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The neuron

Motor neuron from spinal cord Mitral cell from olfactory bulb Pyramidal cell from cortex

Action potentials
(short electrical spikes)

Dendrite

Cell body

Ganglion cell
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The contacts of the axon to
Cell body

/g, target neurons are either
h/% located on the dendritic tree
o or directly on the soma, and
Wian SN e are known as synapses
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Differences in the ionic concentrations of
the intra/extracellular fluids create a _ _
potential difference across the cell lonic gates are embedded in the cell
membrane and control the passage

of ions
Neuron.mov
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e In the absence of a signal, there is a resting potential of ~ —65mV.

e During an action potential, the membrane potential increase rapidly to ~ 20mV, returns
slowly to ~ —75mV and then slowly relaxes to the resting potential.

e The rapid membrane depolarisation corresponds to an influx of Na*t across the membrane.
The return to —75mV corresponds to the transfer of K out of the cell. The final recovery
stage back to the resting potential is associated with the passage of CI~ out of the cell.




Experimental setup /n vitro

mV Stimulus
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Single-compartment models

The Nernst potential
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Diffusion of K* ions down the concentration gradient through the
membrane (a) creates an electric potential force directed at the opposite
direction (b) until the diffusion and electrical forces counter each other (c)

resulting in the Nernst equilibrium potential for K*
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Active

Transport

Inside

Na™ (5-15 mM)
K (140 mM)
Cl™ (4 mM)
Ca2t(0.1 uM)
A (147 mM)

Outside

Na (145 mM)
K™ (5mM)

Cl™ (110 mM)
Ca”"(2.5-5 mM)
A" (25 mM)

Passive
Fedistribution

Na™ Cl°

Reversal potentials

'

Equilibrium Potentials

Nat  62log 122 90 mV

al
62 log 12 61 mV

KT 62 log Tln = —90 mV

Cl™ —62log % = —89 mV

N - 2.5 190 T
Ca*t 3llog 1=z = 136 mV

31log “ﬁ‘_ = 146 mV

Passive redistribution and active transport

support the concentration asymmetry




The membrane model
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Ohm’s law: [ —

Ona i g, Vv

d - conductance

VnaT Vik 1T Vi
|

intracellular

1.the phospholipid bilayer, which is analogous to a capacitor in that it
accumulates ionic charge

2.the 1onic permeabilities of the membrane, which are analogous to
resistors

3.the electrochemical driving forces, which are analogous to batteries
driving the ionic currents




the current flow through a single K* channel

Jk (mS/CmZ) - the conductance of the K* channel

(V — Vk) -theK*driving force across the membrane

Ton=) Li=) gi(V—Vi)=gxlV—Vi)+gnalV—Vnad + -

dV
the capacitive current across the membrane leap = CE

dV

Iapp —_— CE

+ Iic:m




The ODE of the membrane model

| 1949, Plymouth




They established experimentally the voltage dependence of ion
conductances in the electrically excitable membrane of the squid
giant axon

A gated ionic channel

the transition from state O to state C
the transition from state C to state O

fo Is the fraction of open channels




rate of change = inflow rate - outflow rate

dfo  —(fo —fu)
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T=1/(k" +k*)

k= + k*

foo =kT/(k™ +k*)

Voltage-gated channel

Kkt =kfe ™V, k™ =kge PV
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inactivation

activation




gk = gx(V) and gne = gNalV)

The great insight of Hodgkin and Huxley was to realise that gg
depend upon four activation gates:

gk = ggn

4

Ona depends upon three activation gates and one inactivation gate:

3
ONa = gngMmh

dh  he(V)—h
dt  1(V)




V(t) (mV)

The Hodgkin-Huxley model

amgh(v T vNa) T gKn4(v T VK) T gL(v _ VL) T Iapp

dh  hy,—h

E_ Th

dn n,-—n
’ dt T,

V(t) (mV)




- Spatially extended models
Linear cable theory

%\/ Vi(x) — Vi(x + Ax) = I(x)r Ax.
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from current balance
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space constant A= /Tm/

membrane time constant T =TmCm




Infinite cable and constant current |, at X=0

ToroA [ X X
VX, T) = exp(—X)erfc ( — \/lf) — exp(X)erfc (
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Te G_l_ree'n_’s functic;n mei:hod

V
V. =DV, | O0<x<L, t>0

T D = A2/t

Initial value  V/(x,0) = vp(x) and BC

The Green’s function G(x,y,t) IS the solution of

G
Gf:D&a—?+6u—yBH) 0<x<LO<y<L

L

G (x,y, t)voly)dy + J Glx,y,t—s)I(y, s)dsdy
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Infinite cable and delta-pulse stimulus Istimulus = 0(%)
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Boundary conditions
closed end at x=0

open end at x=0




Semi-infinite cable, closed end at x=0 G (z — y,t) + Go(x + vy, 1)

1 _1)2 2
s gren(4) o) oo (S5

Semi-infinite cable, openend atx=0 (G (z — y,t) — Go(x + v, t)

1 (x —y)? (x +y)?
clayt)=: 4nDt 4Dt )eXp< 4Dt ﬂ




“yu._  IEE
| M.

Dendritic

L o

—E

w. L M
N F
T
. S L.__ —
- % o
- "% = *I
b s
% y o
\ F i |
Ay
L i V'
A et
' 1
o

EE —-
| ST

Membrane
Equivalent
Circuir

Equivalent cable

3/2 law
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= a, T+ aj
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The Green’s function for an
arbitrary tree

Gylx,y, t)

continuity of potentials &

conservation of current Terminal

: ‘Sum-over-paths’ approach
(L.F. Abbott,1992)

Trips
X—>2—4—y Gyl(x,y,t)= ZAtrlp trlp&t)

X— 2 — 4 —> 6 —>y

X— 1 —> 2 — 4 —> 6—"’_]/




Coefficients Atrip

Pm — 7. y
Zi on node <1

J d
K node K noae
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Simulation software tools
GENESIS (http://www.genesis-sim.org/GENESIS/)

NEURON (http://www.neuron.yale.edu/neuron/)
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