it in the saline bath. This, plus the
distortion of the light due to the shape of the saline bath, and the

frequent patches of petroleum jelly, made it practically impossible
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to follow visually a single fiber for any distance when using the saline
bath. Later, it was found that when the movement of the entire muscle
was restricted by stimulating only a few of the fibers, the inside~the-
cell microelectrode generally remained in the fiber and in this way it
was possible to record complete after-discharges., This was done by
stimulating with an external microelectrode having a relatively large
tip diameter. The fibers stimulated were found visually and implants
were made along the course of these fibers. Of course, difficulties

due to movement of the fibers were at a minimum when single fibers were

stimulated with internal electrodes,

Occasionally, the three compartment bath (Fig. 22) was
used in place of the paraffin wax bath. In this case, the compart-
ments were not isolated, the only difference being that 1argef quan-
tities of solution were necessary to cover the muscle completely.

3) Solutions. - The composition of solutions used is
shown in Table 1, and other modifications are described on pg. (¢ .
The d-tubocurarine chloride was only added to the solutions in exper=
iments with veratrine. All the experiments were performed at room
temperature, and in long experiments the solution in the bath was
changed at least once an hour,

L) Electrodes. - The glass microelectrodes were drawn
by hand using fine pyrex tubing about 2 mm in diameter. The tips were
examined with the high power magnification of an ordinary microscope
with a dry objective. Only those electrodes having tips which could
not be focused were selected for use. The electrodes selected were

filled by a modified form of the method described by Tasaki, Polley




¢é

and Orrego (195L). They were mounted tip down in a beaker of methyl
alcohol and placed in a vacuum dessicator. They were vigorously
boiled for 15 min. by reducing the pressure in the dessicator. In
this way, all the electrodes were completely filled with methyl
alcohol, The electrodes were then placed in distilled water and left
there at least overnight, although longer soaking was preferred. Then
they were placed in 3 molar KCl and left there until used. The resist-
ance of the electrodes was measured and only those having resistances
between 10 and 4O megohms were used in the experiments.

At first, I attempted to use the soft solder electrodes
for stimulating only a few fibers at a time, This proved unsatisfactory
for several reasons. VWhen used for stimulating, their resistances
quickly increased to very high values, a single stimlus usually caused
a series of action potentials, and when the muscle was examined large
black blotches could be seen on the surface at the point of electrode
contact, A much more satisfactory electrode for this purpose was
constructed in the following manner. Electrodes having a tip diaheter
between 50 and 100pwere drawn from glass tubing about 1/L inch in
diameter. This was covered to within 5 mm of the tip with shielding
braid and a fairly thick platinum wire was run down the tube., The
platinum wire was connected to the output from the stimulator with
shielded wire. The electrode was filled with Ringer's solution
which made the contact between the muscle and the platinum wire, The
shielding was joined and grounded.

5) Recording Systems. ~ For use with the high resist-

ance microelectrodes a cathode follower similar to that of Krakauer




(1953) was employed. It was modified by replacing the electrometer
tubes with EF 37a's., This circuit had an effective inpubt capacitance
of B,vdfincluding the capacitance of the lead from the electrode.
Thus with a 30 megohm input resistance on the recording grid it had a
time constant of 90 msec. 1In some experiments, it wﬁs necessary to
stimilate the fiber with two pulses of different polarities, ampli-
tudes and dunaﬁions. For this purpose the output of two stimulators
was fed through an anode follower, An anode follower is a circuit
particularly well adapted for mixing pulses of different polarities
and long durations.

The most difficult technique to master was the im-
planting of two electrodes inside a single cell. Several approaches
to this problem were tried. The most successful method is illustrated
in Fig, 10. With the switch in position 2 the stimulating electrode
was inserted into a cell. Successful implantation was indicated by
the usual sudden appearance of a resting potential. The switch was
then returned to position 1 and the recording electrode was implanted.
That both electrodes were in the same cell was checked by applying 5
msec hyperpolarizing pulses (tip negative) with the stimlating
electrode and recording the response with the recording electrode.
When necessary, the recording electrode was removed and inserted into
the fiber at another point along its surface. Implantation into the
same cell was again checked with the 5 msec. pulses. A more detailed
discussion of the techniques employed, with inside-the-cell micro-
electrodes, can be found elsewhere (for example - Nastuk and
Hodgkin, 1950; Fatt and Katz, 1951, 1953; Eyzaguirre and Kuffler,

1955a).
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C. Experiments and Results

1) Effect of wveratrine on the electric constants of
the resting fiber. - The subthreshold cable properties of several
fibers were determined by the square pulse tecbnique (Hodgkin and.
Rushton, 1946; Katz, 1948). The techriiq.ue employed was identical
to the method described By Fatt and Katz (1951). Two electrodes
were inserted into a single cell, Square hyperpolarizing pulses,

70 msec¢ in duration, were applied with one electrode, and the re- -
sponse of the membrane was recorded with the other at various dis-
tances from the stimulating electrode. In all these experiments
the current was monitored on the upper beam of a two channel oscil-
loscope while the response of the membrane was recorded on the
lower beam.

The calculations were the same as those described by
Fatt and Katz (1951). However, for various reasons, I felt it neces-
sary to make some additional checks., Generally, more than one re-
sponse was recorded at each electrode separation, often with dii“ferent
current strengths. Occasionally the space constant (A) was checked
by plotting the log,q of the steady potential developed against the
electrode distance. A straight line relation was found and the slope
of this line was used to determine the space constant. (The slope =
leg,0 /2 «= Hodgkin and Rushton, 1946).

It was usually difficult to obtain electrodes which
would pass square pulses properly. Usually about 15 msec mssed
before a steady current level was obtained with each pulse. When

the current has been steady for a sufficient length of time to allow




the membrane potential to reach a new steady value, the formula V = V,
(L-erf t/%¥p )(Hodgkin and Rushton, 1946) describes the return of the
membrane potential at the stimulating electrode to its resting level
when the curremt is turned off. This is only true when the mémbrane
capacitance is fully charged (Rushton -~ personal communication).
Several of the experimental curves were compared with this curve
(Fig. 17) and found to match it exactly, indicating that the poor
shape of the start of the current pulse did not appreciably distort
the results. However, only the maximum potential developed and the
declining phase of the menbrane response were used in making the cal-
culations,

The constants determined in this manner are shown in
Table 2. Most of the values found for the unpoisoned fibers (vera-
trine conc. = 0) were appreciably lower than those obtained by Fatt
and Katz (1951) for muscle fibers from Rana temporaria using the same
technique. However, Jenerick (1953), using a somewhat different
technique for determining some of the cable constants of the sartorius
muscle fibers of Rana pipiens, reported values very ciose to those
reported here (see Table 5), and the difference, therefore, seems to
represent a true species difference.

The changes produced by veratrine treatment are quite
striking. In general, the changes increase with increasing veratrine
concentration, It is obvious that veratrine in low concentration
produces changes in the properties of the resting fiber membrane,
even though such changes are not detected by the usual methods of

studying the electrical activity of muscle fibers,




TABIE 2

Elsctric constants of resting sartorius muscle fibers,

(A s length oonstant; ‘rm, time constant; 1/2 erri: offective resist-

ance between inside and outside of fiber; "d", calculated fiber diame=

ter; Rj and Cp, specifio membrane resistance and capacitance;

veratrine sulphate concentration.)

Muscle Fiber eonc.

QW

D 108

10~7

M 2.,5%10~7
N
0

Mean

A

(mm) (mseo)

1.6
1.8
L.l
1.6
1.1
1.3
1.2
1.2
1.3
1,8
1.5
1.1

o8

.8

9

b
1.0

o7

o7

Tn

11.5
12,5
12,0
12,0

2.5
U.0
13,0
18.5
1.0

9.0
11,0
11.0
12,0
11,0
19,0
.0

7.0
10.5
12,0

10.0

1/2 femrs
(Q)

228000
2044000
2511000

229000

330000
282000

306000
180000
2140000
150000
199000
196000
2140000
207000
251000
233000
217000
250000
238000

235000

lldﬂ

(u)

105
113
93

105

&

79
101

139
106

113
78
71
78

70
69

CONC ey

Bn Cm
(Loxf) (u£/on2)

2400 5
2700 5
2000 6
24100 5
1700 8
1900 7
1800 8
1300 iy
=
L
1800 6
2000 6
1500 8
800 11
900 21
1000 U
2
8
700 17
800 16
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2) Action potentials and resting potentials. - Figure
1l contains the action potentials recorded from two fibers of the
same muscle before (A and C), and during (B and D) treatment with a
veratrine concentration of 10"8 o« The upper line represents the
potential level outside the fiber, and the lower line the potential
at the tip of the microelectrode inside the fiber. The distance
between the lines is thus proportional to the potential difference
across the membrane. The resting potential is the distance between
the lines before the stimulus artifact and the start of the action
potential. The reversal of the direction of the potential differ-
ence across the membrane at the height of the action potential (the
factive membrane potential®) is clearly shown in all four records.

The slow phase of the recovery of the resting potential (or negative
after-potential) is easy to distinguish from the rest of the action
potential. In the unpoisoned fiber its decline is exponential and
this is easiest seen with the slower sweep speed (Fig. 11C).

This figure (Fig. 11) illustrates several general ob-
servations that I have made in the course of the work to be deseribed
below. The resting potential is scarcely affected by low veratrine
concentrations which have an appreciable effect on the electric
constants of the fiber membrane (Table 2). The rapid rising and
falling phases of the gction potentials are also scarcely affected,

The most dramafic effect is the change in the negative after-potential.
In Fig. 11D, it seems as though the rapid decline of the action
potential abruptly ended with the establishment of a new  lower resting
potential., Actually, the fiber menrbrane eventually recovers its initial

resting potential, but it takes several seconds before this is accom-
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Figure 11, - Responses of single muscle fibers of the frog sartorius
recorded with inside-the=cell electrodes. In A and C are
two responses from the same fiber when the muscle was
immersed in tubocurarine-Ringer solution. In B and D are
two responses from the same fiber when the same muscle
wes immersed in a 108 veratrine sulphate solution.
(Voltege calibration, 100 mV.; time calibration, 10 msec.
in A and B, and 100 msec in C and D.).
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plished,

Unfortunately, due to the parasite infection of al-
most all the frogs used in this work, it was difficult to obtain
quantitative information concerning the normal resting potentials
and active membrane potentials (Frank, 1956). The main effect of
the infection was to increase the osmotic pressure of the frog's
plasma. Both the Na* and K* concentrations were 1.5 X the normal
values usually reported. The intraceliular Na® was greatly increased
while the intracellulaf K* was about the same as normally found., When
these muscles were kept in Ringer's solution both the resting and the
active membrane potentials increased with time, For example, one
muscle in which a resting potential of 76.9 + .78 (12) (Mean + standard
error of the mean followed by the number of observations in () ) and an
active membrane potential of 16.3 + 2.27 (12) were initially observed,
after about five hours in Ringer's solution at room temperature
developed maximum potentials of 91.3+ 1.87 (7) and 3L.6+ 2.13 (7)
respectively. The maximum for the active membrane potential was re-
corded aboﬁt 1/2 hour before the maximum for the resting potential.
Both values declined after reaching their maxima. In the only frog
in which a reasonable number of observations were made before the
parasite infection was universal, the control resting potential was
1.3+ 2.5 (15) and the active membrane potential was 19.6 + 4.0 (122).
However, this was the only case in which resting potentials of this
magnitude were recorded. Only one frog without parasite infection
has since been obtained, and using the muscle obtained from it, a
resting potential value of 83.2 + 1.8 mV. (13) and an active membrane

potential value of 3L.3 + 1.9 mV. (13) were obtained. These latter




values agree quite well with the values reported in the literature
(Hodgkin, 1951; Desmedt, 1953; Jenerick, 1953) and are probably
closer to the true values for the uninfected frog.

The lack of a steady base line made it unusually dif-
ficult to determine small changes in potential that might have been
produced by veratrine in low concentrations, Larger changes produced
by strong veratrine treatment were obscured by my method of selection
of the responses to be used in calculations., Aside from the usual
criterion of a sudden drop in the potential recorded when a fiber
was penetrated (Nastuk and Hodgkin, 1950), I also considered it neces-
sary for the fiber to have an action potential when it was stimulated
and for the action potential to have a proper size and shape, This
was necessary to prevent the inclusion of potentials reduced by
injury, and of movement artifacts that occasionally looked somewhat
Jike action potentials.

As mentioned above, weak weratrine concentrations
(10~7 or lower) seemed to have no effect on either the resting
potential or active membrane potential. With stronger veratrine
concentrations, the resting potentials of the fibers on the surface
of the muscle were considerably reduced, often to levels which
blocked conduction. However, if the electrode was pushed into the
muscle and fibers a couple of layers below the surface were impaired,
it was usually possible to obtain resting and action potentials of
normal size and shape. I never studied the effect of strong vera-
trine concentratiomms (0.5 X 1076 or higher) which I had found to

block conduction completely.
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Occasionally preparations were obtained in which
single stimili were followed by a repetitive response. The records
obtained looked very much like the records of the veratrine after-
discharge with the electrode implanted in the vicinity of the site
of origin of the after-discharge action potentials (Fig. 25). When
veratrine was added to such a preparation, this type of after-
discharge, which might be considered to be a type of injury discharge,
occurred following each stimulus and the preparation was no longer of
use for the experiments which I wished to perform. A very similar
type of repetitive response was also a common occurrence when a soft
solder type of microelectrode was used for stimulating only a few
fibers at a time, except that in this case the action potentials of
the repetitive response originated at the point of stimilation. This
was so frequent an occurrence that I had to stop using this type of
stimlating electrode.

3) The negative after-potential. - The most obvious
change in the electrical activity of skeletal muscle fibers, produced
by veratrine treatment, was the prolongation of the negative after-
potential. With veratrine concentrations of 10™ or less, it was
prolonged without much increase in its maximum amplitude. With
prolonged treatment in 10'7 veratrine sulphate or with stronger vera-
trine concentrations, its maximum amplitude was usually increased
(Fig. 21) and a delayed rising phase was occasionally seen.

In order to study the veratrine negative after=-

potential it is extremely important to have some understanding of
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the normal negative after-potential. If, as many assume, it is
simply an increase or prolongation of the process that produces
the normal negative after-potential, then what is the process that
it increases and how does veratrine increase it? If it is an ex-
pression of some other phenomenon, in what way has the normal
course of events been changed? Since little information could be
obtained from the literature concerning the normal negative after~
potential, T felt it necessary to study first the normal negative
after-potential.

When one looks at a normmal negative after-potential
(Fig. 11A and C) it is seen that there are two properties that can
be easily measured, and might possibly be modified by experimental
procedures. They are the amplitude and the duration of the
negative after-potential,

The question arises as to what is meant by the am-
plitude of the negative after-potential, and Just how does one
measure it. When the records obtained from unpoisoned fibers are
inspected, four types of negative after-potential can be distin-
guished. These are shown in Fig, 12. The types are different
only with respect to their shape at the beginning of the negative
after-potential. In type a (Fig. 12a) the end of the rapid
decline of the action potential is followed by a "plateau®™ lasting
from 1/2 to several milliseconds, during which time the membrane
potential neither declines nor increases. In type b (Fig. 12b)
the rapid phase of repolarization at the end of the action

potential is followed by a depolariZation lasting a few msec, In
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Pigure 12, = Shapes of the normal negative after-potentials of the
sartorius muscle recorded with inside=the-cell electrodes.
The drawings were made from the reocords shown. All were
recorded from fibers of a single muscle,




type ¢ (Fig. 12c) there is a sharp distinction between the phase
of rapid repolarization and the phase of slow repolarization (or
negative after-ﬁotential), and in type d (Fig. 12d) there is a
gradual transition from one phase to the next. Although in
different muscles there was usually a tendency for one or two
types to predominate, the different types provided little informa-
tion on their own. The records shown in Fig. 12 were all obtained
from fibers of a single musclé. In 321 cases under various types
of experimental conditions the shape of the start of the negative
after-potential was noted. Of these L6% were type a, 28% were
type b, and 25% were either type ¢ or d. The only experimental
condition that seemed to have any effect on the shape of the

start of the negative after-potential was the reduction of the
external Na® concentration. When the external Nat was reduced to
50% of normal only type ¢ or d negative after-potentials were ob-
tained,

The dashed lines shown in Fig. 12, represent the
voltage levels chosen as the maximum potential of the negative
after-potential. In all the types except type d, they represent a
definite start to the slow phase of repolarization at the end of
the action potential. 1In the case of type d, the first phase
gradually blended into the second. There was a region of about
5 mV. in size which might be considered to be a transitional
region, since the two phases were easily distinguished outside
this range. The dashed line is placed in the center of this

region, Fortunately, this type rarely occurred.




Conventionally, the potential difference between the
dashed line and the resting potential would be taken as a measure
of the maximum potential of the negative after-potential., However,
in keeping with the other potential measurements (resting potential
and active membrane potential), the amplitude of the negative
potential was taken as the difference between the dashed line and
the line representing the potential outside the fiber. Another
reason for choosing this way of measuring the amplitude of the
negative after-potential, was the suggestion by Desmedt (1953),
that the negative after-potential was independent of resting
potential when measured in this manner. If one wishes to modify
the amplitude of the negative after-potential experimentally, this
method of measurement is the only way in which changes in the
resting potential will not be reflected in the value given to the
negative after-potential,

Probably the first observation I made when I started
measuring the amplitude of the negative after-potential, was that it
is not independent of the resting potential. The relation between
the two is clearly shown in figure 13. The points wére experimental
observations while the line is the solution of the regression
fornula, Y = a + bX where b = ,768 and a = 5.22 (these figures were
derived from a statistical analysis of the data and b was found to
be significantly different from O at P= 0,01)., The data was ob-
tained from observations on fibers in ordinary Ringer's solution at
room temperature before any experiments were performed using the
muscles. The data represents observations om 1Ll individual fibers

from 16 muscles. This result illustrates the importance of the
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Figure 13. = Relation between the resting potential and the meximum

amplitude of the negative after-potential of sartorius
muscle fibers. I.Control curve. The points were experiment-
ally obtained using inside-the=-cell electrodes. The ocurve
was obtained by a statistical enalysis of the data,
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measurement procedure, If the potentials were measured with re-
spect to the resting potential, the two would vary together whether
they were independent or not.

The next question of importance is, can the ampli-
tude of the negative after-potential be modified by simple experi-
mental procedures? From the above result (Fig. 13), we would
expect to be able to change it by any procedure which changes the
resting potential. But greater insight into the process involved
would be gained if we could modify the amplitude of the negative
after-potential independently from the resting potential. Since
the resting potential is presumably dependent upon the ratio of the
K* concentration between the external solution and the myoplasm
(Hodgkin, 1951), I first tested the effect of modifying the
external K* concentration. The results are shown in Fig. 1. As
before, the points represent experimental observations. The
muscles were kept in the altered solution for 15 min. before the
records represented by the points were made. This was done to
make sure that there was sufficient time for the ion concentra-
tion about the fibers to reach the same level as in the experi-
mental solution (Keynes, 195L). Observations were made during
the first 15 min. in all experiments but they have not been in-
cluded in the graphs., The line was drawn from the constants
determined in the control graph (Fig. 13).

It is obvious that most of the points do not
deviate significantly from the line., Although a change in the

external X¥ concentration does appreciably modify the resting
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potential it does not change the relation between it and the ampli-
tude of the negative after-potential, When the sumimed action
potential of a bundle of fibers is recorded with external electrodes
the amplitude of the negative after-potential will be changed by
changes in the external X* concentration but as we can see the
changes are primarily dependent upon the same factors that change
the resting potential. The same effect, or rather lack of effect,
can be seen when the external Na’ concentration is altered (Fig.
15). Here again, the points were experimentally determined 15 min.,
and more after changing the solution, and the line was drawn from
the constants of the control graph (fig. 13). The Na* concentra-
tion in the high Na* solution was 1.5 X normal, and in the low Na*
solution it was 0.5 X normal. (The slight deviation seen in some
of the X* free records is of some interest. However, it is hard
to know if it is a true effect or caussd by the harmful action of
K™ free solutions noted by Desmedt (1953). He also noted that in
very low Kt solutions the resting potential is rather independent
of the internal K* concentration. Although interesting, the ef=-
fect is small and of doubtful significance).

Fig. 16 shows the results obtained with universal
veratrine treatment. The points were recorded only after a
definite veratrine effect was noted. The observations with 10~8
lasted over an hour, while those with 10~7 lasted for only 1/2 hour.
As before, the line was drawn from the control values. Under these
experimental conditions, veratrine treatment does not upset the

relation between the resting potential and the amplitude of the
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negative after-potential., However, with stronger veratrine concen-
trations or with longer treatment with 10~7 the amplitude of the neg-
ative after-potential increases (in the way that I measure it, its
potential decreases) and the experimental points would be well below
the control line (see for example Fig. 20a and Fig. 21).

Till now, I have discussed the negative after-
potential as if it were an independent phenomenon associated with
the action potential. I have considered its two measurable quan-
tities, its amplitude and duration, to be a measure of the outcome
of a process unique to the negative after-potential. This point of
view has been difficult to avoid, since almost all previous workers
have found that the negative after-potential seemed to be more af-
fected by certain experimental conditions than the other measurable
electrical phenomena. My inability to alter the relation between
the amplitude of the negative after-potential and the resting
potential, has led me to the belief that this is not the case, that
the negative after-potential is not the expression of a process
unique to itself., The occurrence of a rather inflexible relation
between the resting potential and the amplitude of the negative
after-potential strongly indicates that they are determined by the
same factors., There 1s considerable evidence that the resting
potential is determined by the ratio of internal K* to external X*
concentrations (Boyle and Conway, 1941; Hodgkin, 1951; Jenerick,
1953). There is also considerable evidence that the rapid de=-
clining phase of the action potential is produced by a rapid out-

ward movement of XK* ions (Hodgkin, 1951; Hodgkin and Huxley,
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1952d; Patt and Katz, 1951; Desmedt, 1953) and so, it too is depend-
ent upon the ratio of X¥ concentrations and particularly upon the
internal K* concentration. Thus the maximum amplitude of the neg-
ative after-potential might be a measure of the end of the rapid
phase of outward K" movement , rather than the maximum potential
developed by a process regponsible for the formation of a negative
after-potential., Viewed in this way, not only is the relation be-
wean the amplitude of the negative after-potential and the resting
potential not swrprising, but it is a relation to be expected,

What about the remainder of the negative after-
potential? In the Squid giant axon the rapid declining phase of
the action potential ends with the membrane slightly hyperpolarized
(Frankenhaeuser and Hodgkin, 1956). If, in the frog skeletal
muscle fiber, this process ends with the membrane slightly depolar-
ized, then the simplest explanation of the rest of the negative
after-potential would be that it is simply a passive return of the
membrane potential to its resting level.

If this is the case, the time constant for the
decay of the negative after-potential should be the same as the time
constant for the decay of an impressed hyperpolarization. Table 2
contains some of the time constants that 1 have found in my studies
on the unpoisoned fiber. In the two muscles studied, the time
constant (Tm ) ranged between 9 and 1) msec., In some other muscles
the values ranged between 9 and 15 msec with an average of about
11.5 msec. If a fiber is hyperpolarized or slightly depolarized at

a single point along its surface, with a constant current lasting a
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sufficient time to establish a steady potential difference across
the fiber membrane, when the current is turned off the return of
the membrane potential to its resting level at the polarizing
electrode will be an error function (Hodgkin and Rushton, 19L6).
Under these conditions, the steady potential change established
will decline to 1/e at a distance of one space constant ( A )
from the polarizing electrode. However, if the steady potential
across the membrane is developed by universal application of a
constant current, then the return of membrane potential to resting
levels, after the current is turned off, will be an exponential
function (Hodgkin et al., 1952).

Fig. 17 contains both these theoretical curves.
The dashed lines show the errors that will occur if the wrong
theoretical curve is assumed to be the correct one when the time
constant of the experimental curve is determined. As can be seen,
the errors would be considerable, It can easily be shown that
the decay of the normal negative after-potential is exponential in
nature, either by matching with the theoretical curves or by
plotting the log of its potential against time. In the latter
case, a straight line relation is found. It is easy to visualize
the actual physical conditions that occur, and why the decline of
the negative after-potential is an exponential function., Martin
(1954) has reported the conduction velocity of frog sartorius
mscle fibers to be about 1.88 to 2.30 m/sec (or mm/msec).
Referring back to Table 2, we find that this is of the order of 1

space constant (A ) /msec. If we now look at the potential at a
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point (P) along the surface of a fiber and at the points 1 space
constant on each side of P, L msec after the peak of the action
potential, at which time the membrane resistance (R,) has presumably
returned to resting level, we find that the membrane potential at
these points differ by less than one mV, This figure is obtained
by looking at the potentials recorded during a single action poten-
tial with an inside-the-cell microelectrode, at 3, L and S5 msec
after the peak of the spike., The conditions are cexrtainly closer
to those obtained with universal polarization.

Unfortunately, it is not easy to obtain reliable
records of the complete negative after-potential., Aside from the
more obvious movement artifacts, such as the electrode hopping out
of the fiber (eg. see Nastuk and Hodgkin, 1950, Fig. 7 ), there is
often a slight damage of the fiber at the point of electrode inser-
tion during the movement of the muscle. The only indication that
this has occurred is that the fiber membrane potential fails to
return to its previous resting level. For these reasons, I was only
able to obtain 33 reliable determinations of the time constant for
the decay of the negative after-potential. These were obtained from
fibers in 7 muscles, during the initial control periods of several
experiments. The mean thus determined was 13.5*+ .9 msec. which is
well within the range found during the experiments to determine the
electric constants of the fiber membrane (Table 2), and it is
consistent with the view that the negative after-potential is simply
a passive decay of the membrane potential back to its resting level.

Only one change in the extermal ion enviromment seemed to affect the




constant, that was reduction of the external Na* concentration. In
one experiment, the initial7’, averaged 15.1 # 1.27 (L), when the
muscle was bathed with a 50% Na't solution T, averaged 12.6 + .95
(11) and when the normal Ringer's solution was returned to the
bath the 5 averaged 15.0 + .71 (5).

The veratrine negative after-potential lasts
several seconds. As can be seen in many of the figures (Fig. 11D,
19¢, 20a and 21) for the first few tenths of a second it does not
appear to decline at all, and it may even increase in amplitude
during this period. Since the longest sweep duration that I had
available lasted only l.5 sec. I had to resort to the method il-
lustrated in Fig. 21 in order to measure the decay of the veratrine
negative after-potential. The fiber was stimulated once a sec. for
several secs., only the first and last stimulus was of sufficient
strength to produce an action potemtial. The sweep was triggered
at the same time as the stimulus, and several successive sweeps
were superimposed. The results obtained from 8 fibers of a muscle
bathed with 2.0 X 10~7 veratrine are shown in Fig. 18. It is ob-
vious that only the latter part of the decay is exponential in
nature. Two values for the decay time were determined, One was
the time for the veratrine negative after-potential to decay to
1/e of its initial maximum (t1/e) and the time for the exponential
part of the decay to decline to 1/e (#'m). These values determined
from the data contained in Fig. 18, are given in Table 3, The vera-
trine negative after-potential may be divided into two phases, an

initial, slow declining phase with a highly variable duration, and a

7




Figure 18. - Decline of the veratrine negative after-potential of
sartorius muscle, Muscle immersed in 2.0 X 10~7 veratrine
sulphate. 8 fibers represented by different symbols.
Maximum potential developed soon after the action potential.

73




TABIE 3

Decay constants for the veratrine negative after-potential (see text
for further deseription).

Fiber tl/e fr:n
(sec) (seo)

A 3. 1.3

B 1.6 1,2

¢ 1.8 1.2

D 2.7 1.6

E 243 1L

F 1.6 1.

G 243 1.7

H 1.8 L1
Mean 2.2 1L

TABIE L

Comparison of the membrane eleotric constants in the resting fiber with
those obtained during the veratrine negative after=potential, Veratrine
concentration = 10~8, (see TABIE 2 for a desoription of the symbols).

Fiber Conditions A T, g R, Cy
(mm) (mseo) () (S on?) (4 £/on?)
1 A, Resting 1.2 10,6 68.2 2020 5.3
B. Veratr, '
aftor= 1.1 12,1 68.2 1900 6Js
potent.
2 A, Resting 1.1 9.3 67.8 1700 55
B. Veratr, ' '
after= 1.0 10,8 67.8 1590 6.8
potent,

* The values given are the averages calculated for the two conditions.
In Fiber 1 they were within 2% of each other, and in Fiber 2 they were
within 5% of each other,




later, rapid declining phase, which is exponential in nature, and
relatively fixed ih duration., Although the decline during the ex-
ponential phase of the veratrine negative after-potential is rapid
when compared to the initial phase, it is still 100 times slower
than the exponential decline of the normal negative after-potential.
In order to understand what is occurring during the
veratrine negative after-potential, it is of interest to compare
the electric constants during the veratrine negative after-potential
with those of the resting fiber in the same wveratrine concentration.
Since the membrane potential is rather steady during the first few
tenths of a second during the veratrine negative after-pofential,
it is possible to determine these constants by the square pulse
technique described on pge 69 In.this experiment, the anode
follower was used in order to stimulate and polarize the fiber
membrane with the same electrode. The procedure adopted was to .
hyperpolarize with a constant current for 70 msec. Several records
were obtained at each electrode separation, both with and without
a prior stimmlus. The values determined in this mamner for two
fibers which were kept in 10-8 veratrine are shown in Table L.
Although the difference in membrane potential between the resting
fiber and the veratrine negative after-~potential is large, the
changes in the electric constants are small. The increase in Cm
and the decrease in Ry are the same changes that are produced by
increasing the veratrine concentration (Table 2). However,
larger changes are produced by simply increasing the veratrine con-

centration which has the smaller effect on the membrane potential.
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Since the membrane time constant during the vera-~
trine negative after~potential is essentially the same as in the
resting fiber, which is not much bigger than in the unpoisoned
fiber, the decline of the veratrine negative after-potential,
cannot be considered a passive process. The fact that the
membrane potential is considerably depressed during the veratrine
negative after-potential, at a time when the membrane conductivity
is increased by about 6.5%, indicated that the decrease in the
membrane potential might be due to a specific increase in the Na*
permeability of the membrane., Since the effects of veratrine on
the muscle increase with the duration of treatment, this is a very
simple idea to test., All one has to do is to soak a muscle in a
veratrine solution until an obvious effect is produced, and then
replace the solution bathing the muscle with one containing the
same concentration of veratrine, but with a reduced Na* concentra-
tion, This experiment is shown in Fig. 19 and 20, Fig. 19a shows
the response with the muscle in normal Ringert!s solution., Fig. 1%
and ¢ show the development of the weratrine negative after-potential
with the muscle in normal Ringer's solution containing 2.0 X 10-8
veratrine sulphate. Several minutes (19 min. in this case) after
the muscle is placed in a 50% Na* solution containing the same con-
centration of wveratrine, the veratrine negative after-potential is
eliminated (Fig. 19d). Fig. 19e shows a response with the muscle
in a 304 Na* solution containing the same concentration of veratrine.
The latter has been included mainly for comparison with Fig. 20d,
but it also shows that the duration of the negative after-potential

is less in 30% Na‘* solution containing veratrine than in the un-
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Figure 19. = Effect of reducing the external Na¥ concentration on the
veratrine negative after-potentiale. = I, (a) Control. (b)
After immersion of the sartorius musele in 2,0 X 1078
veratrine sulphate for 8 min. (¢) 20 min. later., After s
further 11 min. the musele was pleced in a solubion contaning
50% of the normal Na™ concentration plus the same veratrine
sulphate concentration as above, (d) 19 min after the muscle
placed in the 50% Nat solution. After a further l min. the
muscle was placed in a 30% normal Nat solution containing
the seme veratrine sulphate concentration. (e) After 25 min,
in the 30% Nat solution.




poisoned fiber in normal Ringer's solution. The back sweeps, which
are just visible, show the membrane potential at the end of the
sweep which lasted approximately 150 msec. Fig. 20 shows the same
effect of external Na' reduction on the veratrine negative after-
potential, except in a more dramatic fashion, Fig. 20a shows the
response of a fiber after soaking for 39 min. in normal Ringer's
solution comtaining 2.0 X 10~ veratrine sulphate. Not only is
repolarization delayed but the negative after-potential is con=-
siderably increased in size., Note also the lack of effect on the
rate of repolarization during the rapid falling phase of the
action potential. Fig. 20b and c show the reduction in the vera-
trine negative after-potential produced by bathing the muscle in a
50% Na* solution containing the same concentration of veratrine.
Fig. 20d shows the effect of a 30%/Na+ solution. Although the
veratrine negative after-potential is not completely eliminated,
it is reduced to a greater extent than is the spike. I was un-
able to use lower Na* concentrations for I found that when the Na®
concentration was reduced to 25% of normal, the muscle fibers
quickly became inexcitable, and conduction was blocked.,

It is believed by many workers that the normal neg-
ative after-potential, and in particular the veratrine negative
after-potential, is associated with a period of "supernormality® or
increased excitability (Krayer and Acheson, 1946). Bremer (1955)
has shown that when the frog's muscle is stimulated during the
veratrine negative after-potential, with a stimulus strength just

sufficient to stimulate a few fibers in the resting muscle, a con-
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Pigure 20. = Effect of reducing the extermal Ne* concéntration on the

veratrine negative after-potential, - II, (a) 39 min,
after immersion of the sartorius musecle in 2.0 X 10~7
veratrine sulphate. After a further 1 min. the muscle was
placed in a solution containing 50% of the normal Na¥* con-
centration plus the same veratrine sulphate concentration
as above, (b) After 16 min., in the 50% Na¥ solution. (c)
5 min, leter, After a further 20 min, the muscle was
placed in a 30% normel Nat solution containing the same
veratrine sulphate concentration as above. (d) After 3
min, in the 30% Nat solution,
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siderably larger number of fibers are excited. The experiment il-
lustrated in Fig. 21 shows that as far as the response of the in-
dividual fiber is concerned, the situation seems to be just the
opposite, and the veratrine negative after-potential is associated
with a phase of decreased excitability. In this experiment, a few
fibers were stimulated by means of an external saline electrode,
The stimulus strength and duration was adjusted to be above
threshold when the impaled fiber was in a resting state. The fiber
was stimlated once'a second, with the same stimulus strength and
duration, until another response was obtained. Successive sweeps
were superimposed., In the case shown in Fig. 21, another response
was not obtained until after the membrane had fully recovered its
resting potential. This was at least L and possibly 5 sec after
the initial action potential. This experiment was tried several
times. With this concentration of veratrine (2.0 X 10-7), the
soonest a second response was obtained was 2 sec, after the initial
spike, at which time the veratrine negative after-potential had
declined to 24% of its initial height. Unfortunately, no attempt
was made to obtain a just threshold stimulus, and it seems likely
that in this latter case the stimulus strength and duration was

considerably above threshold level,
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Figure 21, = Threshold increase during the veratrine negative after=
potential of a single fiber of the sartorius muscle, Muscle
immersed in 2,0 X 10=7 veratrine sulphate. Superimposed
sweeps 1 sec, apart. At the beginning of each sweep the
fiber was stimulated with a pulse of the same strength and
duration by means of an external saline electrode. Omnly the
first and last stimuli produced an action potential,




D. Discussion of Results

Table 5 presents some values for the electric
constants of resting frog ruscle fibers obtained from the litera-
ture. The values given by Katz (1948) and Nicholls (1956) were
determined using external electrodes. Those given by Fatt and
Katz (1951), Castillo and Machne (1953) and found in my work,
were determined with internal electrodes using the method de-
scribed by Fatt and Katz (1951). The values given by Jenerick
(1953) were determined by a rather different method, and although
the basic assumptions were the same, the calculations were d4if=-
ferent. In the method given by Fatt and Katz (1951), "d" was
calculated from ry and by assuming that the specific imternal
resistance (Rj) equaled 250ficm. In the other methods "d" was
visually determined. Despite the different method employed, my
results agree quite well with those of Jenmerick (1953) and the
difference between these results, and those given by the other
authors, for the sartorius muscle seem to represent a true
species difference. This is not surprising when one considers
the larger difference observed when using different muscles from
the same species (Table 5).

For several reasons, the general impression that
veratrine in low or moderate concentrations has little effect on
the resting fiber membrane, camnot be held. Of particular in-
terest in this respect are the findings reported by Shanes (1952b),
He found that treatment of resting frog sciatic nerve with vera-

trine (1.7 X100 to1 X 10‘5), appreciably increased the net loss
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TABIE 5

Electric constants of fibers from a few frog muscles,

Muscle

Rans
tegggraria

adductor
mo.gnus

extensor
longus
dig. Iv
extensor
longus
dig. IV

sartorius

sartorius

Rena
Bigiens

sartorius

sartorius

A

(mm) (mseo)

1.5L

1.55

Tm

17.2

3L.5

11,7

(n)

204000

167000

304000

213000

Y2 fopry "a" Ry
() (or?) (uf/onP)

75 1500
L3 L300
Lor0

137 L4100
122 2064
90.l1 2500
109 2200

Cn

641
Lk

Lol

10,6

/o3

References

Eatz (1948)

Eatz (1948)

Nicholls
(1956)

Fatt & Katz
(1951)

Castillo &
Machne (1953)

Jenerick

(1953)
-(TABLE 2)=
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of K* and uptake of Na* in the presence of oxygen. From the work
of Feng (1941), we can estimate that this is equivalent to treating
frog muscle with veratrine concentrations of 10'8 to 10‘7, or
slightly greater (but certainly less than 10'6).

It is generally believed that the resting potential
of nerve and muscle fibers is dependent upon the distribution of
ions across the cell membrane, and that the ion distribution in
turn is dependent upon the metabolic activity of the cell (Hodgkin,
1951). There are several reasons for believing that the resting
potential is primarily dependent upon the K* distribution (Boyle
and Corway, 1941; Hodgkin, 1951). At first it was felt that this
state of affairs could be explained by assuming that the fiber
membrane was impermeable to Nat (Boyle and Cormway, 1941) and that
the distribution was simply a case of a Donnan equilibrium. How-
ever, recently it has been found by several workers, primarily by
use of radiocactive tracer techniques, that the fiber membrane has
an appreciable Na' permeability, and so other explanations of the
jon distribution had to be sought (see Hodgkin, 1951 for references).
Thus, it has been suggested that the fiber actively secretes Na*
(Hodgkin, 1951), that it actively absorbs K* (Shanes, 1952b) or that
there is an active process involving both these ions (Hodgkin and
Keynes, 1953 and 1954). In any event, probably the simplest explana-
tion of the veratrine effect on resting nerve and muscle, would be
to assume that the veratrine simply blocks the metabolic processes
that maintain the ionic distribution. However, such an explanation

could hardly explain the increase in resting Op consumption
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produced by veratrine treatment of nerve (Schmitt and Gasser, 1933)
or the great increase in resting membrane conductivity (membrane
conductivity = 1/membrane resistance) that I have found. For ex-
ample, it might be argued that the increase in conductivity might
be due to the increase in the external K¥ concentration (Shanes,
1952b; Shanes, et al., 1953). Jenerick (1953) studied the effect
of external K* concentration on the membrane resistance (or con-
ductivity) of frog sartorius muscle fibers. From his data, we
find that for the membrane resistance to go from 2L00 em® to
1300 cm? (Table 2, Muscle 1) the extermal K* concentration would
have to rise from 2,5 mmole/1 to 10 mmole/1. Under the conditions
of my experiments (a small volume of muscle in a large volume of
external solution) this would be an impossibly great increase. But
even if the rise in external K* were limited to a thin sheath of
fluid about the cell membrane (similar to that demonstrated by
Frankenhaeuser and Hodgkin, (1956) in the squid axon), this in=-
crease in external X' would also be associated with a fall of the
resting potential from 82 mV to about 63mV. Such a large fall in
resting potential has never been observed with this concentration
of veratrine (10~7).

A much more reasonable explanmation of the results

would be to assume that the veratrine, in some manner, increases

the permeability of the cell membrane. Keynes (1954), using radio=-
active tracers, has found that K* enters the frog muscle fiber some
20 times more easily than Na', and Jenerick (1953) by applying his

data to the "constant field theory" equations of Goldman (1943;
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Hodgkin and Katz, 1949) has calculated that the sartorius muscle
fiber membrane is some 37 times more permeable to K* than to Na*
ions., Since this difference in permeability is primarily dependent
upon membrane structure, it is not inconceivable that a non-
specific increase in membrane permeability (eg. an increase in the
average size of membrane pores) might result in a relatively greater
increase in Na* permeability., Thus for example, if the relative Na*
permeability (PNa/PK) were to double, the resting potential would
drop about 10mV (using Jenerick's (1953) figures) according to
Goldman's constant field theory. A fall in the resting potential
of this magnitude is not inconsistent with my findings (see also
Feng and Liu, 1949). On the other hand, if the relative permea-
bilities were not to change, then there would be no fall in the
resting potential. The changes in the internal ion concentration
would be of little consequence. It was found, (again using
Jenerick!s figures) that if the internal Na* were to increase by
10% and the internal K* were to decrease by the same amount,
there would be practically no change in the resting potential.
This is quite a large estimate of the changes in internal ion con-
centration as compared to the actual changes found by Shanes
(1952b). With the order of veratrine concentrations under con-
sideration, they were in the vicinity of 1 mmole/liter of tissue/hr.
The relative ineffectiveness of decreasing the in-
ternal K¥ on the resting potential is to be expected even on the
simple assumption that the resting membrane is impermeable to Nat,

and acts roughly like a potassium electrode (Boyle and Comway,
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1941; Nastuk and Hodgkin, 1950). In this case, the resting potential
(Er) would be related to the K* concentrations in the following man-
ner: Ep = 59 log K*;/ K*,, where E, is in mV., and K+; and K*, are
the internal and external potassium concentrations respectively.
Accordingly, to reduce the resting potential from 99 mV. to 59 mV,
without changing the external K* concentration (of 2.5 mmole/1) the
internal K™ concentration would have to be lowered from about 120
mmole/1 to 25 mmole/l. Thus for a reduction of less than half the
original resting potential, the intermal K* concentration would have
to be lowered to about 1/5 of its initial level. This relation be-
tween the resting potential and X* concentration has been experiment-
ally verified by several authors (see Hodgkin, 1951)e Desmedt
(1953) found that the resting potential was quite steady when frog
sartorius muscles were kept for long periods of time in very low XK'
solutions, under which conditions considerable losses of the
internal K* occurred,

It would seem that veratrine treatment reduces the
membrane potential by altering the membrane permeability in such a
way as to increase the relative Na* permeability, rather than by
changing the distribution of ions across the fiber membrane., This
concept is particularly well supporied by the experiments on the
veratrine negative after-potential., In this case, the rather large,
long-lasting depolarization is either completely eliminated, or severely
reduced by reduction of the external Na* concentration (Fig. 19 and
20). It is hard to envision the external Na‘* concentration having

such a profound effect on the membrane potential during the vera-




trine negative after-potential, unless it makes the membrane rela-
tively more permeable to Na*. It is of some interest to see how
the experimental results compare with the theoretical results that
would be obtained using Goldman's constant field theory (1943).
The equations, based on this theory, were derived mainly by
Hodgkin and Katz (1949), who applied the equations to the results
obtained in studying the electrical activity of the squid giant
axon. The constants I used in my calculations are those obtained
by Jenerick (1953) in studying the electrical properties of the
sartorius muscle of Rana pipiens., Since the membrane potential is
rather constant in the veratrinized muscle fiber, for the first
few hundred msec., following the action potential (Fig. 11D, 19c,
20, and 21), I shall limit the discussion to this period of time.
When the fiber is poisoned with a veratrine concentration of about
10-8 (Fig. 11B and D, Fig. 19), the steady membrane potential
developed following an action potential, usually equaled the
maximum amplitude of the normal negative after-potential of an
unpoisoned fiber having the same resting pbtential. If we assume
that a veratrinized fiber had a resting potential of 83.mV., then
from Fig. 13, we find that the steady potential following an action
potential will be about 68 mV, Assuming that the only change
following the action potential, is a relative increase in the Nat
permeability of the membrane, the calculations show that this new
membrane potential would be established, if the relative Na*

permeability (Pys/Pg) increased from a resting value of 0,027 to

Jog
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a new value of 0.06l;. Using this new value for the Nat permeability
following the action potential, we find that when the external Na*
concentration is reduced by 50% the steady membrane potential would
equal 80 mV., or 3 mV less than the resting potential. The experi-
mental results are somewhat better than predicted, since the vera-
trine negative after-potential seems to0 be completely eliminated
(Fig. 19d). However, the steady potential in normal Ringer's
solution (Fig. 19¢) was less than the assumed value, the resting
potential of the fiber shown in Fig. 19d was less than assumed and
it would be rather difficult to see a potential change of only

3 mV. on the voltage scale used in Fig. 19. When a veratrine con~
centration of 2,0 X 10~ is used (Fig. 20) the steady potential
following the action potential is about 1/2 the resting potential.
Thus for a fiber with a resting potential of 83 mV. the steady
potential would be about L1 mV., and a relative Nat permeability

of 0,235 is found by calculation. VWhen the external Na%* concen-
tration is reduced to 50% of normal, the steady potential follow-
ing the action potential would be 57 mV., or still about 26 mV less
than the resting potential. When it is reduced to 30% of normal,
the steady potential equals 62 mV which is only a slight improvement
over the 50% reduction of external Na' concentration. Although
necessarily only an approximation of the true case, the calculations,
based on the theory of the production of the veratrine negative after-
potential, which I have been discussing, agree quite well with the
experimental results,

As T mentioned above, the membrane conductivity
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(1/Rp) increased only about 6.3% during the veratrine negative after-
potential. This had the effect of more than doubling the relative
Nat permeability as indicated by the calculations using the constant
field theory. According to the equations given by Hodgkin (1951),
if the movement of Na* in the membrane was due to thermal agitation
and the electric potential gradient, and the ions moved independ-
ently of one another (which is almost certainly not the case), then
that part of the total mewbrane conductivity due to the movement of
Na* ions would be proportional to the Nat flux. Since, as Keynes
(195L) has shown, the Na* and K* fluxes are approximately equal,
their contribution to membrane conductivity would also be approxima-
tely equal. As Keynes (1954) has said, "It is difficult to predict
the contribution of sodium to the membrane conductance without know-
ing more about the mechanisms by which it crosses the cell membrane,
«ees  The results with veratrine indicate that its contribution is
relatively small.

The increase in the membrane capacity produced by
veratrine treatment is an interesting effect. This effect has
previously been reported by Machine (1950), who surmised its
presence by a rather indirect approach. Larger membrane capacitances
have been reported for crustacian muscle fibers (Fatt and Katz, 1953),
but usually only smaller values are reported in the literature.
Changes in membrane capacity produced by eicperimental procedures are
rarely found. The increase might be produced by an increase of the
dielectric constant of the membrane, or by a folding of the membrane

which would cause an error in the estimate of the surface area per




"

unit volume of fiber, There is some evidence that the membrane
of frog sartorius muscle fibers is normally folded (Martin,
195L4). All that can be said is that this effect is somewhat
independent of the decrease in membrane resistance, and it tends
to reach a maximum with increasing veratrine concentration
(Table 2).

It is quite clear that the veratrine negative
after-potential camnot be used as a model for the normal negative
after-potential, The normal negative after-potential is essen-
tially a passive decay of membrane potential back to resting
levels, whereas even the exponential phase of the veratrine neg-
ative after-potential is far too slow to be considered a passive
phenomenon., However, in the case of the normal negative after-
potential, there is some indication that the external Na* has a
modifying effect. Thus, at the start of a negative after-
potential having a shape sucﬁ as shown in Fig. 12a, the inward
and outward movement of (positive) charge must be equal, since
the membrane potential is steady for a few msec., and in the case
shown in Fig., 12b, the inward movement of charge actually sur-
passes the outward movement for a few msec. Since Nat is the
predominant cation in the external solution, it would seem
reasonable to suppose that it can account for a large part of
the inward movement of positive charge. The fact that these
shapes (Fig. 12a and b), which were the types usually found

(7L% of the observations), are completely elimimated by reducing
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the external Na‘* concentration, indicates that this supposition is
correct., Reduction of the external Na* concentration also decreases
the time constant for the decay of the normal negative after-
potential, and it seems possible that, under normal conditions, there
is a-slight leakage of Na' during the negative after-potential which
slightly retards repolarization. On the other hand, reduction of
the external Na* concentration had no effect on the maximum ampli-
tude of the normal negative after-potential., This would be ex-
pected if, as I have previously suggested, the latter potential is
determined by the end of the facilitated outward movement of K*
ions during the latter part of the action potential, or if in some

marmer this level ended the facilitated outward movement of K* ions.




V. SITE OF ORIGIN AND PRODUCTION OF THE REPETITIVE RESPONSES

A. Introduction

The location of the site of origin of the action
potentials belonging to the repetitive response is of importance
both from a theoretical and an experimental point of view. Ac=
cording to the UWdifferential repolarization mechanism", the repe-
titive responses should arise in the junctional region between
the slowly and rapidly repolarizing portions of the fiber mem~
brane. Wibie (192a and b) has shown that when the end of the
frog sciatic nerve is placed in veratrine solution, the after-
discharge, as indicated by the mechanical response of the gas-
trocnemus muscle, is independent of the point of stimulation
along the length of the nerve, and originates in the vicinity of
the veratrine application., This finding is important for it
shows that the veratrine after-discharge is independent of the
stimilating current and any local change in the fiber membrane
that may be produced by the stimulating current. The stimulus
is necessary only for the production of a propagated action
potential. When the entire sciatic nerve is soaked in a vera-
trine solution the after~discharge originates in the fine motor
nerve fiber endings, and if these are removed, it originates in
the smaller branches of the nerve which are more sensitive to
the veratrine than the main nerve trunk (Dun and Feng, 19L0a;
Feng, 1941). Since a sufficient gradient of membrane potential
along the fiber membrane is necessary for the production of the

veratrine after-discharge (pg #8), it is to be expected that the
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repetitive responses would arise in the vicinity of the greatest
veratrine sensitivity, since this is the region where the membrane
most slowly repolarizes following an action potential, and where,
therefore, the largest gradient of membrane potential would occur,
However, this need not be the case, and under certain conditions
the largest gradient of membrane potential would not be at or near
the point of maximum depolarization following an action potential,
In such cases the repetitive responses should not originate ét the
point of slowest repolarization (or maximum depolarization), but
in the vicinity of the maximum gradient of menbrane potential,
This latter expectation has been confirmed by the experiments de-
scribed below.

In order to gain a more intimate understanding of
the "differential repolarization mechanism" and to compare it with
other forms of after-discharge and repetitive activity, it is im-
portant to record the potential changes along the fiber during
the repetitive activity. The ideal method for recording such
potential changes is by the use of inside-the-cell electrodes.
However, these electrodes record the potential changes at only one
point on the membrane, and for records obtained in this mammer to
have any meaning, the relation of the recording point to the point
of origin of the repetitive responses must be known. Using the
three compartment bath (Fig. 22), it has been found that the first
action potential of the repetitive response originates approximately
1.5 to 2.0 space constants () from the petroleum jelly junction

3

in the veratrinized region of the fibers. The site of origin sub-
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sequently moves further into the veratrinized region during the

repetitive response.

B. Materials and Methods

1) Preparations, solutions and electrodes. -~ These
three subjects have been dealt with in detail above (pp /7-21,
at-29,and {3-¢{ ). 1In the experiments contained in this
section only normal Ringer's solution, containing appropriate
amounts of d-tubocurarine and veratrine sulphate, was used.

2) Bath arrangements. - The saline bath (Fig. 1)
and the perfusion arrangement (Fig. 9) were used in a few of the
experiments., Since accurate observations of distance, and a good
view of the muscle fibers were difficult to obtain using these ar-
rangements, a specially designed bath was used in most of the expe-
riments (Fig. 22), The bath and slides (S) were constructed from
perspex (lucite) and cemented to a stand with a perspex top. Before
mounting a muscle, the grooves (G) were filled with petroleum jelly,
and the small platforms (P) were also covered. The threads attached
to the ends of the muscle were tied to the silver wires (W). The
muscle was placed against the bottom of the bath by pushing the
threads along these wires, A bit of petroleum jelly was placed on
the top of the muscle in the region of the grooves., The slides
were inserted and pushed down as far as they could g;o s the petro-
leum jelly was smoothed, and saline placed in the compartments.

In this way, the muscle was divided into three sections wﬁich could

be bathed with different solutions. The holes in the sides of the
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Pigure 22, = Three compartment bath. For description see text.
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center bath were provided as a means of circulating the center bath
with Ringer!s solution. This was necessary when using the saline
bath for local veratrine application. However, the isolation of the
compartments, as indicated by the maintenance of different solution
levels, was excellent and it was never necessary to circulate
Ringer's solution in the central compartment. The three compartments
were electrically connected by means of a bath electrode constructed
from a single piece of chlorided silver wire (see photo, Fig. 22).
This electrode was generally grounded. The muscle was viewed from
above with a disecting microscope, and distance measurements were
made with an eye-piece micrometer contained in one of the oculars,
3) Recording systems. - Most of the recording ar-
rangements used in these experiments have been described above
(pp 21 , Y ,and €& ). The bath shown in Fig. 22 was used
in some experiments in which the exact location of the site of
origin of the repetitive responses was determined. The recording
arrangement used in this type of experiment is shown in Fig. 23.
First the microelectrode attached to chamnel 1 (Y1) was inserted
into a fiber., Then, with the switch in position 2, the second
microelectrode was inserted into the same fiber about 1.5 mm away.
To check that'the electrodes were actually in the same fiber, the
switch was placed in position 1, and hyperpolarizing pulses (tip
negative), of short duration and low current, were applied by means
of the second electrode, The response recorded by the other
electrode showed if the implantation was successful. The switch was

then returned to position 2, and the fiber stimulated by means of an
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Pulse generator
I

Three compartment bath '

Figure 23, = Arrangement of electrodes for recording the after=-discharge
&t two points along the same fiber. Note: double=pole,
double=throw switeh; position 1 for testing eleotrode inser=-
tion, position 2 for normal use. Veratrine sulphate put in

end compartment containing the proximel end of muscle and
the two microelectrodes.




external saline electrode in the central compartment. The veratrine
solution was always placed in the compartment which contained the

proximal end of the sartorius muscle,

Ce IExperiments and Besults

1) Site of origin. - Using the saline bath, an ap-
proximate location of the site of origin of the repetitive responses
can be obtained by the recording arrangerent shown in Fig. 24.. In
Fig. 2La, the response recorded before veratrine application is
shown., When the action potential trawvels from right to left, the
diphasic response is first phase up on both beams, and appears first
in chammel 2. Since the electrical resistance of the saline is
Jow compared to that of the petroleum jelly junciions the amplifiers
record only the potential difference across these junctions. Fig.
2lib shows the repetitive response obtained after placing veratrine
sulphate, 0.5 X 100 , in baths 1 and 2. Since the repetitive
responses are first phase up in channel 1, they are traveling from
bath 2 to bath 1. In channel 2, they are first phase down and,
therefore, traveling from bath 2 to bath 3, or in the opposite
direction to that of the initial driven response. Since the repe-
titive responses appear first in channel 2, their site of origin
must be closer to the junction between baths 2 and 3, than to the
cne between baths 1 and 2. The diameter of the baths was 6 mm and
that of the junctions 0.5 mm. Therefore, under the conditions of
this experiment, the site of origin of the repetitive responses is
limited to a 3.25 mm length of muscle fiber, starting in the center

of the first veratrine bath adjacent to a bath containing no vera-
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Figure 2li, - Location of the site of origin of the repetitive responses
using the saline bath, (&) Control response. (b) gepe‘titive
response following a single stimulus with 0,5 X 107
veratrine sulphate in baths 1 and 2.
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trine, and ending in the center of the junction of these two baths,
The slight depression of the base line in chammel 1 following the
initial action potential indicates that the depolarization follow-
ing the action potential is slightly greater in bath 1 than in bath
2.

In experiments such as those illustrated in Fig. 3
and lj, where only a small portion of the fiber surface is not
treated with veratrine, and the stimulating electrodes are in baths‘
containing veratrine, the repetitive responses always originated in
one or the other of the two baths next to the bath which contained
no wveratrine, Using the expefdnental arrangement shown in Fig. 9,
it was found that the repetitive responses originated in a region
slightly below the point where the veratrine solution was run onto
the muscle strip, but the point of maximum depolarization following
an action potential was always considerably below this point.

A method for a more exact determination of the point
of origin of the repetitive responses is shown in Fig. 25. The three
compartment bath (Fig. 22) was used. The diagram in the lower left
hand corner shows the end bath which contained 10~ veratrine sulphate,
and a part of the center bath which contained normal tubocurarine-
Ringer's solution. The two microelectrodes were inserted into the
same fiber, and the fiber was stimulated by an external saline‘
‘electrode in the center bath. The photo in Fig. 25 shows the type of
osclllograph record obtained when the point of origin of the repeti-
tive responses is between the two internal electrodes. Assuming that

the conduction velocity is the same in the resting fiber and during
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Figure 25, = Veratrine after-discharge recorded at two points along the
surface of a single fiber of the sartorius muscle. The
site of origin of the repetitive responses was between the
two internal electrodes. 10~7 veratrine sulphate was only
in the compertment containing the proximal end of the
muscle., The electrode joined to Yo was 1.52 mm. from the
veratrine bath side of the junction. The distance between
the electrodes was 1,22 mm,




the veratrine negative after-potential, it is clear that if the site
of origin is on other side of the two internal electrodes, then the
time between the appearance of each repetitive response on the two
sweeps will be the same as the time between the appearance of the
initial response. The sweep on which the repetitive response first
appears will tell the direction in which it is traveling. If the
site of origin is between the two internal electrodes it can be de-
termined from the following forrmla:
Zn=CuV. (£1 - tpn)/ 2 (1)
C.V. = conduction velocity = X /tq

X = distance between the two internal
electrodes '

z = distance between the site of origin of
the n th repetitive response and the
point of insertion of the internal
electrode leading into amplifier Yo

t7 = time of appearance of initial action
potential on Y3 - the time of appearance
on 1o

t = time of appearance of the n th repetitive
response on Y7 - time of appearance on Yo

This formula assumes that the point of origin of the
repetitive responses can be considered to be an infinitely small
point along the surface of the fiber, and that the conduction veloc-
ity during the veratrine negative after-potential is the same as in
the initially resting fiber, According to the formula given by
Fatt and Katz (1953) the conduction velocity would be equal to
(Radius/specific internal resistance) 1/2 X,Cm'l. Since Cj, in-

creases about 20 to 25% during the veratrine negative after-
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potential (Table L), the conduction velocity would decrease about
15 -20% according to this formula. Table 6 lists the distance of
the site of origin of the first few repetitive responses from the
veratrine bath side of the petroleum jelly junction, determined by
use of equation (1).b Values are also given which were determined
by assuming that the conduction velocity had decreased by 20%.

This correction is small. The site of origin of the initial repe-~
titive response is 1.5 to 2.0 space constants (A ) from the veratrine
bath side of the junction, and it moves further into the veratrine
region during the after-discharge (see Table 2 for A in 10~7 vera-
trine sulphate).

2) Membrane potential changes during the veratrine
after-discharge. - Trace Yo in Fig. 25 shows the typical membrane
changes observed during the veratrine after-discharge near the site
of arigin of the repetitive response, The rapid declining phase of
the initial action potential ends with the membrane repolarized to
about the same extent as in the unpoisoned fiber, As the after-
discharge continues, there is a slight decline in the membrane po-
tential at the end of the rapid declining phase of each action po-
tential. In trace Yj , which was recorded from a point approxi-
mately 1.00 mm. further into the veratrinized region, the initial
action potential ends with the membrane a few mV. more depolarized,
the rate of depolarization following the initial action potential
is much greater, and the decrease in the amount of repolarization
following each repetitive response is also much greater. The

amplitude of the veratrine negative after-potential increases as the
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TABLE 6

Site of origin of the repetitive responses during the veratrine after-
discharge. (Distance from the veratrine-bath side of the junction).

Response Fiber 1 Fiber 2 Fiber 3
weorre corr.* uncorr. ocorr.* wmeorr, 6orr.*

(mm) () (mm) (mm) () (mm)

1 1,36 1,58 1.73 1.82 1.72 1.81

2 1.69 .8 1.87 1,93 1.93 1,97

3 177 191 .87  1.93 197  2.00

L 1,90 2,02 2.05 2.07

* Corrected by assuming that the conduction velocity decreased 20%
during the veratrine negative after-potential,




recording point moves away from the junction of the poisoned and un-
poisoned lengths of the fiber membrane. Since the veratrine concen-
tration is uniform throughout the length of the poisoned stretch of
fiber, the gradation in its effect on the negative after-potential
is most probably due to the spread of current from the adjacent
stretch of unpoisoned fiber. Fig. 26b is a record made during a
veratrine after-discharge on the border of the junction in the non-
veratrinized region of the bath. The membrane potential during the
initial response and until the appearance of the first repetitive
response is quite normal (eg. Fig. 12b, Fig. 19a) and it is the
spread of current fram this region that tends to repolarize the ad-
jacent veratrinized stretch of fiber, The reverse effect is seen
in Fig. 26a which was also recorded from a point just inside the
compartment containing normal Ringer's solution., The conditions
were just subthreshold for the production of a veratrine after-
discharge, but the spread of current into the adjacent veratrinized
region during the veratrine negative after-potential, prevents full
repolarization at this point on the unpoisoned stretch of fiber. As
would be expected, records obtained from points further away from
the veratrinized stretch of fiber show normal recovery of membrane
potential following an action potential,

Fig. 27 shows the membrane response in the wveratrine
region when the conditions were just threshold for the production of
a repetitive response., The picture obtained for the initiation of
the first repetition is not very different than that obtained in

normal nerve and muscle with just threshold stimulations (eg Hodgkin,
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Figure 26. = The responses to & single stimulus of the sartorius muscle
recorded with an internal electrode in the nonveratrinized
region of fiber. 10™7 veratrine sulphate in end compart-
ment only, Electrode implanted 0,1 mm. from the junction.
(a) Response of a fiber when conditions just subthreshold
for a repetitive response. (b) Repetitive response. (c)
Control response before veratrine application,
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Figure 27. - Responses of single fibers from the sartorius muscle
recorded with inside-the-cell electrodes when the conditions
were just threshold for the production of an after-discharge.
10~7 veratrine sulphate in end bath. (a) Responses of a
single fiber recorded 2,58 mm., from the junetion in the
veratrine compertment. (b) Responses of another fiber
recorded O.1 mm, from the junction in the veratrine compart-

ment,
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1938; Fatt and Katz, 1951) and it would seem that, as Kuffler (1945)
has said, the veratrine negative after-potential acts in much the
same manner as an externally applied cathodal current. However,
this would not explain why universal veratrine application fails

to produce after-discharging, Part of the explanation must be
that the veratrine negative after-potential prevents the fiber mem-
brane from recovering sufficiently to be able to develop another
action potential. If this is the case, we should be able to pro-
duce a repetitive response, with universal veratrine application,
by foreing part of the membrane to repolarize following an action
potential. Fig. 28 shows this effect. The muscle from which this

photo was obtained was kept in 2.0 X lO"'8

veratrine sulphate., Un~
less the fiber is injured this concentration never leads to a repe-
titive response of the muscle fibers, but in this case the hyperpo-
larization, which was produced by a second microelectrode inserted
into the same fiber a short distance away, established the condi-
tions for an after-discharge., The abrupt start of the repetitive
action potentials during the hyperpolarization indicates that their
site of origin is a considersble distance from the recording
electrode., The repetition following the end of the hyperpolarization
is due, in part, to injury of the fiber membrane at the point of
electrode insertion, This injury is also indicated by the fact that
the hyperpolarization declined during the time of current applica-

tion, although the polarizing current was actually increasing

sli gh’bly' .
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Figure 28, - Production of a repetitive response by hyperpolarizing the
membrane of a single sartorius muscle fiber during the
veratrine negative after-potential, Muscle completely
immersed in 2,0 X 1078 veratrine sulphate. Note: the poor
shape of the current pulse (upper trace) was the property
of the stimulating electrode. With most stimulating
microelectrodes a steady current level was established
within 30 msec.
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D, Discussion of Results

A1l the evidence that I have presented supports the
view that the decrease in membrane potential during the veratrine
negative after-potential acts in much the same mamner as a depo-
larization produced by an externally applied current. I have found
nothing that indicated an increase in excitability, a failure to ac=~
commodate, an oscillation in membrane potential, or any other change
during the veratrine negative after-potential that might, in some
other manner produce the after~discharge. How then does this depo-
larization differ from membrane depolarizations produced by other
means? In particular, why does a universal depolarization of
large amplitude during a veratrine negative after-potential fail to
produce an after-discharge, and how does local veratrine applica-
tion overcome this difficulty?

With low veratrine concentrations (around 10"'8 vera-
trine sulphate) the membrane depolarization following an action
potential is undoubtedly too small to produce an action potential,
for 1 was not able to obtain after-discharging using these concen-
trations; even with optimum conditions. With larger veratrine
concentrations, the depolarization was sufficient, for with the
proper conditions after-discharging could be obtained., With
universal veratrine application, the conditions following the
initial action potential are quite similar to those obtained with
a voltage clamp that universally depolarizes the fiber menbrane,

Hodgkin et al. (1952) found that when the voltage clamp was set ‘so




132 |

that it produced a large depolarization, there was an initial inward
movement of Nat ions (or more exactly, an increase in Na* conductance),
which corresponded to the rising phase of the action potential in the
normal fiber, ard ﬁhis was followed by a maintained outward movement
of X* ions. As long as the membrane was kept at this potential, the
increase in membrane K+ conductivity remained. Another pulse of
increased Na® conductivity could only be obtained by first repolariz-
ing the membrane and then depolarizing it again. With large vera-
trine negative after-potentials, it would seem that the membrane has

not repolarized sufficiently following the action potential to permit

recovery of the mechanism responsible for the increase in membrane
Na* conductivity which is necessary for the production of another
action potential. The question now arises as to whether there is
some critical membrane potential at which the process responsible
for the increase in membrane Nat conductivity is sufficiently
recovered to permit the development of another action potential,
and which at the same time will initiate another action potential?
If such a membrane potential exists it would be rather easy to
explain the ease of obtaining after-discharge with local veratrine
application, for with local veratrine application there is an ine-
crease in the depolarization along the fiber as it gets further
away from the junctional region., However, the inability of a
gradual gradient of membrane potential to produce an after-
discharge (Fig. 6) seems to rule out this possibility.

As can be seen in Fig., 27, the membrane potential in

the veratrine treated region goes through two distinct phases follow-
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ing the initial action potential, There is an initial slow repo-
larization which is probably caused by the spread of current from
the unpoisoned. stretch of fiber, This is followed by a slow depo-
larization which, after a variable length of time, leads to a more
rapid depolarization, and finally to the production of an action
potential, A comparison of Fig. 27a with Fig. 27b, shows that the
slow rising phase starts sooner in the length of membrane further
away from the junction, and a much greater depolarization is pro-
duced before the rapid depolarization_leading to the action po-
tential occurs. It would seem that the élow increase in depolari-
zation starts in a2 region rather distant from the junction. It
then spreads slowly towards the junction, and as it spreads, it comes
in contact with musecle membrane which is less refractory because of
the repolarization forced on it by the spread of current from the
unpoisoned length of fiber, In the less refractory region the
slight additional depolarization initiates the process that pro-
duces an action potential. A similar spread of depolarization from
a refractory region of fiber membrane into a less refractory'regioh,
where an action potential was initiated, was observed by Hodgkin
(1938) in single isolated Carcinus axons.

The experiment illustrated in Fig. 21 clearly shows
that the muscle fiber membrane has a decreased excitability during
the veratrine negative after-potential. Such a finding is hard to
correlate with the simple assumption that an action potential is
initiated by any process which reduces the membrane potential to a

fixed eritical level (Jenerick and Gerard, 1953). It is however, in

L e—
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keeping with the findings of Hodgkin and Huxley (1952a) who observed
that persistent depolarizations reduced the ability of the fiber mem-
brane to respond to a subsequent larger depolarization. They refer
to this process as "inactivation®. The ability of a local hyperpo-
larization during the veratrine negative after-potential, to produce
an after-discharge (Fig. 28) alsoc agrees with their finding that
hypefpolarization decreases "inactivation". A similar effect was ob-
served by Hagiwara and Watanabe (1955) who found that a brief hyper-
polarization during the negative afiter-potential of a muscle treated
with veratrine in TEA-Ringer solution, was followed by an action
potential, On the other hand, a depolarization of the membrane by
an outward directed current failed to initiate an action potential,
Hodgkin and Huxley (1952a, b, and c¢) found that the
initial increase in Na* conductivity which occurred when the fiber
membrane was depolarized, always declined and disappeared when the
depolarization persisted, If the membrane is repolarized during
the time thai the Nat conductivity is large, its decline is ac-
celerated. They refer to all the factors that decrease the
change in membrane Na* conductivity associated with depolarization
as a single process of Minactivation" (Hodgkin and Huxley, 1952c).
It was shown above that veratrine treatment of frog skeletal muscle
increases the Na* permeability (or conductivity) of the fiber mem-
brane, I suggested that this might be produced by a change in the
membrane structure, It is also possible that veratrine prevents
complete "inactivation! of the increased Na* conductivity mechanism,

There is some evidence that the increased Na* conductivity outlasts
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the spike of the actioﬁ potential (see pg#l) in the unpoisoned
muscle fiber and veratrine might simply prolong this effect. Both
the decline of the Na* conductivity, and an increase in the K+
conductivity are necessary for a quick recovery of resting poten-~
tial during an action potential (Hodgkin and Huxley, 1952d). If
veratrine specifically inhibits "inactivation", then the reason why
the dramatic effect of veratrine follows an action potential is
easier to explain, Certainly the action of veratrine on the electric
constants of the resting fiber membrane is greater than its effect
following an action potential, whereas its effect on membrane poten-
tial is just the opposite. This problem cannot be resolved until
more is known concerning the mechanisms involved in the movement of
Na* across both the resting and active fiber membrane. Veratrine

itself might serve as a useful tool in such studies.
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VI. GENERAL DISCUSSION

Probably the most fascinating aspect of the‘response
of nerves and muscles treated with veratrine is the repetitive
activity that occurs following a single stimmlus, or,as 1 have
chosen to call it, the veratrine after-discharge. Several theories
have been proposed to explain this phenomenon. Most of these have
been described above., I would now like to discuss in greater detail
some of the currently held theories.

The idea that the veratrine negative after-potential
is directly involved in the production of the repetitive response
is a part of the "differential repolarization mechanism" proposed
in this work, and is supported by the experimental results. However,
the frequently held view that the veratrine negative after-potential
is assoclated with, or causes an increase in membrane excitability
(Krayer and Acheson, 1946; Kuffler, 1945; Bremer, 1955) and in this
way produces the repetitive response, is not supported by the results
of any of the experiments described above. It is quite likely that
the leakage of K* ions during a veratrine after-discharge would
cause a decrease in resting potential which i§ independent of any
direct effect of the drug itself. Fig. 29b shows such an effect.
There were 1l action potentials in the after-discharge which was
recorded in an unpoisoned region of fiber, After an initial rapid
phase of repolarization there was a considerably slower phase which
was never present following a single response. The slow phase of
repolarization is probably caused by the reabsorption of some of

the external K, and the diffusion of the excess K out of the
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muscle, which is known to be a relatively slow process (Keynes, 195L).
In one case a veratrine after-discharge which contained 32 action
potentials ended with the resting potential temporarily depressed by
20 mV, The decrease in resting potential produced by increasing

the external K* concentration would reduce the threshold, as measured
by the amount of current necessary to stimulate the muscle (Jenerick
and Gerard, 1953), Therefore, one would expect that a submaximal
stimulus applied during a veratrine after-discharge would excite a
larger number of fibers than in the resting condition. This would

be particularly true for the fibers in the muscle £hat are relatively
less affected by the veratrine treatment. This is the generalway

in which supernormality is demonstrated during the response of a
veratrinized muscle (Bremer, 1955). Viewed in this manner the
supernormality can hardly be called an effect of veratrine, and it

is probable that the effect would be greater in the unpoisoned
stretch of muscle, where the fibers are not refractory, as they are
during the veratrine negative after-potential.

Ever since the "“humoral transmission theory" of veraw-
trine action was first proposed (Szent-Gyorgyi et al., 1939), the
feeling has prevailed that the action of veratrine on nerve and
muscle was related to, and dependent upon the K* ions released by
the fibers during activity. Most of the experimental evidence
presented in this work either directly, or indirectly refutes this
hypothesis. There are, however, several similarities in the action
of veratrine and K+ on muscle and nerve. For example, both reduce

the membrane potential of nerve and muscle fibers, However, the




reduction of membrane potential produced by increasing the ex-
ternal K* is a continuous function of the log of its concentration
(Boyle and Conway, 1941; Jenerick, 1953; Feng and Liu, 1949),
whereas the reduction in resting potential produced by veratrine
treatment is not (Feng and Liu, 1949). Both treatments increase
membrane conductance. However, the increase in membrane conductance
produced by K* treatment is proportional to the change in merbrane
potential produced at the same time (Jenerick, 1953), whereas the
effect of veratrine treatment on membrane conductance is.greatest
in the resting fiber, while its effect on membrane potential is
greatest following an action potential. Also, the increase in mem-
brane conductance produced by veratrine treatment is associated
with an increase in membrane capacitance (Tables 2 and L) while K*
treatment has little or no effect on membrane capacitance (Hodgkin,
1947). Another interesting similarity of action is contained in
an observation of Hodgkin (1947). He found that local, but not
universal, application of high K* along the surface of an isolated
Carcinus axon produced a repetitive response and the impulses
arose, not at the point of K* application but in an adjacent region
due to local circuit action.

The fact that the conditions that best favor the
removal of K* ions that leak out of the fibers during activity
(Fig. 9), are the optimal conditions for the production of the vera-
trine after-discharge, makes it difficult to accept the "“humoral

transmission theory", which proposes that the main or sole action of
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veratrine treatment is to make the muscle more sensitive to the
action of external X* ions, and that the reason the éction of vera=-
trine is most prominent following an initial response, is because
this response liberates K* ions to which the muscle fibers are more
sensitive due to the action of veratrine (Bacq, 193%b). An equally
serious difficulty is the relation found between the external Na*
concentration and the effect of weratrine (Fig. 19 and 20). The
membrane potential changes associated with veratrine treatment are
dependent upon the external Na* and it would seem that the vera-
trine after-discharge is also dependent upon this factor. This
agrees with the findings of Feng (1941), and most other workers
(see Krayer aﬁd Acheson, 1946), that increasing the external K*
concentration decreases the effects of veratrine treatment, and
increasing the external Na* concentration increases its effects.
It would seem, therefore, that both veratrine treatment and in-
creasing the extermal K concentration produce changes in nerve
and muscle fibers that are of a similar nature but these similar
effects are produced by entirely different means. It is quite
likely that under certain circumstancés they might augment the
activity of each other, but it would be wrong to infer that vera-
trine simply potentiates the activity of external K* ions.

The theory proposed by Gordon and Welsh (1948),

* jons that are released from the fiber

that veratrine binds Ca’
membrane during the passage of an impulse, is a bit harder to
evaluate., Their finding that high veratrine concentrations can

cause spontaneous activity in the perfused crayfish chela-motor
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axon preparation (Welsh and Gordon, 1947) is the only case in which
veratrine treatment has been reported to produce such an effect
(Krayer and Acheson, 19L6). Although increasing the external
Ca** concentration will tend to inhibit the veratrine after-

discharge, and decreasing the external Ca**

concentration will tend
to favor the veratrine after-discharge (Welsh and Gordon, 1947:
Krayer and Acheson, 1946), these effects are not limited to the
veratrine after-discharge. Thus increasing the external Ca'' con-
centration will increase the threshold of most nerves and muscles
(Brink, 1954; Jenerick and Gerard, 1953), and lowering it will have
the opposite effect. Dun énd Feng (19402 and b) found that barium
and guanidine, like veratrine, caused the production of retrograde
discharges in frog motor axons following a single stimmlus of the
nerve when the attached muscle was bathed in solutions containing
these chemicals, Unlike veratrine, hoﬁever, they also caused
spontaneous activity of the motor nerve fibers, and the nature of the
repetitive response caused by treatment with these agents was very
different from the veratrine after-discharge. The activity of these
three agents was inhibited by increasing the external Ca** concen-
tration. It would seem that Ca®™ in high concentration reduces the
ease with which action potentials can be produced, and in low con-
centratioﬁ increases the ease of obtaining action potentials and
repetitive activity. The effect of external Ca*® on the veratrine
after-discharge is probably similar to the effect produced by

quinine (Harvey, 1939), in that both these chemicals seem to in-

hibit all forms of repetitive activity, rather than to specifically




inhibit the action of veratrine treatment.

Some other difficulties in accepting this hypothesis
are the facts that the effects of Ca’’ on excitability and on
repetitive activity seem to be relatively independent of any effect
on membrane poténtial (Jenerick and Gerard, 19533 Brink, 195L), and
that increasing the externmal Ca** concentration increases the ampli-
tude and duration of the negative after-potential (Brink, 1954).

The latter effect is just the opposite of what would be expected if
veratrine simply acted like a decrease in external Ca** concentra-
tion. On the other hand, it has been suggested that Ca++ , and ca**
compounds are involved in the transport of Na' ions across the fiber
membrane, either by acting as carrier molecules (Hodgkin et al.,
1949) or by acting on the membrane structure (Brink, 1954), If this
should prove to be the case, then there might well be a specific

relation between the veratrine and Ca*t effects on the fiber membrane

At the present time, however, the experimental evidence does not seem

to favor such a view,

1%l

As mentioned above, the initial interest in this problem

was not in the effects of veratrine itself, but in the veratrine after-

discharge as an example of the more general type of after-discharge
mechanism called the "differential repolarization mechanism® (Burns,
1955), The electrical activity of nerves and muscles can be clas-
sified in several ways. The type of classification found in the
literature generally depends on the interest and the prejudice of
the individual author. The actual types of activity found in

nature generally tend to fall in between the various classes proposed
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and are, therefore, often difficult to fit into the proposed scheme.
With this difficulty in mind, I would like to present a simple
scheme for the classification of repetitive discharges as follows:
When the repetitive discharge outlasts the change in the environment
of the cell that initiated it, it can be called an after-discharge.
A repetitive discharge produced by a prolonged or steady change in
the enviromment, might be considered to be the result of a failure
or lack of accommodation in the cells involved. Only when action
potentials arise without any change in the environment of the cells
involved, should they be classed as "spontaneous activity™t,

Viewed in this manner, many types of repetitive
activity which are commonly called forms of "“spontaneous activity®,
such as the "spontaneous activity® produced by the removal of catt
from the external enviromment of nerve cells, should be considered
a result of the failure of the cells to accommodate to a change in
their enviromment. Fhysiologists probably began referring to the
| activity produced by various forms of chemical stimmlation as
"spontaneous activity™ at the time when they felt that most cells
were stimulated by electric currents. Today, it appears that
chemical stimulation is the usual way in which cells within the
body are stimulated (Loewi, 195h; Dale, 1954) and it no longer seems
reasonable to refer to activity produced by chemical stimulation as
"spontaneous activity"., The classic example of spontaneous activity
is, of course, the rhythmic activity of cardiac muscle. However,
there is the possibility that there might be some form of spontaneous

activity of cells in the cerebral cortex (Bremer, 19L9; Burns, 1956)
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or elsewhere in the central nervous system.

The responses seen in sensory axons (Adrian, 1928)
are typical of the form of repetitive activity which is produced by
a maintained change in the extermal environment., The frequency of
the response might reach a maximum when the stimulus is first ap-
plied and then decrease until the activity stops (Katz, 1950 a and
b; Eyzaguirre and Kuffler, 1955a) or it might remain constant as
long as the stimulus remains constant (Eyzaguirre and Kuffler,
1955a), This form of activity has been duplicated by constant
current stimilation of Carcinus axons (Hodgkin, 1948) and many other
tissues show a repetitive response to constant current stimulation,

In order to distinguish after-discharges produced by
a "differential repolarization mechanism® from other forms of after-
discharge, it would be proper to list some of the more important
features of this type of after~discharge. Thus, when the conditions
are adequate for the production of this form of after-discharge, it
is found that:

(a) An action potential starting from any point and
travelling in any direction will trigger the after-discharge.

(b) The repetitive response tends to bear an all-or=
nothing relationship to variation in the conditions required for
its production. Because one "spontaneous" discharge resets the
recovery cycle it produces the conditions necessary for a second
"spontaneous" action potential; the second discharge produces a
third, and so on. Thus the usual event is for an after-discharge

consisting of many action potentials and it is extremely hard to
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obtain conditions for the production of a single after-discharge.

(¢) The latent period before the repetitive "sponta-
neous" firing breaks out is greater than the time interval between
the first two action potentials of the after-discharge (Fig._29b).

(d) The maximum frequency of the repetitive response
does not ocecur at the beginning of the after~discharge, but is
usually reached after the first few action potentials (Fig. 29b).

(e) When the after-discharge comes to an end its
frequency does not decline asymptotically to zero, but after some
reduction in the rate of discharge the series of action potentials
stop suddenly (Fig. 2%).

(f) The production of an after~discharge requires the
presence of an adequate gradient of membrane potential along the
length of the cell during recovery from driven activity. Part of
this gradient must involve a portion of membrane that has repolarized
sufficiently to permit the development of another action potential
(reactivation of the Na* carrier mechanism),

Fig. 29 contains records of two types of after-
discharge that can be obtained using frog's skeletal muscle. The
after-discharge in Fig. 29a was initiated by a single stimmlus ap-
plied to the motor nerve while the muscle was immersed in a solution
containing 10"6 eserine sulphate., This after-discharge is produced
by the persistence of the humoral transmitter. It differs from the
after~discharge illustrated in Fig. 29b in several respects. The
most important differences that can be found by simply looking at

the records are that the after-discharge has its maximum frequency
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Figure 29, = After-discharges in frog sartorius muscle fibers caused by
drug epplication. (&) Response of a single fiber to gn
indirect stimulus when the muscle was immersed in 10™
eserine sulphate. Recorded with an inside=the=cell
electrode. (b) Repetitive response obtained with 107
veratrine sulphate in end compartment of bath (Fig. 22).
Recorded with an inside~the-=cell electrode 6,5 mm. from the
junction in the nonveratrinized region of fiber,
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at the beginning and that the latent period before the start of
the after-discharge is shorter than the time interval between the
first two action potentials of the repetitive response.

The response of the Limlus eye to brief flashes of
light (Hartline et al., 1952) shows all the characteristics of an
after-discharge produced by a "differential repolarization mechanism",
Their records, obtained from single optic nerve fibers, bear a
striking resemblance to veratrine after-discharge records, and it
would seem that the mechanisms involved are quite similar. Modified
forms of this "differential repolarization' type of after-discharge
have occasionally been reported. For example, there is the repeti-
tive response of crayfish sensory cells (Eyzaguirre and Kuffler,
1955b), or of catfish Mauthner cell to antidromic stimulation
(Tasaki, Hagiwara, and Watanabe, 195)).

The "differential repolarization mechanism" was first
proposed to explain the "after-bursts® that can be produced in
isolated slabs of cat's cerebral cortex (Burms, 195L4, 1955). It has
also been suggested as a possible explanation for the production of
epileptiform after-discharges (Burns, 1953). Although it has already
served as the catalyst for an investigation on a rather different sub-
ject, its ultimate value depends on just how great a help it will be

in explaining the after-discharges that occur in nature,
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SUMMARY
l. The literature concerning the use of veratrum alkeloids in soientific
studies has been reviewed, In this review the effects of veratrine on
the electrical properties of nerves and muscles have feen stressed,
2, Direct excitation of fully curarized sartorius muscle fibers gave
rise to an after-discharge only when veratrine was locally applied to
the length of the fibers. Veratrine delays repolarization of the
muscle fiber'!s membrane after an action potential has passed through the
veratrinized region and the difference in repolarization rates of
veratrinized and untreated lengths of muscle fiber 1s the immediate
cause of the after=discharge.
3.+ Factors which modify this difference in repolarization rates (or
gradient of membrane potential) modify the after-discharge in the
predicted manmner.
lis The site of origin of the repetitive responses was located 1,5 to
2.0 space constants from the junction between treated and wmtreated
fiber in the veratrinized region of fiber, The membrane potential
changes along the fiber'!s surface during the veratrine after-discharge
was investigated with inside=-the=cell microelectrodes,
5. The general properties oﬁ an after=discharge due to differential
repolarization are discussed.
6. The electric constants of resting sartorius muscle fibers were
investigated and it was found that veratrine treatment increased the
menmbrane capacitance (cn) and decreased the membrane resistance (Rm).
7. The negative after-potentials of normal and veratrinized sartorius
muscle fibers were investigated. A linear relation between the resting

potential and the meximum amplitude of the negative after-potential was
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foﬁnd. This relation wa.s undisturbed by changing the externsal Net or Kt
concentrations, or by moderate veratrine treatment., Strong veratrine
concentrations or prolonged treatment with moderate concentrations
increased the maximum emplitude of the negative after=-potential,

8. The time constant for the decay of the normal negative after=potential
was similar to that for the decay of en impressed hyperpolarization. In
the wnpoisoned fiber the evidence supports the view that the rapid phase
of repolarizetion following an action potential ends with the fiber
membrane slightly depolarized and the rest of the negative affer-potential
is a passive return of the membrane potential to its resting level,

9. In the veratrinized fiber there is an increased Nat conductivity
following an action potential which considerably delays repolarization,
The findings that there is a slight increase in membrane conduetivity
during the veratrine negative affer-potential, and that decreasing the
external Na' concentration can severely reduce or completely eliminate

the veratrine negative after=-potential, support this hypothesis.

10. The other theories proposed to explain the veratrine after-discharge

and the veratrine negative after=potential have been discussed in detail,

The claims to original research are included in the above summary,
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