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Misure di attività elettrica in cellule viventi

Perché elettricità?
MINISTERO DELLA SALUTE, DECRETO 11 aprile 2008
Aggiornamento del decreto 22 agosto 1994, n. 582 relativo al: «Regolamento
recante le modalità per l'accertamento e la certificazione di morte». (GU Serie
Generale n.136 del 12-06-2008

Art. 1. Accertamento della morte e arresto cardiaco
In conformità all’art. 2, comma 1, della legge 29/12/1993, n. 578, l’accertamento della 
morte per arresto cardiaco può essere effettuato da un medico con il rilievo continuo 
dell’elettrocardiogramma protratto per non meno di 20 minuti primi, registrato su 
supporto cartaceo o digitale.
Art. 2. Requisiti clinico-strumentali per l’accertamento della morte nei soggetti 
affetti da lesioni encefaliche e sottoposti a trattamento rianimatorio
1. Nei soggetti affetti da lesioni encefaliche sottopost a trattamento rianimatorio, salvo i 
casi particolari indicati al comma 2, le condizioni che, ai sensi della legge 29/12/1993, 
n. 578, art. 3, impongono al medico della struttura sanitaria di dare immediata 
comunicazione alla Direzione sanitaria dell’esistenza di un caso di morte per 
cessazione irreversibile di tutte le funzioni dell’encefalo, sono:
a) assenza dello stato di vigilanza e di coscienza, dei riflessi del tronco encefalico e del 
respiro spontaneo;
b) assenza di attività elettrica cerebrale; c) assenza di flusso ematico encefalico, ……
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Breve storia dell’ elettrofisiologia L’assone gigante del calamaro

Hodgkin (a sinistra) e Huxley (a destra), premi 
Nobel nel 1963 per “ le loro scoperte 
riguardanti I meccanismi ionici coinvolti in 
eccitazione e inibizione delle porzioni 
periferiche e centrali delle membrane delle 
cellule nervose”

J.Z. Young, scopre l’ 
assone gigante del 
calamaro e la 
corrispondente sinapsi 
gigante (1930-40)
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Figure 3. Intracellular recording of the squid giant axon action potential
A, photomicrograph of an electrode inside a squid giant axon (diameter ∼500 µm). Two views
of the same axon are visible from an ingenious system of mirrors devised by Huxley. This
allowed simultaneous viewing of the electrode from both front and side and was essential to
avoid the electrode damaging the nerve membrane as it was threaded down the axon. Image
taken from Hodgkin & Huxley (1945). B, the first intracellular recording of an action potential.
The sine wave time marker has a frequency of 500 Hz. Reproduced from Hodgkin & Huxley
(1939) by permission from Macmillan Publishers Ltd: Nature C©1939.

Figure 4. A family of currents acquired using large depolarizations under
voltage-clamp control
There are a few unusual features of this original recording. Both the traces and voltages have
the opposite sign to the current convention, inward currents are shown plotted upwards and
depolarizations are given relative to the holding potential as that of the outside with respect to
the inside. The –91 mV step represents a depolarization of the inside of the nerve fibre to
∼+15 mV. Modified from Hodgkin et al. (1952).

working at Woods Hole were using the
technique in 1947 but Hodgkin and Huxley
had independently discussed the idea before
the end of the war. Certainly a whole
range of war work, both radar and
guidance systems, involved feedback control
(servo) systems. What is beyond doubt is
that Hodgkin and Huxley stamped their
ownership on voltage-clamping with the
remarkable family of currents produced in
July and August of 1949 (Fig. 4). Their
dual electrode approach, which avoided
the problem of electrode polarization, and
series-resistance compensation proved to be
a considerable advance over the technique
being used by Cole and Marmont. The
voltage-clamp allowed them to record,

directly, the ionic currents flowing across
the axonal membrane of the giant axon
without any resultant change in membrane
potential. The voltage-clamp also removed
the problems of capacitance and created
an isopotential membrane. Thus, they were
able to investigate the voltage sensitivity
and kinetics of the underlying ion channels,
helped in some experiments by Bernard
Katz (Hodgkin et al. 1952).

Modelling: m3h, n4 (1949–1952)

The culmination of Hodgkin and Huxley’s
partnership was the publication of their
mathematical model of the action potential

in 1952 (Hodgkin & Huxley, 1952a,b,c,d,e).
Not only was this the first quantitative
description of electrical excitability in nerve
cells, but it also incorporated physical
correlates that elegantly predicted recent
results concerning the gating structures of
ion channels (Fig. 5). It remains one of the
best examples of how phenomenological
description with mathematical modelling
can reveal mechanisms long before they can
be directly observed.

The initial analysis of the data they
collected in the summer of 1949 came as
a disappointment to them as the unusual
delayed-onset kinetics were unexpected.
According to Hodgkin it was Huxley who
eventually proposed the n4, m3 and h models
that provided an excellent fit to the families
of currents they had recorded.

Thus, in modelling the K+ channel they
assumed that a certain number of charged
particles had to move, under the influence
of the membrane potential, to allow K+ to
pass. They denoted the open probability
of each charged particle as n. They found
that n4 introduced the appropriate delay
to the onset kinetics to produce a good
experimental fit to their voltage-clamp data.
Similarly, for the Na+ current the activation
was fitted well by three charged particles
(m3) for activation, and one for inactivation
(h). Using their voltage-clamp data they
then derived equations for determining n,
m and h at a range of potentials.

The Hodgkin–Huxley equation

I = CM
dV

dt
+ ḡ Kn4(V − VK)

+ḡ Nam3h(V − VNa) + ḡ l(V − Vl)

Hodgkin and Huxley thus emerged with
a model which incorporated four currents
(capacitance, K+, Na+ and leak). These,
when iteratively summed to give a total
current, I , predict the action potential time
course with remarkable accuracy. The three
voltage- and time-dependent, but otherwise
uncoupled ‘variables’ (n, m and h), which
define the proportion of the K+ and Na+

channels available as a proportion of the
maximum available conductance (ḡ K and
ḡ Na) at any given time within the trajectory
of an action potential, underlie the model’s
elegance.

Hodgkin and Huxley solved their
mathematical model for both stationary
and propagating action potentials using

C© 2012 The Author. The Journal of Physiology C© 2012 The Physiological Society
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L’assone gigante del calamaro

Cole and Curtis, 1939
demonstrated that the galvanometer reading was the
exclusive consequence of currents generated by the living
tissue [47]. Furthermore, Matteucci succeeded in measuring
the resting current between the intact and cut surface of the
muscle [46]. The next step was made by Emile du Bois-
Reymond, who was able to measure electrical events accom-
panying the excitation of nerve and muscle, and realized that
excitation greatly decreases the potential difference between
the intact surface and the cut portion of the tissue—hence, he
called the excitatory electrical response the “negative
Schwankung” (negative fluctuation) [17].

In 1850–1852, another fundamental discovery was made
when Hermann von Helmholtz, using the nerve–muscle
preparation, determined the speed of nerve impulse prop-
agation by measuring the delay between the application of
an electrical stimulus and the muscle contraction [24].
Furthermore, Helmholtz for the first time, used a smoked
drum to record muscle contractions [25]. To measure the
velocity of nerve impulse propagation, Helmholtz used a
technique developed by Claude Pouillet, who found that
galvanometer excursions induced by brief pulses of current
were proportional to the pulse duration [66]; incidentally,
this technique was successfully used in military practice for

determining the speed of cannon balls. By using this
method, Helmholtz was able to determine the delay
between electrical stimulation of the nerve and muscle
contraction, a delay, which he rather poetically defined as
“le temps perdu” (the lost time) [24, 66].

The speed of nerve impulse propagation measured by
Helmholtz caused some confusion: the values of the
propagation velocity were in the range of 25–40 m/s,
which was much slower than the propagation of electric
current. It was somehow difficult to correlate the Helmholtz
data with the excitatory currents of Dubois–Reimond, as the
time resolution of the contemporary techniques did not allow

Fig. 4 First recording of action potential from the nerve made by
Julius Bernstein [6, 52]; original images were kindly provided by Prof.
Bernd Nilius, University of Leuven. a The Bernstein rheotome; b the
recording of an action potential. The τ1 and τ2 indicate “sampling”
intervals of the rheotome; the duration m–o is the duration of action
potential [“negative Schwankung”, and n is the “sign reversal”
(overshoot)]

Fig. 5 First recordings from the squid axons. a The increase in
conductance of the squid axon during the action potential as seen by
Cole and Curtis [14]. Upper trace: action potential; white-dark band:
measure of the membrane impedance obtained with the Wheatstone
bridge method by applying a high frequency (20 KHz) sinusoidal
signal to two electrodes placed on the opposite site of a giant axon.
The time marks at the bottom are 1 ms apart. b The first published
intracellular recording of the action potential in the squid axon. Time
mark, 500 Hz [27]
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A QUANTITATIVE DESCRIPTION OF MEMBRANE
CURRENT AND ITS APPLICATION TO CONDUCTION

AND EXCITATION IN NERVE

BY A. L. HODGKIN AND A. F. HUXLEY
From the Physiological Laboratory, University of Cambridge

(Received 10 March 1952)

This article concludes a series of papers concerned with the flow of electric
current through the surface membrane of a giant nerve fibre (Hodgkin,
Huxley & Katz, 1952; Hodgkin & Huxley, 1952 a-c). Its general object is to
discu the results of the preceding papers (Part I), to put them into
mathematical form (Part II) and to show that they will account for con-
duction and excitation in quantitative terms (Part III).

PART I. DISCUSSION OF EXPERIMENTAL RESULTS
The results described in the preceding papers suggest that the electrical
behaviour of the membrane may be represented by the network shown in
Fig. 1. Current can be carried through the membrane either by charging the
membrane capacity or by movement of ion-s through the resistances in parallel
with the capacity. The ionic current is divided into components carried by
sodium and potassium ions (INa and IK), and a small 'leakage current' (I,)
made up by chloride and other ions. Each component of the ionic current is
determined by a driving force which may conveniently be measured as an
electrical potential difference and a permeability coefficient which has the
dimensions of a conductance. Thus the sodium current (INa) is equal to the
sodium conductance (9Na) multiplied by the difference between the membrane
potential (E) and the equilibrium potential for the sodium ion (ENa). Similar
equations apply to 'K and I, and are collected on p. 505.
Our experiments suggest that gNa and 9E are functions of time and

membrane potential, but that ENa, EK, El, CM and g, may be taken as
constant. The influence of membrane potential on permeability can be sum-
marized by stating: first, that depolarization causes a transient increase in
sodium conductance and a slower but maintained increase in potassium con-
ductance; secondly, that these changes are graded and that they can be
reversed by repolarizing the membrane. In order to decide whether these
effects are sufficient to account for complicated phenomena such as the action
potential and refractory period, it is necessary to obtain expressions relating
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Figure 3. Intracellular recording of the squid giant axon action potential
A, photomicrograph of an electrode inside a squid giant axon (diameter ∼500 µm). Two views
of the same axon are visible from an ingenious system of mirrors devised by Huxley. This
allowed simultaneous viewing of the electrode from both front and side and was essential to
avoid the electrode damaging the nerve membrane as it was threaded down the axon. Image
taken from Hodgkin & Huxley (1945). B, the first intracellular recording of an action potential.
The sine wave time marker has a frequency of 500 Hz. Reproduced from Hodgkin & Huxley
(1939) by permission from Macmillan Publishers Ltd: Nature C©1939.

Figure 4. A family of currents acquired using large depolarizations under
voltage-clamp control
There are a few unusual features of this original recording. Both the traces and voltages have
the opposite sign to the current convention, inward currents are shown plotted upwards and
depolarizations are given relative to the holding potential as that of the outside with respect to
the inside. The –91 mV step represents a depolarization of the inside of the nerve fibre to
∼+15 mV. Modified from Hodgkin et al. (1952).

working at Woods Hole were using the
technique in 1947 but Hodgkin and Huxley
had independently discussed the idea before
the end of the war. Certainly a whole
range of war work, both radar and
guidance systems, involved feedback control
(servo) systems. What is beyond doubt is
that Hodgkin and Huxley stamped their
ownership on voltage-clamping with the
remarkable family of currents produced in
July and August of 1949 (Fig. 4). Their
dual electrode approach, which avoided
the problem of electrode polarization, and
series-resistance compensation proved to be
a considerable advance over the technique
being used by Cole and Marmont. The
voltage-clamp allowed them to record,

directly, the ionic currents flowing across
the axonal membrane of the giant axon
without any resultant change in membrane
potential. The voltage-clamp also removed
the problems of capacitance and created
an isopotential membrane. Thus, they were
able to investigate the voltage sensitivity
and kinetics of the underlying ion channels,
helped in some experiments by Bernard
Katz (Hodgkin et al. 1952).

Modelling: m3h, n4 (1949–1952)

The culmination of Hodgkin and Huxley’s
partnership was the publication of their
mathematical model of the action potential

in 1952 (Hodgkin & Huxley, 1952a,b,c,d,e).
Not only was this the first quantitative
description of electrical excitability in nerve
cells, but it also incorporated physical
correlates that elegantly predicted recent
results concerning the gating structures of
ion channels (Fig. 5). It remains one of the
best examples of how phenomenological
description with mathematical modelling
can reveal mechanisms long before they can
be directly observed.

The initial analysis of the data they
collected in the summer of 1949 came as
a disappointment to them as the unusual
delayed-onset kinetics were unexpected.
According to Hodgkin it was Huxley who
eventually proposed the n4, m3 and h models
that provided an excellent fit to the families
of currents they had recorded.

Thus, in modelling the K+ channel they
assumed that a certain number of charged
particles had to move, under the influence
of the membrane potential, to allow K+ to
pass. They denoted the open probability
of each charged particle as n. They found
that n4 introduced the appropriate delay
to the onset kinetics to produce a good
experimental fit to their voltage-clamp data.
Similarly, for the Na+ current the activation
was fitted well by three charged particles
(m3) for activation, and one for inactivation
(h). Using their voltage-clamp data they
then derived equations for determining n,
m and h at a range of potentials.

The Hodgkin–Huxley equation

I = CM
dV

dt
+ ḡ Kn4(V − VK)

+ḡ Nam3h(V − VNa) + ḡ l(V − Vl)

Hodgkin and Huxley thus emerged with
a model which incorporated four currents
(capacitance, K+, Na+ and leak). These,
when iteratively summed to give a total
current, I , predict the action potential time
course with remarkable accuracy. The three
voltage- and time-dependent, but otherwise
uncoupled ‘variables’ (n, m and h), which
define the proportion of the K+ and Na+

channels available as a proportion of the
maximum available conductance (ḡ K and
ḡ Na) at any given time within the trajectory
of an action potential, underlie the model’s
elegance.

Hodgkin and Huxley solved their
mathematical model for both stationary
and propagating action potentials using

C© 2012 The Author. The Journal of Physiology C© 2012 The Physiological Society
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Patch clamp: varie configurazioni

Hamill OP, Marty A, Neher E, Sakmann B, Sigworth FJ.; 
Pflugers Arch. 1981 Aug;391(2):85-100.
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L'amplificatore

Stadio 1 (sonda) Stadio 2
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Come è fatto un microelettrodo

elettrodo Ag-AgCl

Soluzione di Ringer

muscolo scheletrico
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I dati: muscolo di topo P14
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6 L'analisi: idealizzazione
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L'analisi: lista degli eventi
Level Event Start Event End Ti Amplitude ( Amp S.D. (p Dwell Time Inst. Freq. (

0 0.000 23.720 -0.01637 0.81937 23.720 N/A
1 23.760 24.160 3.82924 0.60533 0.400 N/A
0 24.160 25.960 0.07956 0.85250 1.800 41.39073
1 25.960 27.200 4.00448 0.68911 1.240 454.54568
0 27.200 44.880 0.01128 0.80750 17.680 328.94727
1 44.920 45.080 3.21125 0.55025 0.160 52.74262
0 45.080 374.120 -0.33266 1.22187 329.040 55.92841
1 374.760 375.160 3.69576 0.67444 0.400 3.03177
0 375.160 375.240 0.55625 1.23625 0.080 3.02957
1 375.240 376.320 4.16298 0.47264 1.080 2083.41821
0 376.320 396.200 -0.06434 1.13125 19.880 862.06622
1 396.240 397.240 4.22310 0.58946 1.000 47.61905
0 397.240 398.640 0.04665 1.14812 1.400 47.80119
1 398.640 399.160 3.45062 0.75509 0.520 416.66241
0 399.160 407.000 -0.06364 0.93875 7.840 520.82971
1 407.000 408.520 4.42959 0.62503 1.520 119.61743
0 408.520 420.680 0.03177 0.87375 12.160 106.83778
1 420.720 421.200 4.17892 1.03711 0.480 72.88629
0 421.200 422.160 0.00948 0.88063 0.960 78.86421
1 422.160 423.640 4.35113 0.48691 1.480 694.44324
0 423.640 424.480 0.05372 0.89687 0.840 409.83566



Gli istogrammi: ampiezza
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Gli istogrammi: open time
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La curva corrente-voltaggio
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La curva corrente-voltaggio
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