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1 Neuronal cells and their electrical potential

Figure 1: Structures of a neuron. [1]

Figure 2: Parts of the neurons: Dendrite, soma and axon.[2]
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Figure 3: Graded potentials and action potentials. [3]

Lots of questions ...

• Source of electrical energy?

• Medium of electrical currents?

• Maintenance of intracellular potential?

• Mechanism of modulation?

3



Figure 4: Neuronal membrane.[4]

Figure 5: Self organization.[5]

Figure 6: Lipid bilayer and proteins.[6]
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Points to note

• Neurons consist of dendrites, a soma, an axon, and synapses.

• Electrical signals travel from dendrites to synapses.

• Neurons use two kinds of electrical signals (graded potential in dendrite and
soma, action potentials in axon).

• Electric signals are generated at the neuronal membrane: a lipid bilayer with
inserted channel proteins.
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2 Electrical properties of membranes

Natural lipid bi-layer has inserted proteins, including ion channels. Permeability
to ions depends on number and type of proteins (“ion channels”). Reconstituted
membrane (without ion channels) is impermeable to ions.
Permeability to ions depends on number and type of proteins (“ion channels”).

Figure 7: Graded potentials and action potentials.[7]

Resistance and capacitance

Specific resistance

• Natural membrane: 1 to 100 kΩ cm2

• Reconstituted membrane: 10 to 100MΩ cm2

• Distilled water: 7 Ω cm2

• Cytoplasm: 80µΩ cm2

Specific capacitance

• Cell membrane: 1µF/cm2.
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Intra- and extracellular ion concentrations

Extracellular medium resembles sea water (high Na+, low K+, high

Cl−).

Intracellular medium reverses these concentrations (lowNa+, highK+,

low Cl−).

Active ion pumps maintain the difference, expending metabolic energy.

Figure 8: Intra - extra cellular ions. [8]

Ion pumps

Concentrations gradients are maintained by active (energy-consuming)

ion pumps. The most common is the Na+-K+ exchange pump. One

ATP is used to move one ion of each type. Is is charge neutral and thus

does not affect the membrane potential. Other pumps are electrogenic

in that they exchange 3 N+ for 2 K+. In most neurons, the resulting

pump current makes only a small difference to the membrane potential.

Figure 9: Intra - extra cellular ions.[9]
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Figure 10: Ion concentrations in- and outside invertebrate neurons (squid axon). [10]

Figure 11: Ion concentrations in- and outside vertebrate neuron. [11]

Figure 12: Chemical gradients. [12]

Metabolic work creates disequlibrium, stores energy!
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Ion channels

Figure 13: Channel pores are specific to the hydrate shell of ions. [13]

Permeable membranes (pointless!)

Figure 14: Permeable membranes dissipate concentration gradients over time. [14]

Semi-permeable membranes (useful!)

Figure 15: Semi-permeable membranes convert concentration gradient into electrical potential. [15]
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Boundary layers

Figure 16: Electrical potential difference across the membrane (insulating layer). [16]

Combined effect of concentration gradients

Na+ tends to depolarizes cell (make inside more positive).

K+ tends to hyperpolarize cell (make inside more negative).

Cl− tends to hyperpolarize cell (inside more negative).

Figure 17: The combined effect of all gradient depends on depends on relative permeabilities of different ions .
[17

10



Points to note

• Neuronal membranes are permeable only to selected ions (“semi-

permeable”).

• This is because of channel proteins with ion-selective pores.

• Ion concentrations inside and outside neurons are different (and are

maintained by ion pumps).

• Na+ and Cl− are more concentrated outside, K+ is more concen-

trated inside.

• The combination of concentration gradients and semi-permeable mem-

brane creates an electrical potential.
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3 Nernst equation and reversal potential

The Nernst equation defines the electrochemical equilibrium

between a concentration gradient and an electrical potential, for one

particular ion.

The electrical potential that exactly balances a concentration gradient is

called the reversal potential. The Nernst equation reveals how the

reversal potential of an ion depends on the inside and outside

concentrations of this ion:

Erev = RT
zF ln [X]out

[X]in

z positive or negative charge

R = 8.31 Joule/molK◦

T ≈ 310K at body temperature

F = 96480 Coulomb/mol

RT ≈ 2576 Joule/mol ≈ 0.6kCal/mol
RT
F ≈ 0.027 Joule

Coulomb = 0.027 Coulomb·V olt
Coulomb = 27mV

Erev = 27mV
z ln [X]out

[X]in

What can you say about the reversal potentials of Na+, Cl−, and K+?c

[18]
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Example K+:

Figure 18: High K+ concentration inside! [19]

E
(in)
K+ = 27mV ln [K+]out

[K+]in
≈ 27mV ln 20mM

400mM = −80mV

Figure 19: K+ ions exchange. [20]
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Example Na+:

Figure 20: High Na+ concentration outside! [21]

E
(in)
Na+ = 27mV ln [Na+]out

[Na+]in
≈ 27mV ln 440mM

50mM = +59mV

Figure 21: Na+ ions exchange. [22]
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Example Cl− and Ca2+:

Example Cl−:

E
(in)
Cl− = 27mV

−1 ln [Cl−]out
[Cl−]in

≈ −27mV ln 450mM
40mM = −65mV

Example Ca2+:

E
(in)
Ca2+ = 27mV

+2 ln [Ca2+]out
[Ca2+]in

≈ 13.5mV ln 2mM
0.0002mM = 124mV

Differential sensitivity to extracellular concentration

What is the effect of increasing extracellular concentration of either K+

and Na+ by 5 mM?

E
(in)
K+ = 27mV ln [K+]out

[K+]in
≈ 27mV ln 5mM+5mM

148mM

−91mV → −72mV

E
(in)
Na+ = 27mV ln [Na+]out

[Na+]in
≈ 27mV ln 142mM+5mM

10mM

+72mV → +73mV

Maintaining low extracellular K+

In the central nervous system (CNS), the resting potentials of neurons

depend on low extracellular K+ concentration. To ensure this, the blood-

brain barrier prevents the entry of K+ into the extracellular fluid. In

addition, specialized glia cells (astrocytes) absorb extracellular K+ and

distribute it over a large area (so that it can be pumped back into neu-

rons).
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Points to note

• The Nernst equation describes the electrochemical equilibrium in terms

of the reversal potential.

• The reversal potential of an ion is the membrane potential value at

which there is no net flux.

• K+ is more concentrated inside and has a negative reversal potential

of ∼ −80mV .

• Na+ is more concentrated outside and has a positive reversal poten-

tial of ∼ +59mV .

• Cl− is more concentrated outside and has a negative reversal potential

of ∼ −65mV .

• Ca2+ is more concentrated outside and has positive reversal potential

of ∼ +124mV .

• High extracellular concentrations of K+ are dangerous for neurons

(and heart cells).

• Several systems (blood-brain barrier, astrocytes) protect the brain

from this danger.
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4 Resting potential of neuronal membranel

The resting potential of the neuronal membrane reflects the combined

effects of the concentration gradients of different ions.

We can use the Nernst equation to estimate the resting potential.

Another, more precise, method uses the Goldman equation (see further

below).

Electrochemical driving force

If potential and concentration gradient are not at equilibrium, the differ-

ence between membrane potential and reversal potential is the electro-

chemical driving force experienced by a particular ion:

∆V = Vmem − Erev = Vmem − 27mV
z ln [X]out

[X]in

The electrochemical driving force is responsible for a net ion flux, which

vanishes only at equilibrium (i.e., zero driving force).

Net flux of one ion

The net flux of one ion may be computed as the product of driving force

and ionic conductance, i.e., the conductance of the membrane with

its embedded ion channels for the particular ion in question:

IX [nAmpere] = gX [µSiemens] ·∆V [mV olt]

Total flux of all ions

The total ion flux (current) across the membrane is the sum of all individ-

ual ion currents. We define the total membrane current as an outward

current of positive charge ( positive when the net driving force is positive,

i.e., larger inside than outside):

Itotal = INa+ + IK+ + ICl− =

= gNa+ (V − ENa+) + gK+ (V − EK+) + gCl− (V − ECl−)
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Resting potential

The resting potential is reached when the total membrane current is

zero:

0 = gNa+ (Erest − ENa+) + gK+ (Erest − EK+) + gCl− (Erest − ECl−)

Erest =
gNa+ ENa++gK+ EK++gCl− ECl−

gNa++gK++gCl−
Thus, the resting potential of the membrane is dominated by the

most permeable ion!

Example calculation

Let’s calculate the resting potential in a concrete case:

E
(in)
Na+ = 27mV ln 440mM

50mM = +59mV

E
(in)
K+ = 27mV ln 20mM

400mM = −81mV

E
(in)
Cl− = −27mV ln 450mM

40mM = −65mV

Erest =
g
Na+/g

K+ ENa++EK++ g
Cl−/gK+ ECl−

g
Na+/g

K++1+ g
Cl−/gK+

gNa+/gK+& ≈ &0.03 gCl−/gK+ ≈ 0.1

Erest = 0.03·59mV−1·81mV−0.1·65mV
0.03+1+0.1 = −76mV

The resting potential of a cell is a compromise between the rever-

sal potentials of all ions to which the membrane is permeable. The

influence of each ion in this compromise depends on its permeability.

More permeable ions exert more influence than less permeable ones.

Goldman equation

In textbooks, the resting potential is typically calculated with the Gold-

man equation (also Goldman-Hodgkin-Katz equation).
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Erest = 27mV ln PK [K+]out+PNa [Na
+]out+PCl [Cl

−]in
PK [K+]in+PNa [Na

+]in+PCl [Cl
−]out

This equation captures permeability of membranes to ions more accu-

rately. However, it is unnecessarily precise for our purposes.

For our example from the previous section, we find

Erest = 27mV ln [K+]out+b [Na
+]out+c [Cl

−]in
[K+]in+b [Na+]in+c [Cl−]out

Erest = 27mV ln 20+0.03·440+0.1·40
400+0.03·50+0.1·450 = −67mV

where we have used the following relative permeabilities (relative

to K+)

PK = 1 PNa/PK = b ≈ 0.03 PCl/PK = c ≈ 0.1

Our earlier calculation approximated permeabilities P with conduc-

tances g, which is not quite correct.

Inferring relative permeability

You measure the following concentrations and compute the resulting

reversal potentials:

E
(in)
K+ = 27mV ln [K+]out

[K+]in
≈ 27mV ln 5mM

148mM = −91mV

E
(in)
Na+ = 27mV ln [Na+]out

[Na+]in
≈ 27mV ln 142mM

10mM = +72mV

You also observe a membrane potential of −77mV . Considering only

K+ and Na+, for which ion is the membrane more permeable? Solve the

following equation for the permeability ratio PK/PNa:

Erest = 27mV ln PK [K+]out+PNa [Na
+]out

PK [K+]in+PNa [Na
+]in

19



Figure 22: Inflow, outflow, and total volume. [23]

Interim summary

• Concentration gradients & semi-permeable membranes, steady-

states maintained by ion pumps.

• Reversal potential (of one ion): value of membrane potential at

which an ion is at electrochemical equilibrium (zero flux).

• Resting potential: value of membrane potential at which the electro-

chemical forces of all ions balance (zero total flux).

• The resting potential is dominated by K+, for which the resting mem-

brane is most permeable. Its is typically ∼ −70mV .

• Membrane potential: actual electrical potential inside relative to out-

side.

Steady-state: ions flow, potential stable
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5 How many ions cross the membrane (advanced)?

What fraction of the ions inside a cell actually cross the membrane to

change its potential? To answer this question, we proceed in three steps:

1. Compute the number of ions in each cell.

2. Compute the number of ions that must flow to change the membrane

potential.

3. Estimate how many times the cell can change its potential before

running out of ions.

Cell surface and cell volume

We consider two cells with surface areas of 0.01mm2 and 0.001mm2,

respectively. Assuming their soma to be spherical, we can compute their

radii

A = 4πr2 ⇔ r =
√
A/4π

as 0.03mm = 30µm, respectively 0.009mm = 9µm, and their volumes

V = 4
3πr

3

as 1.1× 10−4mm3, respectively 3× 10−6mm3.

Number of K+ ions

At a concentration of 400mM (which corresponds to 0.4×10−6Mole/mm3)

these volumes contain

5× 10−11Mole K+
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and

1× 10−12Mole K+

ions, respectively.

If this seems little, recall Avogadro’s number:

1Mole contains ∼ 6.023× 1023 ions.

Membrane capacitance

When electrostatic charges (positive or negative) move through an insu-

lating membrane, this generates a difference in the electrostatic potential

of both sides. The more charges move, the larger the potential difference.

The proportional relationship between charge and potential is called the

capacitor equation

Q[Coulomb] = a[cm2] · C[Farad/cm2] · V [V olt]

where Q is electrostatic charge (unit ‘Coulomb’), a is the surface area,

V (unit ‘Volt’) is the electrostatic potential, and C is the proportional-

ity constant, which is known as specific capacitance. A typical value

is C = 1µF/cm2 = 10nF/mm2. The unit of capacitance is ‘Farad’

(defined as 1F ≡ 1C
1V ).

Changing the membrane potential

Changing the membrane potential

With the help of the Faraday constant F = 96.5 × 103 C/mole (the

charge of one mole electrons), we are now in a position to calculate how

many Moles of K+ ions have to cross the membrane in order to change

the potential by, say, 70 mV :
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Kflow [moles] = a[cm2]·C [F/cm2]·V [V olts]
F [coulomb/mole]

This gives

Kflow = 10−4·1×10−6·7×10−2

96.5×103 mole ≈ 7× 10−17moles

for our large cell and

Kflow = 10−5·1×10−6·7×10−2

96.5×103 mole ≈ 7× 10−18moles for our small cell.

How often can we change the potential?

Accordingly, the ratio of ions inside the cell and of ions that cross the

membrane is approximately

7× 10−18 : 1× 10−12 ≈ 7 : 1× 106

for the small cell and

7× 10−17 : 5× 10−11 ≈ 7 : 5× 106

for the large cell.
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Points to note

• This section was intended for students with a physics or chemistry

background.

• The electrochemical battery of the concentration gradients contains

enough ions to charge and discharge the membrane potential hundreds

of thousands of times. Of course, as large as they are, the concentra-

tion gradients will eventually become depleted and must therefore be

actively maintained by pumps.

• In coming lectures, we will need to use basic notions of electricity such

as resistance, conductance, capacitance, current, voltage, electric

charge.

• Please prepare by reviewing these concepts.
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