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Reading Material

e B. Hille, lon Channels of Excitable Membranes, Sinauer, 2001, Ch. 1
and 10, pp. 1-21 and 309-326.

o C. Koch, Biophysics of Computation, Oxford Univ. Press, 1999, Ch.

1, pp. 5-13.

P. Dayan and L. Abbott, Theoretical Neuroscience, MIT Press, 2001,

Ch. 5, pp. 153-162.

E.M. Izhikevich, Dynamical Systems in Neuroscience, MIT Press,
2007, Ch. 2, pp. 25-28.
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Neurodynamics: Overview
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Nernst Potential
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Nernst Potential

TABLE 1.3 Free lon Concentrations and Equilibrium
Potentials for Mammalian Skeletal Muscle

Extracellular Intracellular Equilibrium

concentration  concentration lon, potential?
lon (mM) (mM) lon; (mV)
Nat 145 12 12 +67
KT 4 155 0.026 —98
Ca%t 1.5 100 nM 15,000 +129
c- 123 4.2b 20° —90°

2 Calculated from Equation 1.11 at 37°C (Ejest = % In [[Ilzrr']]]‘f).
b Calculated assuming a —90-mV resting potential for the muscle

membrane and that CI™ ions are a equilibrium at rest.

Hille 2001, p. 17
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Nernst-Planck
i 0 Equilibrium between diffusion and drift:
inside igggiggi outside (chemical) (electrical)

0 L X

_>
% Diffusion: Jp = gD - (—?[Kﬂ)
K*o
X —
****** v, Drift: Jt = q[KHp - E = qu[K*] (—? V)
Vim
Je
Vio t X = .Kl = J—D> + J—>E =0 equilibrium
= —gDKI _ guKt1 —0 = 55 —dV
d(ln[w])
K*o .
= Din e = = (Vo= Vi) = Vin = Erest with 2 = T

. Dissipation-fluctuation
indeed, D = %T-,u P

(Einstein)
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Membrane Capacitance

capacitance = differential charge
accumulation with voltage across
insulator (membrane)

Charge g X
Density -9
Electric 19 _P ﬁ _P
Field E H X 6?_5'(” dx €
V.
- - dv
Potential V Vi =L2 ?V = —? ,of — = —F
—E e dx

Dynamics:
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Membrane Dynamics

e K™: current density J_K> = —qu[K] (%? In[K] + ?V)

l} approximate arguments ... more rigorous later
kT |n [Klo

current Ix ~ —q,u[K]A<\[ T Vo — Vi) = gk (Vm — Ex)

average membrane

overage | membrane effective cross-section {gK — QM[K]A
_ kT [K]o
g - ’ h

Ohmic approximation

e KT, Nat

E E
EqU|I|br|um Erest = Vi = 8KEK + 8NatNa
8K 1 8Na

Not quite...
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Goldman-Hodgkin-Katz

gg K==an (T + KV V)

U e OFTUSON DT
0 r X '
T 1-D, along x perpendicular to membrane:
" NKI)
= S (T dv
Vo
Vi Vi @ Jk = constant (flow conservation)
0 t X o &V—

o= co‘r}stant (assumption!)
|::> =T
Ik

kT d[K] K Vm
il W L 14
- q dx qu+ L K]
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Goldman-Hodgkin-Katz Continued

kT d[K K Vm d[K d
Cl:b<:|:—K+L.[K] #:k; -
q qu -+ K5

L [ < K Vi )} dx Vin —Jx + HYm K],

—din -2+ K)|l=% = Z=n

Vin au L K K —Jk + WYn[K];

Jk <1 — efvm/qu> un ([K], 7V’"/%[K]o> =

,Vm/ﬂ
oo Vo [Kli—e K,
L 1- e Vn/'

“GHK current equation”
Ohm'’s limit: [K]; = [K]o = [K]

Vim
= J = K]
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(B) CONCENTRATION DEPENDENCE
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Goldman-Hodgkin-Katz Current Law

(A) UNIDIRECTIONAL FLUXES

T
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Hille 2001, Fig
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Goldman-Hodgkin-Katz Limits

iV [Kli— e Y VK],
L 1— e Vm/Vi

Jk Ve = % ~ 25.9mV

(1) Jk =0 for [K]; = e Y/t [K]o, or Viy = Vi 1n [l = Exc (OK1)

Vi quk . — .
B I =PV =

mWTK[K]OVm = Px[KloV,,  Permeability”

= Current asymptotes to a linear conductance limited by
the sourcing concentration at active terminal.

(3) Ik ~ gk(Vim — Ex) for Ik ~0 (Vi Ex) T
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GHK Ohmic Approximation

kT Ko -~ - - [K] Vim — Ex
Vi, = E — = ~ 1—
g Ky ST T [Klo i
— Ky — Voo EK) K
£ TK\k o(
= S~ qHEK

L 7%)

or: JK ~ gK(Vm — EK)

[ [K]O [K]i[K]o
with g = qr .In .
CE?;I \L/ [K]’ [K]O B [K]i

e Vv
conductance ~ permeability  ;yerage concentration
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Goldman-Hodgkin-Katz Equilibrium

_ v
qukVm  [Kli—e ¥/9[K],

Jk =

L 1-— efk‘;n/qq
7

Ne = qHUNa Vin [Na]i — € kT/q[Na]o
Na — L ~ Vm
1—e ¥/a

Equilibrium : Jk + Jna = 0, neglecting common terms :

K ([K]i - e_#%[K]o) + Na ([Na], —e kT/q[Na] ) =0

kT MK[K]o+MNa[Na]o
—In

g  pk[K]i + pna[Na]i
usually expressed in terms of permeabilities:

Erest = Vm =

UK
L

d[iNa

P
K= L

and Py, =
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GHK Neuromorphism

(for the silicon enthusiast)

LIPID (IIB(IE)AYER K] % % [Klo Jk
Ve v,

S
. Sio, Joe"Ve - eV
SILIC?N MOSFET : 1 - J

PMOS) NPATAGYAR E

PK[K],' for Vm > Vt
Px[K]o for Vi < —V,

I

for Vgg > W,

1%

channel

(holes) Joe'in ceVr for Vgs < — Wi
source . drain
Si
V,
hi : .
"e”(rm‘;rr‘;eftTS Pk — Joev Ve controlled by Vg, gate voltage
K]; = e % controlled by V5, source voltage
Vg .
Klo = e % controlled by V4, drain voltage
Vm—> Vds: Vd—Vs , e
Vi — =V
Vo — *Vd

* C.A. Mead, Analog VLSI and Neural Systems, Addison-Wesley, 1989
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