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ABSTRACT: Preceded by a companion paper on Galvani’s
life, this article is written on the occasion of the bicentenary
of the death of Luigi Galvani. From his studies on the effects
of electricity on frogs, the scientist of Bologna derived the
hypothesis that animal tissues are endowed with an intrinsic
electricity that is involved in fundamental physiological pro-
cesses such as nerve conduction and muscle contraction.
Galvani’s work swept away from life sciences mysterious
fluids and elusive entities like “animal spirits” and led to the
foundation of a new science, electrophysiology. Two centu-
ries of research work have demonstrated how insightful was
Galvani’s conception of animal electricity. Nevertheless, the
scholar of Bologna is still largely misrepresented in the his-
tory of science, because the importance of his researches
seems to be limited to the fact that they opened the paths to
the studies of the physicist Alessandro Volta, which culmi-
nated in 1800 with the invention of the electric battery. Volta
strongly opposed Galvani’s theories on animal electricity.
The matter of the scientific controversy between Galvani and
Volta is examined here in the light of two centuries of elec-
trophysiological studies leading to the modern understand-
ing of electrical excitability in nerve and muscle. By surveying
the work of scientists such as Nobili, Matteucci, du Bois-
Reymond, von Helmholtz, Bernstein, Hermann, Lucas, Ad-
rian, Hodgkin, Huxley, and Katz, the real matter of the debate
raised by Galvani’s discoveries is here reconsidered. In ad-
dition, a revolutionary phase of the 18th century science that
opened the way for the development of modern neuro-
sciences is reevaluated. © 1998 Elsevier Science Inc.

KEY WORDS: Neurophysiology, Action potential, Voltage
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INTRODUCTION

With these words in 1791 Luigi Galvani (Fig. 1, and see [20]),
an eminent Professor of the University of Bologna and member of
the Accademia delle Scienaxpressed in a somewhat hesitating,
but still proud way the gratification of the discoverer, conscious of
the importance of his scientific achievement: he had been the first
to provide evidence for the electrical nature of the mysterious fluid
(long referred to as “animal spirits”) involved in nerve conduction
and muscle contraction. The publication in 179ailvani’'s main
work (the famousDe Viribus Electricitatis in Motu Musculari
Commentariug31]), summarizing and discussing more than 10 years
of research on the effect of electricity on animal preparations (mostly
frogs), had an impact on the scientific audience comparable to the
social and political impact of the French revolution in those same
years [26]. Wherever frogs were available, not only scientists, but also
laymen tried to reproduce Galvani's experiments in order to induce
contractions in the leg muscles of recently dead animals. The effects
of electricity were also studied in other species, and in several occa-
sions even in human beings. The experiments made in 1803 in
London by Galvani's nephew, Giovanni Aldini (1762-1834), who
applied electricity to the head of an executed criminal, had a partic-
ularly strong echo [8]. The possibility, suggested by these experi-
ments, that electricity could be used to “revive” dead corpses inspired
Mary Shelley’s famous characterankenstein

In the scientific community, however, after the initial ex-
citement and enthusiasm, some doubts emerged concerning
Galvani’'s main hypothesis (elaborated in tB®@mmentarius
that the electricity involved in the contraction of frog muscles
had an animal origin. The controversy that developed over
Galvani’s interpretation had, as its protagonist, Alessandro
Volta, a young and brilliant physicist of the University of Pavia,
who became interested in Galvani’'s studies in 1792, after
reading theCommentariug107]. Opposing Galvani’'s hypoth-
esis, Volta put forward the view that frogs, although capable of
reacting, like sensitive electroscopes, to external electricity,

And still we could never suppose that fortune were to be so friend to usWere themselves devoid of intrinsic electricity. According to
such as to allow us to be perhaps the first in handling, as it were, theVolta, electricity originated from the metals normally used for
electricity concealed in nerves, in extracting it from nerves, and, in someconnecting the frog nerve and muscle. The controversy between

way, in putting it under everyone’s eyg2].

Galvani and Volta is considered one of the most important
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FIG. 1. (Top) Contemporary portraits of Galvani and of his wife Lucia Galeazzi (courtesy of family Ferretti, Ferrara); (Bottom) Galvani’s aofdfyeaph
experimental log of the spark experiment (left) with the passage alluding to his wife collaboration in this experiment (shown on the right at higher
magnification): * . . if someone, the wife or somebody else, approached the finger to the conductor [of the electric machine] and a spark was being extracte
if at the same time | rubbed the crural nerves or the spinal cord by means of an anatomical knife with a bony handle, or simply approached it to the sal
spinal cord or nerves, contractions did appear even though no conductor was on the glass where the frog was. They appeared in the said way if the per:
who discharged the conducto. .” (by courtesy of theAccademia delle Scienzé Bologna).
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FIG. 2. Plate | of theCommentariug1791 edition). The prepared frog and the electric machine on the left allude to the spark experiment.

scientific discussions in the history of science, because it led THE SPARK EXPERIMENT
both great competitors to carry out fundamental experiments to

support their respective hypotheses. Volta’'s experiments led tg In opening h|§CommentarlusGaIvan| recounts hOW he _be-
the invention of the electrical battery, the famous Voltaic pile, came interested in the study of the effects of electricity on animals.

which opened a path to the tremendous subsequent developmell_”h3 had made a frog preparation (consisting of the inferior limbs

of the physical investigations of electricity, electrochemistry, with th? crural nerves expo.sed. in their course from the spinal cord
electromagnetism, and related phenomena. Galvani’'s studie the limbs, and ameta_l wire inserted across the vert_ebral can._al).
on the other hand, laid down the foundations of electrophysi-1 € frog was at some distance from a charged electrical machine
ology, a science that in more recent times has had a develogr19- 2)- When one of the collaborators, probably Galvani's wife
ment comparable to that of the physical studies of electricity in-ucia Galeazzi (see Fig. 1 and [34] p. 254) touched delicately with
the first half of the 19th century. The controversy between@ Ian_cet the internal crural nerves, all leg muscles started contract-
Galvani and Volta is also interesting from another standpointng vigorously ([33], p. 63). Apparently the phenomenon occurred
because it makes it clear how the apparent success of a scientif the moment in which a spark arose from the electric machine.
demonstration depends not only on its intrinsic “truthfulness,” Galvani says that he was so impressed by the novelty of the finding
but also on other factors, even of an extra-scientific characterthat he decided immediately to verify and explain the phenome-
Furthermore, viewed retrospectively, it is noteworthy how anon. A careful consideration of the importance that Galvani at-
fundamental achievement in the history of science has beefched to this type of observation can shed light on the develop-
incorrectly represented by a tradition largely dominated by ament of the idea of intrinsic animal electricity in Galvani's mind,
partisan spirit that has ignored much of the progress of elecand, at the same time, it can make justice of the erroneous eval-
trophysiology. With the present progress in our understandinglation frequently adopted of Galvani's attitude in interpreting the
of electrical phenomena in excitable membranes, particularlyphenomenon.

after the Hodgkin—Huxley fundamental studies on squid giant First it is clear that Galvani had been interested in the study of
axon and, more recently, after the development of patch-clamphe effect of electricity on the organism before this observation,
technology, we now understand better the difficulties encounbecause the frog, which happened to contract in that occasion, was
tered by the supporters of “animal electricity” in the infancy of clearly purposely prepared for the investigation of electrical phe-
electrophysiology two centuries ago. nomena in living organisms. In the introduction to an unpublished
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essay written in 1782 ([34] p. 4) Galvani explicitly declares that Moreover, although he realizes that some relationship exists be-
the study of an electrical influence on nerve function should beween the intensity of the electrical discharge and the occurrence
limited to the investigation of muscle movement “which makesand the strength of muscle contractions, Galvani notices that this
itself sensible to the observer eye,” and should not consider theelationship works only within a certain range. Increasing the
sensation “which is totally occult for the observer.” Moreover, discharge strength beyond a certain maximum does not result in
according to Galvani, in studying movements one should avoid thetronger contractions, while progressively reducing it may sud-
possible complications arising from the influence of will and of denly result in a complete disappearance of the contractions (see
“soul,” and therefore, “reduced” preparations obtained from re-[34] pp. 30, 99, 256). Finally, on several occasions Galvani re-
cently killed animals should be preferred to intact living animals. marks that if in a given preparation the contractions had disap-

Galvani’'s excitement in seeing the frog contracting in the sparkpeared after repeated applications of the electrical fluid, they could
experiment has been interpreted as evidence that he “ignored thee reobtained if the animal was left unstimulated for a while or
correct theory of electrical influence” ([107] p. 175), because thereceived some particular treatment (see for instance [34] pp. 14,
mechanism leading to the contractions could be easily explaine@65, [33] p. 160).
on the basis of the laws of the electrical atmospheres as particular It is reasonable to suppose that in the mind of an acute observer
case of the “return stroke” phenomenon (or counter blast) dewell aware of the scientific ideas of the time, as Galvani surely
scribed some years before by Charles Stanhope (Lord Mahorwas, all these findings were likely to rouse the suspicion that
[103]). A current may pass across a charged body when anothenuscle contractions did not directly result from the action of the
one, situated at some distance, is suddenly discharged. In modeextrinsic electrical force, but were instead due to some internal
times we would say that this occurs because of a capacitivéorce, proper to the animal, which was set in motion by the
influence between two separated conductors when the potential iexternal electrical agent. Galvani was well aware of the doctrine of
one of them changes abruptly. It is also possible that the electricdirritability,” one of the most important conceptual elaborations of
influence in this type of experiment could be ascribed, at least in8th century physiology. This doctrine was developed by Albrecht
some conditions, to the electromagnetic radiations originated byon Haller [41] after the notion (and the word) introduced by
the sudden discharge of the electrical machine (see for instandérancis Glisson one century earlier [36]. Implicit in the notion of
[104]). It has been said that were Galvani sufficiently acquaintedrritability was the idea that the way an organism reacted to an
with the physics of electricity, he would have not been surprised byexternal influence was an expression of its internal functional
the phenomenon, and perhaps he would not have started higanization, and was in some way independent of the specific
investigations [9]. This type of criticism overlooks an important nature of external influence that acted as an “irritatibéé&cord-
aspect of Galvani's observations during the study of the phenoming to Galvani, in the framework of the doctrine of irritability,
enon. Galvani noticed that the muscle contractions were morexternal electricity was acting as an excitatory stimulus (as a
easily excited, and were more vigorous, when the spark wasrigger we would say now) for the contraction, and not as the direct
elicited from the electrical machine separated from the frog, thartefficient” cause of the observed phenomerfoBalvani's suspi-
when the frog was directly connected to the charged machineion that external electricity was setting into motion some specific
through the metallic wire inserted in the spinal cord (see forinternal force responsible for the contraction was supported by the
instance [34], pp. 9, 268). This last situation was clearly moreresults of other experiments in which he established how small was
favorable to the transfer of the “electrical fluid” to the frog nerve, the minimal quantity of electrical force of an effective stimulus.
compared to the electrical influence arising when a spark origi-Contraction could be obtained by using a Leyden jar almost
nated from a distant electrical machine, and still it was lesscompletely discharged so as to be undetectable with the most
effective in producing contractions. Therefore, there was someensitive electroscope (see for instance [34] pp. 19, 21, 243, 295).
peculiar property in the way the electrical influence acted on theHow could it be that such a tiny electrical force would produce
frog preparation which made the electricity associated with themuscle contraction if it were not setting in motion some internal
spark particularly effective as stimulus for the contractions. force?

In the description of this experiment (generally referred to as At a certain stage of his work, Galvani summarizes the view
Galvani’s first experiment), particularly in the unpublished essaysmerging in his mind on the contraction induced by the spark with
and memoirs written before theommentariusin order to figure  these words:
out how external electricity can induce frog contractions, Galvani  “The electrical atmosphere hit, and pushed, and vibrated by the
frequently utilizes words evoking a sudden impulsive action, aspark is that, which brought to the nerve, and similarly pushing,
shock, such asmpulso (impulse) impeto (impetus),urto (push, and commoting some extremely mobile principle existing in
impact, shock; see for instance [34] pp. 6,11,21,169,289,322)nerves excites the action of the nerveo-muscular force.” ([32] p.

1 According to Haller, “irritability” was a specific property of the muscle and consisted in the tendency of muscle to contract in response to any externa
(or internal) stimulus (or “irritation”). Although influenced by Haller's conceptions Galvani had a different view on the role played by nerves in the
mechanism of the contraction induced by electric stimuli (see for instance [34], pp. 23, 257). It is worth reminding here that the scientific rhitbéu in w
Galvani started his work was well aware and profoundly interested to Haller's notion of irritability. One of the most important contributorsdwittee do
of irritability was Leopoldo Caldani, Professor at the Bologna University from 1755 to 1760. Among other things, Caldani employed electricdy as a to
to induce contractions in animal preparations [21], and it is likely that the young Galvani attended some of his experimental demonstratemvititgn irrit
In 1772, Galvani himself presented to the Academy a memoir onlth&bilita Halleriana.” Although this memoir has been lost, the original Galvani’'s
manuscripts deposited at tAecademia delle Scienoé Bologna indicate that since 1770 Galvani had started experiments on the animal irritability using
mechanical and chemical stimuli (i.e., the basic stimuli used by Haller in most of his works) (see [35], pp. 11-16).

2 With reference to the muscular contractions induced by external manipulations or physiological actions, the distinction between an “efitient caus
(causa efficierjsand an “excitatory causetéusa excitansr irritans) is particularly well developed in the works of Felice Fontana [27-29]. Conceptually
this distinction represents a major advancement with respect to the physic of the time based on mechanical interactions of a continuous typlee implyin
exchange of forces (or energies), which act as the immediate, sufficient, cause of the effects produced. In some way, the concept of “exciting caus
anticipates the idea that different parts of a natural or artificial organism (i.e., a complex system) may interact through relationships basethanghe
of control commands rather than of energies, a notion that anticipates conceptual developments of modern science (see later).
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FIG. 3. Plate Il of theCommentariug1791 edition): The experiment with the stormy atmospheric electricity.

18). In further pursuing his studies, Galvani will eventually come wire pointing toward the sky, in the highest place of his house and
to the_ conclusion_t_hat this extreme_ly mobile principle is_itself “...in correspondence of four thunders, contractions not small oc-
electrical, a specific form of electrical force generated in thecurred in all muscles of the limbs, and, as a consequence, not small

organism as a consequence of the life process. hops and movements of the limbs. These occurred just at the moment
of the lightnings; they occurred well before the thunders when they
ATMOSPHERIC AND ANIMAL ELECTRICITY were produced as a consequence of these ones.” (Fig. 3).

The next step was to investigate whether, besides the violent

Afer assessing the most appropriate conditions for obtainin lectricity of the storm, the natural electricity present in the atmo-

contractions with various devices capable of producing electricity o h f m d d qi K tracti H
of accumulating it (e.g., electrical machines, Leyden jars, FrankliroP €€ Of @ caim day could succeed in evoking contractions. He

magic squares, electrophorus), Galvani decided to investigate tH€Pared the frogs “in the usual way” and hung them up on the iron
effects of natural atmospheric electricity. Prior to Galvani, the most@iling of the balcony of his house in a clear and calm day (September
important practical achievement of electrical science in the 18t?0, 1786) and waited. But nothing happened for a long time. Finally
century had been indeed the demonstration, given by Benjamirfired of the vain waiting” he came near the railing and started
Franklin in 1750, that thunder and lightning were produced by themanipulating the frogs. To his great surprise, the contractions ap-
discharge of a natural electricity present in the atmosphere [30Jpeared when he pushed and pressed, toward the iron bars of the
Galvani, therefore, set up the study of the effect of natural electricityrailing, the metallic hooks inserted into the frog spinal cdithe

in a stormy evening. He connected the frog nerve to a long metallicontractions bore no relation with the atmospheric events, however,

3 The same experiment is described in the 1Z@mmentariugnd in a unpublished memoir, also in Latin, written in 1786. As pointed out long ago by
Silvestro Gherardi [35], there is an important difference between the two descriptions: in the 1786 memoir, the hook inserted in the spinalarerdlis app
made of iron ferreo uncing and, therefore, of the same metal of the balcony railifigsata according a word created by Galvani from the Latin word
ferrum iron). In the later writing the hooks appear to be made of broarei$ aereiy and, therefore, of a metal different from that of the railinfgsreis
cancellig. It is probable that in the time elapsed between the two writings, Galvani became aware of the stronger power of dissimilar metals in evoking
contractions and, therefore, changed the description of this experiment as to such critical detail.
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FIG. 4. Plate 11l of theCommentariug1791 edition): the experiments with metallic arcs.

and they could also be obtained if the experiment was repeatethat connective nerve and muscle together, by means of conductive
indoors, “in a closed room,” by substituting the balcony railing with materials, induced contractions by allowing for the flow of this
an iron surface. Therefore, they seemed not to involve atmospheriaternal electricity. Galvani will refer to such intrinsic electricity as
electricity. “animal electricity” @nimalis electricitay using a terminology
Galvani soon started a long series of experiments (Fig. 4), anfirst introduced by Pierre Berthollon some years before [16].
realized that, in order to get contractions, it sufficed to connecfTherefore, at some moment of his intellectual elaboration, Galvani
through a metallic conductor the nervous structures (crural nerveBecame fully convinced that the “extremely mobile principle”
or spinal cord) and the leg muscles, therefore, creating a circuihecessary to explain the contractions in the spark experiment is in
“similar to that which develops in a Leyden jar” ([33] p. 80) when fact of an electrical nature. The “mental image” that took posses-
the internal and external plates are connected. Contractions did nston of his mind since that moment was that of the Leyden jar, the
appear if an insulating body was used for the connection, or if thdirst accumulator of electrical energy, the first capacitor ([33] p.
metallic arc was interrupted in some way by the interposition of al01). In Galvani’s view, similar to the physical device, the animal
nonconductive material. The different materials used for the ards indeed capable of storing the electrical fluid and to maintain it in
displayed different efficacies in inducing the contractions, whicha state of “disequilibrium,” ready to be set in motion by means of
corresponded to their efficacies as electric conductors (gold anthe conductive arc (or following other external or internal influ-
silver being very powerful, lead or iron less so, and glass ineffec-ences). In the case of the physical device, the motion of the electric
tive). Liquid bodies could also be used, but only if they were fluid is capable of producing a series of effects (e.g., sparks,
electrically conductive (e.g., contractions appeared using water butiminescence, “electrical wind,” heating). In an analogous way,
not using oail). the motion of the animal electricity from the internal to external
On the basis of these findings (and of the results of a multi-surface of the muscle, through the nerve fibers, would normally
plicity of studies in which experimental conditions were varied in produce muscle contractién.
an amazing number of ways), Galvani came to the conclusion that In Galvani’'s mind, the force of the Leyden jar image was,
some form of intrinsic electricity was present in the animal, andhowever, not only “functional” and “mechanistic,” but also visual.

4In the view of Galvani, intrinsic animal electricity accumulated in muscle was the “efficient” cause of the whole muscle contraction process. Now we
know that a genuine form of electricity is involved only in the excitation of the membrane of muscle (and nervous) cells, whereas the energy used by th
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In particular, a frog leg, with the crural nerves isolated after theirbetween the points contacted by the bimetallic arc, how could one
emergence from the thigh muscles evoked the image of the physuppose the existence of a natural electrical disequilibrium be-
ical instrument, the jar itself with its internal and external platestween these points? A Leyden jar would have been rapidly dis-
corresponding to the muscle mass, and the metallic wire, coneharged if an electrical communication existed between its internal
nected to the internal plate and protruding through the jar orificeand external plates and, on the other hand, a true (i.e., physical)
corresponding to the nerve (see [33] p. 206). This visual sugges-eyden jar could not be discharged by connecting two points of the
tion was probably one of the reasons why Galvani supposed thafame plate.

electricity was mainly accumulated in muscles, and that nerves had |t js interesting to note that Galvani had already recognized in
only a conductive function. Another possible reason, also relategs experiments the possibility of inducing contractions by putting
to the analogy with physical capacitors, came from the consideritg contact two points of the same nerve with a metallic arc (see,
ation that a relatively large device is required to accumulate larggqy instance, [34] p. 35). However, he did not consider this obser-
amounts of electrical fluid. Compared to muscle mass, nerves argytion as particularly conflicting with his views, and was able to
excessively tiny tissues, and Galvani was reluctant to suppose that -commodate it within his hypothesis, by assuming the existence
they could accumulate electricity to a significant degree. The viewys oo «ocult arc” through which the’current could reach the

that nerves are devoid of an intrinsic electricity anq behave &uscle from the two stimulated points of the nerve (see [33] pp.
simple conductors of an electrical force accumulated in muscles igge 1 o7 192)

clearly a misconception. However, it is not without some admira-
tion that we discover in th€ommentariughe insightful concep-
tion that electricity in its duplex forms (i.e., positive and negative)

is likely to be accumulated in each single muscle fiber because any. t of Pavi ised to find out h I th i
fiber probably bears two opposite surfaces, one internal and th ISt of Favia was surprised 1o Tind out how smalf was the amoun

other external, which would correspond to the internal and externacl’f electricity capable of eliciting frog cont.ractions. Having rgallized
plate of the Leyden jar: “It is even more difficult that the existencehat the frog was more sensitive than his own more sophisticated
of a duplex electricity in every muscular fibre itself could be Physical instruments, Volta started to view the frog as an ex-
denied if one thinks not difficult, nor far from truth, to admit that tremely sensitive biological electroscope. This attitude implied a
the fibre itself has two surfaces, opposite one to the other; and thi@dical viewpoint change, because the animal preparation was
from consideration of the cavity that not a few admit in it, or henceforth considered more for its capacity to reveal external
because of the diversity of substances, which we said the fibre iglectricity than as a source of internal electricity (an “animal
composed of, diversity which necessarily implies the presence otlectrometer,” see [107] pp. 55, 147). According to Volta, more-

Subsequent experiments by Volta cast additional doubts on the
origin of the electrical disequilibrium involved in the excitation of
rog contractions. By repeating Galvani’'s experiments, the physi-

various small cavities, and thus of surfaces” ([33] p. 102). over, if an extremely small external electricity could induce muscle
contractions, it was not unlikely that many phenomena ascribed to

GALVANI-VOLTA CONTROVERSY AND THE POWER an internal, animal, electricity derived instead from a small amount
OF METALS of external electricity produced inadvertently by experimental ma-

. o nipulations. In particular, it was necessary to exclude the interven-
After reading theCommentariusn 1792, Alessandro Volta o of external electricity in the famous experiments with the
repeated and confirmed Galvani’s observations and expressed N$eatallic arc from which Galvani derived the main evidence in
admiration for the great discovery of animal electricity ([107] PP. gnhort of his hypothesis of animal electricity. Volta was becom-
17-25). However, with the progress of his own work on this o, 65 ressively aware that an arc made by two different metals
subject, which would grow in the following 8 years with an was more effective in inducing contractions than a monometallic

extraordinary crescendo, Volta progressively changed his attituqearC ([107] p. 39). Again, a similar observation had also emerged in

At the beginning, the criticism did not concern the main hypothesi . . . .
of Galvani (i.e., the existence of animal electricity itself) and wasSG?_l\éagm gzegxfe?zrg)qebnl}ts i(tsﬁgafcr)lroltnSteaénncilo[r?;]dgf’)égoésliﬁ’ gﬂgﬁée

directed to some relatively secondary aspects of Galvani’s theor: Loainst animal electricity. On the contrary. because according to
as for instance the interpretation of the experiment of the spark-g Y- Y, 9

induced contractions ([107] pp. 37, 41), and the exact IocalizatiorPalvani’ conductors formed by different metals were also more

of the negative and positive electricity between the inside and thgffecti_ve in sti_mulating the discha_rge_ of_the elec_tri_c fish (a process
outside of the muscle. in which the involvement of an intrinsic electricity seemed un-

As to Galvani’s view of the frog as a Leyden jar (with the nerve duestionable, see [33] p. 463 or [34] p. 40), the stronger efficacy of
behaving as a simple conductor of the electricity accumulated irplmetalllc arqs_could be considered as an _ewdence consistent with
the muscle), an important difficulty emerged from noting that@nimal electricity. As noted above, the various procedures capable
contractions could be obtained by connecting, through a bimetalli®f inducing contractions were considered by Galvani as different
arc, two points of the same nerve without any contact with theways to set in motion an internal electrical agent, supposed to be
muscle ([107] p. 59). It was, therefore, not necessary to suppos& some state of disequilibrium in the animal tissue. The observa-
that muscle contractions required a current flow through the nervéion that bimetallic arcs were more effective than monometallic
from the inside to the outside of the muscle, as Galvani assume®nes appeared to Galvani as “really wonderful” ([34] p. 40), and
and this finding was, therefore, in contrast with Galvani’s concep-did not upset his confidence in animal electricity theory. Volta, on
tion of the muscle as the reservoir of electricity (according to thethe contrary, started considering the possibility that the electricity
Leyden jar model). Moreover, since the liquid humor surroundingwas external in origin and derived from the difference of the
the external nerve surface established an electrical communicatiametals used for the connection ([107] p. 117). The frog reacted to

contraction machinery is the chemical energy accumulated in molecules containing high-energy phosphate bonds as final products of metabslic proces
Itis interesting to note here that in an unpublished memoir presented at the Academy of Science of Bologna around 1783 ([33] pp. 451-458),d5alvani trie

to establish a correlation between the processes involved in animal respiration, ordinary combustion, and in the appearance of an “eleslatrilcke’ (

penicillum) from the pointed conductor of a charged Leyden jar. We think that in suggesting this correlation Galvani aimed at proposing an unitary view

of apparently diverse “energetic” processes.
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this metal-derived electricity as it reacted to other forms of exter-nervous function. In the course of his studies, and in particular in
nal artificial electricity. the tongue experiment, Volta observed that the sensation evoked
From the moment the idea emerged in Volta’s mind thatby the bimetallic arc lasted as long as the metals were maintained
electricity could depend on metals, the progress of experimenti& contact with the tissues ([107] p. 73). This observation seemed
and elaborations made by the great scholar of Pavia must b® provide further evidence against the view that the particular
considered under two different perspectives, logically distinct,efficacy of bimetallic arcs was simply the expression of a special
although largely interdependent. The first concerns the developeonductive property that could facilitate the flow of an electrical
ment of the physical studies of electricity, and will be extraordi- fluid, present in the organism in a condition of natural disequilib-
nary successful, culminating in 1800 with the invention of therium, as in a capacitor. With prolonged application of metals, the
battery, an epoch-making event from which Volta derived andisequilibrium should eventually disappear and the physiological
imperishable fame, and also great honors at his times. The secondfects of current passage terminate. It appeared more correct for
perspective concerns the progress of studies on animal electricityolta to suppose that dissimilar metals were themselves capable of
eventually leading to the birth of modern electrophysiology. Hereproducing and maintaining an artificial disequilibrium or, in other
the influence of Volta was in some aspects detrimental to theyords, that they acted as “motors” of electricity (similar to electric
advancement of scientific knowledge and prevented many of thenachines) rather than simply as conductors ([107] p. 146).
contemporaries from realizing how insightful were the views of ) ) ) ) )
Galvani on this field. It must be recognized, however, that theE' |a differenza de’ metalli che fglt is the difference of metals which
development of electrophysiology in the 19th century depended©es it’; [107] p. 71).
critically on both the technical achievements and theoretic elabo- With this somewhat vague, but powerful and allusive sentence,
rations made possible by the great progress of the physical studiagolta expressed his view while he was searching for a coherent
of electricity that followed the invention of the voltaic battery.  explanation of this entirely new experimental observation. Later he
will elaborate his theory of metal contacts, which stipulates that an
THE CRUCIAL EXPERIMENTS electromotive force arises from the contact between different met-
One of the reasons why Volta stumbled on the particularals’ and he W.i” rank me“?"s on thglbasis of their tende.ncy to
efficacy of bimetallic arcs in inducing muscle contractions cameJenerate positive or negative electricity when put into reciprocal

f hi h f i I . necontact ([107] p. 134).
oM s Iencency to Yary fe jpe of sxpenmenta prepafatians. The new hypothesis, however, encountered important objec-

and to make frequent use of relatively intact animals in which .

nerves and muscles had not been “prepared” according to Gaw%ons from Galvani and from other supporters of animal electricity.
ni's indications (i.e., with the skin and connective tissues removed/\92inst Volta’s new interpretation, Galvani started remarking on

nerves carefully unsheathed, as Galvani, who was a skillful anatn€ importance of the finding that contractions could also be
licited by using a single metal for connecting nerve and muscle

omist and surgeon, routinely did, see [20]). The frogs “prepared |ne : ., 4 )
the “usual” (i.e., Galvani’s) way were particularly sensitive to any (‘@ monometallic arc;” to the old observations of Galvani, new,
external electrical influence, because of the smaller current dispefaréfully-controlled experiments were added by Giovanni Aldini,
sion in the perinervous and perimuscular tissues. This tended t8€€ [34] pp. 196197 and [7]), and that they could be produced
obscure the different efficacy of the various stimuli. Intact or €V€n by connecting nerve and muscle by means of a cut piece of
semiintact animals, on the contrary, were less excitable, and dighuscle (or of some other tissue, or even simply of moist paper,
not produce any reaction when a monometallic arc was applied t633]. pp. 202-203). . _
the skin (or to the connective tissues overlying nerves or muscles), The theory of animal electricity received further support from
while they contracted vigorously in response to the application offn experiment made by Galvani in 1794 ([33] pp. 211-212), and
a bimetallic arc. from a similar experiment done by the Pisan scientist Eusebio
In his search for less conventional and more intact preparation¥alli [106]. A contraction was obtained in a “prepared” frog by
(and also in order to assess whether human tissues reacted to me@&ntly putting the tip of the sectioned crural nerve in contact with
contacts similarly to those of other living beings), Volta decided tothe surface of leg muscle, without the interposition of any extra-
explore the effects of a bimetallic arc on the tongue, a place wherg€ous substange(Fig. 5A). This experiment seemed, at first,
muscle tissue appeared to be almost directly exposed to externgPnclusive and unquestionable. Nevertheless, Volta refused to see
influence ([107] pp. 154, 157). No contraction was produced byin it the definitive proof of the existence of real “animal” electric-
using a lamina of tin (or of lead or zinc) in contact with a lamina ity. Initially he argued that in these circumstances a mechanical (or
of silver (or gold), but a clear acid taste was instead perceivedchemical) irritation could underlie nerve stimulation ([107] p.
After an initial deception, Volta correctly interpreted this effect as 280). Later, with a bold change of his theoretical formulations, he
due to stimulation of nerve fibers coming from the gustatoryproposed that not only dissimilar metals, but also different con-
papillae. Next he tried a similar experiment on the eye and heluctors of any type, and in particular humid bodies of different
found that the bimetallic contact induced there a sensation of lighspecies or composition, when put into contact could generate an
(see [107] p. 146). These findings and further experiments leelectrical force ([107] p. 291).
Volta to anticipate Johannes\Mer’s doctrine of “specific nervous In those days, Volta’s new attitude clearly appeared aadn
energies” that stipulates that the physiological effects of nervéioc reaction, somewhat like a veritable and surprising “fencing
stimulation essentially depend on the type of nerve stimulated anthove,” made to blunt the force of the new experimental arguments
not on the type of stimulus used ([107] p. 138). Moreover, theseof the supporters of animal electricity, but apparently devoid of
data supported Volta’s hypothesis that it was not necessary tany experimental basis. If accepted, it seemed to leave little room
include muscles in the circuit of current flow in order to excite for Galvani, at least within the original view of animal electricity

% Interestingly, Galvani noticed that the experiment failed if the muscle surface, where the tip of the cut nerve dropped, was injured. The explanatiot
of this failure will be at hand solely after Matteucci’'s work (see later), when it will become clear that a difference of potential appears onlytbetween
intact and the injured surface of animal tissues. If the two tissues coming in contact are both injured, the difference is smaller or absenfpend, there
no excitation will ensue from the contact.
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achieving his goal. The tiny electricity generated upon the contact
between a silver and zinc lamina was made capable to cause the
movement of the indicators of his condenser electroscope, which
consisted of a sensitive electroscope associated with a capacitor.
The trick was to first transfer metal electricity to one dish of the
capacitor, which was, thereafter, separated from the other dish.
The separation, by causing a reduction of the electrical capacity of
the condenser, led to an increase of the electrical potential (to be
later called voltage), therefore, making the potential detectable by
the electroscope. A similar principle underlay other experimental
procedures used by Volta to reveal the tiny quantity of electricity
produced by a bimetallic contact ([107] pp. 420, 435—-436).

From this moment, Volta directed all his experimental effort to
FIG. 5. Galvani experiments of the contraction without metals. (A) Thegenerate, from the arrangement of metal plates, a substantial
1794 experiment: when the surface of section of the nerve touches thquantity of electricity, comparable to that produced by electrical
muscle the leg contracts; (B) the 1797 experiment: when the surface dhachines. In order to multiply the electrical force generated by a
section of the right sciatic nerve touches the intact surface of the left scnatlging|e bimetallic contact, he decided to arrange, in a stack-iike
nerve, both legs contract. (modified from [99]). fashion, several disks of two dissimilar metals in an alternating

fashion ([108] pp. 224—225). In the beginning, however, he did not

achieve any positive result by this method. Eventually Volta in-
visualized in the Leyden jar image. It appeared indeed impossibléerposed, between the alternating couples of dissimilar metal
to force the movement of the intrinsic electrical fluid from the pieces, disks of paper “moistened with water or better with a salt
inside of the muscle to the outside by the way of the nerve, if nervesolution,” and the long-sought dream was finally achieved. This
and muscle were not to be connected together (in order to avoid theas the invention of the electrical battery. The invention was
contact between dissimilar bodies). Galvani, however, convincedommunicated in a letter addressed on 20 March 1800 to the
of the importance of providing new facts in scientific controver- secretary of the Royal Society of London, of which Volta was
sies, sought an experimental design capable of facing even the nef@llow since 1791 ([107] pp. 565-587).
objections of his competitor, and succeeded in doing this in an The immense success of this invention, and the increased
experiment published in 1797, an experiment that has been corscientific authority it gave to Volta, explain why the studies on
sidered as “the most capital experiment of electrophysiology” [26],animal electricity were confined, henceforth, to a small group of
the real foundation of this new science. Galvani's followers and were, afterwards, practically abandoned

Galvani separated and prepared the two legs of a frog with theifor about three decades. Galvani had died on 4 December 1798,
respective sciatic nerves sectioned near their emergence from tt@o centuries ago, in poor conditions after having been deprived of
vertebral canal, and placed them somewhat apart. With a glass rotis professorship by the Napoleonic authorities who ruled in the
he then moved the nerve corresponding to one of the legs so thatorth of Italy at the time. This was due to Galvani’s refusal to
it came to touch in two different points the other nerve, bent toaccept the principles of the new political system, principles that
form a small arc. If care was taken during the manipulation, so thatalvani considered in contrast with his religious faith. Napoleon,
one of the parts of the first nerve used to establish the contact wasn the other hand, sanctioned in a particularly splendid way the
its cut mouth, then the contraction appeared in the first leg andsuccess of Volta by attending personally the demonstration that the
frequently, also in the second one ([33] pp. 322-323; Fig. 5B). scholar of Pavia gave of his invention in Paris in 1801.

Without any doubt this experiment appeared, in principle, The electrical battery, which belongs to the history of physics
capable to face any possible criticism from Volta’s side, because itather than of biology. However, in this context, it is interesting to
did not involve any contact between dissimilar bodies. The tissuegote that this device, lately named Voltaic “pi&& or “pile” in
coming into contact were indeed those of two corresponding-rance, was referred to by Volta, in his initial communication to
nerves of the same frog. One could expect that this experimerthe Royal Society, as an “artificial electrical organ,” the physical
would convince the scholar of Pavia, as well as Galvani's otherequivalent of the electrical organ of Torpedo and the electric eel
opposers, because of its intrinsic “truthfulness,” because of th€[107] p. 566). The electrical organ of fish, with its stack-like
obvious self-evidence of the demonstrated fact. But, even in sciarrangement of modular elements, was indeed the mental image
ence, nothing is so self-evident to obtain general acceptance inthat guided Volta in assembling, as he did, the elements of his
simple and undisputed way. In the circumstances of the controbattery. It is also likely that, at least in part, Volta derived from the
versy on animal electricity, the “crucial experiment” did not suc- fish organ the idea of interposing human disks between the metal-
ceed in convincing Volta and his followers, and it passed by,lic elements, which resulted to be the veritabteutin the effort
practically unnoticed by the scientific community. to build up the new electrical machine. Although recognizing that

At the moment in which Galvani made his “decisive” experi- salt solutions (or other types of solutions) were more effective than
ment in support of animal electricity, Volta, on his side, was simple water for moistening the paper disks interposed between
providing a similarly “decisive” evidence to support the power of the metallic elements, Volta considered the humid disks only as a
metals in generating artificial electricity. Volta was well aware of peculiar type of conductor. He was completely unaware that his
the necessity of obtaining an objective physical measure of “mebattery was in fact transforming the chemical energy of these
tallic electricity” without having recourse to the animal prepara- solutions into electric energy, and that the presence of solutes of a
tion, in order to avoid any possible criticism from Galvani’s side. particular species was, therefore, a fundamental constituent of his
However, the initial experiments he made by using the mostevice. Convinced of the pure metallic origin of electricity in the
sensitive electrometers and electroscopes were unsuccessful. Voliattery, Volta assumed that, in principle, his device could promote
supposed that this was due to the extremely small quantity o&n inexhaustible circulation of the electric fluid, a kindrobtus
electrical force generated in the contact between two metals. Hperpetuuq[107] p. 576).
tried several experimental arrangements, and finally succeeded in The 18th century, therefore, ended with the apparent triumph
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by Volta’s conceptions, and, as already mentioned, the hypothesisf the nervous signal. Second, to appreciate and better understand the
of animal electricity was abandoned for many years. Howeverproblems and difficulties encountered by Galvani and Volta in their
although successful with the invention of the electrical battery,controversy on animal electricity two centuries ago.
Volta was wrong in many of his conclusions on animal electricity. - )
In 1782, long before starting his studies on the effects of electricityNobili and Matteucci
on animals, the physicist of Pavia had lucidly indicated that the  \yhjle physical studies of electricity saw an extraordinary
expression "animal electricity” should be used to indicate exclu-progress after Volta, no substantially new achievement was ob-
sively a form of electricity “which would be essentially linked 0 tained in the study of animal electricity for about three decades
life, Wh'ct‘ would depend on some of the functions of animal after Galvani. The influence of the apparent triumph of Volta’s
economy” ([107] p. 8). At that time he considered this expressionheories in this field is well illustrated by the interpretation that
appropriate to denote only the kind of electricity discovered in| aopoldo Nobili (1784-1835), a physicist of Reggio Emilia who
Torpedo and in the electric eel. In his second memoir on animalyorked in Florence, gave in 1828 of the experiment in which he
electricity, written 10 years later, Volta wrote that Galvani had first first measured with a physical device animal electricity in the frog
succeeded in showing that a similar form of electricity was presenfos) ith his “astatic” device Nobili had substantially improved
in essentially any animal, and that it represented the nervous fluithe sensitivity of the electromagnetic galvanometers of his times,
whose identity had been long sought by scientists ([107] PPpy reducing the influence of the earth magnetism on the magnetic
24-25). With the progress of his studies, Volta reached the poinfeedie. He prepared a frog in Galvani’'s way, and put the skinned
of considering Galvani’s hypothesis of the presence of an intrinsiqeq with intact muscles in a receptacle of salted water, while the
electricity in any animal to be without any foundation. Eventually |;mpar nerves with the cut muscle surface were immersed in a
he reached the conclusion that even the electricity of the electrigecong similar receptacle. When the two receptacles were put into
fish could not be defined as a genuine “animal electricity.” Al- contact through moist cotton, a contraction was obtained, consis-
though recognizing his initial inspiration from the natural organ of tent with Galvani's description. If the moist cotton was removed,
the electric fish in the invention of the electric battery, Volta and the two receptacles were put into contact through the platinum
concluded his famous communication to the Royal Society bYeytremities of the astatic galvanometer, a current flow was ob-
noting that the production of electricity by the Torpedo and electricseryed. Nobili called this currentorrente di ranaor corrente
eel was indeed based on the same physical principles of the battept,pria (“frog current” or “intrinsic current”). Paradoxically, how-
(i.e., the alternation of different conductors acting as motors Ofayer, Nobili underscored the importance of the studied phenome-
electricity at their contact). Therefore, in some way, according tohon He attributed the measured current to a thermoelectrical effect
Volta, the natural organ of the fish was a copy of the artificial yye to the unequal cooling of nerve and muscle produced by
electrical organ ([107] p. 582). . . evaporation, rather than to a genuine life mechanism. How poor
Of course, the basic principles of physics apply also 10 livingyas the credit of the animal electricity theory after Volta!
organisms. However, although some operational aspects of the The first real progress in electrophysiology after Galvani was
electrical organ can be reminiscent of the functioning of somey,e to the work of Carlo Matteucci, a physicist born in Fanli
forms of electrical batteries (concentration batteries), the stronggs1 and appointed professor of physics in Pisa in 1840. Matteucci
similarity between the battery formed by different metallic layers repeated Nobili's experiment and interpreted it correctly in 1838,
and the fish electrical organ, strongly advocated by Volta, wassmong the evidence suggesting that the measured current was
clearly a misconception. For instance, in order to explain why thely piological in origin was the observation that it disappeared
animal battery of the electric fish did not get discharged by ayhen the muscle was in a tetanic state [84,87].
current flux through the humid tissues of the electric organ, Volta | pisg experiments Matteucci also showéd that a current could
was obliged to admit that the animal battery was not ready to worlye measured from the cut muscular tissue alone, if care was taken
in normal conditions, but it became so after a contact was estaly, piace one of the galvanometer electrodes on the intact muscular
lished between the a]ternatmg layers of dissimilar materials, just a&yrface, and the other on the sectioned surface (this being always
the moment of the discharge ([107], pp. 573-574). Volta stronglyof negative polarity compared to the intact surface) [82]. The
opposed Galvani's conception that in the Torpedo organ the eleGygcessity of connecting the two different types of surface in order
tricity was constantly in a state of d|§equ[llbrlum and ready to.betO record the “muscle current’ was clearly recognized by Mat-
discharged. Moreover, he did not believe in the presence in animapyccj. He succeeded in providing an unequivocal demonstration
tissues of insulating components capable of maintaining this statgf the piological origin of the muscle current with the ingenious
of disequilibrium. . o preparation of the pile of sectioned frog thighs arranged in series,
Contrary to Volta's views, the electricity of electric fishes, as jn sych a way that the intact surface of one thigh was in contact
well as the electricity discovered by Galvani in the muscles andyith the sectioned surfaces of the next one [83] (Fig. 6). The
nerves of a variety of animal species, was fully “animal” according yeflection of the galvanometer needle increased in proportion with
to the criteria initially established by Volta himself in 1782, the number of the elements of the “biological pile,” therefore,
because it clearly depended “on the functions of animal economyeycjuding the possibility that the measured current was due to the
and was “essentially linked to life” (see later). contact of the muscular tissue with the metal of the electrodes.
The experiments of Matteucci, therefore, provided an objective,
Eﬁgcggggmss%igge i\é.lo_légré%'?‘_v%:\“ instrumental evidence of the existence of animal electricity, the
electricity supposed by Galvani on the basis of his pure biological
A rapid sketch of the evolution of the study of electrical phenom-experiment$. The existence of a “muscle current,” moreover,
ena in animals after Galvani and Volta will be now given with two confirmed Galvani’s supposition that an electrical disequilibrium
aims. First to outline the fundamental moments of the history ofexists in muscle tissue, and that in some way the muscle is a
science whereby it has been possible to reach the present understabiblogical equivalent of the Leyden jar. The current measured by
ing of the mechanisms responsible for the generation and conductiddatteucci between the intact and the sectioned surface of the

% |t seems worth to recall here the words that Volta wrote in 1798 in an anonymous letter addressed to Galvani’s nephew Giovanni Aldini (and publishe:
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FIG. 6. «Pile» of half-thighs of frogs used by Matteucci to show that the current measured from muscles was not generated by the contact between th
metal of the galvanometer electrodes and the animal tissue. The intensity of measured current increased in proportion of the number of tee half-thigt
composing the pile, whereas the number of metal-to-tissue contacts did remain constant. (From [83]).

muscle was indeed an expression of a difference of potentiatreased (or vanished) when the excitation flowed along the intact
between the internal and the external compartments of the musclessue. It also meant that, during excitation, the outer membrane
fibers, because the lesion of the plasma membrane creates a pathsofface of the nerve and muscle became negative with respect to a
smaller resistance to the interior of muscle fibers (although thislistant inactive region.
was only recognized many years later with the development of The other fundamental event in the 19th century was the
Bernstein’'s membrane theory) [13]. measurement carried out in 1850 of the speed of propagation of the
The observation that the biological current measured by Matnervous signal. This appeared to be not simply a technical achieve-
teucci disappears during muscle tetanus later prompted the studi@sent, because the mere possibility of obtaining it seemed to
of Emile du Bois-Reymond and his collaborators in this field [26]. contradict the expectations of the science of the time. The great
Another of Matteucci's discoveries seminal for the development ofphysiologist of Berlin, Johannes Mer, was convinced that the
modern electrophysiology was that of the “induced-twitch” phe-“nervous principle” should be somewhat akin to light (“an impon-
nomenon first described in 1842. Two frogs are prepared in Galderable fluid or a mechanical undulation”) and it should, therefore,
vani's way. The leg nerves of a frog are laid down on the intactpropagate along nerve fibers at an extremely high speed. Conse-
muscle surface of another frog. When a contraction is elicited inquently, he stated in 1844 that any attempt to measure the time
this second frog by some stimulus (electrical or mechanical), aecessary for the propagation of nervous signal along a nerve trunk
contraction also appears in the first frog [85]. This induced-con-of |imited size was doomed to failure [“Probably we will never
traction was shown by Matteucci not to depend on any mechanicadaye the means to measure the speed of the nervous action, since
artifact, but, at least initially, it was considered as the expression ofye lack, in order to establish comparisons, these immense dis-
an electrical influence of a contracting muscle of one frog on thggnces whereby we can calculate the speed of light, which, under

nerve of the other frog ([83], p. 134). this respect, has some relation with it (i.e., with the nervous
. ) action)”] ([88] p. 581).
The German School: du Bois-Reymond and Von Helmholtz However, a few years after Mar’s statement, one of the most

After Matteucci, the study of the electrical phenomena involvedbrilliant of Miiller's disciples, Hermann von Helmholtz, taking

in nerve and muscle excitation was taken over by Emile duadvantage of a simple nerve-muscular preparation and of rather
Bois-Reymond, who initially confirmed Matteucci's findings [26]. Simple experimental devices, succeeded in measuring the time
Moreover, du Bois-Reymond succeeded in measuring with a galrequired for the nerve signal to propagate a short distance. In 1850
vanometer the electrical events associated with nerve excitatiovon Helmholtz used a method derived from the “ballistic” proce-
The electrical phenomenon accompanying the excitation of muscldures employed in artillery for determining the speed of cannon
and nerve will be referred to by du Bois-Reymond as to theballs or bullets. He measured the duration of the interval elapsing
“negative Schwankuhd“the negative variation”). Its discovery from the application of an electric shock to the nerve until the
represents the first instrumental recording of what were to benechanical response of the muscle. To this purpose he used an
called “action current” and “action potential.” The term “negative” apparatus in which the muscle contraction directly interrupted the
described two related aspects of these electrical responses. “Nefiow of a current initiated by the application of the stimulus to a
ative” meaning “diminution” was used to indicate that the differ- given point of the nerve. He then stimulated a point of the nerve
ence of potential between an intact and an injured surface decloser to the muscle and noticed that the measured interval in-

in a scientific journal ofCome [107] p. 555): “Galvani on the contrary neither has demonstrated in any way the hypothetical animal electricity in his
experiments (on the other hand very beautiful, and surprising), i.e. that electricity, which he pretends to be moved by some vital force or atiganic fun
nor he has succeeded in making it manifest to the electrometer; nor | think he will ever succeed.”



392 PICCOLINO

2

Y

G

Ko m’ ., T c N
1l 1 11 1l )i
H

1
P 4N, aN,an,

FIG. 7. The recording of the electric activity of nerve and the measurement of its conduction speed by Bernstein. (a) The “differential rheotéone” used
delivering electric stimuli to the nerve and for opening, at the same time, the “sampling window” of the recording system at different intertras after
stimulus; (b) the first published recording of the time course of the action current (“negative variation”) in the nerve. At the peak of the elsptiicss r
represented here by a downward deflection, the current overshoots by a large amount the baseline level that corresponds to the resting ctirrent level;
plots of the magnitude of the action current versus the distance along the nerve, at a given time (From [13] and [14]).

creased. Von Helmholtz correctly ascribed the difference to théetween nerve activity and electrical phenomena it became, there-
time necessary for the propagation of the nervous impulse betweefore, crucial to show that the “negative variation” propagated along
the two stimulated points, and calculated a conduction speed ahe nerve at a speed corresponding to that of the nerve signal.
only a few tens of m instead of several hundreds of km per sHowever, du Bois-Reymond initially failed to measure the prop-
[43,44]. In 1851 von Helmholtz used a smoked drum to recordagation speed of his negative variation because of the slow re-
graphically muscle contraction and to calculate the speed of propsponse characteristics of the electrometers of those days.
agation of nerve signal and he obtained a measure for conduction The problem was taken over by Julius Bernstein, a student of
speed that closely corresponded to that obtained with the previousoth von Helmholtz and du Bois-Reymond, who succeeded in
method [45]. These results were graphically illustrated in an article1868 in this difficult technical achievement by taking profit of his
published in 1852 [46]. . ~ “differential rheotome.” By means of a mechanical device, this
~ The experiments of von Helmholtz were a real milestone in theingenious instrument allowed for an electrical recording based on
history of science, and their importance goes far beyond the limit, “timing, sampling and holding” procedure [13]. The electrical
of the specific studied problem. For the first time an event bearingyent appearing at a given point of a nerve, within a definite time
on the most elevated and elusive functions of animal organizationnieryal after the stimulation of a distant point, was recorded by
a manifestation of nervous phenomena akin to immaterial e”““esperforming a time summation of the effects of stimulations
such as psyche or soul, was measured with precision by means Pépeated at high frequency. The entire time course of the
a physical instrument. This was indeed a great step forward fopectrical process could be determined by varying the interval
science out from conceptions dominated by vitalistic doctrines,eryeen the stimulus and the acquisition time window. The
with their multitude of spirits and animal forces. conduction speed could be measured by changing the stimulated
) ) ) ) point and noting the change in the delay of the appearance of
Julius Berns;eln and the First Measurement of the Time Courseha electrical event. It turned out that the speed of propagation
of the Electrical Nerve Impulse of the negative variation and of the nerve signal corresponded
Although von Helmholtz was prompted to carry out his exper-to each other closely, and this was strong evidence for the
iment by considerations on the electrical model of nerve conducidentity of the two events.
tion proposed by du Bois-Reymond (see later), his results appeared Besides demonstrating the similarity of conduction speed be-
to cast doubts on the electrical nature of nerve fluid because thisveen nerve and electrical signals, with his experiment Bernstein
measured speed was by far smaller than that of propagation of lighgrovided the first faithful recording of the time course of nerve
and of electrical field. To reestablish a confidence in the identityexcitation (Fig. 7a—c), and showed that it was a transient phenom-
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enon lasting about 1 ms. In some of his experiments he noticed thatetized particles are assembled together in a large magnet. Nor-
the amplitude of the current measured during the excitation phasmally (i.e., at rest) the particles are arranged longitudinally in an
exceeded the level of the resting current measured between amwdered fashion. This corresponds to an electrical condition that
intact and an injured segment of the nerve. This indicated that theould be revealed if the fibers were sectioned transversally, there-
excitatory event could be more than a simple “destruction” of thefore producing the “muscle” or “nerve current” that would flow
resting electrical state of the nerve. Bernstein’s observation on thbetween an intact surface and the injured region. An electrical
possible “overshoot” by the nerve signal of the injury current wasstimulus would result in a disturbance of this ordered arrangement,
afterwards largely forgotten [39]. It reappeared in the main path ofproducing an “electrotonic condition” that could eventually lead to
the science only in 1939 with the studies of Hodgkin and Huxleythe appearance of the “negative variation” [22,26]. The model of
(see later). du Bois-Reymond with its ordered arrangements of charged ele-
ments anticipated the idea of an electrical “polarization” of excit-
Nerve Conduction and Electrical Conduction Along a Cable ~ @ble membranes. Moreover, it suggested that the propagation of
the nervous signal did not consist of a flow of electricity in a
From the experiments of von Helmholtz and Bernstein, itsimple form. As mentioned previously, from considerations on this
became clear, however, that although the nerve signal was alwayfiodel von Helmholtz was inspired to try the measurement of the
accompanied by an electrical event, the propagation of this everdpeed of propagation of nervous signal, in spite oflbtis skep-
did not follow the simple laws of the pure passive propagation ofticism of the possibility that this could be done with success.
electrical currents, and that a more complex and specific mechasccording to von Helmholtz, the movement of the charged mol-
nism was involved. The idea that the propagation of the nervescules of du Bois-Reymond’s model required a definite time and

signal differed from that of an ordinary electrical current along athis should result in a relatively slow speed of propagation of the
conductor had been already recognized by several scientists iRsjectrical disturbance along the nerve fiber.

cluding von Haller [42], and it explains some of the reluctance to
accept Galvani’s views after the publication of Bemmentarius
According to Felice Fontana, the first scientist to provide evidenc
that nerves were constituted by distinct microscopic fibers [11], the The next important advancements in the electrophysiology of
nerve fluid could not be one and the same thing as the electricalerve and muscle excitability were due to the work of two other
fluid. This could be shown by observing the effects produced byGerman scientists. One of them, Ludimar Hermann, a student of du
ligating a nerve with a thread: the ligature abolished the passage ®ois-Reymond, pointed the attention to the fundamental fact that
the nerve signal, therefore preventing movements or sensations (8se signal propagating along a nerve fiber consisted of a negativity
already shown centuries before by Galen), but it did not abolish thef the external surface of the nerve, and that at the same time the
passage of an electrical current [12]. A similar view was alsofiber was stimulated when its external surface was made more
maintained by Alexander Monro [86]. negative [48,49]. This suggested the possibility that, in physiolog-

The strength of this argument was probably one of the mairical conditions, the external surface negativity produced by the
reasons why Johannes Mar initially refused to accept the iden- arrival of the negative variation in a region of nerve could, in turn,
tity of the nervous and electrical fluid. Not only a ligated nerve, butserve to stimulate a region ahead, therefore closing a loop capable
also a crushed nerve, or a nerve resulting from suturing twaof propagating the nerve signal. It appeared that the propagation of
sectioned stumps, could differentiate between the passage of thie signal could be due to a local excitation of the resting fiber due
electrical fluid (which persisted) and the passage of the nerveo a flow of current from the active region. To account for the
signal that was blocked (see [88] pp. 541-5%42). propagation of local currents along the nerve fiber, Hermann

In the epoch of du Bois-Reymond, objections to the idea thaproposed his well-known local circuit theory (as it will be later
the nerve signal was of an electrical nature were also raised by Caglenoted) [48,49], by reference to the theory of electrical current
Ludwig who considered the longitudinal resistance of nerve fiberglow formulated some years before by Lord Kelvin [70]. This
to be too high to permit an effective propagation of an electricaltheory was based on the idea that the nerve fiber consisted of a
signal (in the form of a passive electrical conduction along a cableconductive core separated from an external fluid phase by a rela-
[79]). In modern days the force of this argument was expressed ifively insulating coating, and that any electrical disturbance orig-
a particularly vivid way by Hodgkin, who calculated the longitu- inated in a point of the nerve could influence near regions through
dinal resistance of a long and thin nerve fiber and showed that ifocal current loops involving the internal core, the insulating sheet,
was comparable to that of an ordinary electrical cable extendingnd the external fluid.
several times the distance between the earth and the planet Saturn
[56].

In order to explain electrical phenomena associated with th
propagation of excitation in nerve and muscle, du Bois-Reymond Another fundamental contribution to the electrophysiology of
had assumed that an electromotive power existed in the two tissuegervous and muscle excitation was due to the work of another
due to the presence of minute particles (“electrical molecules”student of du Bois-Reymond, the same Julius Bernstein who had
bearing a positive charge in their middle (equatorial) zone and twdirst succeeded in measuring the speed of propagation of the
negative charges at their polar regions (one each). In his concepnegative variation.” Bernstein applied to biology the theory of
tion, the arrangement and orientation of these electrical moleculeslectrical potentials arising from diffusion of ions developed by
in the excitable tissues somewhat corresponded to the way madNernst [93,94]. He put forward the hypothesis that in the resting

gvon Hermann and the Local Circuit Theory

eBernstein and the Membrane Theory of Bioelectrical Potential

7 A possible response to the “ligature” objection is contained in the third memoir that Galvani addressed in 1797 to Lazzaro Spallanzani: “Let us finally
suppose that the nerves exert such (conductive) task with their intimate part and medullary substance; and therefore that, if this part is divided ar
interrupted by means of ligature, or otherwise in general the circulation of the electricity is suspended, although in the nerves ligatedsenitineu;i
the membranes remain there, and there will still be the humidity which could draw electricity out of the muscle.” ([33], p. 346). In proposingethat nerv
conducted electricity with their internal core, Galvani assumed that the interior of the nerve was insulated from the external surface by medlys of an “
matter” (see for instance [33], p. 241).
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FIG. 8. Scheme of Bernstein’s theory of membrane polarization. (a) A muscle fiber in the resting state, with an excess of negative charges inside
the membrane and of positive charge outside; (b) a lesion has removed the local barrier to ion passage provided by the membrane, and, therefore,
A becomes negative with respect to B, allowing for a current flow from B to A. According to Bernstein [15], a similar phenomenon would occur
during excitation A representing then the active region of the membrane (From [15]).

state, excitable cells generated a diffusion potential across theifhe English School: Lucas and Adrian

membrane as a consequence of the selective permeability of the

membrane for potassium ions and of the higher concentration off Alftetr .Belrnste.ltn g.ﬁ progress .Ofl kndowletdgterz] on thi mfec&har;lsrr]ns
these ions in the intracellular compartment compared to the extra! &'ectrical excitability was mainly dué to the work of Englis

cellular medium. According to Bernstein, the potential arose bePhysiologists. A fundamental acquisition concerned the “all-or-
cause the outward movement of the positive-charged potassiuffething” character of electrical excitation in nerve and muscle.
ions could not be compensated by movements of other ions!his character, whose origin can be traced to the work of Felice
because of the exclusive permeability of the membrane for potag=ontana [28,29,68], had already emerged from studies carried out
sium. This tended to leave an excess of negative charges in tHen heart muscle in 1871 by the American physiologist H. P.
interior of the cell and to create an excess of positive charge®owditch working in Carl Ludwig’s laboratory in Leipzig [17].
outside (Fig. 8a and b). Bowditch noticed that if an electrical stimulus applied directly to
To account for the excitatory events in nerve and musclethe isolated apex of frog heart was capable of inducing a contrac-
Bernstein assumed that the excitation consisted in a disappearantie response (i.e., if its intensity was larger than a minimum
of the polarization present in the resting state (i.e., in a “depolarvalue), the strength of contraction remained constant when the
ization”) consequent to a sudden and generalized increase of thetensity was further increased. On the other hand, stimuli of
ion permeabilities of the membrane. Bernstein’s theory will beintensity smaller than the minimum effective value did not result in
referred to as membrane theory of excitation, and one of itgny detectable contraction. For several years this “all-or-nothing”
implications,_ confirmed by later studies (sc_ee Iater_) was that meMproperty seemed, however, to belong exclusively to the heart
brane_ electrical _reS|stance decreaseq during excitation [15]'. muscle, because the strength of contraction elicited in a striated
With Bernstein the focus on electrical phenomena of exc'table[nuscle, stimulated either directly or through its motor nerve,
cells was, therefore, based clearly on the properties of the ce hcreased apparently in a relatively smooth way by increasing the

membrane. This still undefined surface of separation between thg, " intensity. In 1902, Francis Gotch put forward the hypoth-
intracellular and extracellular media started to acquire a phy5|co—SiS that this pattern was basicallv due to an increase of the number
chemical connotation. Apparently one of the reasons that led P y

Bernstein to develop his membrane theory of nerve excitation wa8 €xcited fibers, rather than an increase of the response amplitude
the consideration of the similarity between the negativity of thell ny excited fiber, which he supposed to be a constant quantity
current measured from an injured nerve and the negativity of thé37]- Following Gotch, Keith Lucas, working in Cambridge, suc-
action current. Because injury was likely to produce an “exposure’¢eeded in showing that other electrically excitable tissues indeed
of the nerve interior to the recording electrode, it could be assumeéPllow the “all-or-nothing” law. In 1905 he reduced, by careful
that a similar phenomenon occurred during the “negative oscilladissection, the number of active muscle fibers in _the dorso-cuta-
tion” and therefore that nerve (and muscle) excitation consisted imeous muscle of the frog to 20 or less, and excited the muscle
a reversible “rupture” of the membrane separating the intracelluladirectly with an electrical stimulus. By increasing the intensity of
and extracellular media. the stimulus he found that the strength of the resulting contraction
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FIG. 9. The 1909 experiment of Lucas and the all-or-nothing law. The abscissa represents the strength of the electrical stimulus applied
to the motor nerve and the ordinate the mechanical response of the muscle (height of the contractieutaht@is dorsinuscle of

the frog). Notice the step-like transitions in the muscle response as the intensity of the stimulus is increased within a critical range (From
[76D).

increased in discrete steps, whose number was in general less thaith the conduction process [1,2,5,77,78]. In a frog nerve-muscu-
the number of active muscle fibers [74]. lar preparation, a long exposure time was necessary to produce the
In 1909 Lucas made a comparable experiment using a similaconduction block if the treatment was applied to a short nerve
preparation but elicited muscle contraction through a stimulussegment. A much shorter time was effective in blocking the nerve
applied to a motor nerve [76]. Again the contractile responsef a long segment was exposed. However, if the treatment was
increased in discrete steps whose number was normally smaller, Epplied to two similar short segments, separated by a relatively
this case, than the number of the active nerve fibers (Fig. 9). large untreated portion, the time of application needed to produce
A direct demonstration of the all-or-nothing character of the the block corresponded closely to that necessary in the application
propagated electrical signal in nerve emerged from the first recordto a short single segment (Fig. 11a and b). Clearly, in the untreated
ing of the electrical activity of single nervous fibers, an epoch-portion the signal was regenerated, regaining its original ampli-
making discovery obtained by Lucas’ student, Adrian in 1926.tude, if the block did not exceed a certain value. The words Lucas
Adrian, in his first study, using the capillary electrometer and awrote with reference to Adrian’s experiments penetrate a funda-
vacuum tube amplifier, succeeded in revealing the presence afiental aspect of the “energetics” of nerve signal propagation, and
individual electric oscillations in the discharge of various sensoryare worth quoting at length:
fibers of both frog and cat in response to physiological stimulation “A disturbance, such as the nervous impulse, which progresses
[4] (Fig. 10A-C). In a second study, carried out in collaborationin space must derive the energy of its progression from some
with Zottermann [6], in order to better isolate the electrical activity source; and we can divide such changes as we know into two
of a single fiber, Adrian made recourse to the nerve supplying thelasses according to the source from which the energy is derived.
sterno-cutaneous muscle of the frog on the assumption that thi®ne class will consist of those changes which are dependent on the
muscle might contain just one muscle spindle. If the muscle wagnergy supplied to them at their start. An example of this kind is
cut carefully in order to minimize the number of active sensorya sound wave or any strain in an elastic medium which depends for
units, and a low mechanical load applied, the response recorddts progression on the energy of the blow by which it was initiated.
from the nerve consisted in a rather regular train of impulse-likeA sound wave will lose its initial energy if the medium in which
deflections of constant amplitude and duration, which were showiit progresses is imperfectly elastic, because the medium will be
to represent the activity of a single sensory fiber. Increasing théreated in its deformation. Suppose a sound wave travelling
intensity of the stimulus led to an increase of the discharge frethrough air and then encountering a tract of treacle. In this passage
quency without any change of amplitude and duration of everythrough the treacle it will lose its energy more rapidly than in the
individual impulse. These features were later confirmed in a varipassage through the air, but on emerging into the air again it will
ety of nervous (and muscular) fibers leading to the understandinpave suffered permanent loss, and will not recover the energy
that an impulse-code modulation is the ordinary means used bwhich it had before it entered the treacle. A second class of
many nerve fibers (and by other excitable cells) to code informaprogressive disturbance is one which depends for its progression
tion. on the energy supplied locally by the disturbance itself. An exam-
Another property of the nervous signal, somewhat related to thele of this type is the firing of a train of gunpowder, where the
all-or-nothing feature, was revealed by the results of other experliberation of energy by the chemical change of firing at one point
iments carried out by Lucas and Adrian. In these experimentsaises the temperature sufficiently to cause the same change at the
small segments of nerve were more or less completely inactivatedext point. Suppose that the gunpowder is damp in part of the train;
by exposure to alcoholic vapors or to other procedures interferingn this part the heat liberated will be partly used in evaporating
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essentially an electrical phenomenon. As a matter of fact, although
it was generally recognized that nerve excitation was constantly
associated with an electrical event, it was still unsettled whether
electricity was the fundamental process of nerve signaling, or
simply one of its many possible manifestations (such as heat
production, chemical modifications), a sort of epiphenomenon of
an underlying, more essential, process.

It may seem surprising that the electrical nature of nerve signal
was still matter of debate more than one century after Galvani, and
long after Matteucci and du Bois-Reymond. As a matter of fact,
theories of nerve conduction giving a predominant importance to
chemical mechanisms have, for a long time, challenged hypotheses
based on the preeminence of electrical phenomena. For instance in
1946, Nachmansohn proposed that acetylcholine could serve as a
“messenger” for the conduction of the nerve impulse [89] and this
hypothesis has persisted in the paths of science as late as 1975
[90].

The unequivocal evidence that the nervous signal is fundamen-
tally an electrical event, as Galvani had supposed at the end of the
18th century, had to await for the most modern epoch of electro-
physiology (i.e., the period of studies of nerve physiology carried
out by Hodgkin and his collaborators in Cambridge), which led to
the final elucidation of the mechanism underlying the generation
and propagation of the nerve signal. However, the seeds for this
modern development can be traced back to the work of Lucas and
Adrian.

Before considering some aspects of this work in detail, we
should recognize that the difficulties in accepting the view that the
nerve signal is an electrical event were not without logical
grounds. The conduction of the nervous signal seemed to be too
slow for an event based on the propagation of a typical electrical
signal along a metallic wire. Moreover, starting from the initial
observations of von Helmholtz [44,47], it appeared that tempera-
FIG. 10. The first published recording of unitary electrical activity in ture exerted a profound effect on the rate of propagation of nervous
sensory nerve fibers elicited by physiological stimuli. The electrical re-impulses [101,102], and evidence had been accumulating pointing
sponses were derived with a capillary electrometer from the sciatic nervgo a strong temperature dependence of other kinetic parameters of
off_rog,andamechanical stimulus applie_d to the gastrocnemius in order_t@he propagated nervous disturbance [3,10,18,38,75]. Because a
activate muscle sensory receptors therein. The trace above the recordinggyh temperature coefficient was generally considered to be an
is a time calibration provided by a tuning fork oscillating at the frequencyindication of the involvement of chemical reactions, these findings

of 200 Hz. (A) Control, nerve killed near the muscle, no response; (B)led to envisioning the nervous impulse fundamentally as a chem-
muscle relaxes, no weight, no response; (C) wt. of 100 g applied for 10 s, g P y

clearly detectable, upward pointing deflections appear in the recordingC@l €vent [72], although the straight-forward applicability of this
trace (From [4], modified). reasoning to the case of the phenomena of cell excitation and

conduction was questioned by some authors [3,72].
From the studies of Adrian, Lucas, and their predecessors it
appeared increasingly evident that the electrical stimuli of intensity
water, and the temperature rise will be less, so that the progress @fsufficient to generate the “propagated disturbance” (or sub-
the chemical change may even be interrupted; but if the firing doethreshold in modern terminology) were nevertheless capable of
just succeed in passing the damp part, the progress of the changereasing the electrical excitability of a narrow segment of nerve
in the dry part beyond will be just the same as though the wholearound the point of application, and for a limited time duration
train had been dry [78].” [1,2,5,77,78]. A stimulus that was subthreshold if applied alone,
From the studies of Adrian and Lucas, it became increasinglycould lead, through this mechanism, to the appearance of a fully
evident that the amplitude and time course of the propagated signdeveloped nerve signal if applied in combination with another
in nerve and muscle depend in an essential manner on the locaimilar stimulus. Besides, this explained why a train of electrical
conditions of the nerve region in which it is recorded (or otherwisestimuli could be more effective in stimulating a nerve when
tested), and not on the intensity of the stimulus, nor on thecompared to a single electrical pulse [5]. These findings suggested
conditions of the nerve region from which it originates (provided that “local responses” did not follow the all-or-nothing law as
that the stimulus is of sufficient intensity and the propagation is nopropagated responses did. The different character of the two phe-
completely blocked in between). nomena was also evident in that the arrival of a propagated
In the work of Lucas, and in the initial studies of Adrian, the response was followed by a temporary reduction of local excit-
nervous signal is generally referred to as “propagated disturbancedbility (a phenomenon already recognized in the heart muscle by
to distinguish it from the local effects induced by electrical stim- Felice Fontana [29,68], and denoted as the “refractory phase” by
ulation near the site of stimulus application, effects that could beMarey in 1876 [80]). This reduced excitability contrasted with the
revealed especially by using subthreshold stimuli. “Propagatedncrease in electrical excitability which, as we have seen, appeared
disturbance” was also a noncommittal term employed to avoido be associated with weak stimuli. On the other hand, notwith-
possible objections against the notion that the nerve signal wastanding the obvious differences between local and propagated
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FIG. 11. Adrian’s experiment of partial block of nerve conduction by local application of alcohol vapors. (a) The experimental apparatus utieg for tes
at the same time the effects of alcohol on three different nerve-muscle preparations of the frog (denoted as X, Y, and Z, respectively). A, B, €ated D indi
the experimental chambers where portions of the nerves were exposed to alcohol, and |, Il and Ill indicate three stimulating electrode paitise{lcaHypo
experimental outcomes based on the two alternative possibilities of a “propagated disturbance,” which does, or does not, recover its otiglealaitgoli
travelling along the untreated zone separating the two narcotised portions. In the first case (corresponding to the actual experimentabreduttidhe c
should fail at the same time (calculated from the beginning of alcohol application) for a stimulus at position | and Il. It should persist longeathan fo
application to a larger portion (as indicated in D) (From [1]).

responses, there was an evident functional relationship between tlilee proximal region of the nerve, using muscle contraction to
two phenomena. First, the local response could develop into a fulinonitor of nerve excitation (Fig. 12a and b). The initial purpose of
propagated response if the stimulus was increased beyond a threghis experiment was to ascertain whether the arrival of a nerve
old value. Moreover, if a nerve was blocked by some treatmenimpulse near the blocked region brought about a local decrease of
applied to a short segment of its course, an increase of the excithe membrane resistance [58,59], as implied by Bernstein’s mem-
ability could be detected, upon the arrival of the propagatedorane theory of excitation.
disturbance, in the region beyond the block. This indicated that Initially Hodgkin positioned the two test electrodes at the two
some event, similar to that induced by an artificial local stimula-ends of the blocked region, and noticed that a smaller current was
tion, accompanied the propagated signal, a finding well in line withnecessary to induce the muscle contraction when the current was
the local circuit theory of Hermann. In normal conditions, the applied in temporal coincidence with the arrival of the nerve
leading wave of the “propagated disturbance” would be able taexcitation induced by the conditioning stimulus. He soon recog-
increase the excitability of the nerve region ahead, to such a degregzed, however, that this effect was not due to the sought-for
that a new propagated disturbance would be generated there. membrane resistance change, because it could also be observed
) ) when both test electrodes were positioned beyond the blocked
The Modern Era: Alan Hodgkin and the Cambridge School point, downhill with respect to the flow of nerve message. Hodgkin

The most modern phase of the studies on the electrical phecorrectly interpreted the phenomenon as an expression of a local
nomena in excitable cells began in Cambridge around 1934. A§icrease of excitability, a phenomenon consistent with the local
with Adrian, who had published his fundamental study of nervecircuit theory of Hermann, and already observed by Lucas and by
block in the nerve—muscular preparation of the frog when he wad\drian some 20 years before.
an undergraduate student at the Trinity College, another under- To provide a more direct indication in support of the local
graduate student of the same College, Alan Hodgkin, began studyircuit theory, Hodgkin succeeded in demonstrating that the in-
ing the effects of nerve block in the frog. As with his predecessorcreased excitability observed beyond the blocked region was in-
Hodgkin was to publish the results of his first study in fleernal ~ deed accompanied by a measurable local electrical response, hav-
of Physiologyat the age of 23 years (in 1937, exactly two centuriesing the characteristics of a current spreading passively along the
after Galvani’s birth) [51,52]. Hodgkin induced a local block by nerve fiber with a geometrical law similar to that underlying the
cooling a short segment of the sciatic nerve, and investigated thepread of the excitability increase. Besides supporting the local
effect induced in the blocked region by the electrical stimulation ofcircuit theory of Hermann, these findings helped to strengthen the
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FIG. 12. The initial experiments of Hodgkin. (a) Increase of excitability; (b) appearance of subthreshold depolarizations in the region disig tof th

a block induced by local cooling. In (a) the increase of excitability is observed only if the test shpek&Bplied after the control shock(Svith a delay
corresponding to the conduction time between the two sites of stimulation. (b) The upper record, A, represents the action potential recortlgdgroxima
the block, while the lower recordings B—F are the potentials recorded at progressively longer distances beyond the blocked site. Note the progressi
decrease of potential with the distance from the block, and the calibration difference between A and B-F. (From [51]).

case for a close relationship between signal propagation and elecencerned. Large stimuli evoked responses characterized by a
trical events in the nerve. This relationship was further supportegorominent tail. These responses did rather abruptly develop into
by the results of a subsequent study aimed at investigating th&ull impulsive events, when the stimulus exceeded a “threshold”
changes of conduction speed induced in both crab and squid nervealue. Again this finding confirmed the expectations of Lucas and
by modifications of the conductivity of the extracellular medium. Adrian, based on the observations of local excitability changes
It was found that the speed decreased when the conductivity waalicited by weak electrical stimuli in frog nerves. It remained to be
decreased (by immersing the nerve in oil or reducing the voluménvestigated what functional relationship existed between the sub-
of conductive fluid around it) and, on the contrary, it increasedthreshold responses evoked by cathodal stimuli and the full-blown
when the conductivity was increased by making recourse to menerve response, and how the localized potential changes, which
tallic conductors [54]. accompanied the leading edge of this response, intervened in the
In the crab nerve, moreover, Hodgkin succeeded in showingonduction process. This required major advances in the experi-
that a local electrical response, comparable to that appearing aftenental preparation and technique, advancements that were on the
a partial conduction block, could be elicited near the site ofway after the “rediscovery” by J. Z. Young of the existence in the
application of a subthreshold electrical stimulus. An electrode wasquid of a “giant axon” which, by its size, appeared ideal for
used to stimulate a nerve with short electrical pulses of differenelectrophysiological recordings [111]. Using extracellular elec-
intensities, and the resulting electrical responses were recorded trodes, Cole and Curtis provided clear evidence that the action
the immediate vicinity with another electrode [53]. The responsegotential in this axon was accompanied by a decrease in membrane
brought about by anodal stimuli (i.e., stimuli that produced aresistance [24] (Fig. 13).
positive potential on the external nerve surface, and were, there- Both Cole and Curtis, and Hodgkin and Huxley, succeeded
fore, of opposite polarity to those capable of eliciting a nerveafterwards in inserting an electrode inside the axon and in mea-
impulse) appeared to be largely the result of a passive spread sfring directly the transmembrane potential in the resting state and
current along the nerve fibers. With cathodal (i.e., external negaduring excitation [25,60]. The existence of the resting membrane
tive) stimuli the responses were mirror images of those obtainegbolarization postulated by Bernstein was confirmed by these stud-
with anodal stimulation only as far as small intensities wereies (the interior of the cell being about 50 mV negative with
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ence of potential should exist across the membrane if this became
permeable to all ion species), but well in line with the initial
observation, made by Bernstein himself (and in less ancient times
by Shaefer [98]) that the amplitude of the action current could
sometimes exceed that of the injury current. The interpretation of
these results was postponed by the Cambridge group because of
the events of war.

In 1949, Hodgkin and Katz succeeded in showing that the
action potential of the squid nerve decreased in amplitude by
decreasing the extracellular concentration of sodium ions, and
suggested that this was the consequence of the involvement of a
selective increase of membrane permeability for sodium ions in the
discharge of the action potential [66]. Because sodium ions are
largely in excess in the extracellular medium compared to the axon
interior, the resulting electrochemical potential would be positive
(axon interior vs. extracellular compartment), and therefore, mem-
brane potential would change polarity during excitation as a con-
sequence of the sodium permeability increase. In other words, the

Z a . : Z EETTS membrane potential, which in the resting state depended on the
FIG. 13. The classical demonstration of the increase of conductance in th%ermeablllty fo_r potassium ions, Wo.l.”d be Iarg(_ely dpmlnated dur-
squid axon during the discharge of the action potential. Upper line: actiorl9 the excitation by the permeability for sodium lons, and the
potential; white-dark band: measure of the membrane impedance obtainddfiSSage from the one to the other of the two conditions would be
with the Wheatstone bridge method by applying a high frequency (20 KHz)the consequence of a specific change of membrane permeability
sinusoidal signal to two electrodes placed on the opposite site of a giarinduced by the electrical stimulus. The notion that the membrane
axon. From a measure of the impedance changes obtained at variolecame selectively permeable to sodium at the peak of the action
frequencies (and proportional to the width of the band) the change opotential was an important revision of the Bernstein's theory,
cor}ductanceyvas es?imated to be_approximately 40 times at the peak of thehich assumed an unselective passage of all ions during the
action potential relative to rest. Time marks: 1 ms apart. (From [24]). excitation, a theory which, as already mentioned, implied the
almost complete disappearance of any difference of membrane
potential whatsoever during nerve excitation.

respect to the exterior [60] (Fig. 14). Unexpectedly, however, it In order to verify whether the new theory, based on a transition
appeared that during excitation the potential overshot the zer§€tWeen two permeability states of the membrane, could account
level by several tens of millivolts, a finding that was clearly in for the basic properties of nerve excitation and conduction, it was

contrast with Bernstein’s membrane theory (no substantial differ"€cessary to study in an accurate and quantitative way the changes
of membrane currents and permeability accompanying the appear-

ance of the action potential. However, a study of this kind was

difficult with conventional techniques, because the “regenerative”

and “explosive” properties of the action potential discharge did not

permit a study of the relationship between membrane current and
membrane voltage during the excitation process. To obtain accu-
rate information on the electrical events responsible for the action
potential it was necessary to circumvent the explosive character of
this event, by forcing the membrane potential to assume, and to
maintain, certain levels in spite of its tendency to evolve sponta-

neously when the threshold value was exceeded.

The Voltage Clamp, the Squid Axon, and the Hodgkin-Huxley
Model

The sought for technique that made possible the study of
membrane events underlying the generation of action potentials
was the voltage-clamp devised in 1949 by Cole [23] and by
Marmont [81]. It was applied in a masterly way to the squid axon
by Hodgkin and Huxley in collaboration with Katz, in a series of
studies published in 1952, which represent a fundamental mile-
stone in the investigations on animal electricity [61-65]. In the
epoch of Lucas and Adrian, the explosive character of the propa-
gated response had been somewhat subdued by using procedures
based on partial block of small segments of the nerve, but these
procedures could give little information about what would happen

FIG. 14. The first published intracellular recording of the action potential
in the squid axon. Time course of the difference between the internal an§nce the threshold was ?Xcee‘?',ed- .

external potential, in the resting state and during the discharge of an action !N voltage clamp, the “block” of the electrical events underly-
potential. Time mark, 500 Hz. Notice the large positive overshoot of theiNd the explosive character of the action potential is not based on
membrane potential during the action potential, which contrasted with théhe application of narcotic agents or temperature changes, but
expectation of the Bernstein’s theory (From [60]). relies on the use of a feedback circuit capable of providing the
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transmembrane current necessary for moving and clamping thim the discharge of the nervous impulse links electricity in a
potential at any desired value. fundamental way to this event, and makes unlikely any hypothesis
Using the voltage-clamp technique, Hodgkin and Huxley,that considers the electrical phenomenon only as one of the many
working in collaboration with Katz, clarified the mechanisms possible functional expressions of nerve excitation.
underlying the generation of the action potential in nerve fibers. A fundamental consequence of the gating properties of the
They provided the final, unequivocal evidence that the nervemembrane permeability for sodium is that the entry of sodium
conduction is fundamentally an electrical event and, as Hodgkirons, brought about through the influence of depolarization on the
formulated it, that “the action potential is not just an electrical signmembrane, results in a net increase of the positive charge influx,
of the impulse, but the causal agent in the propagation” [57]. As and, therefore, in a further depolarization that in turn would cause
matter of fact, after the studies of Hodgkin and Huxley the nervousan additional increase of sodium permeability. This positive feed-
impulse elicited by an electrical stimulus could no longer beback cycle controlling the entry of sodium ions activated by
considered as a purely passive physical consequence of the stirmembrane depolarization [55], later denoted as Hodgkin cycle, is
ulus. On the contrary, it will appear to be an active process, whichat the heart of the mechanism of nervous signal generation, and
depended on a particular form of electrical energy, accumulatea@ccounts for the twofold electrical nature of this signal: a signal
between the interior and the exterior of the nerve fiber, as aenerated by the release of an intrinsic electrical energy which,
consequence of physiological processes clearly “belonging to theowever, requires an electrical influence to be released (Fig. 16).
domain of life,” a true “animal electricity” with characteristics The threshold depolarization required to initiate the explosive
corresponding to the fundamental intuition of Galvani. Moreover,cycle is just théimpeto,” “impulso,” “urto” invoked by Galvani
nervous signaling appeared to be a genuine electrical phenomenas a fundamental aspect of the mechanism capable of setting in
also because it involved a change in the electrical potential of thenotion the intrinsic animal electricity.
membrane as a necessary, “causal” link for the release of the The model of the nerve signal generation proposed by Hodgkin
intrinsic electrical energy and for the consequent development oand Huxley, on the basis of the activation characteristics and
signaling event. kinetic properties of the membrane currents identified in their
This resulted in a clear and simple way from the comparisonstudies, accounts for most of the properties of the excitation and
between membrane currents elicited by voltage pulses of oppositeonduction process along the nerve fiber.
polarities (Fig. 15a—d). The currents elicited by hyperpolarizing In this model the equilibrium potentials of the various mem-
pulses (i.e., by pulses which increased the negativity of the celbrane currents correspond to the values of the electrical membrane
interior relative to the extracellular medium) were of small ampli- potential at which the tendency of the ions to move, as a conse-
tude and could be accounted for largely by simple movements ofjluence of their transmembrane concentration gradients, is coun-
charges under the effect of the applied, extrinsic potential. Theseeracted by the electrical field. These equilibrium potentials for the
currents were inward-going (i.e., positive charges entered thén mechanisms of the membrane are modeled by three electrical
membrane, as expected) because the cell interior was made madoatteries. Being distributed along the axon fiber, these batteries
negative by the applied stimulus. Their size and their time cours@rovide the local energy for the propagation of the nervous im-
corresponded to those calculated on the basis of the pure physicplilse, an energy that corresponds to that of the gunpowder in the
characteristics of the membrane (i.e., resistance and capacitance)vid analogy proposed by Lucas (as noted previously).
Something different occurred with depolarizing voltage pulses The electrical behavior of the axon membrane during the gen-
(i.e., with pulses that made the cell interior less negative or moreeration and conduction of action potential is accurately described
positive) with respect to the exterior, particularly when theseby the Hodgkin—Huxley model in all its fundamental aspects.
stimuli were of an amplitude that would have been suprathresholdmong other parameters, the model accounts for the all-or-nothing
in normal conditions (i.e., in the absence of voltage clamp). Thecharacter of nervous impulses with the presence of a threshold and
initial phase of the membrane response was dominated by a largef a refractory period. It describes in a satisfactory way the time
inward current, a current totally inexplicable as a pure chargecourse of both the local and propagated electrical signals and of the
movement under the influence of the changed electrical fieldaccompanying conductance changes. Moreover, according to the
Because a depolarizing stimulus moves the internal membranmodel, the strong temperature dependence of the processes of
potential in the positive direction, the current directly produced byexcitation and conduction can be explained as a result of the strong
this stimulus should be outward-going (i.e., an excess of positivénfluence that temperature exerts on the gating mechanisms con-
charges should leave the cell interior under the effect of therolling the ion currents involved in action potential generation
changed field). The fact that the main experimental current wa$65,69].
actually inward-going, under these conditions, suggested that the
charge movement was not directly caused by the change in elec- .
tricalgfield across the membrane i)rgduced by }[/he appliedgstimulus(,f.on channels, Patch-Clamp, and Galvani
It was the consequence of changes in membrane properties in- Most of the fundamental predictions of the Hodgkin—Huxley
duced by the depolarizing stimulus, which resulted in a movemeninodel were confirmed by subsequent studies. It was shown that the
of ions under the effect of a preexisting energy gradient, a gradienearly inward and the delayed outward current, carried by sodium
originating from the metabolic activity of the cell. The membrane and potassium ions, respectively, depends on two specific and
modification consisted of an increase of the permeability to sodiunmindependent membrane mechanisms, because each of them can be
ions that allowed for the entrance of these ions under their elechlocked by specific pharmacological agents (the sodium current by
trochemical gradient through a process that will be later denoted athe puffer fish poison tetrodotoxin [91], and the delayed potassium
“gating.” current by tetraethylammonium, [105]). Moreover, it will become
The increase of permeability, induced by depolarizing stimuli,clear that, as assumed by Hodgkin and Huxley, the ion currents
was assumed by Hodgkin and Huxley to result from an electricainvolved in electrical excitation of nerve and muscle membranes
influence on charged particles present in the membrane and regare due to fluxes of ions along their electrochemical gradients, and
lating the membrane capability to allow for a selective passage ofhat active metabolic phenomena (to be called “ion pumps”) do not
sodium ions, via a mechanism that will be denoted as “activation.'intervene directly in producing the currents [67,97,100,110]. Met-
The voltage-dependence of the ion permeability changes involvedbolic processes intervene indirectly in electrical membrane phe-
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FIG. 15. Voltage clamp currents elicited in squid axon by a hyperpolarizing (a), and a depolarizing (b) voltage step.
Contrary to the nowadays conventions, in both tracings an upward deflection indicates a current entering into the cell,
while a downward deflection indicates a current flow from the inside to the outside of the cell. In the upper panel the
potential is displaced from the resting value-685— 130 mV and this results in a very small inward flow of current
(almost undetectable at the used amplification). In the lower panel the voltage is displaced@eri mV resulting

in a large biphasic current with an early, inward-directed component carried by sodium ions that enter the cell, and
in a late, outside-directed component corresponding to the outflow of potassium ions; (c, d) two photomicrographs of
the squid axon penetrated with intracellular metallic electrodes for voltage-clamp experiments, obtained with
transmitted light or dark field illumination, respectively. (From [65]).

nomena, because normally they serve to establish and maintain tiséudies concerned the mechanism of ion permeation through the

ion gradients, from which the electrical potential at both rest andnembrane. The hypothesis oscillated between a diffusion process

during excitation originate. through a pore-type device, and a permeation mechanism involv-
The questions left largely unresolved by the Hodgkin—Huxleying a carrier molecule.
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Increase in ring to the metallic conductor, which, in his Leyden jar model,
. - represents the equivalent of the nerve, he wrote:
sodium permeability “.. . let one plaster then this conductor with some insulating sub-

stance, as wa. . . let onemake small holes in some part of the
plastering which concerns the conductor. Then let one moist with
water or with some other conductive fluid all the plastering, having
care that the fluid penetrates in the above-mentioned holes, and

Depolarization comes in contact with the conductor itself. Certainly, in this case,
there is communication through this fluid between the internal and

of membrane the external surface of the jar.” ([33] pp. 246—-247).

Entry of sodium

. GALVANI AND VOLTA AND ANIMAL ELECTRICITY
(provided E> Epy,)

The electrophysiological studies carried out in these last two
centuries have fully confirmed Galvani’s insightful hypothesis of
the existence of an “animal electrigit. . a kind of electricity
essentially linked with life itself, and inherent in some animal

FIG. 16. The Hodgkin cycle of the sodium current in the discharge of thefnctions,” as Volta himself defined it in a famous letter sent in
acg_on POte”t'e_‘t'r:] membrane dte_polanzatlc}nthm%reasefs tZ‘? pe_rmeabltllty_ 19782 to Mme. Le Noir de Nanteuil ([107] pp. 8—12). At that time,
sodium lons with a consequent inCrease O e Tlow Of sodium lons enterin: ;L
the cell. In turn, this resm?lts in a further depolarization of the membraneqmlta. took fo_r granted that such form of e_IectrICIt)_/ was present
and, therefore, in an additional increase of sodium permeability. Theonly In eleqtrlc f'SheS' We Know now that this electricity is present
process will be of a “regenerative” or “explosive” character and will tend Practically in all animal beings. _
to bring the membrane potential to a level capable of contrasting the The animal electricity supposed by Galvani and proved by
tendency of sodium ions to enter the cell, because of their larger extracesubsequent studies is “essentially linked to life” because it depends
lular concentration (From [55]). on an organization typical of living beings, an organization based
on the existence of membranes that contain structures capable of
separating ions and of establishing ion gradients by using meta-
bolic energy (the ion pumps). They are capable, moreover, of
The studies carried out after Hodgkin and Huxley have clarifiedconverting these ion gradients into electric potential differefices.
the mechanism of ion permeation involved in membrane electricaAs Galvani supposed, animal electricity exists in nhormal condi-
excitability with a molecular resolution, and this is probably the tions in a state of “unbalance” or “disequilibrium,” and it is ready
most important achievement of contemporary membrane electrao be set in motion by internal physiological processes or following
physiology. Besides conceptual advancements, the success thfe influence of external agents. This electricity is involved in
these studies was largely made possible by the invention, in 1976undamental physiological processes such as muscle and nerve
by Erwin Neher and Bert Sakmann of a patch-clamp technique foexcitation, and it corresponds to the elusive “animal spirits” of the
recording the elementary electrical events of the membrane, thmedical science of the classic period. In some way animal elec-
currents passing through a single molecule of the permeatiotricity is accumulated in animal tissues as in electrical capacitors,
device present in the membrane structure [92,109]. and the Leyden jar, which represented in Galvani's epoch the
Patch-clamp studies have provided definite evidence that menprototypical capacitor, appeared, therefore, to be an appropriate
brane currents involved in the electrical behavior of the cells aramodel for the electrical condition of animal tissues.
carried by ions passing through protein structures embedded in the In many respects, therefore, Galvani's ideas have been con-
membrane. These structures, indicated as ion channels, providemed by studies made after him, and it seems appropriate to
hydrophilic paths whereby ions can permeate in spite of theconsider Galvani the real founder of electrophysiology, as the new
hydrofobic properties of the lipid constituents of the membranescience of animal electricity was called by Carlo Matteucci. In
[50]. retrospect, it is also appropriate to consider decisive, in support of
This digression on the studies of “animal electricity” after animal electricity, some of Galvani's experiments and in particular
Galvani ends here, and | return to the main theme of this articlethose experiments in which he produced muscle contraction with-
with the hope that the considerations on the historical aspects ajut recourse to metalda( contrazione senza meta)lothe 1794
electrophysiology will help us to better understand the variousexperiment in which the contraction was obtained through a direct
aspects of the scientific discussion on animal electricity at thecontact between nerve and muscle, and, finally, the experiment of
epoch of Galvani. Before leaving the subject of ion channels1797 in which the contraction was produced in the absence of any
however, it is perhaps apropriate to mention here that in order t@ontact between heterogeneous tissues.
account for the possible passage of electricity from the interior to  For reasons previously explained in this article, Galvani con-
the exterior of nerves necessary for explaining the experimentadidered muscle tissue as the main accumulator of animal electricity
contractions in his frogs, Galvani came very near to conceiving thén the organism, and he assumed that nerves behave as simple
possible existence of structures similar to ion channels. By referpassive conductors, allowing for the reequilibration of the elec-

8 tis interesting to recall here the words that Galvani wrote in 1794, with reference to his hypothesis of a disequilibrium of electric fluid insaniesal ti
“Such a disequilibrium in the animal either must be there naturally or should result from artificium. If it is there naturally, we should admitefeatimah
there is a particular machine capable of generating such a disequilibrium, and it will be convenient to refer to this form of electricity as to an animal
electricity in order to denote, not an electricity whatsoever, but a particular one referred to a particular mactdoewhat will it be this animal machine?
We cannot establish it with certitude; it remains totally occult to the most acute sight; we can do nothing else than figure out its propertiesttaest,from
somewhat envision its nature.” ([33] pp. 201, 205). The membrane, with its ion pumps that creates dissimilar concentratiomsdfdNaand with ion
selective channels capable of converting concentration differences into an electrical potential, is just the hypothetical machine suppeaerdrbgr&al
than two centuries ago.
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tricity present in the muscle in a state of unbalance. The rolestimulating an unknown internal force. Following the experiment
assigned to nerves was undoubtedly a weak point in Galvani’'svith metals, he became fully convinced that the internal force was
theory, which was aimed at by Volta, when the physicist of Paviaelectrical (what other kind of fluid could permeate a metal without
realized in his experiments that muscle contraction could be inany apparent difficulty?). For Galvani, to renounce to the idea that
duced with a bimetallic arc connecting two different points of the in these experiments metals were acting basically as conductors of
same nerve in the absence of any contact with muscle tissue. an internal electrical fluid was, therefore, a possibility totally
The problem roused in that regard by the objections of Voltaunreconcilable with his mental elaboration on the hypothesis of
presented to Galvani’'s theory was a major one, involving one ofanimal electricity.
the most serious difficulties that precluded the acceptance of the Many differences undoubtedly existed between Galvani and
doctrine of animal electricity by many important scientists of the Volta from several points of view, ranging from their scientific
18th century. If electricity existed in the organism, and if it was formation to their human attitudes. On one side Galvani, the
involved in the functioning of nerve and muscles, how could it beanatomist, an old style biological scientist, #a/antof theancien
in a state of unbalance in animal tissues that were mainly comrégime with a tendency to present the results of his investigation
posed by liquid bodies, known for being “deferent” (i.e., good to a small circle of colleagues in Bologna, rather than to write
conductors of electricity’?In physics, the capacitor was the only scientific articles or memoirs to be spread around Europe, prefer-
device capable of maintaining electricity in a state of unbalance foring to use Latin or Italian for his scientific papers many of which
a long time, and this explains why Galvani made recourse to thevere left unpublished, reluctant to accept the social and political
Leyden jar analogy in his theory. However, a capacitor implied anchanges of his time. On the other side Volta, the brilliant modern
insulating material separating two conductors, and it was thereforphysicist, in close relationship with the most important academies
necessary to assume an organization of animal tissues compatitdéd scientific institutions of Europe, frequently travelling outside
with the presence of a possible insulator separating two conductivhis country, publishing in French, English, and German the results
compartments. Although at the epoch of Galvani there was nf his studies, apparently much more at his leisure in a world
clear evidence for the cell structure of animal tissues, and theindergoing revolutionary transformations.
existence of a membrane separating an internal and external com- The differences between Galvani and Volta have, however,
partment was only a vague possibility, it seemed plausible tdeen exaggerated by a tradition more inclined to create a legend
Galvani to assign some special characteristic (i.e., an insulatinground the two great scholars than to investigate the real matter of
property) to the ill-defined structure enclosing the muscle fiberstheir scientific debate. To attribute to these differences the diffi-
The next logical step in the development of Galvani’'s hypothesisculties that the two competitors had in accepting the point of view
was to find a possible way whereby a functional communicationof the adversary and in reaching a common view, would be to
could be established between the interior and the exterior of thenderestimate the importance of their scientific controversy. The
muscle fiber in spite of the hypothetical insulating material sepa+eal problem was that it appeared hard to conceive, two centuries
rating the two compartments. The evidence that nerves penetratgo, that nerve conduction was electrical, not only because it
deeply and diffusely in muscle tissue allowed Galvani to assignmplied a flow of an internal electricity existing in a state of
this role to the nerve fibers that he supposed to penetrate insidenbalance (Galvani’s view), but also because this electricity was
every muscle fiber. set in motion only by an electrical stimulus. In normal conditions
Galvani could not accept, therefore, the main point raised bythis stimulus was derived from a variation of the same internal
Volta with his experiment of the effectiveness of a bimetallic arcelectricity, according to a self-exciting cycle, while in the condi-
connecting two points of a nerve. He tried to envision explanationgions of Galvani’'s or Volta's experiments it was provided by
that could undermine its relevance (such as the previously merexternal electrical influences. There was no model in the physics of
tioned “occult arc”), because it was impossible for him to figure those days for an electrical fluid that had in itself the tendency and
how an electrical disequilibrium could exist between two similar the energy for moving, but which required, nonetheless, a stimu-
zones of the nerve that were not separated by any insulatintating electrical action to start its actual motion. Science had to
material. It was previously mentioned that Galvani became wellwait a long time before seeing completely elucidated, with the
aware of the possibility that external electricity could set in motiondiscovery of the Hodgkin cycle, the deep reasons for the conflict
internal electricity. It may, therefore, appear hard to conceive whybetween Galvani and Volta on the mechanism of nerve and muscle
he did not accept the suggestion of Volta that metals were actingxcitability.
as a source of external electricity, similar to the case of the spark Galvani’s interpretation of his experiments carried out in 1794
from an electric machine and of the lightning from atmosphericand 1797 can be considered correct as to the main raised issue (the
electricity. In the author’s opinion this depends on the fact that theexistence of animal electricity), but not for the proposed mecha-
first experiments with metals (“the experiment on the balcony”)nism of excitation. In none of the two circumstances was the
marked the fundamental transition in the conceptual elaboration oélectrical excitation due to a simple conduction mechanism along
Galvani toward the doctrine of “animal electricity.” Undoubtedly artificial or natural arcs. In all cases, the excitatory stimulus was
Galvani had started his experiments with the aim of verifying thethe difference of potential generated by the contact between an
neuroelectrical hypothesis of muscle contraction proposed in 173Bjured and an intact tissue surface. This stimulus depolarized
by Stephen Hales in England, and in Bologna strongly advocatetbcally the nerve (or muscle) membrane and, therefore, set in
by Tommaso Laghi [20,40,73]. However, up to the experimentsmotion the internal electricity accumulated across it in a condition
with metals, Galvani thought that his results could only demon-of unbalance. In Galvani’s writings we can find some indication
strate that electricity was acting as an external agent capable dfiat he was aware of the particular effectiveness of injured tissue

9 Although convinced that electricity was “the most powerful stimulant” of muscle contraction, Haller nevertheless refused the identification of the
nervous and electrical fluid on the basis of the impossibility to conceive how electricity could move along restricted paths in organisms composed o
electrically conductive tissues. “All animal matter” he said “is from that kind of bodies that assume electric nature through communicationm&lall an
parts are equally apt to receive it. Now, assume that either sciatic nerve or muscle is full of electric matter, and incited to motion; certaittigrtvdt ma
diffuse anywhere, being not restricted by any limit, to the adipose tissue around, to nearby muscles, until an equilibrium will be born.” ([42] p. 255)
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in evoking contractions. For instance, in the 1797 experiment hesmall amounts of total charge. It manifested itself quite evidently
recognizes that the contraction occurs if the contact is establisheith a series of visible, or otherwise perceptible effects, such as
through the “small mouth” of one of the two nerves (i.e., throughsparks, electric stars or “aigrettes,” electrical wind or electrical
its cut section) ([33] p. 323). However, only with Matteucci would odor, etc. In those days these effects were considered as funda-
it become clear that intrinsic animal electricity manifests itself mental qualifications for the presence of the electrical fluid. For
experimentally only by connecting an injured and an intact tissugnstance, in 1836, many years after Galvani, the presence of sparks
surface. as evidence of animal electricity was still considered so important
If Galvani could not easily accept Volta's views on the role of that a fervid discussion occurred at theadenie des Sciencesf
metals in producing the electricity in the bimetallic-arc experi- paris on a question of priority, raised against Carlo Matteucci by

ment, Volta, on the other hand, could not accept Galvani's hy-ganj Linari, concerning the possibility of obtaining sparks from
pothesis of an intrinsic animal electricity and at the same t'meTorpedo [87].

maintain his confidence in the electromotive force of bimetallic However, except in electric fishes, in no other circumstances

contacts. For Volta this meant accepting the idea that the form of; i appear possible to obtain such sparks, or other manifest

elgctrlcﬁy he had discovered (th.e rr]etalllq one) was acting as Jlectrical signs, to support the presence of an electrical force in
stimulating cause capable of setting in motion the other electricity,

. 9 =T X - animal tissues as was assumed by Galvani. This seemed a serious
(e, the intrinsic, animal one). As already mentioned, there WaYitficulty. Galvani hesitated between two different conceptual at-
not a simple physical model that could support a similar possibility Y. p

(i.e., an electrical force that manifested itself only under the actiorF'IUdes' T]tl;ahabsetnce of oyer_tt elefcmcal |S|gtn_s (iofuld b? th? cgn_se-
of another similar electrical force). In that regard, Volta’s attitude quence of the extreme exiguity or the electrical force Involved in

oscillated between two mutually exclusive possibilities. External"€"Ve and muscle excitation. Or it could be hypothesized that the
electricity could be acting as a pure stimulus (similar to a chemicaflectrical phenomena of organisms depended on a peculiar form of
or to a mechanical excitor) activating some internal nonelectricelectrical fluid that resembled common electricity for some of its
force, and nothing was, therefore, intrinsically electrical in the Properties (e.g., the rapidity of propagation, the capacity of flowing
physiological processes leading to muscle contraction from nerva@long metal bodies and other “conductive” materials), but it dif-
excitation. Alternatively, the external electrical force was causingfered from common electricity because of the absence of sparks
the motion, inside the organism, of an electrical fluid that hadand of other evident electrical signs. This second possibility should
nothing of especially animal and was in no way especially relatechave appeared to Galvani as a convenient response to the objec-
to the living state. According to this last view, which finally tions of Volta (see for instance [33], pp. 232-233, 304-306). The
prevailed in Volta's elaboration, animal tissues were simple con-special electrical fluid proper to animal tissues were to be com-
ductive bodies, similar to other humid conductors, and particularlymonly denoted as “Galvanic fluid,” where “Galvanic” was used
to saline solutions. If the metals were electromotive, why shouldmore to signify the unusual, and somewhat ambiguous character of
one assume the presence in the organism, of another possible cauhls fluid than to give credit and honor to Galvani for its discovery.
of motion of the electrical fluid? In Volta’s opinion, if an electric- However, Volta did not content himself by seeing that his adver-
ity existed in the animal body, this was simply the “common” type sary moved a step back in his theory of animal electricity, by
of electricity, present in animal tissues as in any conductive bodyrecognizing the special character of the electricity present in living
Besides other reasons, there was, therefore, an argument deriveghanisms. At some stage of his elaboration, Volta definitely
from the economy of scientific thinking that prevented Volta from excluded the involvement of any form of special electricity in
accepting Galvani’s conception of intrinsic animal electricity: if a myscle and nerve functions. As already noted, when Volta became
suff|C|ent.cause for the motion of electricity in animal tissues wasty|ly convinced of the electromotive power of metals, he attacked
at hand (i.e., the electromotive power of metals), why should ongsajyani with new arguments. It was an electrical fluid that under-
invoke for the same effect, another additional cause (i.e., g, myscle and nerve excitation, but not a “Galvanic” type of fluid.

intrinsic unbalance of eleptrlc fde)? The PfOb'em here IS thaty \aq simply the common electrical fluid present in all conductive
sometimes the paths leading to scientific discoveries, particularl ;

. . . S odies.
to discoveries capable of causing a true revolution in the progress Ironically, the history of science took some revenge against
of science, do not follow necessarily the way indicated by the, L : . .

: L - Volta in this respect. After the invention of the electrical battery,
formalism of scientific method elaborated by scientists, or, more b d hat the electrical f d by th
often, by philosophers of science. it soon became evident that the electrical force generated by the

' new “wonderful” device differed from the typical force of the
electrical machines and of Leyden jars, and was more similar to the
GALVANIC FLUID AND THE VOLTAIC BATTERY supposed animal electricity of Galvani. As a matter of fact, the
The cause of the apparently stubborn attitude of Volta inelectrlcal force of the battery did not easily produce sparks or other

refusing to accept the idea of an animal electricity is to be founcf‘:lassical electrical signs. Nevertheless, it was powerf_ul_in prOdl.JC'
in this kind of logical difficulties ing other effects that also seemed related to electricity. For in-

The discussion concerning the involvement, in nerve and musStance it was very effective in producing chemical and thermal
cle excitation, of a specific animal form of electricity, or of €actions. We know now that this is due to the fact that in contrast
common electricity, had other historically interesting implications, 10 the electrical machines, the electricity of normal batteries is
besides those pertaining closely to the Galvani-Volta controversysharacterized by a small voltage and a large amount of charge. The
which are interesting to consider here. apparently ambiguous character of the electricity of the battery

Before the introduction of the electrical battery, the electricity €Xplains why the term “Galvanic” was used also to indicate the
commonly used in the various forms of experiments carried out ircalm but powerful form of electricity developed by the battery,
18th century was basically that provided by electrical machineswhich contrasted with the tumultuous, but relatively ineffective,
and from these brought to, and accumulated in, capacitor devicgorce of electric machines. It is somewhat paradoxical that the
(i.e., Leyden jars or Franklin's magic squares). Generally thisname of Galvani was to become somewhat associated, in this way,
electricity was characterized by extremely high voltages and byto the main invention of his great competitor.
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CONCLUDING REMARKS: BIOLOGICAL CONCEPTS The spark is not the cause of its enormous effort, which greatly
AND PHYSICAL LAWS exceeds it in force, it is only the exciting cause, which liberates in

It has been proposed that among the reasons for the difficulty otihe powder the energy of an agent which is enclosed in it.

the two great adversaries to recognize what was valid in thed The rllee?le thgt7 gg(:?kls }he heart does what the spark
hypothesis of the antagonist was also the impossibility of recon- oes .. (Fontana, [27,68, ])'. -
Now we can better appreciate this discrepancy between exter-

ciling in the 18th century science a biological and a physicalnal stimulus and phvsiological response in quantitative terms. b
approach to an experiment intrinsically “double-faced.” The inter-"2; Stmu'd physiolog! P In quantitativ » DY
noting for instance that the energy of the response induced in a

est of Galvani was 1o discover a biological mechanism, Whileretinal rod by a single photon is about one hundred thousand times
Volta was studying a particular aspect of the “physics” of elec- Y giep

tricity. Like ambiguous images, the “prepared” frogs resenteoljarger than t_he energy of the phOth ltself. The energy of the
two zilifferent and ?nutually ex%:lusive asgecpt)s and Gagllvaﬁi or Volta ¢ >PONse evidently depends on an internal energy (generated by

were able to perceive only one of them [96]. As already men"i\netabollc processes and, therefore, “vital”), which is released

tioned, in communicating the invention of the battery to the RoyalfOIIOWIng the_absorptlon of a photon. We know now in d_etall the
Societ’y Volta eventually speculated that if electricity exists in thecomple>_< chain of events that lead from photon absorption to the
lectri ’ﬂ h this i mmon form of electricit nerated “generation of the photoresponse, and how, through these events,
electric Tish, this IS a common form ot electricity generateéd ac-y,q energy accumulated across the photoreceptor membrane leads
i:orqlmg to the physncalﬂ p.r|n0|ples underlying his newly mventgd to a movement of charges and to a change of potential that initiates
artificial electric organ” (i.e., the battery). As a matter of fact, in

the vi fth t of Pavia. the electric fish ing.in th the vision process. Phototransduction depends on a complex struc-
e view ol the savant of Favia, the electric ish was copying, In &, o) anq functional organization of the photoreceptor cell, which

organization of its electrical bodies, the arrangement of his batter}ﬁwakes ; ; : ; : :
. . possible the integration of many different events in a highly
([207] p. 582). Apart from the excessive boldness of this ConC|u'eIaborated process [66]. This process, set in motion by photon

sion, one could be tempted to recognize in the words of Volta the,,qqntion, is the specific form whereby the photoreceptor ex-
modernity of an attitude that asserted the general applicability t‘bresses what we could call its irritability.

living organisms of the principles of physics, in an epoch still i is nerhaps not straying too far from the truth to say that the
dominated by vitalistic conceptions. As a matter of fact, the greatstion of irritability has anticipated subsequent developments in
progress of biology in the following century corresponded to thepgnpiplogical sciences too, and, in particular, it precedes concep-
definitive acquisition of the validity and applicability of physical 4|1y the development of automatisms in modern machines, and
laws in biological processes, according to a program that wagysq, in some way, of “digital” logic in information science and
particularly pursued by the great scientists of the German bioPhySrechnoIogy.

ical school (e.g., du Bois-Reymond, von Helmholtz, Ludwig,  an overview of history of science, particularly in 19th century,
Bricke). o ) ~ clearly shows the prominent importance of physical sciences in the

But some caution is necessary here. The history of sciencgrogress of scientific knowledge and in the evolution of scientific
shows that some fundamental notions on the organization anghinking. However, scientific knowledge extends beyond the limits
functioning of living bodies did not derive from the application to of physics, at least of the physics in the ordinary, reductionist
biology of the laws of the physics. The theory of evolution, the meaning we normally assume today (as a matter of fact “physics”
laws of genetics and immunology, the principles of enzymaticderives from the Greek “physis,” nature, and at the time of Galvani
action, the notions of homeostasis and regulation, and the conceghd Volta it was still used to denote natural sciences in a general
of feedback control are eminently biological conceptions, primar-sense, and, in this respect, it was akin to “physiology,” which
ily derived from the study of living organisms even though all the means literally “science of nature”). Natural and biological sci-
biological process involved therein must ultimately obey the lawsences, and particularly physiology, have provided important con-
of physics. ceptual schemes useful for the general progress of scientific

As already discussed in this article, in the case of Galvani, arknowledge. This is for instance the case for the concept of feed-
important interpretative notion, seminal to the discovery of animalback control, which emerged first in biology and was later usefully
electricity was the concept of “irritability.” The word “irritability”  incorporated into the realm of physical and technological sciences.
may sound ancient now, and somewhat reminiscent of a time-worn  The impact of a biological scheme on a physical discovery is
vitalistic creed. However, irritability was an insightful notion that illustrated by the discovery of the electrical battery. Whatever was
penetrated into one of the most characteristic aspect of functionahe mental elaboration guiding Volta to the invention of battery, it
organization of living organisms. The reaction of the organism tois certain that in constructing this epoch making device, Volta’s
an external (or internal) influence largely depends on its internahttitude was in fact that of creating an apparatus which, in the
organization and is not a simple “physical” result of the influencemorphological and functional arrangement of its components, was
acting on it. As already mentioned, implicit in the notion of clearly much more related to complex machines of “organic” type,
irritability was the idea that the “force” (or the energy, according derived from the realm of biology (the electric organ of the fish),
to a modern word), necessary for the expression of the specifithan to the simple physical devices of his time ([108] pp. 61-63).
reaction is accumulated in the organism, and is not directly related
to the force (or energy) of the external influence. At the time of ACKNOWLEDGEMENTS
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