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Action potential

Hodgkin Huxley

1952: they proposed the existence of 
voltage-dependent channels !!

(the structure of biological membranes 
was still unknown…)

AirAle2017
The Nobel Prize in Physiology or Medicine 1963 was awarded jointly to Sir John Carew Eccles, Alan Lloyd Hodgkin and Andrew Fielding Huxley "for their discoveries concerning the ionic mechanisms involved in excitation and inhibition in the peripheral and central portions of the nerve cell membrane."



Quantitative analysis of ionic currents �blocking�
membrane voltage at a given value.

VOLTAGE CLAMP technique
Cole (‘47)
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Hodgkin Huxley

1952: they proposed the existence of voltage-

dependent channels !!

(the structure of biological membranes was

still unknown…)
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voltage-clamp

experiments
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Na and K currents can be separated:

1. pharmacologically

(TTX blocks Na current

TEA blocks K current)

2. by ion substitution (extracellular

non permeable choline subs Na+)
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TTX

TEA



currents at each voltage

conductance

Analysis: 

extraction of 2 parameters

1. steady state currents

2. time constants
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The size of Na+ and K+ currents depends on two factors:

1. The magnitude of the Na+ or K+ conductances gNa or gK, which

reflect the number of Na+ or K+ channels open at any instant.

2. Electrochemical driving force of Na+ ions (Vm – ENa) or K+ ions ( Vm –

EK)

!"# = %"# ∗ '( − *"#
!+ = %+ ∗ '( − *+



Na+ and K+ currents (I) calculated at different V



Na+ and K+ conductances (g) are 
calculated from their currents

From the I values obtained Hodgkin
and Huxley were able to obtain gNa
and gK by the following equation

gNa = 
INa

V - VNa
gk = 

IK
V - VK



Na+ and K+ conductances (g) are 
calculated from their currents

Two common features:
- Both g increase in response to

depolarization
- As the size of depolarization increases,

the g increases



Na+ and K+ conductances (g) are 
calculated from their currents

Differences:
- The g differs in the rate at which they

open :
gNa is developing more rapid at every
Vm as comapred to gK
- When depolarization is maintanied for

some times gNa decrease leading to a
decrease of inward current =
INACTIVATION Na+ channels

- gK (of the squid axon)remains stable as
lomg as the membrane is depolarizaed
(at least for depolarizations lasting
10ms)



Na+ and K+ conductances (g) are 
calculated from their currents

Time-dependent effect of depolarization
on gNa are determined by the kinetics of
two gating mechanisms in Na+ channels.
- Activation gate closed while the

membrane is at resting potential and
opened by depolarization.

- Inactivation gate open at resting
potential and closes after the channel
opens in response to depolarization.
The channel conducts Na+ only when
both gates are open.



Action potential can be reconstructed from 
the properties of Na+ and k+ channels

Hodgkin and Huxley were able to fit their measurements of membrane g to
a set of empirical equations that completely describe Na+ and K+
conductances as a function of membrane potential and time.
Using these equations and measured values for the passive properties of the
axon, they computed the shape and conduction velocity of the action
potential.

The calculated waveform of action potential matched the waveform of
unclamped action potential almost perfectly indicating that the model
developed by Hodgkin and Huxley accurately described the properties of
the channels that are essential for generating and propagating the the
Action potential. This is still the most SUCCESSFUL QUANTITATIVE MODEL IN
NEURAL SCIENCES (at least) if not in all biology



The size of Na+ and K+ currents depends on two factors:

1. The magnitude of the Na+ or K+ conductances gNa or gK, which

reflect the number of Na+ or K+ channels open at any instant.

2. Electrochemical driving force of Na+ ions (Vm – ENa) or K+ ions ( Vm –
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gK+ kinetic HH MODEL

506 A. L. HODGKIN AND A. F. HUXLEY
where V=E-Er,

VNa = ENa -Er,
VK=EK-Er,
VI=Ei-Er,

and Er is the absolute value of the resting potential. V VgN, VK and VI can
then be measured directly as displacements from the resting potential.

The ionic conductances
The discussion in Part I shows that there is little hope of calculating the

time course of the sodium and potassium conductances from first principles.
Our object here is to find equations which describe the conductances with
reasonable accuracy and are sufficiently simple for theoretical calculation of
the action potential and refractory period. For the sake of illustration we
shall try to provide a physical basis for the equations, but must emphasize
that the interpretation given is unlikely to provide a correct picture of the
membrane.
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Fig. 2. A, rise of potassium conductance associated with depolarization of 25 mV; B, fall of

potassium conductance associated with repolarization to the resting potential. Circles:
experimental points replotted from Hodgkin & Huxley (1952b, Fig. 13). The last point of
A is the same as the first point in B. Axon 18, 210 C in choline sea water. The smooth curve
is drawn according to eqn. (11) with the following parameters:

Curve A Curve B
(V= -25 mV) (V=0)

9qKo 0 09 m.mho/cm2 7.0 m.mho/Cm2
9gOo 7-06 m.mho/cm2 009 m.mho/cm'

n075 msec 1 1 msec

At the outset there is the difficulty that both sodium and potassium con-
ductances increase with a delay when the axon is depolarized but fall with no
appreciable infiexion when it is repolarized. This is illustrated by the circles in
Fig. 2, which shows the change in potassium conductance associated with
a depolarization of 25 mV lasting 4-9 msec. If g9 is used as a variable the end
of the record can be fitted by a first-order equation but a third- or fourth-order
equation is needed to describe the beginning. A useful simplification is

«Our object here is to find equations which describe the conductances with
reasonable accuracy and are sufficiently simple for theoretical calculation of
the action potential and refractory period.» HH, JPhysiol, 1952

A, rise of potassium conductance
associated with depolarization of
25mV;
B, fall of potassium conductance
associated with repolarization to the
resting potential.
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506 A. L. HODGKIN AND A. F. HUXLEY
where V=E-Er,

VNa = ENa -Er,
VK=EK-Er,
VI=Ei-Er,

and Er is the absolute value of the resting potential. V VgN, VK and VI can
then be measured directly as displacements from the resting potential.

The ionic conductances
The discussion in Part I shows that there is little hope of calculating the

time course of the sodium and potassium conductances from first principles.
Our object here is to find equations which describe the conductances with
reasonable accuracy and are sufficiently simple for theoretical calculation of
the action potential and refractory period. For the sake of illustration we
shall try to provide a physical basis for the equations, but must emphasize
that the interpretation given is unlikely to provide a correct picture of the
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Fig. 2. A, rise of potassium conductance associated with depolarization of 25 mV; B, fall of

potassium conductance associated with repolarization to the resting potential. Circles:
experimental points replotted from Hodgkin & Huxley (1952b, Fig. 13). The last point of
A is the same as the first point in B. Axon 18, 210 C in choline sea water. The smooth curve
is drawn according to eqn. (11) with the following parameters:

Curve A Curve B
(V= -25 mV) (V=0)

9qKo 0 09 m.mho/cm2 7.0 m.mho/Cm2
9gOo 7-06 m.mho/cm2 009 m.mho/cm'

n075 msec 1 1 msec

At the outset there is the difficulty that both sodium and potassium con-
ductances increase with a delay when the axon is depolarized but fall with no
appreciable infiexion when it is repolarized. This is illustrated by the circles in
Fig. 2, which shows the change in potassium conductance associated with
a depolarization of 25 mV lasting 4-9 msec. If g9 is used as a variable the end
of the record can be fitted by a first-order equation but a third- or fourth-order
equation is needed to describe the beginning. A useful simplification is

Our object here is to find equations which describe the conductances
with reasonable accuracy and are sufficiently simple for theoretical
calculation of the action potential and refractory period.

fall curve (ripolarization) is fitted by
a simple exponential.



gK+ kinetic HH MODEL

506 A. L. HODGKIN AND A. F. HUXLEY
where V=E-Er,
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The discussion in Part I shows that there is little hope of calculating the

time course of the sodium and potassium conductances from first principles.
Our object here is to find equations which describe the conductances with
reasonable accuracy and are sufficiently simple for theoretical calculation of
the action potential and refractory period. For the sake of illustration we
shall try to provide a physical basis for the equations, but must emphasize
that the interpretation given is unlikely to provide a correct picture of the
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Fig. 2. A, rise of potassium conductance associated with depolarization of 25 mV; B, fall of

potassium conductance associated with repolarization to the resting potential. Circles:
experimental points replotted from Hodgkin & Huxley (1952b, Fig. 13). The last point of
A is the same as the first point in B. Axon 18, 210 C in choline sea water. The smooth curve
is drawn according to eqn. (11) with the following parameters:

Curve A Curve B
(V= -25 mV) (V=0)

9qKo 0 09 m.mho/cm2 7.0 m.mho/Cm2
9gOo 7-06 m.mho/cm2 009 m.mho/cm'

n075 msec 1 1 msec

At the outset there is the difficulty that both sodium and potassium con-
ductances increase with a delay when the axon is depolarized but fall with no
appreciable infiexion when it is repolarized. This is illustrated by the circles in
Fig. 2, which shows the change in potassium conductance associated with
a depolarization of 25 mV lasting 4-9 msec. If g9 is used as a variable the end
of the record can be fitted by a first-order equation but a third- or fourth-order
equation is needed to describe the beginning. A useful simplification is

This part of the curve in general
can be described with and
exponential
1-exp(-t)4



gK+ kinetic HH MODEL

506 A. L. HODGKIN AND A. F. HUXLEY
where V=E-Er,

VNa = ENa -Er,
VK=EK-Er,
VI=Ei-Er,

and Er is the absolute value of the resting potential. V VgN, VK and VI can
then be measured directly as displacements from the resting potential.

The ionic conductances
The discussion in Part I shows that there is little hope of calculating the

time course of the sodium and potassium conductances from first principles.
Our object here is to find equations which describe the conductances with
reasonable accuracy and are sufficiently simple for theoretical calculation of
the action potential and refractory period. For the sake of illustration we
shall try to provide a physical basis for the equations, but must emphasize
that the interpretation given is unlikely to provide a correct picture of the
membrane.
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Fig. 2. A, rise of potassium conductance associated with depolarization of 25 mV; B, fall of

potassium conductance associated with repolarization to the resting potential. Circles:
experimental points replotted from Hodgkin & Huxley (1952b, Fig. 13). The last point of
A is the same as the first point in B. Axon 18, 210 C in choline sea water. The smooth curve
is drawn according to eqn. (11) with the following parameters:

Curve A Curve B
(V= -25 mV) (V=0)

9qKo 0 09 m.mho/cm2 7.0 m.mho/Cm2
9gOo 7-06 m.mho/cm2 009 m.mho/cm'

n075 msec 1 1 msec

At the outset there is the difficulty that both sodium and potassium con-
ductances increase with a delay when the axon is depolarized but fall with no
appreciable infiexion when it is repolarized. This is illustrated by the circles in
Fig. 2, which shows the change in potassium conductance associated with
a depolarization of 25 mV lasting 4-9 msec. If g9 is used as a variable the end
of the record can be fitted by a first-order equation but a third- or fourth-order
equation is needed to describe the beginning. A useful simplification is

This part of the curve can be fitted
with an first order equation
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Fig. 2. A, rise of potassium conductance associated with depolarization of 25 mV; B, fall of

potassium conductance associated with repolarization to the resting potential. Circles:
experimental points replotted from Hodgkin & Huxley (1952b, Fig. 13). The last point of
A is the same as the first point in B. Axon 18, 210 C in choline sea water. The smooth curve
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At the outset there is the difficulty that both sodium and potassium con-
ductances increase with a delay when the axon is depolarized but fall with no
appreciable infiexion when it is repolarized. This is illustrated by the circles in
Fig. 2, which shows the change in potassium conductance associated with
a depolarization of 25 mV lasting 4-9 msec. If g9 is used as a variable the end
of the record can be fitted by a first-order equation but a third- or fourth-order
equation is needed to describe the beginning. A useful simplification is

This first part «S-shaped» curve part of
the curve can be fitted with an fourth
order equation
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Our object here is to find equations which describe the conductances with
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that the interpretation given is unlikely to provide a correct picture of the
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potassium conductance associated with repolarization to the resting potential. Circles:
experimental points replotted from Hodgkin & Huxley (1952b, Fig. 13). The last point of
A is the same as the first point in B. Axon 18, 210 C in choline sea water. The smooth curve
is drawn according to eqn. (11) with the following parameters:
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At the outset there is the difficulty that both sodium and potassium con-
ductances increase with a delay when the axon is depolarized but fall with no
appreciable infiexion when it is repolarized. This is illustrated by the circles in
Fig. 2, which shows the change in potassium conductance associated with
a depolarization of 25 mV lasting 4-9 msec. If g9 is used as a variable the end
of the record can be fitted by a first-order equation but a third- or fourth-order
equation is needed to describe the beginning. A useful simplification is

Nelson, M.E. (2004) Electrophysiological Models In: Databasing the Brain: From Data to Knowledge. 
(S. Koslow and S. Subramaniam, eds.) Wiley, New York. 

 

2 by finding values of )( cVn∞ , )0(∞n , and )( cn Vτ  that give the best fit to the data for each value 
of Vc. Fig. 3 illustrates this process, using some simulated conductance data generated by the 
Hodgkin-Huxley model. Recall that n takes on values between 0 and 1, so in order to fit the 
conductance data, n must be multiplied by a normalization constant Kg  that has units of 
conductance. For simplicity, the normalized conductance KK gG /  is plotted. The dotted line in 
Fig. 3 shows the best-fit results for a simple exponential curve of the form given in Eq. 17. While 
this simple form does a reasonable job of capturing the general time course of the conductance 
change, it fails to reproduce the sigmoidal shape and the temporal delay in onset. This 
discrepancy is most apparent near the onset of the conductance change, shown in the inset of Fig. 
3. Hodgkin and Huxley realized that a better fit could be obtained if they considered the 
conductance to be proportional to a higher power of n. Figure 3 shows the results of fitting the 
conductance data using a form j

kK ngG = with powers of j ranging from 1 to 4. Using this sort of 
fitting procedure, Hodgkin and Huxley determined that a reasonable fit to the K+ conductance 
data could be obtained using an exponent of j=4. Thus they arrived at a description for the K+ 
conductance under voltage clamp conditions given by: 

[ ]4/4 ))0()(()( nt
ccKKK enVnVngngG τ−

∞∞∞ −−==  (18) 

 
Fig. 3 Best fit curves of the form j

Kk ngG =  (j = 1–4) for simulated conductance vs. time data. The inset 
shows an enlargement of the first millisecond of the response. The initial inflection in the curve cannot be 
well-fit by a simple exponential (dotted line) which rises linearly from zero. Successively higher powers of 
j (j=2: dot-dashed; j=3: dashed line) result in a better fit to the initial inflection. In this case, j=4 (solid line) 
gives the best fit. 
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potassium conductance associated with repolarization to the resting potential. Circles:
experimental points replotted from Hodgkin & Huxley (1952b, Fig. 13). The last point of
A is the same as the first point in B. Axon 18, 210 C in choline sea water. The smooth curve
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At the outset there is the difficulty that both sodium and potassium con-
ductances increase with a delay when the axon is depolarized but fall with no
appreciable infiexion when it is repolarized. This is illustrated by the circles in
Fig. 2, which shows the change in potassium conductance associated with
a depolarization of 25 mV lasting 4-9 msec. If g9 is used as a variable the end
of the record can be fitted by a first-order equation but a third- or fourth-order
equation is needed to describe the beginning. A useful simplification is

This first part «S-shaped» curve part of
the curve can be fitted with an fourth
order equation

Useful simplification: supposing that gK+ is proportional to the fourth power of a variable (n) which obeys a first-order

equation.

HH supposed that the kinetics of gK+ is controlled by 4 independent membrane bound particles, each with a

probability n of being in the current position to set the opening of the channel. The probability that all 4 of them are

placed in the correct position is n4. Since the gK is V dependent these n are assumed to have same charge and move

within the membrane = Gating charges
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gK+ kinetic HH MODEL
If we put this in a mathematical form

%+ = ,-%+
gK is a constant with the dimensions of conductance/cm2
The voltage and time-dependent changes of n are given by a first order
reaction

1 − , ⇌ ,

a and b are rate constant. If the initial value of n is known, the
subsequent values can be calculated by solving this difeffential equation:

P,

PQ
= αn 1 − n − β, ,

a

b



gNa+ kinetic HH MODEL

HH model uses a similar formalism
to describe gNa+ with 4
hypothetical particles making
independent first order transitions
between permissive and non
permissive positions to control the
channel

MEMBRANE CURRENT IN NERVE 513
depolarization is greater than 30 mV. Further, inactivation is very nearly
complete if V < -30 mV so that h., may also be neglected. The expression for
the sodium conductance then becomes

9Na=gNa [1- exp (-rtI)]3 exp (- tI'T), (19)
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Fig. 6. Changes of sodium conductance associated with different depolarizations. The circles are

experimental estimates of sodium conductance obtained on axon 17, temperature 6-70 C
(of. Fig. 3). The smooth curves are theoretical curves with parameters shown in Table 2;
A to H drawn from eqn. 19, I to L from 14, 17, 18 with gN, = 70*7 m.mho/cm2. The ordinate
scales on the right are given in m.mho/cm2. The numbers on the left show the depolarization
in mV. The time scale applies to all curves.

where g.=9N.m3. ho and is the value which the sodium conductance would
attain if h remained at its resting level (ho). Eqn. (19) was fitted to an experi-
mental curve by plotting the latter on double log paper and comparing it with
a similar plot of a family of theoretical curves drawn with different ratios of
.m to rh. Curves A to H in Fig. 6 were obtained by this method and gave the

PH. CXVII. 33



gNa+ kinetic HH MODEL

In this case here are two opposing
gating processes, activation and
inactivation = there are 2 different
kind of gating particles
m
h
3m control the activation and 1h
control inactivation



gNa+ kinetic HH MODEL

The probability that they are all in the permissive state is m3h and the

%"# = (Tℎ%"#
!"# = (Tℎ%"# ('( − '"#)

1 − ( ⇌ (

1 − ℎ ⇌ ℎ

am

bm

ah

bh



Action potential can be reconstructed from 
the properties of Na+ and k+ channels

The model decribe action potential as a
process involving several steps



Hodgkin and Huxley model 





neurons
muscle cells
secretory cells

Excitable cells express high densities of VOCs and fire action potentials

PdA with very different kinetics!



Cardiac Action Potentials



Long-lasting ventricular PdA



Propagation of signal conduction

Distance is not a relevant factor in the propagation of a signal in neuron’s
soma because the cell body can be approximated to a tiny sphere whose
membranes voltage is uniform.
However when considering the signal travelling along extended structures
such as dendrites, axons and muscle fibers, the signal decrease in
amplitude with distance from the site of initiation.



Propagation of signal conduction

How geometry influences the distribution of current
The variation of the Vm with distance
depends on the relative value of the
membrane resistance in a unit length of
dendrite, rm (units Ω * cm) and internal
neuron resistance per unit length of the
dendrite, ri (units Ω/cm).
The change in Vm becomes smaller
with distance along the dendrite away
from the electrode. The decay with
distanceis exponential:

€ 

Vx =V0e
−x
λ



Propagation of signal conduction

How geometry influences the distribution of current

The better the insulation of the
membrane (the greater rm), the better
the conducting properties of the inner
core (the lower ri), the greater the
length constant of the dendrite



Myelination changes PdA
propagation:
it increases resistance of 
neuron membrane (rm)



Propagation of signal conduction

The length constant is also a function of the diameter of the neuronal
process

For neuronal processes with similar ion channels density and cytoplasmic
composition, the larger the diameter, the longer is the length constant.

Thicker axons and dendrites have longer
length constant than do narrower processes
Can transmit signals for greater distances

rm (units Ω * cm)
ri (units Ω/cm)



Propagation of signal conduction: electrotonic
conduction

The electrotonic conduction is a factor in the
propagation of action potential.
Once the membrane at any point along the axon has
been depolarized beyond threshold, an action potential
is generated in that region. This local depolarization
spreads passively down the axon, causing a successive
adjacent regions of the membrane to reach the
threshold for generating an action potential



Propagation of signal conduction: electrotonic
conduction

The electrotonic conduction is a factor in the propagation of action potential.
Once the membrane at any point along the axon has been depolarized beyond
threshold, an action potential is generated in that region. This local depolarization
spreads passively down the axon, causing a successive adjacent regions of the
membrane to reach the threshold for generating an action potential



Rapid Propagation of signal conduction:
Neurons have adopted an adaptive strategy to allow a rapid conduction
propagation by wrapping a myelin sheath around the axonal membrane.
On the other hand the PdA is triggered in a non myelinated initial segment
of membrane just distal to the axon hillock.
Even though the capacitance of the axon is quite small(because of the
myelin insulation), the amount of current down the core of the axon from
the trigger zone is not enough to discharge the capacitance along the
entire length of the myelinated axon

Saltatory conduction: nodes of
Ranvier.
The myelin sheath is interrupted
every 1 or 2 mm by bare patches
of axon membrane approximately
1µm in length



Rapid Propagation of signal conduction:

Although the area of the nodal
membrane at each node is quite
small, the nodal membrane is rich
of voltage-gated Na+ and K+
channels and thus can generate
an intense depolarizing inward
Na+ current in response to the
passive spread of depolarization
down along the axon

The Ranvier nodes Boost the amplitude of the
depolarization periodically, preventing it from
decaying with distance



Rapid Propagation of signal conduction:

Because ionic membrane current
flows only at the nodes in
myelinated fibers, saltatory
conduction is also favorable from
the metabolic standpoint. Less
energy must be expected by the
Na+-K+ pump in restoring the Na+
and K+ concentration gradients,
which tend to run down as the
Action potential is propagated



Rapid Propagation of signal conduction:

Various diseases are caused
by demyelination, such as
multiple sclerosis and Guillain-
Barré syndrome.



PATCH CLAMP technique

Open state

Closed state

Measurement of ionic currents 
flowing through the entire plasma 
membrane of a cell or a SINGLE 

CHANNEL:
high resistance seal



Patch-Clamp

– The diameter of the capillary tip is about 0,5 uM
– The tip is filled with a saline solution (extra or intracellular depending 

on the configuration)



Patch-Clamp











1 GW=109W







Munaron & Fiorio Pla, 2000

Cai



AA is able to activate NSOCs in BAECs

Fiorio Pla & Munaron, 2001



AA

Single channel analysis revealed that 
arachidonic acid activates 3 different calcium 
channels in endothelial cells



Thank you


