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Summary

The effects of various drugs on single myelinated nerve fibers

from Rana pipiens were studied with the voltage clamp technique of

Frankenhaeuser and Dodge. The observed currents were analysed by a
computer in terms of the mathematical model of Hodgkin and Huxley.
The sodium, the potassium, and the leakage current components and the

time constants associated with their changes were calculated.

Tetrodotoxin abolished the sodium currents selectively, and
tetraethylammonium ion abolished the potassium currents selectively.,
Neither of these drugs affected the time constants associated with any
of the current components. The curves relating the kinetic parameters
of the sodium currents to the voltage were displaced along the voltage
axis by calcium concentration changes. The three agents mentioned
acted rapidly (within one second) and reversibly and probably bind
to specific receptors on the extracellular side of the nodal membrane,
Other drugs including local anesthetics, some general anesthetics, and
veratrine alkaloids exerted moderately specific effects on the com-
ponents of current. The anesthetics abolished sodium currents and the
veratrine alkaloids enhanced sodium currents and prolonged their time

courses, None of the agents tested affected the leakage current.

The demonstrated pharmacological independence of the three com-
ponents of current suggests that the ion fluxes are handled by
independent permeability systems, the sodium channels, the potassium
channels, and the leakage channels. Some of the properties of these

channels are described.
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Chapter I

AN HISTORICAL INTRODUCTION TO THE MEMBRANE THEORY

The key to the current understanding of the excitation and
propagation of action potentials in nerve and muscle is the "ionic
hypothesis" or "membrane theory". The theory supposes that
electrical potentials in cells are ionic diffusion potentials
arising solely across the unit membrane of the cells. The
potentials depend on the ionic concentration differences across the
membranes and on the selective permeability of the membranes. This
thesis is about the inhibition by some drugs of the changes of
permeability to ions that underlie the excitation and propagation of
action potentials. The goal of this study is to provide more clues
to the understanding of the mechanisms of ionic permeation through
cell membranes. Although the experiments are exclusively devoted
to a particular type of myelinated nerve fiber from the frog Rana

pipiens, the conclusions could be useful for all excitable tissues.

From 1939 to 1952 the membrane theory received so much ex-
perimental confirmation that it can be considered one of the esta-
blished facts of neurophysiology. One might imagine that the idea
is a relatively new one since it was only recently proven, but this
is not so. It was formulated as soon as the words in it received
scientific meaning. Indeed the development of the whole theory of
nerve and muscle action has been characterized by bursts of ideas and
rapid advances, following quickly on the heels of some fundamental or
technical discovery in physics, and periods of waiting from which new
ideas were absent. I should like to trace the history of some of the
ideas to show that many basic principles were formulated long ago,

1
before it was possible to consider proving them.

1See bibliographical note at the end of this section for sources
quoted or used in preparing this essay.



Galvani's experiments between 1780 and 1795 mark the beginning
of experimental electrophysiology. He investigated in great detail
the excitation of twitching in frog's legs by static electric machines,
by metallic arcs applied at two points, and even by the severed
muscles of other frog legs. He felt he had discovered an animal
electricity and concentrated on showing "how many qualities the
animal electricity we have discovered has in common with ordinary

electricity.”

Although subsequent developments showed that some of
his interpretations were poorly founded, Galvani's (1791) conclusions
are extraordinarily like our current views:
It seems to be established from these experiments that both
artificial and atmospheric [e.g. lightning] electricity
exert far greater force upon muscles and nerves than
hitherto was known; and that they exercise so great a
power on animal electricity to be able to incite this same
animal electricity to movement. . . . Two facts are
particularly evident, namely that a two-fold electricity
is present in these bodily parts, one positive, the other
negative and that each is completely separated from the other
by nature: otherwise if there were a state of equilibrium, no
movement, no flow of electricity, and no phenomenon of
muscular contration would take place. . . . The hypothesis
is not absurd . . . which compares a muscle fiber to some-
thing like a small Leyden jar or to some other similar
electrical body . . . . In this way one likens the whole
muscle, as it were, to a group of Leyden jars . . . . A
muscle fiber, although simple at first sight is composed
of solid as well as fluid parts (substances which produce
in it no slight diversity) . . . . a condition which could
not exist without different little hollows and surfaces in
the substances of the muscle [to separate the hypothetical
positive and negative electricities].
On writing of nerve conduction Galvani postulates that
nerves are so constituted that they are hollow internally,

or . . . . composed of some material adapted to carrying



electric fluid, and that externally they are oily, or have
some other similar substance which prohibits the dissipation
and effusion of this fluid flowing through the nerve.
At this point we diverge from his view, for he goes on to claim that
the electric fluid flows from the brain through the inside of the
nerve and into the muscle. To him the nerve is like, to use a modern
analogy, an insulated wire. We can forgive his inaccuracies in
language, however, if we realize that most of his research was

completed before Ohm was born.

Galvani's experiments were important not only because they
initiated the development of electrophysiology but also because they
led to fundamental discoveries in physics without which electro-
physiology would not have been able to advance. In a few years
Volta (1800) had developed his pile as a direct result of his
experiments with Galvani's phenomenon. Volta's battery, the only
known source of moderate currents at moderate voltages, enabled
Davy (1807) to discover electrolysis and Faraday (1834) to prove his
law of equivalent weights. These were the beginnings of electro-
chemistry. Surprisingly, still fifty more years had to pass before
it was determined that salts are normally dissociated into ions in

solution.,

Again, currents from the battery flowing around a loop of wire
turned Oersted's compass (1819) and led Ampere to the beginnings of
electromagnetic theory. This discovery of a force between currents
and magnets introduced a new, sensitive instrument that was to serve

neurophysiologists for over a century, the galvanometer.

Combining the galvanometer, the battery, and a slide wire the
neurophysiologists were able to make new progress. Matteucci (1838)
described the demarcation potential of injured muscle and saw that
it disappeared in strychnine tetanus. By 1849 Du Bois-Reymond had
shown that cut muscles and nerves were negative at the injury. During
tetanic electrical stimulation there was also an increased negativity

in the living parts of the nerve. The magnitude of the change was



independent of the distance from the stimulus or of whether the
stimulus was applied at the central or the peripheral end. He
thought that he could explain what he had seen through the
orientation of a set of dipolar "electromotor molecules",
Bernstein (1866) devised an ingenious mechanical device, the dif-
ferential rheotome, to close the measuring circuit of his
potentiometer for an extremely short period at known times after
the stimulus. The slow galvanometer became a rapid instrument. He
found a negativity about equal to the injury potential travelling
rapidly away from the stimulus and lasting less than a millisecond

in any place,

Pflliger (1859) observed that the electrotonus of nerves differed
from action potentials especially in its decrement. He proposed that
during the propagation of action potentials changes in each nerve
element released an independent elastic force in the neighboring
element, thus keeping the response at full amplitude as it travelled.
The analogy between a burning fuse and propagation was developed,
immediately raising the question why the nerve did not release all
its energy in the first impulse. At this time another observation
was made that played an important part in later theories. While
stimulation normally took place at the cathode (depolarization),
the response of the nerve could be enhanced by a preceeding maintained
anelectrotonus (hyperpolarization) or diminished by a maintained
catelectrotonus (depolarization)., Various theories were proposed
with elastic forces and molecular restraints acting on the dipolar
"electromotor molecules", The restraints kept the nerve from
releasing all its energy and the elastic forces were weakened and
strengthened by depolarization and hyperpolarization, respectively,

in order to enhance or diminish the response,

By the time that Hermann's "Handbuch der Physiologie" (1879)
appeared, electrophysiology had lost its momentum. Hermann's book
was remarkable in one sense, however: it contained one of the first

complete statements of what we call local circuit theory. Calling



the fiber a polarizable core conductor, he discussed the electric
currents circulating from the active part of the nerve to the resting
parts saying that the outward current through the “resting substance"
must of necessity stimulate that region. He wrote that this fact is
the "germ of a future definitive theory of nerve function". Indeed

it was, although it took sixty more years to demonstrate,

A new era began in the 1880°'s when Ringer and de Vries developed
physiological solutions. Ringer found that it was the cationic com-
ponents of his solution, sodium, potassium, and calcium, that made
the difference, but his observation could not be understood until
Arrhenius (1887) showed that salts were largely dissociated in aqueous
solution and that each ion was free to exert its effects independently.
One of the observations contributing to Arrhenius's conclusion was
the difference between the concentrations of salt and sugar solutions
that de Vries found to be isotonic with plant cells. With this major
hurdle passed, Nernst and Planck (1888-1892) gave their definitive
analysis of electrode and diffusion potentials, and Ostwald (1890)
discussed the potentials across semipermeable membranes., Ostwald
said that the potentials of muscle, nerves, and electric fish would
be explained by semipermeable membranes. Now all the electrochemical
ground work for the membrane theory of the neurophysiologists had

been laid.

In a celebrated paper entitled “Investigation of the thermody-
namics of bioelectric currents” Bernstein (1902) coined the phrase
“membrane theory” and offered the first serious attempt to account
for biological potentials in terms of ions moving through semipermeable
membrane, He suggested that the cell membranes of muscle and nerve
might be more permeable to cations than to anions and that the per-
meability to anions might increase temporarily during action poten-
tials, He was able to account for the negative internal potential
of the resting cell by the erroneous assumption (valid for plants)
that all ions were in greater concentration inside than outside.

Surprisingly, Bernstein chose to test his theory by measuring the



temperature dependence of the resting potential. Soon HBber (1904)
produced more information on the effects of various ions, so that in
his "Elektrobiologie®” Bernstein (1912) could say with more assurance
that the potassium ion permeability dominated the resting state and
that all ions permeated during the action potential. For thirty more
years it was assumed that at the peak of the action potential there
was an indiscriminate breakdown of the membrane permeability barriers

causing the membrane potential to fall to close to zero potential,

Just before Bernstein's membrane theory was proposed, a prophetic
paper appeared with the solution to the inaccuracies. Showing that
sodium or lithium ions were essential for muscle function, Overton
(1902) wrote

One could easily postulate that . . . . a change of the
surface of the sarcoplasm occurs such that during a
definite (probably extremely short) time the fiber becomes
permeable to sodium and potassium ions . . . . Through an
exchange of one or the other of these ion species [sodium
and lithium] with potassium ions the muscle fiber could
easily release an electric potential, that possibly
represents one of the sources of the action current,
He pointed out, however, that if an exchange really occurs one has
difficulty explaining how the heart can contract 24 X 108 times in
a lifetime without equalizing its internal sodium and potassium
concentrations. After this time, experiments with ions were con-
tinued by HBber, Loeb, Lillie, Osterhout and many others but the
important role of sodium was rarely noted., It took fifty years to

combine Overton's observations with the membrane theory.

Few improvements were made on Bernstein's picture for a long
time, for the great physiologists interested themselves mainly in
other things. Their instruments were improving - vacuum tubes and
oscilloscopes - and there were many nerve “circuits” to trace.
Gotch, Lucas, and Adrian determined the varieties of electric

stimuli that were sufficient to elicit the impulse in order to test a



quantitative theory of excitation proposed by Nernst (1899) and
refined by Hill (1910). The theory supposed that the ions dragged
by the stimulating current piled up at a membrane. When a certain
concentration was reached the excitation occurred. To account for
the depressing effects of long depolarizations and enhancing effects
of long hyperpolarizations, an additional chemical reaction was
postulated that depended on the concentration of the accumulating
ions and that opposed the excitatory effect. As it turned out,

this theory, so reminiscent of the earlier electromotor molecules,

was not to lead to the answer.

The break came when Young (1936) found the giant axon of the
squid., Here at last was a cell big enough for a complete electrical
investigation, Bernstein's conclusion could be studied with elec-
trodes inserted inside the cell. Cole, Curtis, Hodgkin, and
Huxley (1938-1942) soon found the expected increase in permeability
during excitation and verified the postulated potassium dependence
of the resting potential, They were completely surprised, however,
to find that the inside of the axon became many millivolts positive
at the peak of the action potential, As late as 1945 Hodgkin and
Huxley tried to explain this reversal by an extra inductance or
capacitance in the membrane, by a specific increase in permeability
to some intracellular anion not found in seawater, or even by a
turning of dipoles like those of Du Bois=Reymond's molecular theory
of 1849, 1In 1949 Hodgkin and Katz found the answer. They redis-
covered the indispensibility of sodium and demonstrated that the
action potential was produced by a large specific increase of

sodium permeability.

The crowning achievement came when the quantitative details of
the permeability changes were worked out., Marmont (1949) introduced
a conducting wire down the length of the axon so that the whole
interior of the cell was isopotential., As we say now the axon was
“space clamped”. Then Cole, Marmont, Hodgkin, Huxley and Katz

applied electronic feedback techniques, perfected only a few years



earlier for radar design, to keep the potential on the wire constant
at any desired level, The axon was "voltage clamped.” During the
voltage clamp one could directly measure the ionic currents and the
electromotive forces and permeabilities that underlie them. Hodgkin
and Huxley (1952) showed the electromotive forces were constant and
the permeabilities time- and voltage-dependent. As had been hoped
the dominant electromotive forces were readily identified with the
sodium and potassium concentration differences across the membrane.
All of the observed currents could be described by a few empirical
equations, When the mathematical description of ionic currents was
combined with the "cable equation” of the leaky core conductor
model, a propagating action potential could be calculated that
agreed in a most remarkable manner with the details of experimentally
observed action potentials. It was clear from this work that the
membrane theory or ionic hypothesis could account for the potentials

that had been measured in cells,



BIBLIOGRAPHY FOR CHAPTER I

In addition to the research papers of Hodgkin, Cole, and their
collaborators, the following sources were used in preparing this
chapter,

Arrhenius, S. (1910). Lehrbuch der Elektrochemie, Leipzig, Verlag
von Barth.

Bayliss, W. M. (1924). -Principles of general physiology, 4th ed.
London, Longmans, Green, and Co,

Bernstein, J. (1902). TUntersuchungen zur Thermodynamik der
bioelektrischen StBme. Arch. ges. Physiol. 92, 521-562.

Bernstein, J. (1912). Elektrobiologie. Braunschweig, F. Vieweg
und Sohn,

Cranefield, P. (1957). The organic physics of 1847 and the bio-
physics of today. J. Hist. Med, and Allied Sci., 12,
407-423,

Galvani, L. (1791), De viribus electricitatis in moto musculari
commentarius (Commentary on the effects of electricity on
muscular motion). Translation by M. G. Foley. Burndy
Library, 1953, Norwalk.

Hermann, L. (1879)., Handbuch der Physiologie v. 2, Leipzig,
F, C. W. Vogel.

Hober, R. (1945). Physical chemistry of cells and tissues,
Philadelphia, The Blakiston Company.

Hodgkin, A,L. (1957), The Croonian Lecture - Ionic movements and
electrical activity in giant nerve fibers. Proc. Roy.
Soc. B., 148, 1-37.

Katz, B. (1939). Electric excitation of nerve, London, Oxford
University Press.

Lucas, K. (1912) . Croonian Lecture - The process of excitation in
nerve and muscle. Proc, Roy. Soc. B., 85, 495-524.

Overton, E. (1902). Beitrige zur allgemeinen Muskel und Nerven-
physiologie. 1II. Ueber die Unentbehrlichkeit von
Natrium - (oder Lithium) - Ionen flir den Contractionsact
des Muskels. Arch., ges. Physiol., 92, 346-386,

Pupilli, G. C. and Fadiga, E. (1963), The origins of electro-
physiology. J. World Hist., 7, 547-589,



10

Chapter I1I

THE QUANTITATIVE DESCRIPTION OF THE PERMEABILITY CHANGES OF NERVES

A mathematical model of the currents, voltages, and permeabi-
lities of a frog nerve forms the background of the experimental
approach used in this thesis. In this chapter the outlines of the
theory are sketched in with only as much detail as will be needed for
my experiments., Other refinements and clues to the underlying

mechanisms will be considered in Capter V.

Conceptual Background

Let us imagine a semipermeable membrane separating two different
electrolyte solutions. A pair of reversible electrodes is immersed in
the solutions so that an electric current can be made to flow across
the membrane, In general an electrical potential difference will
develop across the membrane as ions begin to move across it. The
potential difference will depend on the relative permeability of
the membrane to the different ions, on the concentrations of the
ions, and on the applied electric current. The symbol HJ will be
used for the electrical potential. In practice the potential
difference, symbolized by E, is the more useful quantity, and it is
convenient to use the word potential to refer to E as well as to qj .
An example is the phrase “"membrane potential” that is an abbreviation

for the "potential difference across the membrane.”

Suppose for example that the membrane is in reality a rigid
matrix perforated by two types of holes. One kind of hole, called
the K-hole, permits the passage of potassium ions exclusively, and
the other kind, called the Na-hole permits the passage of sodium
ions exclusively. If, for a moment, all the Na-holes are covered
in some fashion and no electric current is applied, the the dif-
fusion of potassium ions will establish a potential difference

between the electrolyte solutions 1 and 2 given by the Nernst
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equation

g =W, -V, = (K1) (2.1)

where R, T, and F have their usual meaning. Here and elsewhere in
this thesis I have ignored the difference between activities and
concentrations., In expression 2.1 the quantities “[K]" may be con-
sidered to represent concentrations although they are more properly
activities., The potential EK defined by 2.1 is called “the potassium
equilibrium potential.” It is important to realize that, so long as

no external electric current is applied, the potential E_ will appear

across any membrane exclusively permeable to potassium, gegardless of
the microscopic structure of the membrane or regions through which the
potassium permeates (including fixed charges whether symmetrical or
asymmetrical) and regardless of the concentration of other ions,
Similarly if in our example the Na-holes are opened and the K-holes

are closed, the membrane potential will shift to the sodium equili-

brium potential (ENa),

The description of what happens to the membrane potential when
both the Na-holes and the K-holes are open, is more complex. In any
event, in the absence of applied current a potential intermediate
between ENa and EK will appear, with the net diffusion of sodium and
potassium never stopping. At this potential the diffusional flux of
sodium is equal and opposite to the flux of potassium, and it is
legitimated to speak of circulating electric currents (carried by the
ions) in the membrane although no external electric current is applied.
Unfortunately the potential for this case cannot be calculated from
basic principles without knowledge of the molecular and the electrical
structure of the membrane, Intuitively it is clear, however, that the
membrane potential will move closer to ENa if more Na-holes are added
to the membrane or if the concentration of potassium in the system is

reduced to very small values. This membrane with two types of holes

will be seen to resemble the nerve membrane in several respects.
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Faced with the difficulties of discussing unknown structures
of great complexity the neurophysiologist resorts to the use of
electrical analogs called “"equivalent circuits” to describe nerve
membrane properties. The equivalent circuit approach removes the
discussion at once from the realm of theoretical electrochemistry
and molecular structure to the realm of the electrical observables
that neurophysiologists commonly measure. Representing the membrane
by an equivalent circuit can be justified from the theory of dif-
fusion potentials., By suitable rearrangement of the terms of the
Nernst-Planck flux equation the following transformations can be
deduced for any diffusion regime (Finkelstein and Mauro, 1963),
The ionic fluxes are replaced by electric currents, the diffusion
forces by electromotive forces, and the permeabilities by conductances
(reciprocal resistances, symbolized by g). These quantities are
integrated through the membrance to yield integral electromotive
forces and integral conductances. A physically accurate representa-
tion is obtained if this integration is carried out separately for
each of the kinds of holes or diffusion channels in the membrane.
The Nernst-Planck flux equations are then replaced by a form of
Ohm's law, which in the simplest case with no electromotive force

would be:
I = gE (2.2)

where E is the membrane potential, arising in this case because of an
imposed current I. If there is an electromotive force it should be
subtracted from the membrane potential to obtain the driving force, so

for the potassium component of current, for example, one can write:

IK = gy (E - EK) (2.3)

Like the net diffusional fluxes this current ceases to flow when the
membrane potential equals EK° As indicated, statements like 2.3 are
most meaningful if the potassium ions actually move through diffusion
channels that they do not share with other ions. If several ions
share the same channel they will of necessity interact through their

contributions to the local electric field and therefore, in general,
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the integral conductances (e.g., gK) will depend on the mobilities

and concentrations of all the permeant ions (see Finkelstein and Mauro,
1963). Nerve membrances seem to have individual ionic conductances
(gNa or gK) that depend only on the concentration of the individual

ion ([Na] or [K]) and, as this thesis shows, seem also to have specific
diffusion channels that, like the Na- and K-holes of the membrane

previously discussed, are reserved for individual ions.

It should be noted parenthetically that the conductance, defined
by 2.2 or 2.3 is called a chord conductance to distinguish it from
the slope conductance defined by
Q1
i;i—_—

Slope conductance will not be used in this thesis. Before leaving the

g

slope (2.4)

diffusional picture of ionic fluxes, we should note that the chord
conductances are physically meaningful. They are directly proportional
to the area available for diffusion or to the number of holes and are
also dependent (not necessarily in a simple manner) on the concentra-
tions of the jions and on the ionic mobilities in the holes. These
properties could in principle be derived by integrating through the
membrane the basic flux equation of Nernst and Planck for the

potassium ion.

FluxK = —A we [K] ——%%;T- (F qj + RT 1n [K]) (2.5)

Here A is the area and ue is the mobility of the potassium ion. It is

this integration that cannot be done without knowledge of the structure
of the membrane, Furthermore, it seems likely that the diffusion paths
are themselves only of molecular dimensions and therefore equation 2.5

containing macroscopic variables would have to be replaced by some

microscopic flux equations.

When Hodgkin, Huxley, and Katz studied the squid axon with the
voltage clamp technique, they expressed their results in the language
of equivalent circuits., In a voltage clamp measurement the membrane
potential of the nerve is suddenly displaced from one steady value to

another, and the current necessary to do this is measured. The
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fundamental observation is that the total current can be resolved
into four mathematically and electrically independent components
whose sum equals the total current. The operational procedures for
separating the components of current in experimental records of the
total current will be discussed in Chapter III. This result may be
expressed by the equivalent circuit of Fig. 1 consisting of three
batteries, two variable resistances, a constant resistance, and a
capacitor, The four branches of the circuit carry the four components
of the current: the sodium, the potassium, the leakage, and the
capacity current., As their names imply two of the components are
identified with flow of known ions: the sodium and the potassium
current, One component, the leakage current or the "leak", is ionic
but has been studied so little that the ions are not identified. The
last component, the capacity current, is not considered to be an ionic
current through the membrane. It reflects the arrival and departure
of ions from the double layer region at the interfaces between the

electrolyte solutions and the thin dielectric nerve membrane,

The equivalent circuit can be regarded as an analog of a slightly
more complex version of the membrane (with K-holes and Na-holes)
introduced at the beginning of this section., In similar fashion the
potential across the indicated terminals of this circuit can be made
to vary between EK and ENa by changing the variable conductances gK

and g This is indeed the explanation of the action potential

givenNi; Hodgkin, Huxley, and Katz. Fig. 2 shows a propagating action
potential calculated by Hodgkin and Huxley (1952d) using the equivalent
circuit of Fig. 1 (as it is incorporated in the cable equation).

The calculation was a numerical solution of empirical kinetic

equations describing the conductances. These equations will be

called the squid axon model hereafter. The calculation is an

accurate picture of real action potentials and shows how g, and g

K Na
vary during the impulse. The rest of this chapter will be discussion

of nerve models of this kind.,
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Figure 1. Equivalent circuit of the squid axon. Hodgkin and Huxley's
(1952d) representation of the electrical properties of a patch of
excitable membrane including a branch for each component of the total
membrane current: the sodium, potassium, leakage, and capacity
currents.
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Figure 2. Action potential of the squid model. The propagating
action potential (EM) and the ionic conductances (gNa and gK)

calculated from the mathematical model of the squid axon. Adapted
from Hodgkin and Huxley (1952d) with the assumption that the resting
potential is equal to -63 mv. The values of the sodium and potassium
equilibrium potentials are indicated by horizontal lines. The
calculation agrees very dosely with the experimentally measured
propagating action potential of the squid giant axon. T = 18.5° C.
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The Generality of the Hodgkin-Huxley Model

At present there exist three complete quantitative descriptions
of the permeability changes of nerves., The original model was
formulated by Hodgkin, Huxley, and Katz (1952) and Hodgkin and Huxley
(1952 a,b,c,d) from voltage clamp measurements on the giant axon of

the squid Loligo forbesi. Discussions of the methods used and of the

manner in which the theory describes normal action potentials can be
found in the original papers and in many subsequent review articles
and textbooks of physiology (e.g. Hodgkin, 1957; Bard, 1961). The
other two descriptions were also derived from voltage clamp experi-
ments but on large single myelinated nerve fibers from the sciatic

nerve of Xenopus laevis (Frankenhaeuser, 1960; Frankenhaeuser, 1963)

and Rana pipiens (Dodge, 1963). As it turned out, the basis of the

action potentials of the giant axon and of the myelinated fibers is
the same, consisting of an initial large increase of permeability to
sodium ions that depolarizes the fibers, followed by both a decrease
of the sodium ion permeability and an increase of the potassium ion
permeability that, in concert, repolarize the fiber. Therefore, the
conceptual approach and method of formulation for the squid axon could
be followed closely in describing the myelinated fibers, although the
electronic techniques were different (described in Dodge and

Frankenhaeuser, 1958).

Considered from the point of view of evolution the electrical
behavior of Xenopus and Rana nodes is extraordinarily similar, even
in fine details, to that of the squid axon, suggesting that the
molecular mechanisms of excitation and propagation developed by the
common ancestor of vertebrates and mollusks are hard to improve upon.
Giant axons of one other phylum, the arthropods, have been studied
successfully by voltage clamp techniques (Julian, Moore, and Goldman,
1958). These results with giant circumesophagal axons of the lobster,

Homarus americanus, suggest that here again is a system like the

squid's. Unfortunately no one has undertaken the mathematical

analysis of the currents measured in this preparation so that the
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degree of quantitative similarity between the lobster axon and the
well studied nerves remains unknown. Although no other nerves have
been studied as thoroughly as those of squid, frog, toad, and lobster,
it has been shown that the basic principle of transient sodium
permeability followed by increased potassium permeability accounts for
the action potentials of most, but not all, nerves. On the other hand,
muscles and electric organs exhibit such a diversity in their electrical
behavior that it is certain that for each kind of cell some signifi-
cant modification in the number or specificity of the permeability
changes in the squid model would be needed to account for those
observations that have been made. For example, specific chloride

and calcium ion permeability changes are important for the normal
activity of many cells. Some of the phenomena seen in musclesand

electric organs will be considered in more detail in Chapter V.

The Mathematical Model

This section deals specifically with Dodge's (1963) mathematical
description of permeability changes of nodes of Ranvier in Rana
pipiens. The BEHE model is treated here because it is the basis of
the experiments to be presented later, but it should be remembered
that the equivalent circuit and the equations are, in fact, nearly
the same as those for the squid. Primarily the empirical values of
the coefficients are different. The model will first be developed

in general and then for a particular case (Fig. 3 and Table I).
The total ionic current is the sum of the ithree components:

I. =1 +1I + I

= gL (E-EL) + 8y, (E-ENa) + g (E=EK) (2.6)

N

In standard electrophysiological usage the potentials are defined as
the inside potential minus the outside potential. Currents, therefore,
are positive when they are outward. Equation 2.6 embodies those

features of the model that are most relevant to the experiments in
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this thesis. As will be shown it is possible to find different

drugs that will eliminate all or, at lower concentrations, a fraction
of either the sodium currents or the potassium currents seen in
voltage clamp measurements. The experiments show that the drugs act

by selectively reducing either g or g and indicate that the

Na K
molecular mechanisms underlying these conductances may, in fact, be
independent, as the formal expression 2,6 and the equivalent circuit

(Fig. 1) suggest they might be,

The remaining features of the mathematical model are an

empirical description of how the conductances 8y, g, and gK depend

on those parameters that can be varied experimentag;° In general,
they vary with potential, time, and the ionic composition of the
medium, and their time dependence varies with the temperature. They
are not dependent on either the total ionic current or on any
component of it. In the steady state the leakage conductance is the
predominant conductance of the nodal membrane at =75 mv and at all
more negative potentials, 1In any voltage displacement in the
depolarizing direction, the sodium conductance increases transiently
and the potassium conductance increases more slowly to a steady level,
The leakage conductance is the same at all times and at all voltages.
A convenient representation of these time-dependent processes is

achieved by the following equations:

=g 2,7

g g (2.7)
3 -

gNa =m tha (208)
4_

gy =1 B (2.9)

where the g's are constants called the maximum conductances and the
coefficients m,h, and u are continuous functions of time and voltage.

The coefficients are dimensionless parameters that vary from zero to
one with first order kinetics and rate constants that depend on the
potential. They are raised fto certain powers to achieve a simple
expression that approximates the observed changes. The parameter m
represents a "sodium activation” process that increases the sodium

conductance on depolarization, and h represents a “sodium inactivation”
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process that decreases the sodium permeability on depolarization,
Together they give rise to the transient sodium conductance change on

depolarization., It is the sodium inactivation process that accounts

for the classical observation of enhancement or depression of the action

potential by maintained hyperpolarization or depolarization respectively.

The parameter n represents a "potassium activation"” process that gives
a delayed increase of the potassium conductance on depolarization,

the so-called delayed rectification.

The time dependence of these parameters can be written as first

order equations. For example:

dm
dt

= am (1-m) - 5mm (2.10)

where am may be considered the forward rate constant of a process that

produces "m" from something represented by "1-m" as suggested in the

following reaction scheme:

1-m === (2.11)

The rate constants are a function of voltage and temperature. If the
voltage is held constant, as in the voltage clamp, equation 2.10 be-
comes a linear equation with constant coefficients with the following
solution:

m=mMpgy - (Mge - My) €xp (%t/Th) (2.12)
where mg,, is the Steady state value of m given by

— e B 2513
meo = O/ (O +B) (2.13)

and ‘tm is the time constant of the exponential change of m from the

initial value m, to the final value my,, . It is given by
= 2.14
T, 1/ (@ +8) (2.14)

The time dependence of the parameters h and n can be written in

exactly the same form as equations 2.10, 2.11, and 2,12,

A1l the equations of the model together with a set of empirical
values of the steady states and time constants for m, h, and n are

summarized in Fig. 3 and Table I. Empirical formulae for the rate
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constants are listed in Appendix III. If the model is correct,

then all voltage clamp experiments on a normal node should be
described by these equations. Experiments show, however, that each
node differs slightly from the next in the values of the empirical
parameters given in Table I, so that individual differences have to
be taken into account., The particular values chosen here will be
called the standard parameters., They are slightly modified from the
description given by Dodge (1963) of what he called "Node 7" studied
at 22°C. One particular modification needs comment, In Xenopus and
Rana nerves the value of éNa is not strictly constant, rather it is
larger when the sodium current flows inward from the 120 mM Na
exterior than when it flows outward from the lower sodium concentra-
tion of the interior, This variation is like the rectification
expected theoretically and seen experimentally under certain conditions
for ions permeating membranes. Dodge and Frankenhaeuser (1959) showed
that the small rectification could be incorporated into the model by
using a particular solution of the Nernst-Planck diffusion equations
that assumes a homogeneous membrane with a constant field at every
point inside. Because this “constant field equation" depends on
conditions that could not be verified with present techniques, I have
chosen to use the empirical equation 5 of Fig. 3 to represent the
small variation of the maximum sodium conductance with voltage.
Equation 5 applies only to the range of potentials that is normally

studied (from =100 to +100 mv).

The operation of the model can be illustrated by some solutions
of the equations. It is easiest to consider the individual components
of the ionic current separately. The leakage component is the major
contributor to the resting potential and resting conductance of the
node, A 100 mv depolarization from the resting potential produces a
2.5 na outward leakage current:

-6
i = - = .02 10 0,100 = 2,5 n
IL gy, (E EL) 0.025 X X na
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I, =&, (B-E) +n’hg (B-E ) + n'g (E-E) (1)
m=mg- (moo-mo) e'xp(—t/Tm) (2)
h = hey - (hgo-h,) exp(-t/T,) 3)
N = ng- (ng-n ) exp(-t/T ) 4)
gNa = Q- —1_];—3—) -g-Na,Omv L)
STANDARD PARAMETERS AT 22°C
T (msec) Th(msec) Ty (msec)

1 1 1 LI 1 I 1 I T I I
-50 0 50 -50 0 50
E (mv)
gi = 0.025 pmho E; = =75 mv-
gk = 0,130 umho Eg = =75 mv
ENa omy = 0.750 uymho Egg= 48 mv
2

Figure 3. Mathematical model of the frog node. A mathematical model
slightly modified from "Node 7" of Dodge (1963) expressed in a form
that is convenient for voltage clamp calculations. The resting
potential is approximately -75 mv. The model is a close fit to data
from a normal node at 22° C bathed in a solution identical with the
Ringer's solution used in this thesis except that bicarbonate buffer
was used instead of Tris. Tabular information on the model can be
found in Table I and the empirical formulae for the rate constants are
listed in Appendix III.
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Table I
EMPIRICAL CONSTANTS FOR STANDARD RANA NODE OF RANVIER

IN STANDARD RINGER'S SOLUTION AT 22° C

E Tm Mo T ho 5 T N né;
-100. .050 0166 1.84  .9759 .000006 1.82 .1988 .0015
-95. .054  ,0203 2.23 .9589 .000012 1.93 .2158 .0021
-90. .059 .0253 2.75 .9286 .000022 2.06 .2358 .0030
-85. .06l ,0320 3.k2 .8753 .000042 2.19 .2597 .0045
-80. .070 .0k10 k.19 .7850 .0000TT 2.32 .2882 .0069
-T5. .0T7 .0533 4,90 .6469 ,000138 2.4b7 .3221 .0107
-T0. «085 LOT0T 5.25 4700 .000230 2.62 .3621 .0172
-65. .093 .0955 5.01 ,2935 .00034T 2.76 .4089 .0279
-60. 102 L1317 4L.28 .1591 .000483 2.88 .h4626 .0L58
-55. LAl L1852 3.39 .OTTT .0006k43 2,98 .5225 ,07h5
=50 LT 264 2.58 .0356 .000838 3.03 .5870 .1187
=45, JAUT 3756 .94 .0157 .001040O 3.0k ,653F .1823
-Lo. 109 .5124 1.46  .0068 .001125 2.99 .T185 .2666
=35, .095 .64T8 .11 .0029 000966 2.88 .7789 .3681
=304 081 .T543 .86 .0013 .000652 2.73 .8318 .4789
-25, 071 .8251 .68 ,0005 .000369 2.54 .8759 .5886
B0 .066 .8701 .55 .0002 ,000191 2.33 .9107 .6881
-15. L06L L9017 L6 .0001 .000095 2.13 .9372 .TTI7
-10, L061  .9265 L0 .0000 .0000LT 1.92 .9566 .8376
—C .057 .ohk62 .35 .0000 .00002k 1578 2705 «8871
. .053 .9615 .32 .0000 .000012 1.56 .9801 .9228

5. 049 ,9728 .30 .0000 ,000006 1.kt .9867 .9L79
10. 0L6  .9810 .28 .0000 ,000003 1.27 .9911 .9652
15 .0h2 .9868 .27 0000 000001 .16 .9941 .9769
20. .039 .9909 .26  .0000 .000000 1.05 .9961 .98LT
5. .036  .9937 .26 .0000 000000 .95 99Tk .9899
30. .03Lh  ,9956 .25 .0000 .000000 .88 .9983 .9933
35. .032 .9970 .25 .0000 000000 .82 .9989 .9956
L0. .030 .9979 .25 ,0000 000000 76 .9992  .9971
45, .028 .9986 .25 .0000 000000 .70 .9995 .9981
50. .026  .9990 .25 .0000 .000000 66 .9996 .9987
55. .025 .9993 .25 .0000 .000000 61 .9997  .9991
60. 024 ,9995 .25 ,0000 .000000 .58 .9998 .999L
65. .023  .9996 .25 ,0000 .000000 Sk .9999  .9996
70. 021 .9997 .25 .0000 .000000 .51 9999 .9997
75. .021  .9998 .25 .0000 .000000 L9 9999 .9998
80. .020 .9999 .25 .0000 .000000 A6 .9999  .9998
85, .019 .9999 .25 .0000 000000 Al .9999  .9999
90. 018 .9999 .25 .0000 .000000 L2 .9999  .9999
95. .0l7 .9999 .25 .0000 000000 b0 9999 .9999
100. .017  .9999 .25 .0000 000000 .39 .9999 .9999

explanation

E : Potential in millivolts where -75 is the approximate resting potential
T : Time constants in milliseconds

* . Relative steady-state sodium conductance

=3 E
*x = mmhw{l - m}
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The inward sodium current through the nodal membrane during a normal
action potential is just of this order of magnitude. Thus the
leakage is of the utmost importance for normal function. Neverthe-
less in the experiments to be reported very little reference will be
made to the leak because it seems to be constant under almost all the
conditions used. To facilitate the inspection of the sodium and
potassium currents the leakage current has been subtracted from most

of the experimental records of ionic current to be discussed.

The membrane undergoes dramatic changes when the node is
depolarized, In the model this can be seen as large changes in the
steady-state values of m, h, and n. Notice in Fig., 3 that me,, hee,
and neo undergo fairly sharp transitions when the membrane potential
is displaced from =75 mv to O mv. In general the value of m changes

more rapidly than the values of n or h, i.e,, ‘Um is small,

The steady-state potassium conductance is minute at all
potentials more negative than -55 mv (nge is small)., Thus hyper-
polarization and small depolarizations lead to minute potassium
currents. Stronger depolarizations elicit the slow potassium
conductance increase (n increases). The time courses of a typical
family of potassium currents obtained from the model are shown in
Fig. 4., These are solutions of the equations at voltages from -60 mv
to +75 mv, spaced at 15 mv intervals. The calculations were initiated
with n starting at its steady-state value (ng) for =116 mv. These
curves are meant to mimic the potassium currents from a voltage clamp
experiment in which the node is held at =116 mv for a long time and

then suddenly depolarized to another voltage.

Similarly a sodium conductance increase can be elicited only by
depolarizations. Fig. 4 shows the sodium currents calculated from
the model under the same conditions as in the previous calculation.
These curves seem more complex both because the sodium conductance is
first activated (m increases) and then inactivated (h decreases) and
because at a certain voltage, the sodium equilibrium potential, the

direction of the currents reverses. The reversal is of course due to
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Na and K Currents in the Model

na
ok _
= 0L Na currents
+75mv
—20L -
|0
<~—— Omv
na
O -
K
e currents
+75myv
10
<~ Omv
na
ol _
—10k Na and K currents
20 | ! 1 ! ] J
0] | 2 3 4 5
msec

Figure 4. Voltage clamp currents in the model. The time courses of
the voltage clamp currents of a frog node of Ranvier calculated from
the mathematical model in Fig. 3. The calculations were started with
m, n, and h set at their steady-state values for -116 mv, and the
voltages of the test pulses spanned the range from -60 mv to +75 mv
at 15 mv intervals. The top two families of curves are the sodium
and the potassium currents and the bottom family is the algebraic sum
of the two. The leakage current has not been included. T = 22° C,
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a reversal of the electrochemical driving force at E Fig. 4 shows

Na.
the sum of the sodium and potassium currents as they might be seen in

a voltage clamp experiment,

Despite the exact quantitative nature of our knowledge, the
molecular nature of the changes described by the model remains
entirely unknown. My experiments are an attempt to modify the
responses of the nerve membrane by applied chemical reagents in the
hope that some clues will emerge concerning the physico-chemical

structure of the excitability mechanism.

The results in Chapter IV are presented in three main formats:
currents as a function of time, time constants as a function of
voltage, and current-voltage relations., An understanding of why the

sodium and potassium currents have the time courses they have will not

be important for understanding the experiments, but it will be necessary

to bear in mind the general shape of the whole family of these currents
and of their sum as illustrated in Fig. 4. Likewise the overall

appearance of the time constants as a function of voltage (Fig. 3)
should be remembered, Finally an understanding of current-voltage

relations will be useful. They will be described now.

The relationship between current and voltage across a nerve
membrane is the electrical analog of the relationship between ionic
fluxes and their driving forces. In this paragraph the electrical
responses of equivalent circuits will be stressed. Current-voltage
relations of a number of simple circuits are drawn in Figs. 5, 6, and
7. The plot for a constant ohmic resistance is always a straight line
whose slope is equal to the conductance (Fig. 5) and whose voltage-
intercept is equal to the electromotive force in the circuit (Fig. 6).
The behavior of voltage~dependent resistances is more complicated., A
familiar example is the diode that has a high conductance in one
direction of current flow and a low conductance in the other. Figure
7 shows the current voltage relations of four circuits combining
voltage-dependent resistances with series electromotive forces. Curve

la is drawn for the case where there is an electromotive force -E in
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Figures 5, 6 and 7. Current-voltage relations of simple circuits. The
current-voltage relations of constant conductances (5), of constant
conductances with E.M.F.s in series (6), and of voltage-dependent
conductances with E.M.F.s in series (7). The conductances in 7 are
indicated as chord conductances which remain positive although a
negative slope may appear in the current-voltage diagram. The sign
convention used in these figures is the same as that in Fig. 3 in
which upward current flow in the equivalent circuit is defined as
positive.
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series with a conductance that is zero when the potential is very
negative and finite when the potential is more positive. The plot for
these conditions has three limbs: a zero current limb at very negative
potentials, a linear, high conductance limb at positive potentials,
and a non-linear limb at intermediate potentials where the conductance
is changing. The non-linear limb can be referred to as the region of
rectification. If the region of rectification is moved further from
the potential -E as in case 1lb, the non-linearity becomes more
pronounced. When the electromotive force is changed from -E to +E,
the lines labelled 2a and 2b, the appearance of the current-voltage
relation is markedly changed., The three limbs of the curves are

still identifiable although the region of rectification shows a
negative slope conductance as defined by relation 2.4. The reader

can verify for himself that the relative positionﬂ(on the voltage
axis) of the zero conductance region of the variable conductance and
of the electromotive force of the battery in the circuit determines
whether the negative slope conductance will appear, as suggested by

the example in Fig. 7.

The discussion of the previous paragraph is concerned with the
phenomenological properties of some simple electrical circuits.
Their behavior is like that of the nerve membrane., Specifically
circuit 1 in Fig. 6 is like the leakage branch of the equivalent
circuit of Fig. 1, and circuits la and 2a of Fig. 7 are like the

potassium and sodium branches, respectively, with one stringent

reservation: the conductances of the sodium and potassium branches
are time-dependent as well as voltage-dependent. Consideration of
Fig. 3 shows that the functions mio and ngo resemble the function
g(V) used in Fig. 7. The following relationship holds approximately
for the peak of the sodium current (because at the peak, h has from
1.0 to approximately 0.6 and m3 has risen to approximately 0.8 m%‘> )

3

3 - — ped
a4 o~
2 0.6 X 0.8 meo & 0.5 moe By (2.15)

gNa,peak

and the following is true for the steady-state potassium currents

gK,steady state - "e28g (2,16)
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Thus the functions g and g

Na,peak closely resemble the
J

K,steady state
function g(V) of Fig. 7, and comparison of the peak sodium current-
voltage relation with curves 2a and b of Fig. 7 and of the steady-
state potassium current-voltage relation with the curves la and b of
Fig. 7 is therefore possible. Current-voltage plots are a convenient
method of displaying any changes in the maximum conductances gNa and
EK, They also make it easy to observe alterations in the region of
rectification. It might be helpful to refer ahead to some of the

current-voltage diagrams that are derived from my experiments to see

how they look in practice (Figs. 16, 20, 22, 23, and 28).

Readers with a background in electronics will note that a
negative slope conductance is a sign of instability in any circuit.
In the case of the nerve membrane it is an expression of the insta-
bility or electrical excitability of the membrane. Conditions that
remove the negative slope resistance will abolish the nerve impulse.
Some readers will be interested to read a discussion of the
consequences of the simultaneous voltage and time dependence of the
resistances of the equivalent circuit of the membrane by Mauro (1961),
That article shows how various anomalous impedances can arise in

simple circuits that contain resistors with a time-lag.
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Chapter III

THE EXPERIMENTAL METHODS

The experiments in this thesis are basically of one type that
is designed to examine the effects of drugs on the electrical behavior
of nodes of Ranvier., The measurements are mainly of voltage clamp
currents analysed in terms of the mathematical model described in the
previous chapter. Thus the conclusions are statements of which

parameters in the model are sensitive to a particular drug.

The execution of an experiment falls naturally into three
phases, the dissection and mounting of the nerve preceding the
measurements, the electronic measurement and recording, and the
subsequent analysis of the data in terms of the mathematical model.
The methods used in these phases will be described in this section.
Except for the use of the digital computer the methods and instruments

are identical with those used by Dodge (1963).

The Biological Preparation

The sciatic nerve of Rana pipiens is removed from the knee to

above the hip, desheathed, and split into the two bundles giving rise
to the peroneal and tibial nerves. The middle of a 3 cm section of
one of these bundles is teased apart with sharpened metal needles
according to the technique of Tasaki (1954) until 3 or 4 mm of a
single large myelinated fiber is freed of all other fibers. The
remaining fibers are trimmed back to leave the large stumps of the
nerve bundle on either side, connected by the single fiber. The
fiber is transferred, always under Ringer's solution and handled

by the stumps, into a four compartment lucite chamber shown in

Fig. 8. The node to be studied is centered in the pool labelled A,
and a narrow band of vaseline represented by crosshatching is laid
across the fiber at the partitions separating the pools. Lowering
the Ringer's level breaks the fluid continuity between the chambers

and leaves four pools, each electrically isolated from the next by a
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Figure 8. The Nerve chamber. A schematic drawing of the single fiber and
the stumps of the nerve trunk lying in the four fluid-filled compartments
C, B, A, and E of the lucite nerve chamber. The cross hatching on the
partitions separating the pools represents the positions of the ribbons

of vaseline that are laid across the nerve after it is in place to
increase the electrical resistance between the pools. The three con-
strictions on the nerve fiber are the nodes of Ranvier. The node to be
studied is placed in pool A.

3L
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vaseline seal of about 2 megohms resistance.

The lucite chamber is placed in a brass housing cooled to a
constant temperature by water circulating from a thermostatically
controlled water bath. To depolarize and lower the resistance of
all nodes outside of pool A, the Ringer's solution in pools E and C
is replaced by 120 mM KCl containing no calcium. This solution is
allowed to penetrate the ends of the cut nerve stump for at least
half an hour before measurements are made. Sometimes as much as
two hours elapses before measurements are begun. Two small tubes
touch the surface of the solution in pool A and serve as an inlet and

a vacuum outlet for rapid solution changes.

The Ringer's solution has the following composition (mM): NaCl
110, KC1 2.5, CaCl2 2,0, tris-(hydroxymethyl) aminomethane buffer
(pH 7.3) 5 mM. Solutions with extra calcium are the standard
Ringer's made hypertonic by dissolving more CaClzov All other
solutions are made by replacing some of the NaCl by an equimolar
amount of the reagent to be studied. Table II is a list of the
reagents used, showing the manufacturer and the names of individuals
or manufacturers who were kind enough to donate them. The solutions
to be used during an experiment are kept in an insulated box cooled
by the same water bath that cools the preparation. One or two
milliliters of the solution are taken into a cooled syringe and
injected through the inlet tube to change the solution in pool A,
The volume of this pool is about 0.15 ml, and so between 7 and 15

volumes are flushed through in any particular solution change.

The thermostatically controlled water bath and the circulation
pump are placed in operation at least an hour before measurements are
made, and the solutions are placed in their cooled box at least half
an hour before use, With these precautions the temperature of the
system measured in the box with the solutions does not vary more
than 0.2° C in any half hour period during the experiment. This
amount of regulation is extremely important because a 1° C change of

temperature changes the rate constants'fn and'[h by 12%. The rate
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Table II

SOME OF THE DRUGS USED

Tetrodotoxin (SC)

Xylocaine hydrochloride (Lidocaine) (AP)
QX314 chloride (AP)

QX-222 chloride (AP)

QX-572 chloride (AP)

Procaine hydrochloride (Novocaine) (AD)
Dibucaine hydrochloride (Nupercaine) (C)
Prochlorperazine ethanedisulfonate (Compazine) (SKF)
Chloretone (PD)

Veratrine hydrochloride (M)
Tetramethylammonium bromide (E)
Ethyltrimethylammonium iodide (E)
Diethyldimethylammonium iodide (S)
Triethylmethylammonium iodide (E)
Tetraethylammonium iodide (E)
Triethyl-n-propylammonium iodide (E)
Tetra-n-propylammonium iodide (E)
Tetra-n-butylammonium iodide (E)

Choline chloride (E)

(2-hydroxyethyl) ethyldimethylammonium iodide (S)
(2-hydroethyl) triethylammonium iodide (AC)

Abbreviations:

AC Aldrich Chemical Company, Inc., Milwaukee

AD Amend Drug and Chemical Co., Inc., New York

AP  Gift of Astra Pharmaceutical Products, Inc.,

Worcester, Mass.

C CIBA, Summit, New Jersey

E Eastman Organic Chemicals, Rochester

M E. Merck, Darmstadt

PD Parke Davis and Company, Detroit

S Gift of Dr, F.G. Standaert, Cornell University Medical
School, New York

SC Gift of Dr., T. Narahashi, Duke University Medical
School, Durham; and Sankyo Company, Tokyo

SKF Gift of Smith, Kline, and French, Labs., Philadelphia
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constantTh is somewhat less sensitive.

The Electronic Measurements and Recording

The electronic apparatus has two main components. There are
first the amplifiers and stimulus generators that achieve the
voltage clamp and second the digital computer that records the data

automatically.

The voltage clamp

The explanation of the operation of the voltage clamping method
should be prefaced by a remark about voltage clamping in general. In
all voltage clamps one needs an accurate measure of the transmembrane
potential of the cell. This signal is then compared with some
reference signal (generated by the experimenter). If the signals
differ, a current is passed through the membrane by a second device
until the signals are equal., The comparison of signals and adjustment
of current is accomplished by electronic feedback. A last requirement
is that the dependent variable of the experiment, the current, needs
to be measured, Therefore the method to be described has to provide
a measure of the transmembrane potential and a procedure for passing
a measurable transmembrane current that does not interfere with the
potential measurement, As will be seen, the part of the axon pro-
jecting into pool C serves as a kind of insulated intracellular lead
that is used to observe the potential of the node in pool A, while
the part projecting into pool E is used as a lead through which the

current can be supplied.

In the following paragraphs the electronic method is outlined in
a simple manner. The details of the circuits and theory are given by
Frankenhaeuser (1957), Frankenhaeuser and Dodge (1958), and Dodge
(1963). Also, Appendix II of this thesis is a discussion of two

significant sources of error in the method,

Salt bridges from the fluid pools of the nerve chamber to

calomel half-cells establish the electrical contact with the nerve.
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The bridges are filled with 1% agar in 3M KCl and a fine shiny
platinum wire, The calomel cells contain a 3M KCl solution and are
embedded in the temperature-controlled brass housing. In all, seven
electrical connections are made to the seven fluid filled wells
labelled in Fig. 8, Three of these, from pools C, A, and E go to
cathode followers as part of the high impedance measuring circuit,
and the remaining four are attached to low impedance sources used

for sending current into the preparation.

Fig. 9 is an equivalent circuit of the preparation and ampli-
fiers. The large triangles labelled 1 and 2 are high gain, wide
bandwidth differential amplifiers, and the resistors represent the
electrical resistance of some of the fluid paths in the preparation,
including the longitudinal resistances, labelled "internode,” of the
axoplasm of the fiber. The points labelled A, B, C, and E correspond
to the pools with the same labels in Fig. 8. D is in the axoplasm of

the node under investigation.

The membrane potential measuring system is a potentiometric
device employing electronic feedback developed by Frankenhaeuser
(1957) as an extension of the static potentiometric method of Huxley
and Stimpfli (1951a). Similar methods are rarely seen in neuro-
physiology. Amplifier 1 serves as an operational amplifier applying
negative feedback to its input (C) through the circuit A-D-C. Point
C can be called the summing point of the amplifier and is a virtual
ground due to the negative feedback. While the feedback is in
operation, no longitudinal current can flow to pool C from point D
and therefore point D is also maintained at ground potential. If the
internal potential (at D) of the node under investigation is zero,
the external potential (at A) must be _EM’ where EM is the membrane
potential defined in the usual sense of inside potential minus outside

potential,

The membrane potential can therefore be measured by displaying
the potential of pool A on an oscilloscope with inverted sign. This

signal appears at the low impedence output of amplifier 1, so that no
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Figure 9. Equivalent circuit of the voltage clamp. A schematic
diagram of the potential measuring and voltage clamp circuits including
an abbreviated equivalent circuit of the preparation. The top line is
meant to be inside the axon and the second line is in the chamber show-
ing the four fluid filled wells C, B, A, and E. The bottom line shows
the connection of the amplifiers. A more complete equivalent circuit
can be found in Appendix II. (Figure taken from Dodge, 1963).
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special apparatus is needed for this measurement. Nevertheless,
although the voltage at the output of amplifier 1 is easily measured,
it is not always a true indication of the D.C., level of the resting
potential. The origin of this significant error is discussed in

Appendix II,

Throughout this thesis membrane potentials will be given on the

absolute scale of inside minus outside (the "E" scale) rather than on

the relative scale of displacement from the resting potential (the

“V" scale) used by Hodgkin, Huxley, and Katz (1952). The word
depolarization will be taken to mean any displacement of the membrane
potential in the positive direction and hyperpolarization, a dis-
placement in the negative direction. Outward currents are called

positive currents.

Since no current flows from D to C, any current that flows from
E to D will of necessity pass through the nodal membrane. Thus a
variable voltage source applied to pool E will permit polarization of
the membrane by variable currents. When the switch in the lower
right hand side of Fig. 9 is in the "I" position, a pulse generator

(Vstim
polarized. This condition is called current clamp. When the switch

) is connected to pool E, and the node may be stimulated and

is in the "V" position, the output of amplifier 2 is applied to pool
E closing a negative feedback loop E-D-A., The feedback amplifier
applies transmembrance current appropriate to equalizing the membrane

potential and reference voltage (Vre ). This is the voltage clamp

condition. Remembering that all thefmembrane current passes from E

to D and that D is at zero potential, it is easy to see that the
current will be proportional to the voltage applied in pool E provided
the resistance in this path (RED) remains constant. One generally
assumes that RED is constant, so the voltage at E is displayed on the
oscilloscope as a measure of the membrane current. It is shown in
Appendix II that RED may change especially when the applied current

is large and that this leads to a significant error in the measurement

of current under certain conditions. Other errors in the voltage



38

clamp have been discussed by Dodge and Frankenhaeuser (1958 and 1959)
and by Dodge (1963),

In my measurements the membrane potential of the node was held
clamped near the normal resting potential (approximately =75 mv)
throughout the experiment except when depolarizing or hyperpolarizing
test pulses were applied. This procedure keeps the node in good
condition for a long time. The clamp was not turned off during the
solution changes making it possible to take measurements soon after
the solution change. If the node is allowed to depolarize for more
than a few seconds, it must be repolarized for more than a minute
before certain deleterious effects of depolarization are reversed and
the electrical properties of the node return to normal. This and
related hysteresis effects are discussed in Chapter V. The method for
setting the membrane potential near -75 mv at the beginning of the

experiment is discussed in Appendix II.

Analog-to-digital recording

The observables of a voltage clamp experiment are the current
and voltage as a function of time. From this information the time and
amplitude parameters of the quantitative model are extracted. The
complete analysis of voltage clamp experiments requires lengthy
mathematical calculations that can be performed by a digital computer
if the observations are recorded in an appropriate form. The
traditional photograph cannot be conveniently read by computers.
Conventional AM or FM analog tape recording lacks the high frequency
response needed in the voltage clamp. The only practical technique
is on-line analog-to-digital (A-to-D) conversion using fast digital
logic and memory. Fortunately, I was able to use Dr. H. K. Hartline's
Control Data Corporation 160 A digital computer and its A-to-D con-
version devices both for recording and for analysing my experiments,
In this section the recording process is outlined in general terms
that will be sufficient for an understanding of the main advantages

and limitations of the method. Some of the practical considerations
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such as the computer program and the interconnections between
electronic components are discussed in greater detail in Appendix III.
It should be understood that the computer serves only as a recording
apparatus during the experiment. It does not control the voltage
clamp, the reference voltages, or the frequency of repetition in any
manner. Rather the experimenter by turning switches on the voltage

clamp apparatus informs the computer when to record and when not to.

Of the two signals to be recorded, the voltage signal is by far
the simpler, being (except for a brief transient at the transitions)
rectangular steps of long duration. The current signals are complex
waveforms like those calculated from the model (Fig. 4), with high
frequency components associated with the rise of the sodium currents
that can be resolved only if the time intervals between successive
digital measurements are very short. In my experiments current
measurements are made every 50 usec and voltage measurements are made
about 14 usec after the current measurements. For convenience each
measurement will be called a "point”. This rate of sampling is not
adequate for the curves of Fig. 4 calculated for 22° C; however, the
.cooled nerve used in my experiments has more slowly varying currents
and the resolution is adequate. As is discussed in Appendix III it
is practical to use one memory bank of the computer (4096 memory
locations) for the initial storage of the current and voltage points
thus limiting the total duration of an experimental record to 100
msec., In practice less than 50 msec of record contains enough
information for the extraction of all the time constants and
amplitudes of the model at one particular test voltage, so that two

records may be taken before the memory is full.

Fig., 10 shows schematically a pair of simultaneous current and
voltage signals associated with a 40 msec hyperpolarizing prepulse
and a 25 msec depdlarizing test pulse. During the 50 msec period
from A through D the memory receives 1000 current points and 1000
voltage points. About 350 msec later, exactly the same prepulse and

test pulse are repeated and a second list of similar points is
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Figure 10, Digital sampling of voltage and current. The time courses of

the voltage and current signals (above) and the four periods A, B, C, and
D that constitute the 50 msec of digital sampling (below). The bottom two
lines give the count of the current points as originally received and

after the computer has condensed the data.
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received, The memory bank is now full, and the lists of points must
be condensed as much as possible and transferred to digital magnetic
tape before more points can be taken. First the two lists are added
together to make a single list with an improved signal-to-noise-ratio.
Then the average voltage of the prepulse, of the test pulse, and of the
following baseline are calculated by averaging the appropriate voltage
numbers. Several points on either side of the voltage step are left
out so as not to include the transient in the average. 1In this way the
1000 voltage points are reduced to the three numbers of interest.
Similarly the current points in period D are averaged for the current
baseline. Aside from these four averages, only the current points
from periods A and B need to be saved. After the early rise of the
sodium current in period A, the currents vary so slowly that they are
satisfactorily represented by one point every 500 psec instead of
every 50 psec. This is accomplished by averaging each ten consecutive
current points during period B. Averaging these points markedly
improves the signal to noise ratio as can be seen in almost any of the
experimental records illustrated later. The computer takes less than
0.5 sec on-line to compute all the averages and to reduce the data
from the 4000 points received to the 100 to be saved. 1In another
small fraction of a second the 100 points are recorded on magnetic
tape for later analysis, and the whole system is ready to receive a
new pair of lists from a new test pulse., The durations of the periods
A, B, C, and D chosen for Fig. 10 are representative, but various

values were used in actual experiments.

The measurements on a node are considered complete when the
responses to one hyperpolarizing voltage (-120 mv or -135 mv) and to
19 different depolarizing voltages (spaced at 7.5 mv intervals) have
been recorded. The measurements are taken in less th%n a minute,
Then the solution around the node is changed by an injection of 1 or
2 ml of the new solution through the inlet of the chamber. Between
ten and twenty solution changes and measurements constitute a good

experiment. A typical experimental protocol consists of five changes
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spaced 5 min apart, a 15 min rest, five more changes, another 15 min
rest, and a final five changes. The measurements in consecutive
solutions are given consecutive identifying numbers. These numbers
are included in all the figures in Chapter IV so that the chrono-
logical relationships of the measurements can be determined. One
caution should be noted in the interpretation of these numbers,

They are in the octal notation used by the computer, rather than in
the more familiar decimal notation. 1In octal the digits from "0" to
"7" are used, for example, 7g plus 1

400

is 108 and 3778 plus 1_ is

8 8

8.

Analysis of Voltage Clamp Records

Conceptually the complete analysis of voltage clamp experiments
is first the resolution of the total current into the capacity,
sodium, potassium, and leakage components and then the extraction of
the time and amplitude parameters from these separated components.
In practice these phases overlap as will be explained. However, the
principles of the separation of the current components are so
important for this thesis that I shall discuss them in general terms

before describing the analysis of the records by the computer,

The separation of the components of the current: methods

Whenever an excitable membrane is studied by the voltage clamp
technique, an attempt should be made to resolve the observed currents
into independent components, A simple method of limited usefulness
is to clamp the membrane potential at the equilibrium potential of
one of the ions. The contribution of this ion willldisappear from
the record and the time course of the remaining currents can be
studied., A more general method of separating the currents is the
ionic substitution method of Hodgkin and Huxley (1952). . When one
of the permeant ions in the bathing solution such as sodium is
replaced by an impermeant ion such as tetramethylammonium, the
currents formerly carried by an influx of sodium disappear or are

replaced by a small efflux of sodium. The substitution of the
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tetramethylammonium ion for the sodium ion has no effect on the
potassium or leakage currents of the node, so the difference between
the experimental records before and after the substitution yields

the time course of the sodium currents. Once the size and shape of
the sodium currents are determined, they may be subtracted from the
experimental records to permit further study of the remaining currents.
The details of these methods are discussed by Hodgkin and Huxley

(1952) and by Dodge (1963). 1In principle the potassium currents can
also be derived by substituting an impermeant cation for the potassium
in the axoplasm and subtracting the records as in the sodium

substitution method.

One important assumption of the substitution method is that
only the amplitude of the sodium current changes when the ionic
substitution is made. If the time course of the sodium current were
changed also, the method would fail. As it happened the sodium
substitute used by Hodgkin and Huxley and by Dodge was choline. In
choline the potassium currents are not as large as they are in
Ringer's solution, an undersirable perturbation that had to be
corrected mathematically before the subtraction of currents could
yield a true time course of the sodium currents. The reduction of
the potassium currents by choline is part of a general class of

phenomena to be described in Chapter IV.

The ionic substitution method is the only direct method that
can show which ions are carrying the ionic currents and how the
componets of current depend on time and voltage, but it suffers from
the lengthy calculations and from the need of taking sets of measure-
ments in two different bathing solutions. Dodge (1963) showed that
it is possible to obtain an equivalent separation of the ionic
currents from measurements taken in only one solution, once the form
of the kinetic equations for the conductance changes has been
determined by the substitution method. The procedure he developed
is simply mathematical curve fitting. It has been used exclusively

in the analysis of my experiments., In the following discussion it is
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assumed that the capacity current has already been removed from the

record, This problem is treated later and in Appendix I.

Given the problem of curve fitting, one can devise many pro-
cedures to match solutions of the equations of Fig. 3 to experimental
records. Dodge's method fits the parameters a few at a time., First
the leakage conductance is calculated from the current flowing in
response to a single hyperpolarizing voltage clamp. The leakage
current can then be calculated and subtracted from all other voltage
clamp records. The resulting curves consist mainly of sodium current
at early times and only of potassium current at late times. In general
they look like the curves in Fig. 4. Hyperpolarization of a node
preceding the voltage clamp test pulse brings about a delay of the
turn-on of the potassium conductance explained in the model by the
small value of nego at very negative potentials. Fortunately hyper-
polarizations beyond -100 mv delay the potassium current enough so
that its later time course is not obscured by the presence of sodium
currents, Under these conditions it is possible to fit the equation
for the potassium current to the late part of the experimental record,
The currents predicted by the equation can then be subtracted from all
parts of the record leaving the sodium currents and completing the

separation of currents,

Dodge found a simple way to fit the potassium current function,
He observed that the form of the potassium currents following a
strong hyperpolarization (where n g approaches zero) is
4
]

(3.1)

I, = A [1- exp (-t/<T )

K
where A is the steady-state amplitude of the potassium current. All
curves of this form with different values of A and 1:n‘are the same
but for dilatations in the amplitude and time axes, Thus when the
logarithm of the amplitude is plotted against the logarithm of the
time all the curves look identical but for a vertical and horizontal
displacement., 1In practice it is convenient to make a template of
the logarithm of function 3.1 versus the logarithm of time that can

be moved over the “log-log plot” of the experimental records to
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obtain the best fit to the middle or late portion of the curves.
The position of the template on the graph permits a quick calculation
of A and 1:n for the curve being fit, The sodium currents are then

obtained by subtracting the function 3,1 from the currents.

A valuable feature of this mathematical procedure is that it
and the classical ion substitution method give the same separation
of the current components, i.e., they are equivalent. The experi-
ments in this thesis and many recent papers indicate that a third
method of current separation can be used. It yields the same result
as the previous two, This is the pharmacological inhibition of the
ionic conductances by drugs. In particular the poison tetrodotoxin
is a specific inhibitor of the sodium conductance and the cation
tetraethylammonium is a specific inhibitor of the potassium

conductance,

The separation of the currents in practice

The record for a node in a test solution usually consists of
the responses to one hyperpolarizing voltage and to 19 depolarizing
voltages. The computer program is designed to extract from these
numbers the time constants and amplitude parameters of the model by
carrying out almost exactly the procedures outlined by Dodge (1963).
It is convenient to summarize how this is done by a block diagram
that in itself resembles a computer program (Table III). Before the
calculation the computer is told which record is to be analysed and
which of the four kinds of graphical display is to be drawn,

Indeed, additional displays are also used but are not important for
the analysis. The appropriate part of the magnetic tape is found and
parts I and Il of the analysis are executed (Table III), Part I is
done once. It determines the leakage conductance from the response
to a hyperpolarizing voltage., Part II is done 19 times and results
in a family of 19 curves that must be analysed in some way by the
operator, The meaning of each of the statements in'Table IT will

now be defined more precisely.
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Enter constants: Various numbers are entered into the computer
by the typewriter and by the paper tape reader. These initiate the
proper program and include whatever adjustable parameters are needed

for the execution.

Read data: The list of 100 numbers corresponding to current
points, several averages of voltage and of current, and information

on the timing of the test pulse are read into memory.

Subtract I: An exponentially decreasing “extra capacity"”
current is subtracted from the data. This component described in
Appendix I has not been mentioned before. The two adjustable para-
meters for this current are entered at the beginning of part I.
Frequently this subtraction can be skipped because the capacity

currents are negligible in many cases.,

Compute §L: The difference between the current during the hyper-
polarizing pulse and the current baseline is divided by the difference
between the voltage of the hyperpolarizing pulse and the voltage

baseline. This is the value of EL used in part II.

Subtract IB: The average value of the current baseline (deter-
mined during the original data recording) is subtracted from every

point in memory.

Subtract IL: IL is defined as the product of EL and the voltage
displacement from the baseline. This number is subtracted from the

data in memory.

Subtract IK: The function 3.1 is calculated for each point in
memory and subtracted from it. The two adjustable parameters for

each of the 19 voltages are entered at the beginning of part I.

Plot: The data points in memory (modified by the preceding
subtractions) are plotted as a function of time starting at the
beginning of the step of voltage and joining the points by straight
line segments, The scale factors to be used in this and the following
plots can be varied widely. They are entered at the beginning of

part I,
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Plot log-log: The logarithms of the modified data are plotted

against the logarithm of time.

Plot semi-log: The logarithms of the modified data are plotted

against time,

The outcome of some of these operations is illustrated in Fig.
11. The upper part of the figure labelled “stored data" shows actual
data points as they are stored on magnetic tape. Three traces from
the same node are drawn including the end of the 40 msec prepulse.
They correspond to a hyperpolarization to -135 mv and to depolariza-
tions to O mv and to +75 mv., The dotted line is the current baseline,
The vertical arrow indicates the point after which the data were
condensed ten-to-one by averaging during the original data recording.
The middle and lower parts of Fig. 11 will be discussed in the

following paragraphs.

Plot 1 (of Table III) is the family of voltage clamp currents
with the leakage current (and the capacity current if necessary)
subtracted. The middle part of Fig. 11 and many of the figures in
Chapter IV are of this type. Notice that the arrow indicating the
beginning of condensed data has moved to the left because the
horizontal scale has been adjusted to reproduce the true time course,
Either this plot or plot 3 can be used to determine the peak sodium

current-voltage relation, the results being nearly identical.

Plot 2 (not illustrated) is the "log-log” plot, referred to
earlier, that can be used to determine the amplitude and time constant
of the potassium current. The operator must do this manually by
matching a template to the middle or late part of the curve (see
comments at the end of Appendix II). Note that the steady-state
amplitude can be determined this way even if it has not quite been
reached on the record., The amplitudes are used in drawing the steady-
state current-voltage relation. They are also punched with the time

constants’fn on paper tape for use in plots 3 and 4.

Plot 3 is the family of sodium currents. The bottom of Fig. 11

and several figures in Chapter IV are of this type. Plot 3 is used
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Figure 11. Separation of the currents with the computer. Three stages
in the analysis of voltage clamp data. In each frame the currents at

0 mv and at +75 mv (solid lines) and the zero-current baseline (dashed
line) have been drawn. The top frame also includes the currents at -135
mv as well as a few points in the beginning from the last 300 psec of the
40 msec prepulse at -120 mv. The top frame shows the points as stored

on the magnetic tape using the digital current scale from O to 512 and
with a compressed time axis after the arrow. The middle frame shows the
currents with the baseline and leakage currents removed and with the time
scale linearized, In the bottom frame the potassium currents have been
subtracted and the time scale has been expanded to improve the visibility
of the sodium currents. The curves used in this figure are from the same
experiments as the curves in Fig. 13. T = 13° C.
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to verify that the parameters for IK have been chosen and recorded

correctly.

Plot 4 is a semilogarithmic plot of the family of sodium
currents. The late part of each sodium current curve falls with a
single exponential time constantj't}ﬁ that is readily determined from
the final slope of the curve in plot 4. 7Tm is also determined from
this graph. A line is drawn parallel to the linear falling phase of
the sodium current but at distance of log (0,5) below it. This line
intersects the rising part of the sodium current at the point where
the fraction mS/m%O equals one half. According to the model t/‘tm

equals 1.58 at this point.

When these four plots have been completed and analysed, the data
analysis is finished. 1In practice this method does not permit a
determination of all the constants at each voltage. The sodium
currents near ENa’ for example, are too small to be analysed
reliably., Thus the experiments here do not result in a description
of the nodal membrane that is as complete as the model discussed
earlier; however, it will be seen that the measurements are adequate
to reach clear conclusions about the actions of some of the chemical

agents that I have studied.

In some experiments, especailly in those executed without chopper
stabilization (see Appendix II), it is clear that the membrane
potential measuring amplifier was drifting out of balance. Some
procedure has to be used to correct for this drift in comparing records
taken at different times during an experiment. The sodium equilibrium
potential is a stable reference point in myelinated axons because the
large internodal volume of axoplasm serves as an ionic reservior that
buffers the small ionic changes taking place at the node during an
experiment. In unmyelinated fibers the buffering capacity of the
axoplasm is not so great and there is a measurable lowering of ENa
in an hour's time. With squid axons ENa may decrease by 10 mv in
60 min (Moore and Adelman, 1961). I use E , as a reference point

N
for comparing records. Frequently this requires shifting the records
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about 5 mv to compensate for drift. If there is a question of drift
and the measurement of ENa is ambiguous, the records are not used.
The values of ENa of most of the nodes described in this thesis are

in the range from 38 to 48 mv.

The magnitude of the errors

This section is a brief list of the estimated magnitudes of the
errors or more correctly a statement of the reproducibility of the
methods for obtaining the empirical constants for a node of Ranvier,
It is the reproducibility that is important here because the experi-
ments are always based on the comparison of the properties of the

same node in several different solutions.,

The basic instrumental limitations are that the analog-to-
digital conversion uses 8 bits (a scale from 1 to 256) and that the
time points are spaced by 50 pusec., Because of the various averaging
techniques I used, the 0.4% uncertainty in the current and voltage
points is never a significant limitation. On the other hand, the
50 usec uncertainty in timing is significant, because with my
"analog timing" system the step change of voltage at the beginning
of the prepulse could have fallen anywhere in the 50 psec clock
interval (see Appendix Iil). Had digital timing been available, the
step change would have been synchronized to the 50 usec clock, and
part of the difficulty could have been avoided. Because the recorded
signal also included noise from the feedback amplifiers, rapidly
changing currents such as the rising part of the sodium currents of a

node at room temperature could not be resolved successfully.

The calculation of §L is performed automatically by the computer,
Different measurements on the same node indicate a reproducibility of
better than 2%. The determinations of 'En‘and A (see formula 3.1)
are performed manually by moving a template on the log-log plot
described earlier. The numbers are noted to an accuracy of 2% and
repeated determinations from the same graph are always reproducible

to within 5% for potassium currents that are larger than 2 na. The
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errors in the parameters of the sodium currents can be larger than
those for the potassium and leakage currents, The 50 usec uncertainty
is usually the most significant factor for'tm. For the smallest
observed values of 'fm (100 psec) this leads to an uncertainty of
50% and for larger values (400 ysec) and uncertainty of 13%. The
value of'fh usually cannot be determined to better than 8% because

it depends on the value chosen for'Th in the current separation.

Also it should be noted the potassium current formula (3.1) is not a
perfect fit to the actual potassium currents, and therefore after the
current separation the “sodium currents® do not fall exactly
exponentially., I did not investigate this problem in a systematic
way. The measurement of the peak 'sodium current was reproducible in

successive runs to better than 0.5 na.
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Chapter IV

EXPERIMENTAL RESULTS

My experiments are designed to show how the parameters of the
quantitative model of voltage-clamp currents are changed in nodes of
Ranvier by treatment with drugs. The puffer fish poison, tetrodo-
toxin, and the quaternary ammonium ion, tetraethylammonium, are the
two most interesting agents used, as their actions are the most
specific. Local anesthetics and the calcium ion also produce fairly

specific effects.

The selection of the drugs has been guided by published experi-
ments of other investigators. Many of their experiments were on
other nerve fibers or bundles of fibers and many were not voltage
clamp studies. Thus, while the effects I observe have been expected
in large part, they remained to be demonstrated in quantitative
experiments., I have attempted to concentrate on agents that show
the greatest specificity in their actions, because these can lead to
results of some theoretical usefulness. During my work many similar
studies have been published, mostly of invertebrate fibers. The
conclusions were gratifyingly like mine., In this chapter I present
the results of my experiments. Some of my observations have been
published (Hille, 1966a and b, 1967a and b). The comparison with the

published results of other workers is saved for Chapter V.,

In the course of this work I have been impressed by the difference
in action between lipid-soluble compounds (neutral and aromatic
molecules) and lipid-insoluble compounds (permanently charged
molecules), In general the permanently charged molecules produce
their effects as soon as they are applied, without causing additional
changes on long exposures. They usually may be washed away and the
normal responses of the node return, On the other hand the lipid-
soluble compounds have irreversible, deletrious effects when they are

applied at high concentrations. The irreversible effects increase
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with the time of exposure and in extreme cases lead to lysis. What-
ever the normal mode of action of these compounds that produces the
interesting change in electrical properties, the molecules must also
be dissolving in the axolemma and myelin, gradually disrupting the
normal structure. Another effect of sublytic concentrations of lipid-
soluble compounds is to increase the mechanical fragility of the
preparation to the point that the changes of solution frequently
ruin the node, Because of the experimental difficulties in dealing
with partly irreversible effects and in distinguishing primary from
secondary changes, the lipid-soluble molecules are not as useful as

I had originally hoped. The first three sections of this chapter
deal with the three permanently charged compounds: tetrodotoxin,
tetraethylammonium ion and related ions, and calcium ion. The effect
of these molecules is easy to determine experimentally. The last two
sections deal with lipid=-soluble anesthetics and veratrine. The
information gained from these latter experiments is not so reliable

nor is it so useful from the theoretical point of view,

Tetrodotoxin

Tetrodotoxin (TTX) is the water soluble toxin found in most

tigsues of the Japanese puffer fish (Spheroides rubrides and many

other members of the same suborder) and in tissues of American west

coast salamanders (Taricha torosa and many other members of the same

family). The structure of TTX is shown in Fig. 12, It is a remark-
able example of evolutionary convergence that such a complicated
molecule could have been produced twice by the opportunistic
mechanisms of natural selection, and this speaks for the special
potency that resides in this structure. Indeed TTX ranks with a
different molecule, saxitoxin (also called paralytic shellfish
poison and mussel poison), as the most poisonous small molecules
known. As the Japanese people consider the puffer fish a great
delicacy, special legislation has been adopted to license cooks to
prepare it in safe form. Saxitoxin is the cause of deaths when

shellfish are eaten during periods of "red tides”, The poison is
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actually produced by certain dinoflagellates, including Gonyaulax
catanella, that are filtered out of the water by the shellfish. See
Kao, 1966, for a beautiful discussion of the history, natural

history, and pharmacology of both of these poisons,

Before I started my experiments it was known that TTX is a
neurotoxin, that it is a specific poison of the action potential
mechanism, and that it depresses the sodium currents of the excitatory

process., The literature has been reviewed by Kao (1966).

The curves in the upper half of Fig. 13 are the voltage clamp
currents of a node in Ringer's solution. There are 18 traces, super-
imposed to the same baseline, corresponding to 18 voltages spaced
at 7.5 mv intervals from -52.5 mv to +75.0 mv., As in all the other
figures of this chapter, the leakage current has been subtracted. Two
of the curves in the family, the ones for O mv and the ones for +75 mv,
were used in Fig. 11 to illustrate the mathematical separation of
currents, It is helpful to compare visually the currents calculated
from the model (Fig. 4) with the measured currents of Fig., 13 and with
the separated currents illustrated in Fig. 11 to facilitate the
. identification of the sodium and the potassium components of current.
It should be observed that the calculated currents in Fig. 4 corres-
pond to 22° C and therefore change more rapidly than the currents

observed at 13° C.

The voltage clamp currents are markedly changed by 300 nM TTX.
Comparison of the lower family of curves in Fig. 13 with the calcula-
tions in Fig. 4 shows that this concentration of TTX entirely
abolishes the sodium currents., In fact, in no case has evidence of
sodium currents been found when the concentration of TTX was higher
than 10 nM. The blockade prevents the outward flow of sodium ions
as well as the normal inward flow. This can be seen more clearly
in a preparation with artificially enhanced outward sodium currents,
Figure 23 (in the next section) shows the oﬁtward sodium currents of
a node in which the normal distribution of sodium ions has been

reversed, The axoplasm contains nearly isotonic sodium and the



0 5 O msec.

3x10°"M Tetrodotoxin

Figure 13. Sodium and potassium currents in TTX. The time courses of
the voltage clamp currents minus leakage currents before and during
treatment with TTX. The maximum depolarization is to +75 mv. Some of
these curves are shown in Fig. 11 also. T = 13° C.

57



58

bathing fluid contains none. How this unusual condition was achieved
will be discussed later (see "Tetraethylammonium ion and related ions").
The point to be made here is that the expected transient outward

sodium currents seen in record 472 are entirely blocked by 10 nM TTX

in record 473,

Cations that usually restore conduction to a sodium deprived
sciatic nerve, such as lithium, ammonium, or guanidinium ions (see
Chapter V) do not restore conduction in the presence of 10 nM TTX.
This is because the permeability to these ions is also blocked,
Figure 14 is an example of lithium currents in the voltage clamp.

The inward lithium currents of record 452 are very similar to the
inward sodium currents of record 451 in time course and magnitude.

The reversal potential of the early currents is possibly 5 mv less
positive in Li-Ringer's than in Na-Ringer's. Like the sodium currents
of Fig. 13, the lithium currents are eliminated by 10 nM TTX. Thus
TTX simply blocks the voltage-dependent transient permeability of the
nerve that is normally associated with sodium currents irrespective

of the direction of the expected current flow or of the kind of

cation carrying the current.

Partial reduction of sodium currents is found in concentrations
of TTX between 0,1 and 10 nM. An example is illustrated in Fig. 15.
In this figure the potassium and leakage currents have been a sub-
tracted by the computer, leaving only the sodium currents. They are
plotted on two different time bases to facilitate inspection of the

fast turn-on and the slower inactivation.

The sodium currents of Fig. 15 can be analyzed to give the time
constants'fh andTm (Fig. 16, left) and the peak current-voltage
relation (Fig. 16, right). The sodium currents turn on in a few
hundred microseconds, and the measurements are made only every
50 usec. The separation between the two lines drawn on the graph
of 'Tm (Fig. 16) represents the 50 pusec band of uncertainty
attributable to the timing problem. Within the limitations of the

method, the time constants Wih and ’Em are not changed by 0.8 nM TTX;
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Figure 14. Lithium currents and TTX.

The time courses of voltage clamp

currents minus leakage currents in lithium and TTX solutions. The

maximum depolarization is to +67.5 mv.

experiments illustrated in Figs. 21, 22, 27, and 28,

This node was also used in the
T = 11° €.
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Figure 15. Sodium currents in TTX. The time courses of voltage clamp
currents with both the potassium and the leakage currents subtracted
mathematically. The sodium currents are drawn at two different time
scales on the left and right but with the same vertical scale. The
maximum depolarization is to +67.5 mv. T = 2.5° C.




msecC

0 343 Ringer's
" A 3478x107'0m TTX
i e 352 3x 10" %M TTX
0.3
0.2

-45 -30 -5 0 s) —-15

Figure 16. Analysis of sodium currents in TTX. The time constants T
andT’h (left) and the peak current-voltage diagram (right) of the

sodium currents of Fig. 15. The two lines drawn on the graph of’T%

indicate the band of uncertainty in the measurement. T = 2.5° C.
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however, 0.8 nM and 3 nM TTX reduce the amplitudes of the sodium
currents to 40% and to 10% of the normal, respectively. As the same
percentage change occurs at all voltages, the effect of TTX can
readily be summarized as a reduction of the maximum sodium permeabi-
lity g

Na® About 0.5 nM TTX reduces éNa to one half of its normal

value.
TTX also blocks the prolonged sodium currents that appear in

veratrine. This phenomenon is described later in this chapter.

The potassium currents are not affected by TTX. Since the
sodium currents disappear in these experiments, it is not possible
to correct drifting of the membrane potential amplifier by using the
sodium equilibrium potential as a reference., However, with chopper
stabilization (see Appendix II) and with equilibration of the temper-
ature of all solutions, the potassium currents can be made identical
in Ringer's and TTX. Figure 17 is an example of superimposed records
of a node in Ringer's (dashed lines) and in 10 nM TTX (solid lines),
Observe that the late portions of the current curves for the control
and for the TTX-treated node merge and become indistinguishable., It
may be helpful to refer to Fig. 19 in which the currents of record
375 have been drawn alone, if the superposition of Fig. 17 causes

difficulty in reading the curves,

The first experiment ever to demonstrate that TTX acts specific-
ally to reduce the sodium conductance was done by Narahashi,
Deguchi, Urakawa, and Ohkubo (1960). They passed constant currents
through a microelectrode into frog muscle fibers, observing that while
the spike (action potential) mechanism is inhibited by TTX, delayed
rectification still takes place. It was instructive, and of
historical interest, to repeat this observation on the node of
Ranvier using the current clamp mode (see Chapter III). The results
of this experiment are shown in the upper half of Fig., 18. The
superimposed traces are the time courses of the membrane potential for
different steps of intensity of a depolarizing current with the

potential starting from a hyperpolarized value. The dotted line is
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Figure 17, Potassium currents in TTX. The superimposed voltage clamp
currents minus leakage currents of a node before and during treatment
with 10_8 M TTX. The maximum inward sodium current in the Ringer's
solution is about -17 na, but the records are truncated at 10 na in
this figure. The maximum depolarization is to +67.5 mv. Further
experiments with this node are shown in Fig. 19. T = 17° C.
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the baseline at -75 mv. Small currents produce a simple exponential
rise to a steady-state, reflecting the "passive" response of the
leakage conductance and the membrane capacitance. The exponential
time constant is about 0.2 msec which corresponds to a capacitance of
S5 pF in pool A, assuming that the resting resistance is 40 megohm.,
Stronger currents depolarize enough to activate the delayed rectifi-
cation., As the potassium conductance increases with time, the
membrane resistance decreases and the voltage response to the constant
current falls again. These records reproduce in every respect the
observations of Narahashi et al. Before TTX was applied this node
gave a 1.5 msec action potential with a threshold at -50 mv. The
lower half of Fig. 18 is the expectation calculated from the membrane
model using the standard parameters except that gNa is set equal to
zero to imitate the effect of TTX, the membrane capacity is 4 pF, and
the rate constants have been scaled to 12° C assuming a temperature
coefficient (Qlo) of 3.0 (Frankenhaeuser and Moore, 1963), The experi-
ment and the model give similar results except that the measured
curves cross briefly, Undoubtedly a closer correspondence between
theory and experiment would be obtained by basing the calculations

on measured voltage clamp parameters of the node studied rather than

on the node of the model,

The leakage current of nodes treated with TTX is also untouched,
If the normal leakage conductances is called 100, the mean conductance
in 15 measurements on 9 different nodes in TTX is 99,5 £ 5.5

(mean * S.D.).

TTX is thus a highly specific poison of the voltage-dependent
sodium carrying system of the frog node, It blocks all the ionic
movements whether inward or outward that are mediated by this system.
The effect of TTX appears as rapidly as the solution can be changed
(about one second) and does not intensify with time thereafter. It
is at times completely reversible in a few seconds and on other
occasions at least 50% reversible in seconds with slow further

recovery over several minutes. TTX probably acts by binding
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Figure 18. Delayed rectification in TTX. The time courses of the
membrane potential in a current clamp experiment on a node in 100 nM
TTX at 12° C (upper) and in a computer simulation (lower) using the
standard mathematical model (Fig. 3) modified in three ways: éNa = 0;
CM = 4pF, and Ocn and Bn divided by three. The last change imitates
the effect of cooling ten degrees from the standard 22° C to 12° C.

For the computation, the model was first hyperpolarized for a long time
by a -0.7 na current and then depolarized by currents ranging from
+0.35 na to +4.55 na in 0.7 na steps. See Appendix III for method of
calculation.
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reversibly to some substance on the axon membrane that is easily
accessible from the bathing medium. It is convenient to use the term

TTX receptor to refer to this membrane component.

The structure of TTX drawn in Fig. 12 indicates a negative
charge on the hemilactal oxygen and a positive charge on the
quanidinium group. In fact the pKa's of these two groups are about
8,7 and 12,5 (Goto et al,, 1965; Woodward, 1964), so that at pH 7.3
less than 2% of the TTX molecules have the indicated structure and
the remainder lack the negative charge. The pH dependence of the
blocking action of TTX could be studied to determine whether the
cation, the zwitterion, or both are the active forms. This informa-
tion should be useful in determining whether TTX and other anesthetic

drugs share the same receptor,

Tetraethylammonium Ion and Related Ions

The tetraethylammonium (TEA) ion is a non-biological, water
soluble substance of unusual interest to neurophysiologists. 1Its
many actions seem to center in two fundamentally different biological
processes., On the one hand, as a quaternary ammonium ion, TEA can
mimic natural chemical transmitter agents or their precursors., In
these cases the TEA ion will excite or block synaptic activity or
interfere with enzymes which transport, synthesize, and destroy
transmitters or their precursors. The principle medical use of TEA
has, indeed, been as a sympathetic ganglion blocking agent. Many
references to these phenomena can be found in Raventds (1937),
Schmidt (1965), and Grundfest (1961). The other action of TEA is a
direct modification of the normal voltage-dependent permeability
changes of nerve and muscle membranes manifested as prolonged action
potentials (Loeb and Ewald, 1916; Cowan and Walter, 1937; Schmidt,
1965). In some cases the prolongation is known to be caused by a
depression of the potassium conductance. This is the phenomenon I

studied.
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The voltage-dependent potassium carrying system is most conven-
iently studied in the absence of the transient sodium currents seen
in normal nerves, Tetrodotoxin (TTX) achieves this condition.
Figure 19 shows the time courses of the voltage clamp currents minus
leakage currents of a node in 10_8 M TTX. As the leakage current
is removed mathematically and the sodium current pharmacologically,
the tracings represent potassium current alone. The five families
of curves at increasing concentrations of TEA show a progressive
abolition of the outward potassium current. Fig. 20 illustrates
the analysis of these curves into the time constant an (left) and
the steady-state current-voltage relation (right) and demonstrates
that the primary effect of TEA is to reduce the amplitude of the
potassium currents without affecting the time constants of the
changes of the potassium conductance,_ Because the amplitude is
reduced by the same proportion at all voltages, the effect can be

described as a reduction of the maximum potassium conductance, EK'

Similar results are obtained in the absence of TTX. Figure 21
shows the time course of the voltage clamp current minus leakage
current of a node in Ringer'’s, Both early sodium currents and late
potassium currents are present. As TEA is added to the Ringer's
solution (records 443 and 444 of Fig. 21) the potassium currents are
reduced, As in the previous experiment the steady-state current-
voltage relations, given by the dotted lines of the right hand side
of Fig. 22, show a uniform proportional reduction of the potassium
currents at all voltages while the time constants T—n (not illustrated)

are unchanged. Again the effect is a reduction of éKo

If TEA reduces éK in a simple manner, inward as well as outward
potassium currents should decrease., This can be tested in two ways.,
When a normal node is hyperpolarized after a long depolarization
there is a brief “"tail” of inward potassium current during the return
of the potassium carrying system from a high conductance state to a
low conductance state, This tail is eliminated by TEA. Much larger

inward potassium currents can be produced in isotonic KCl solutions.
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Figure 19, DPotassium currents in TEA. The voltage clamp currents minus
leakage currents of a node in TTX-containing solutions with increasing
concentrations of TEA. The maximum depolarization i8 to +60 mv. Other
experiments with this node are illustrated in Fig. 17. T = 17° C.




T, (msec)

o

s > 4

=25

Figure 20,

109 I, (na)
No. TEA TTX ,é’
375 0.0mM 1078 ™M o,«o
376 0. " e e
377 0.4 " 55 o
400 1.2 u o’ .
402 60.0 4 54 o ’,.—" v-
/P ’.’,O ’—'—’v,
o & ",V
o ¢ v
o/ ety v A .‘
0O e R A2~
M =Y ‘__A—'A/
e _'— _ -
L -V AN
g Y aaATY
T 1 I'-_“ T ----.l"-".--."l."'--.- ]
50 75 -50 -25 0 25 50 75
E(mv) E (mv)

Analysis of potassium currents in TEA.
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potassium currents illustrated in Fig.

19 T = 17° C.

The time constants

69



70

o
[

f;

Figure 21. Sodium and potassium currents in TEA. The voltage clamp
currents minus leakage currents in TEA. The maximum depolarization is

to 467.5 mv. This node was also used for experiments illustrated in
Figs. 14, 22, 27, and 28. T = 11° C.
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Figure 22, Analysis of the sodium currents in TEA. The time constants
T and T, (left) and current-voltage relations (right) from the
exgerimentlillustrated in Fig. 21. The two solid lines in the graph of
1}1define the band of uncertainty attributable to the non-synchronous
timing used in the experiment. 1In the current-voltage diagram the solid
line connects the points of the peak sodium current-voltage relation and
the dashed lines the steady-state potassium current-voltage relation.
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Frankenhaeuser (1962) showed that with Xenopus nodes held at about

=75 mv in high KCl, small depolarizations give rise to delayed inward
potassium currents and depolarization beyond 0 mv give delayed outward
potassium currents. On repolarization to -75 mv from any depolariza-
tion, there is a large "tail” of inward potassium current. Rana nodes
exhibit all of these potassium currents in 115 mM KCl and all of them
are abolished by 12 mM TEA. Thus the action of TEA is adequately
represented as a simple reduction of §K for both inward and outward

currents,

The experiment of Figs. 21 and 22 also illustrates the insensiti-
vity of the sodium permeability system to TEA. The three short
records in the lower right hand side of Fig. 21 are from the same
data as the three longer records in the figure but the potassium
current has been subtracted mathematically. Thus these are sodium
currents., They seem indistinguishable, The sodium currents are
analyzed in Fig. 22. On the right hand side the solid line indicates
the points of the peak current-voltage relation. On the left hand
side are the time constants 'Em and q:h of those currents that are
large enough to permit measurement. The band of uncertainty in T'm
is fairly significant at 11° C. This experiment shows that within
the uncertainty of the measurements there is no change of qu, of
T s

This conclusion has been verified at concentration of TEA up to

or of the peak current-voltage relation attributable to TEA.

60 mM in normal nodes. At 60 mM TEA the voltage dependence of the

steady-state sodium inactivation (or 1-hg,) is unchanged.

It seemed desirable to look for effects of higher concentrations
of TEA on the sodium current, but in an isotonic TEA solution there
is no sodium, so the sodium currents would be outward and very small
unless the axoplasm were loaded with sodium. The nodal axoplasm can
be loaded with ions by temporarily breaking down the diffusion
barrier by a strong electric shock (i,e., a hyperpolarization to

-220 mv), The resistance recovers, often completely, over a period
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of a few seconds after the shock, If the shock is given in Ringer's
solution, the sodium equilibrium potential is greatly reduced, outward
sodium currents become large, and the potassium currents virtually
disappear, After such treatment the potassium permeability system

is permanently damaged, being unable to produce delayed inward
currents in isotonic KCl, but the sodium system seems normal except
for the unusual equilibrium potential, attributable to the high

internal sodium concentration.

Figure 23 shows the time course of the voltage clamp currents
minus leakage current (left) and the peak current-voltage diagram
(right) of a node after several strong hyperpolarizing shocks. The
curves represent sodium current alone because the damaged node has no
potassium current. In normal Ringer's there are both inward and out-
ward sodium currents with an equilibrium potential near O mv suggest-
ing that the axoplasm contains nearly 110 mM sodium after loading. In
110 mM TEA there are almost no inward currents, but there are outward
currents above -25 mv, At large depolarizations the outward currents
are nearly identical in amplitude and in time course in Ringer's and
in 110 mM TEA. The arrows on records 471 and 472 indicate the value
of ﬂfh at +67.5 mv in Ringer's and TEA. It is essentially unchanged.
Therefore nearly isotonic TEA is unable to produce a measurable change
in the sodium carrying system. The third set of curves in Fig. 23
(record 473) shows that TTX abolishes all of the outward sodium

currents in isotonic TEA.

The leakage conductance is not changed by 60 mM TEA. In the
experiment illustrated in Figs. 19 and 20 the leakage conductances in
the four concentrations of TEA are 97, 98, 100, and 100 relative to
a control value of 100, The small variation is within the repro-
ducability of such a measurement. However in 110 mM TEA three

different nodes gave relative conductances of 60, 63, and 65.

TEA is an extremely stable compound in solution. There are no
enzymes that can change its structure readily. Furthermore it is

permanently charged and therefore will not pass readily through cell
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Figure 23, Sodium currents in isotonic TEA. The early part of the
voltage clamp currents (left and center) and the peak current-voltage
relations (right) of a node that has been loaded with sodium by the
strong shock technique described in the text. The arrows labelled T
indicate the value of the time constant of the sodium inactivation process
at the highest depolarization, +67.5 mv. T = 4° C.
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membranes. For example, in experiments with human red blood cells
and the tetramethylammonium ion (TMA) Askari (1966) found that the
rate of entry was less than 0.2 mmoles (liter cells)_1 hr =~ from a
120 mM solution of TMA. Thus even with the large surface to volume
ratio of a red blood cell, the half-time for equilibration would be
many hundreds of hours. The block of EK by TEA, on the other hand,
appears as rapidly as the solution can be changed and is readily

reversible in seconds, even after the node has been exposed to 10 mM
TEA for one hour. Thus TEA interacts rapidly and reversibly with some
component of the axon membrane that is easily accessible from the out-

side., This component can be called the TEA receptor,

One property of receptors is that they exhibit adsorption iso-
therms characterized by binding constants and saturation phenomena.,
These can be seen in dose-response studies. Figure 24 shows the
relative potassium permeability as a function of the TEA concentra-
tion. The circles are individual experimental measurements from
eleven different nodes, The line is the standard "rectangular
hyperbola™ that describes the simplest kind of receptor interaction
commonly found., The assumption for drawing this line are:

1) There are many receptors on the membrane.

2) One TEA binds to one receptor reversibly.

3) The receptor-TEA complex has a dissociation constant of 0.4 mM.

4) éK is proportional to the number of unoccupied receptors.
The filled circles are from the experiment discussed earlier and
shown in Figs. 19 and 20 in which the sodium currents were abolished
by 10 nM TTX. These filled circles fall near enough to the open
circles to show that TTX does not affect the binding of TEA., More
simply it can be said that the TEA receptor and the TTX receptor are
different components of the membrane. Experiments will be discussed
later that show that the TEA receptor is also different from the

calcium receptor,
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Figure 24, Dosage-response to TEA. The relative amplitudes of the

potassium current (or of g ) as a function of the TEA concentration in
the external solution. The filled circles are from the experiment in
Figs. 19 and 20 in which the sodium currents had been eliminated by TTX.
The open circles are from ten other nodes not treated with TTX. The
solid line is the dose-response relationship of a hypothetical system

in which one TEA ion binds reversibly to a receptor to produce a fraction

of the inhibitory effect. The curve is identical with a simple adsorption
isotherm of "rectangular hyperbola'.
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Another property of receptors is specificity. There are many
quaternary ammonium ions very similar to TEA in size and shape. Some
of these also depress EK’ and it is possible to measure the apparent
constant (Ki) by finding the concentration required for half maximal
inhibition., Table IV is a list of quaternary ammonium ions and the
estimated values of Kio The dose-response behavior of these com-
pounds has not been investigated in detail. Ki is determined by
finding one concentration giving more than 50% inhibition and one
giving less and interpolating using the rectangular hyperbola,
Values of Ki above 120 mM (isotonic) are extrapolations from
measurements at 115 mM. TEA has the greatest affinity for the
receptor of all the quaternary ammonium ions tried. Addition or
subtraction of single methyl groups decreases the binding consider-
ably. The same kind of structure-activity relationship is seen in
the series of ions related to choline (with the hydroxyethyl group).

Isotonic choline depresses g._ to 75% of normal, but as the methyl

groups are replaced by ethlegroups, the binding increases., It seems
again that the more the structure resembles TEA the better the bind-
ing. The depression of pbtassium currents by choline has been seen
by other investigators who used choline to achieve a separation of
the ionic currents (see Chapter III). Dodge (1963) showed that §K
was reduced without any change in Tfn,

Quaternary ammonium ions might themselves carry current through
the membrane., It is already known that NH4 ions carry current about
one fourth as well as sodium ions in Rana nodes (Dodge, 1963). When
care is taken to rinse away the external sodium from a normal node,
there are no inward currents in 110 mM TEA or in 110 mM tetramethyl-
ammonium ion (TMA), and above -25 mv there are definite outward
sodium currents of normal kinetics. These observations show that
these quaternary ions are at least twenty times poorer current
carriers than sodium ions., Indeed none of the ions of Table IV
shows evidence of carrying current or of affecting the normal sodium

current kinetics.



Table IV

QUATERNARY AMMONIUM IONS THAT
BLOCK POTASSIUM CURRENTS

Substituents on N Ki
4Me 500
3Me 1lEt 300 mw
2Me 2Et 60
1Me 3Et 15
4Et 0.4
3Et 1n-Pr 2
4n-Pr 60
4n-Bu 60
3Me 1EtOH 240
2Me 1Et 1EtOH 30
3Et 1EtOH 10

The ions are identified by the number of
methyl, ethyl, hydroxyethyl, n-propyl,
and n-butyl groups that are joined to the
central nitrogen atom,
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Calcium

The calcium ion is an essential component of any physiological
solution. The complete absence of calcium leads to electrical inexci-
tability in nerves and to the cessation of a spectrum of processes
related to membrane irritability in non-nervous cells. On the other
hand, low calcium leads to hyperexcitability and high calcium to
depressed excitability in most nerves, This literature has been
reviewed by Brink (1954). Voltage-clamp experiments by Frankenhaeuser
and Hodgkin (1957) and by other authors more recently (see Chapter V)
showed that the primary action of calcium is to shift the voltage-
dependence of the parameters m, n, and h along the voltage axis.

Thus in low calcium a small depolarization and in high calcium a
large depolarization would be needed to elicit the same permeability
changes. These shifts account for the increase of threshold found
on increasing the calcium concentration., Although the effects of
raising the calcium concentration can be loosely described as
equivalent to the effects of hyperpolarization, it should be borne
in mind that there is in fact only a slight change if any in the

measured membrane potential,

A convenient index of shifts can be calculated from the peak
(sodium) current-voltage relation. The sodium current is given by

(see Fig. 3).

= E
INa =0 thajO mv ( 183 ) E ENa) (L)
and
m hg = I, /[(1——-E——) (E-E_)] (4.2)
Na,0 mv Na 183 Na

Expression 4.2 evaluated at the peak of the sodium current will be

called the peak sodium conductance,

Figure 25 is a semi-logarithmic plot of the peak sodium
conductance versus voltage of a node in solutions containing different

concentrations of calcium. The lines are derived as follows. First
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Figure 25, DPeak sodium conductance and calcium. The peak sodium
conductance as a function of voltage for a node in various concentrations
of calcium. All points are plotted on the same conductance scale with
100 units corresponding approximately to 0.40 pmho. The value of 'g'Na
for this node is then about twice as large or 0.30 umho.
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a smooth curve is drawn through the experimental points for records
315 and 317 (1.8 mM Ca). This same curve is then copied and fitted
to records 314 and 316 (high calcium) and to record 320 (low
calcium). The best fit is obtained by sliding the curve 24 mv to
the right in the 22 mM Ca case and 11 mv to the left for 0.45 mM Ca.
It is not necessary to slide the curve vertically and therefore in

this experiment g is not affected by the calcium concentration.

However, the fit z; the shifted curve to the points is imperfect
suggesting that there is a more complex change than a simple shift.
I did not investigate these complications. The reproducibility of
the points shows that the effects of calcium are readily reversible,
Note that the high calcium solutions are hypertonic and contain

the normal amount of sodium. In this way the effects of sodium

concentration changes on éN are avoided.
a

The convention for describing the effects of calcium - started
perhaps by Frankenhaeuser and Hodgkin (1957) - has been to speak of
a certain number of millivolts shift along the voltage axis per
tenfold or per e-fold change in calcium concentration, This could
be in analogy with the Nernst equation for a "calcium electrode”
which specifies a 28 mv potential change per tenfold concentration
change (at 10° C). The possible meaning of this relationship will
be discussed in Chapter V. The shifts in the peak sodium conductance
relation seen in four different nodes are summarized in Fig. 26.
The points are the experimental results in solutions ranging from
0.45 mM to 22,0 mM calcium. The two lines have a slope of 20 mv
per tenfold change or 8.7 mv per e-fold change and are separated
by 3 mv, the estimated uncertainty of the measurement. The data
seem to satisfy the logarithmic relationship except at the lowest
calcium concentration. I do not know whether several more washes
in the low calcium solution would give the larger shifts expected
by the logarithmic relationship. In three experiments g is not

Na

affected; however, in the fourth, g is decreased by about 35% in

Na
12 mM Ca.
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Figure 26, Voltage shifts and calcium concentration. The shifts of the
peak sodium conductance relation along the voltage axis in solutions with
various calcium concentrations. Please recall that raising the calcium
causes the relation to shift in the direction of depolarization so that
the node, whose resting potential is relatively unaffected, behaves as
though it were hyperpolarized. The concentration of calcium in normal
Ringer's solution (1.8 mM) has been indicated by the arrow labelled R.
The value of the voltage shift at this point has arbitrarily been set at
zero., The two straight lines have a slope of 8.7 mv per e-fold change
of calcium concentration and a separation of 3 mv, the estimated
uncertainty. The data are taken from four different nodes.
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The voltage-shifts of the curves of the relations between
'tm and voltage and between "Eh and voltage are almost exactly equal
to the shifts of the peak sodium conductance relation in all my
experiments. The left side of Fig. 27 is an example of a 20 mv
shift of the curve of 'f£ in an 11-fold increase in calcium concen-
tration. This corresponds to a shift of 8.4 mv per e-fold change.
Notice that the displaced line fits the observations quite well,
The line drawn for record 444 is in fact a theoretical line obtained
directly from the model of the "standard" node with the one
assumption that an 11° cooling from 22° C to 11° C lengthens 7:h by
a factor of three;i.e. an assumed QlO of 2.9, exactly equal to the
measured value of 2.9 (Frankenhaeuser and Moore, 1963a). The curve

of Tm was shifted by 22 mv in this experiment.

The results of a single experiment on steady-state sodium
inactivation indicate a 14.5 mv shift of the curve of hge towards
more negative potentials for a 12-fold increase in calcium concentra-
tion, i.e. there is less inactivation at the resting potential in
elevated calcium concentrations. This corresponds to a 6 mv shift
for an e-fold change, slightly less than the shifts for peak sodium

conductance, *rh, or ‘Tﬁa

In my experiments calcium concentration changes affect the
potassium permeability system much less than the sodium system.
Usually there is no effect whatsoever on ‘(no The right side of
Fig. 27 shows ’En before, during, and after an 1l-fold increase
in calcium, Again the line on this side of the figure, like the
line on the left side, is taken from the "standard” node assuming
a QlO of 2,9, compared with the measured value of 3.0 (Frankenhaeuser
and Moore, 1963a)., Notice for the node in Fig. 27 that the process
underlying 'Ch can be affected by calcium changes without affecting
the process underlying ’fn. This point will be referred to in
Chapter V. Because in published experiments on other nerves,
increases in the calcium concentration are always accompanied by a

positive shift of the curve of 'En, the lack of a shift in my
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Figure 27. Calcium and the time constants. The time constants T

(left) and T (right) of a node in normal and in high calcium solutions.
The line drawh for “T, of record 445 is the same as the line for record
444 but displaced 20 mv along the voltage axis. The lines for record 444
and for all the T points are both taken directly from the theoretical
"standard" node asSuming a 3-fold increase in the time constants at 11° C
compared to the standard 22° C. The solutions bathing the node in
records 444 and 445 contain 6 mM TEA. Other experiments with this node
are shown in Figs. 14, 21, 22, and 28. T = 11° C.
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experiment is an unexpected finding. Of four nodes each bathed twice
in 22 mM calcium and three times in Ringer's solution, three show no
shift of the curve of 'rn and one shows a shift of 13 mv. One of the
nodes with no shift also shows no shift on two exposures to 22 mM
calcium containing 10 nM TTX as well. This last treatment checks
against the possibility of improper separation of the sodium and
potassium currents using the mathematical curve fitting method.

In two nodes each exposed twice to 0.45 mM calcium there is also no
shift of the curve of 'C;n In none of the measurements with

different calcium levels is gK changed,

There is no interaction between the actions of TEA and of
calcium. The current-voltage diagram of a node exposed to high
calcium and to TEA, separately and in combination, is shown in Fig.
28. Data from this experiment have already been given in Figs. 21,
22, and 27. It may be helpful to refer to the idealized current-
voltage relationship in Fig. 7 and to the peak sodium conductance
relation in Fig. 25 to understand this figure. The solid lines
connect the points of the peak current-voltage relationship and the
dashed lines, the points of the steady-state relationship. All the
open symbols are from measurements in normal Ringer's solution,
Notice how reproducible these measurements are. When 6 mM TEA is
applied (solid circles), the sodium currents are unchanged and the
potassium currents are depressed., When 22 mM Ca is applied alone
(inverted solid triangles), the potassium currents are of normal
size, but the sodium currents show a 22.5 mv shift in the peak con-
ductance relation, TEA added in the presence of elevated calcium
(solid triangles) depresses the potassium currents as before and
exerts no further change on the sodium currents. Thus the TEA
receptor and the calcium receptor are different structures without

interaction.

In summary the curves of the empirical constants for the
sodium permeability mechanism (mp,, hpo, ’Em, and QTh) are always

shifted along the voltage axis by changes in the calcium concentration,
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their effects independently.

shown in Figs. 14, 21, 22, and 27,

The peak (solid lines) and steady-state
(dashed 1lines) current-voltage relations of a node in solutions

It can be seen that TEA and calcium exert
Other experiments with this node are

T = 119 Cs
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The shift is proportional to the logarithm of the concentration
change and amounts to about +8.5 mv per e-fold increase in calcium.
In contrast, the potassium permeability changes are entirely un-
affected by changes in calcium in most cases. The ability of TEA
to inhibit the potassium conductance changes is also unaffected by

the calcium level,

Lipid-soluble anesthetic agents

Anesthetics depress electrical activity in the nervous system.,
Some depolarize nerves, e.g. ether, which in itself is sufficient
reason for loss of excitability, and others block without depolari-

zation.

Local anesthetics

Local anesthetics are an incompletely defined group of compounds
that can be used to produce sensory and motor paralysis locally in
any part of the body. They anesthetize nerves because they block
the sodium conductance changes of excitation. They do not depolarize,
Shanes (1958, 1963) reviews many classical pharmacological studies
that demonstrate (1) a summation of the effects of local anesthetics
and treatments which decrease sodium currents: low external sodium,
high external calcium, refractoriness, and depolarization by elevated
external potassium or by applied electric currents; and (2) an
antagonism between local anesthetics and treatments which enhance
sodium currents: high external sodium, low external calcium,

veratrine, and hyperpolarization by electric currents.

The actions of Xylocaine and procaine are similar (see
structures in Figs. 12 and 29). Both abolish sodium currents at
3.5 mM concentrations as rapidly as the solutions can be applied

(Fig. 30). In some experiments g _ is also depressed (e.g. in record

K
41) and in most cases the relationship between an and potential is
shifted in the direction of depolarization (e.g. slowing of the rise

of the potassium currents in record 303). The reduction of EK tends
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Figure 29, Some anesthetics and congeners. The structures of some
local anesthetics and related compounds that were studied with the
voltage clamp.
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Figure 30. Xylocaine and procaine. The voltage clamp currents of two
different nodes in Ringer's solution and in local anesthetic solutions.

The greatest depolarization in records 41 and 42 is to +67.5 mv (T = 6° C),
and in curves 302 and 303, to +30 mv (T = 3° C).
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to increase with time. A five minute exposure to 3.5 mM procaine
shifted the 7rn curve 15 to 18 mv in each of four experiments and
caused a reduction of EK by 0%, 9%, 10% and 40% in the four cases.
The variable, time-dependent effects on the potassium currents were
not studied in any detail, but they do seem readily dissociable from
the "instantaneous" and reproducible abolition of sodium currents.
Recovery of both the sodium and potassium currents is definitely
slower than the recovery from the effects of TEA, for example.
Several washes are required, yet frequently a certain fraction of

the normal éNa is restored as soon as washing begins.

When Xylocaine or procaine are used by the dentist, they are
injected locally at 35 mM (1%) or 18 mM (0.5%) concentrations,
Therefore my measurements probably account for the anesthesia seen

under typical clinical conditions.

Experiments with low concentrations of local anesthetics show
that they reduce the sodium currents by reducing gNa and probably
also shift the curves of the sodium parameters (peak conductance,
1an’ and 'Uh) in the direction of depolarization., The measurement
of the voltage shift is not reliable because the sodium currents are
small (reduced éNa) and the shifts are small. For example, three
nodes in 0,05 mM, 0.18 mM and 0.35 mM Xylocaine showed a reduction
of éNa to 80%, to 55%, and to 34% of normal, respectively, and a
shift of the peak sodium conductance relation by O mv, by 2 mv, and
by 6 mv, respectively. About 0.25 mM Xylocaine or 0.25 mM procaine
reduces éNa to 50% of normal. At these lower concentrations the

anesthetic effects are more quickly and more completely reversed by

washing.

The leakage conductance was not affected by the local anesthetics.

Pooling fourteen measurements of g_ in Xylocaine and procaine solu-

L
tions gives an average of 102% * 7% (mean * S.D.) compared with normal.

When 1.8 mM Xylocaine and 6 mM TEA are applied together, their

effects are exactly additive: is reduced by 95% and éK by 90%.

gNa
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Also, as will be discussed later, 3.5 mM procaine abolishes all of

the extra sodium currents appearing in veratrine solutions,

What properties of local anesthetic molecules contribute to
their potency? Lipid solubility is an important factor., Local
anesthetics that contain large aromatic regions or long alkyl chains
are more lipid-soluble than Xylocaine, work at lower concentrations,
and have an action that persists for a longer time even after repeated
rinsing with anesthetic-free solutions. I have studied two of these
lipophilic agents, the anesthetic Dibucaine and the tranquilizer
Compazine (see structures in Fig. 29). Dibucaine blocks action
potentials at 0,005 mM, and 3 mM is sufficient to lyse a node. Lysis
is seen as a sudden and permanent loss of -~ resistance of the node,
The resistance falls at least one hundred fold. The lysis may be
preceded by a prolytic phase in which there are temporary decreases
of resistance following large imposed changes of potential or follow-
ing the mechanical agitation of solution changes. Compazine reduces
to 50% at 0,02 mM and to 5% at 0.05 mM without affecting g .

Na K
Compazine lyses nodes at 0,5 mM. Clearly, lipid solubility is a

g

factor governing the anesthetic concentrations of these drugs, even

when they act on naked nodes,

Another characteristic of local anesthetic molecules that has
long been considered to be important is the presence or absence of
a charge, Local anesthetics generally contain a tertiary nitrogen
that is mostly protonated at pH 7.3. The pKa of Xylocaine is 7.85
and of procaine, 8.92., When applied to intact nerve trunks, these
agents are found to act rapidly in alkaline solution, but it is
recognized that the greater activity of the free base form in this
case reflects the slower diffusion of the protonated form through
the tissue layers surrounding the site of anesthesia (Ritchie,
Ritchie and Greengard, 1965b). This problem of diffusion should not
arise with naked nodes of Ranvier if the site of action is on the

extracellular side of the membrane, and therefore a better measurement
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of the relative activities of the cationic and of the free base form
might be possible. Dettbarn (1962) showed that more acid solutions
favored anesthesia in this case. Ritchie, Ritchie and Greengard
(1965a and b) and Ritchie and Greengard (1966) have concluded that
the cationic form is the active form from their very fine studies

of the pH dependence of the anesthesia of sheathed and desheathed

nerve trunks,

I have not tested the influence of pH on the anesthetic potency
of the local anesthetics, but I have studied a related problem. The
structures of three permanently ionized (quaternary) derivatives of
Xylocaine are drawn in Fig. 29. I tested these compounds on the node
expecting to observe a rapid and complete block of gNa; however, in
my experiments there is no detectable effect of 4 mM QX-314 or of
3.5 mM QX-222 on the voltage clamp currents of the frog node, No

change in g is found in 40 mM QX-314. On the other hand, the

actions of gX-572 are similar to those of Xylocaine, A 0,13 mM

solution of QX-572 reduces gNa to 50% of normal and éK to 85% of
normal. The peak sodium conductance relation is shifted 7 mv in
the direction of depolarization. The observations show that some

local anesthetics can act as cations, although they do not prove

that the cationic form is necessary or even preferable,

One significant difference between QX-572 with two aromatic
groups and Xylocaine with one is that the effects of QX-572 are only
slowly and poorly reversible, a persistence of action that is like
that of Dibucaine. It was of interest therefore to know the
relative lipid-solubility of the quaternary compounds and of
Xylocaine., Dr., George Camougis and Dr, Bertil Takman, of Astra
Pharmaceutical Products Inc., wére kind enough to report to me some
measurements of distribution coefficients (K) using oleyl alcohol
as the "o0il" phase and 0,25 M phosphate buffer as the water phase:

(Base in oil)

Xylocaine: K , -
(Base in water)

225 = 15

_
QX-572: K = QX in oil) = 0.91 * 0,14

(QX+ in water)
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The values for QX-314 and for QX-222 are not known, but they have
informed me that their lipid solubilities are less than that of
QX-572. It is my feeling that these measurements may not provide
the best basis for analysis of the problem for two reasons: 1) Nerve
lipids contain many fixed anionic phosphate groups that might serve
as counter-ions for the quaternary anesthetics. Such fixed counter-
ions are not available in the oleyl alcohol. 2) The quaternary
anesthetics will have some surface activity derived from a hydrophobic
region at one end and a charge at the other, a kind of property that
is not measured directly in a bulk-phase partition experiment. It
may be that a “surface lipid solubility"” or surface activity is the
significant solubility parameter in local anesthesia. This question

is raised again at the end of Chapter V.

Other anesthetic agents

Many of the anesthetics depolarize, I have not studied this
aspect of their action, but it can be assumed that the agents
mentioned in this section do depolarize. The experiments are, as
before, carried out with a nerve maintained at -75 mv by the
voltage clamp. The results are summarized in Table V in terms of
the effects on g

Na, L’
the results are to be considered qualitative observations., The

QK’ and g As these are from single experiments,
experiments with the gaseous anesthetic, nitrous oxide, were carried
out in collaboration with Mr. Alan Steinbach using high pressure

chambers that he designed and constructed.
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