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Abstract

A short historical survey of electro-physiology is proposed here.
Beginning with Galvani's works in the middle of the XVIIIth century,
this subfield of Science slowly brought closer to physical-chemistry
during the XXth century. New tools of research were imagined. This
evolution seems to be linked to the development of research in the field
of chemical and biochemical oscillators.

Only a few years after Petrus Van Musschenbroek had built about 1745 this
strange bottle, the so called "Bottle of Leyde", several scientists began to study the
effects of electricity on living systems. As early as 1756 in Bologna, Leopoldo Caldani
noticed the action of an electric discharge on heart and muscles. In those years, Father
Nollet, an abbot and one of the first science popularizer, startled once 180 royal guards,
and 700 monks later. In 1772, after a series of experiments performed in La Rochelle
(France), John Walsh demonstrated the electrical origin of the shock generated by the
numb-fish or torpedo. Less than twenty years later, the effect of electric spark on frog
muscles were described by Luigi Galvani. He noticed that contractions of the frog leg
can be obtained without any spark, but only with contacts of a wire made of two
different metals. He concluded that a kind of electric discharge or electric currents can
be produced by living nerves or muscles. Galvani's interpretation of the phenomenon
was severely criticized by his student Alessandro Volta. The latter showed that the
electromotive force was generated at the contact points of living tissues and metals, in
almost all Galvani's experiments. This was, on one hand the origin of the quite famous
quarrel between Galvani and Volta, and on the other hand, the beginning of a new field
of research which can be called electro-physiology.

During the nineteenth century, the number of works in the field of electro-
physiology grew faster and faster but for a long time, frog leg was still the most
sensitive detector for brief electric pulses. The use of sensitive enough galvanometers
appeared in the middle of the century. The first experimental evidence that nerves and
muscles are capable of generating electromotive forces by themselves has been
attributed to Carlo Matteucci and Emil Du Bois Reymond. The latter performed a long
series of experiments and tried to study the propagation of brief-lasting electrical stimuli
along nerves. But, his monitoring devices were actually not rapid enough to reveal the
essential character of the course. Even during the last years of the century, it was
impossible to obtain good records of electric activity of nerves and muscles. Ludimar
Hermann and Julius Bernstein worked very hard to show that the electric activity can be
considered as electric discharges lasting only a few thousands of seconds.




According to Hermann, an excited nerve produced a current which may be able to
restimulate adjacent parts of the fiber. Then, the excitation propagate from point to
point. The nineteenth century physiologists fully appreciated the essence of the two
outstanding properties of nerves, excitability by electric currents and production of
electric currents by excitation. The role of the membrane of the cells was discovered
later. The discrimination of the ionic permeability of the membrane is actally of great
physiological importance. The relative permeability of the membrane to inorganic ions
like sodium, potassium and chloride was suggested by Wilhelm Ostwald in 1890.
Then, in 1902, Bernstein was the first to consider Ostwald hypothesis in terms of
physico-chemical explanation of electro-physiological phenomena These ideas were
discussed between 1890 and 1900.

Everybody should know that Ostwald was not a physiologist but is considered as
the initiator of physical chemistry. He occupied the chair of physical chemistry at the
University of Leipzig where he created a celebrated research school. One of his most
famous students was Hermann Nerst. Quite independantely of his physiological
remarks, Wilhelm Ostwald discovered in 1899 a very strange phenomenon during the
dissolution of chromium in a concentrated solution of sulfuric acid. He noticed that
hydrogen was evolving periodically from the solution, around the metallic sample.
During the process, the chromium surface changed periodically of aspect, from dark to
brilliant metallic aspect. He recorded the time periodic evolution of hydrogen with a
"Chemograph" of his invention. Other metals, like iron, were found to behave in the
same way. The next year, Ostwald asked one of his student, Eberhard Brauer, to
continue this work. Brauer later married Ostwald's daughter. Brauer showed that the
metallic sample exhibits rhythmical changes of potential during the reaction. Using a
long iron wire, Ostwald also noticed that the dark coating of oxidation propagates like
pulses along the wire. Under slightly different conditions, a single pulse of oxidation
can be obtained only by touching the wire with a zinc needle. The close analogy of this
electrochemical pulse and the propagation of the impulse on a long nerve axon strocke
to Ostwald. He suggested to another student, Henry Heathcote, to investigate more
thoroughly the analogy with excitability in nerves, but Heathcote's work did not receive
any attention from physiologists.

Figure 1:

Ostwald's chemograph.(1900)
enabled him to record the periodic
emission of hydrogen above the
sample of chromium
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We owed the renewal of interest for the propagation of oxidation pulses along a
iron wire to Ralph Lillie, an american physiologist. He began to study the phenomenon
in 1917 or 1918 at Clark University in Worchester. He imagined to use the iron wire as
an experimental model of nervous transmission. This model was called "the iron wire
Ostwald-Lillie's model". Lillie moved to the University of Chicago and for more than
fifteen years (1920 to 1936) Lillie has investigated the behavior of the iron wire model
and traced out the many analogies with the excitability of nerves. According to him,
electrical polarisation (like electrotonus), changes in temperature, variations in the
composition of the medium, surface-active compounds (like narcosis) affect activation
and transmission of oxidation pulses. He also showed the existence of a refractory state
with a progressive recovery of the excitability of the iron surface, similar to that of
nerve impulse. He also considered that the rhythmic emission of waves is another
analogy with living systems like cardiac muscle. With a ring of iron, Lillie mimicked
the observations of G. R. Mines on a muscular tissue cut from a large heart. A pair of
waves of excitation are periodically emitted in a point of the ring and travel in opposite
directions. They finally annihilate each other when they collide. He mentioned that this
type of circular propagation of waves can be at the origin of certain unco-ordinated
phenomena of nervous transmission like cardiac fibrillation.

Only a few years later, in 1940, a long series of experiments on the excitability of
the "Ostwald-Lillie model" was started, at the Physico-Chemical Institute at the
University of Leipzig, the famous institute created by Wilhelm Ostwald in the last years
of the nineteenth century. These experiments were carried out at the request of Karl
Bonhoeffer. He, too, was interested in the analogy of the phenomenon with excitability
in nerve fibers and in the periodic character of the reaction. During the war years,
activation of passive iron or other metals in sulfuric acid and nitric acid were studied.
Signals of electrodes were displayed on the screen of an oscillograph. Bonhoeffer
completed Lillie's observations concerning the activation threshold, the latent period
between stimulation and activation, the refractory state and the threshold of intensity of
stimulation above which periodic activation is observed. He published several papers
on the possible mechanism of periodic oscillating reactions between 1941 and 1948. In
the first paper of the series, he showed that there is little differences in the mechanism
of chemical oscillations in homogeneous and in heterogeneous systems. Reminding of
the models proposed by Alfred Lotka and Vito Volterra in the 1920s, he insisted on the
fact that autocatalysis is necessary to obtain oscillations. Bonhoeffer knew about the
periodic decomposition of hydrogen peroxide by iodate discovered by William Bray in
1917, but he considered that the homogeneous autocatalysis claimed by Bray was still
doubtful. Bonhoeffer presented a theory for periodic activations modelled on self-
excitatory electrical oscillations, introducing "variables describing the state of the wire,
the degree of activation and the degree of refractoriness”. He had several students
among them, Ulrich Franck, who continued the modelling of oscillating chemical
reactions. Bonhoeffer insisted on the fact that relaxation oscillations could correspond
to periodic activations in biological systems and reminded that these ideas has been
developped previously by Balthasar Van der Pol.

Lillie's idea that periodic activations play a key role in living systems is still
present. The possibility of modelling cardiac muscle activity by physico-chemical
phenomena remained in several physiologists mind. The problem was that nobody
knew if a wave of activation can propagate or not in a convex excitable medium.
According to Garrey's experiments on turtle heart in 1924, it was possible. Pieces of
unperforated muscle exhibited closed circuits of activity, which can be linked to
fibrillation and tachycardia. At that time, no theoretical development can support these
observations and they were discredited. The step up in the field has to be attributed to
the famous mathematician Norbert Wiener who was collaborating with the Mexican
cardiologist Arturo Rosenblueth. They proposed an exiremely simplified model which
can exhibit circular vortices of activity in a two dimensionnal excitable medium like
cardiac muscle. In their model, the finite duration of the action potential in heart muscle
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and the electrotonic coupling of cells were neglected. Bernard Katz imagined something
near but the wavelets of activity he described were wandering without particular order.
Other developments came from physiologists and cardiologists, like Gordon Moe on
discretized models, between 1955 and 1965. One of them, B. Farley reported a
particular mode of self-excitatory oscillations in a computed random interconnected
nerves network. This mode appeared in the form of continuous rotating spirals.
Computational descriptions of tachycardia, cardiac arrhythmia and fibrillation bursted

during these years but there were still no clear experiments backing up the numerical
simulations.

Several mathematicians and biophysicists were working around similar subjects in
the very big Institute of Biological Physics in Moscow during the same period. Among
them, 1. Balakhovsky proposed a more realistic version of Wiener-Rosenblueth model
and computed the dynamics of continuous two dimensionnal excitable media. He both
obtained rotating waves he called vortices. These waves could rotate around holes and
without holes. V. Krinsky developped his model called "Reverberator” and obtained
also spirals by numerical computations about 1965. Experimental proofs was badly
needed in U.S.S.R. as in the western countries. Then, there was a break in the activity
of research because of the institute moved from Moscow to Pushino, a small town one
hundred kilometers from Moscow. Krinsky met in Pushino a young post-graduate
student named Anatol Zhabotinsky. The latter told Krinsky that he was working on an
homogeneous oscillating chemical reaction. The oscillations were periodic and had the
characteristics of relaxation oscillations. Krinsky was immediately very interested in
using this reaction to realize an homogeneous excitable medium.
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Figure 2 : From Anatol Zhabotinsky's contribution to a symposium on
biological and biochemical oscillators in U.S.S.R. in 1966.

The oscillatory reaction Zhabotinsky was working with was known in his institute
for several years. Zhabotinsky's thesis was directed by Simon Shnoll, professor
Moscow State University. In those years, Shnoll was convinced that oscillating
chemical reaction should exist as he was involved in the study of oscillations in
complex biochemical systems. He always voiced his opinion to his students. One of
them, in the last 1950s, told him that his uncle had already observed an oscillatory
chemical reaction. Shnoll immediately wanted to contact the man : Boris Pavlovich
Belousov. However, it seems that Belousov refused to meet Shnoll but he sent him the
recipe of his reaction and a manuscript of an unpublished article. Shnoll assigned the
study of the recipe to several students, including Zhabotinsky. The reaction was the
oxidation of citric acid by bromate, catalysed by cerium(IV) in a sulfuric medium.
Zhabotinsky obtained the oscillatory behavior and began to write a manuscript during
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the spring of 1962. He showed his results to Shnoll and they wrote a letter to
Belousov, joining Zhabotinsky's manuscript. Belousov only replied he was glad to see
his work continued and gave citation of a published article. Zhabotinsky went to the
library to get this publication and included this reference in his thesis dissertation which
was nearly completed.

How did Belousov obtain his oscillatory reaction? It is clear that he had no interest
about chemical oscillations before. Belousov was only involved in the study of the
Krebs cycle. Citric acid is one of the residues of the Krebs cycle. It is produced by

condensation of acetic acid with oxalo-acetic acid. Citric acid is degradated in o-
cetoglutaric acid by a mild oxidation. Belousov wanted a chemical tool in order to titrate
citric acid. He decided to use bromate because it is a well known mild oxidation agent,
but the reaction needed to be catalysed. Then, Belousov added a metal ion as as catalyst
Ce(IV). The catalysis is efficient only under acid enough conditions, like in sulfuric
medium, Belousov noticed that the solution exhibited periodic color changes from
yellow to colorless. The phenomenon was stricking enough to bring Belousov to
undertake a detailed study, including the effects of acidity, of temperature and of initial
concentrations of reagents. Some elements of mechanism are even proposed in the first
manuscript Belousov submitted. But the paper was rejected for publication and the
author went back to laboratory work in order to complete his experimental observations
and to improve the mechanism. Safronov suggested him to use a redox indicator like
ferroin which enabled to see oscillations in color, from red to clear blue. Nevertheless,
the second attempt to publish was another failure because the editor reproached
Belousov with the missing of any theoretical explanation of the phenomenon. After
several attempts, Belousov became discouraged and forwent publishing until someone
heard of his reaction inside the walls of the Institute of Biological Physics, contacted
him and induced him to publish a short note in a obscure and strange Journal of
References of Radioactive Medecine...which was not refered. The priority of Belousov
was then insured and this was the reference Zhabotinsky included in the bibliography of
his thesis.
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Figure 3 : From Anatol Zhabotinsky's contribution to the second symposium on
biological and biochemical oscillators in U.S.S.R. in 1970.

The time oscillatory behavior was not the most interesting thing in Krinsky's mind
but the chemical oscillations closely resembled to relaxation oscillations in recorded in
electrocardiograms. His idea was to test this reaction in an unstirred quasi two
dimensionnal medium in order to see waves and to study their propagation. At that
time, Zhabotinsky was collaborating with Alex Zatkin and V. Vavilin but they failed in
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trying to obtain waves. For a long time, only bulk oscillations have been observed until
an unskilful student spilled the mixture on the table and forgot it for several minutes.
Back to the table, he was astonished at seeing clear blue waves in the red liquid.
Rapidly, Zhabotinsky, Zaikin and Krinsky understood these waves were actually the
waves of excitation they were looking for. Waves were periodically emitted from
centers and propagated in the medium in the form of concentric circles which are now
called "target patterns". Krinsky was still thinking about a rotating wave in an excitable
continuous medium and he asked Zhabotinsky if it was possible to break a front of
propagation. Zhabotinsky kindly complied and the broken front immediately began to
coil itself up and a spiral wave was finally obtained. these results were not published in
the western countries, and spiral waves were independantly obtained later by Art
Winfree in the United States.

This was the starting point of a large number of investigations on propagation of
waves in excitable media. The mechanism of formation of target patterns has been
studied intensively in the early 1970s and discussion about the exact essence of the
pacemakers is still not closed. Spiral waves has been studied since the early 1970s and
they are still rotating in a lot of laboratories. Belousov's reaction is now well known
and is usually called Belousov-Zhabotinsky reaction or BZ reaction. It became a very
valuable tool of research in the field of understanding excitability in living systems such
as cardiac muscle. The study of two dimensionnal properties of the waves propagation
led to studies in three dimensionnal media like scroll waves, twisted and knotted waves
were obtained by Art Winfree. These phenomena should be compared to similar
observations in cardiac activity which are still needed.

Belousov's discovery was also the element that bursted the research in the field of
chemical oscillators. Oscillations of concentrations had been observed since the early
1960s in several biochemical systems. Glycolytic oscillations discovered by Britton
Chance in 1964 can be mentionned. Scientists in that field were ready to accept the idea
of an inorganic chemical oscillator and that is probably the reason why Benno Hess,
Britton Chance and others decided to organize a meeting. They wanted to get together
scientists of all these different but related fields. This meeting finally took place in
Prague, between the 21th and the 26t of July 1968, two months before the Soviet
invasion in Czechoslovakia. A second meeting was organized the next year at Hangg in
Finland the 16t and 17th of August 1969. Zhabotinsky could attend to the first
conference and presented for the first time the self excitatory homogeneous oscillating
reaction to scientists from the western countries. Unfortunately, he was not allowed by
his government to go to Finland the next year.

One can notice that the development of physiology of nerves and muscles began
with the discovery of electricity because this latter was the most convenient and efficient
tool at the hand of physiologists. Numerous poor frogs had to contribute to scientific
research and progress until another tool enabled physiologists to explore new fields.
From that beginning and until now physiologists has been looking for experimental
models in order to simplify the experiments and to get the basic mechanism of nerve
impulse, pulses propagation and even to cardiac muscle functioning and
disfunctionings. The "Ostwald-Lillie iron wire" model was the first electrochemical
experimental model which behaves with a large number of analogies with nerves and
muscles. Several decades later, the so-called BZ reaction became the new fundamental
tool because this excitable homogeneous reactive solution materialized what was in
physiologists dreams for many years.
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