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System Neuroscience

Bridging over scales: now in neuroelectricity



● Understand the generation of the electric field in the 
nervous system

● Learn mathematical techniques to analyze the 
electric signals

● Model the neuroelectric phenomena

...on different scales.

The aims
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Discovery of the electroencephalography (EEG) 1924

 Hans Berger

The first EEG record
The alpha rhythm
And the EEG features of epilepsy  

Actually, he was looking 
for telepathy



 

The cell
with electronmicroscope

nucleus
cytoplasm
membrane

lipid bilayer
proteins

integral
peripheral

extracellular space (EC)
intracellular space (IC)
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Trough the cell membrane

Different 
permeability, 
for different 
ions and 
molecules

Forces of ion transport

Membrane 
transport, trough 
proteins
• pumps 

(+energy!)
• channels
• transporters
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The electric neuron: resting potential
with electrode

The phenomenon:
Potential difference between the two side
EC and IC of the membrane

Reason:
on the two different sides of the membrane: 
• different concentrations of ions on 
• the two side of the membrane
• different permeability for different
• ions
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The generation of the resting potential
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Origin of the resting membrane potential
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NernstPlanck equation:
ionic flux (current) as a
function of the electro
chemical potentials

Nernstequation:
relationship between potential difference
and ion concentration in equlibrium
for one sort of ion

E=V IC−V EC=
RT
z F

ln
[C ]EC

[C ]IC

GoldmanHodgkinKatzequation (GHK):
resting membrane potential as a function of the
ion concentrations and permeabilities

V rest=
R T
F

ln
PK [K

+ ]ECP Na [Na+]ECPCl [Cl -]IC
PK [K

+] ICPNa [Na+ ] ICPCl [Cl- ]EC

more, independently 
moveing ions

constant electric force
intensity throug the 

membrane



 

Extracellular electric field of a homogeneous spherical cell
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Zero field outside



 

So, how could a cell has extracellular electric field ???

? ? ?
?

?
?

??
?

?

?
?

They can have dipole field!
If the membrane potential is
non-homogeneous.



 

Propagation of the action potential



 

Computational Neuroscience

for quantitative description of the neural behavior 

Mathematical



 

Basics of the conductancebased models
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lipid core:
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ionchannel:
resistance (conductance)
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current
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Model with parallel conductances
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dV  t 
dt

=gCl ECl−V  t  gNa E Na−V  t  gK E K−V  t  I insert  t 
Nernst

potential

driving force

single ion current

Equation for current equlibrium:



 

The HodgkinHuxley model / 1
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Cm

dV  t 
dt

=gleak E leak−V  t  gNa  t  E Na−V  t  gK  t  EK−V  t  I insert  t 

gNa  t = gNa⋅m
3
 t ⋅h  t 

gK  t  = gK⋅n
4  t 

Equations for ionic currents:

Equation for current equlibrium:

Leak current (mainly Cl)

closed open

gate gate

channel

V

K+ Na+

90mV +100mV



 

The HodgkinHuxley model / 2
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closed open
1m m


m


m

What is most important in the HH model: voltage dependent gating kinetics

dm  t 
dt

=m V  t   1−m  t  − m V  t  m  t  =
m∞V  t  −m  t 

m V  t  

m∞  V  =
m  V 

m  V   m  V 

m  V  =
1

m  V   m  V 



 

The Hodgkin-Huxley model / 3
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closed open

1m m


m


m

What is most important in the HH model: voltage dependent gating kinetics

dm  t 
dt

=m V t  1−m t  −m V  t  m t =
m∞ V  t  −m t 

m V  t  

m∞V =
mV 

mV mV 

mV =
1

mV m V 
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The Hodgkin-Huxley model / 4
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HH model in work:

membranepotential

gating variables

channel
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channel 
currents
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The Hodgkin-Huxley model / 5
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Sir John Carew Eccles, Alan Lloyd Hodgkin, Andrew Fielding Huxley: 
Awarded by Nobel-prize in medicine, 1963.



 

The Hodgkin-Huxley model / 6
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The HH neuron model
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Over the HHmodel
Different currents Function

slow K+ firing frequency adaptation
perzistent (noninactivating)  Na+ burst
Ca2+ burst
Ca2+(and V) dependent K+ burst, adaptation
H hyperpolarization activated pacemaker

d [Ca]i
dt

= ICa t −
[Ca]it 

Ca

I X=gX t EX−V t  , g Xt =gX ∏i
p X
it ,

dpX
i 

dt
=

pX
i 
∞ V t −pt 

p X
iV t 

dpX
i 

dt
=

pX
i 
∞ [Ca ]it −p t 

p X
i[Ca]it 

Ca2+ concentration

Ca2+dependent gate

Voltage dependent currents



 

The Cable Equation / 1
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Im x , t =I C  x , t  I leak x , t ...=−Cm
∂V
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x

simplification: no voltagedependent currents!



 

Multicompartmental modeling

1
R i

∂
2V
∂ x2−Cm

∂V
∂ t
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V x , t 
Rm

=0

C k

dV k
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=I k t 
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all sorts of ionic currents (HH, etc)
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Ck
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Extracellular signature of the action potential



 

But how the 
extracellular

potential of the 
neurons is generated?



 



 

Oh, those popular Maxwell-equations…   Exist in many forms!



 

Low frequencies: Only electrostatics will be applied 

V i=
1

4π ϵ0
∑ j=1

N q j

|r i−r j|

The solution can be found by the linear sum of the fields of the point charges:

∇ 2 V (r )=
∂2V (r )
∂ x2 +

∂2V (r )
∂ y2 +

∂2V (r )
∂ z2 =

ρ(r )
ϵ0



 In light electrolytic solution, the generation of the 
potential can be described by Poissonequation

The Current Source Density (CSD)

∇2Φ(r )=
−I (r )
σ

E (r )=∇Φ(r )

J(r)=E(r)I (r )=−∇ J (r )
Low frequency approximation

Ohm's law
Continuity equation
(charge conservation)

Current Source Density Current density

Conductivity



 

The dipole approximation



 

Multipole
expansion



 

monopole

The multipole expansion

V(R)

Higher exponent means faster spatial decay, 
so on macroscopic scales the first non-vanishing term dominates!
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