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Reading Material

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

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.

BENG/BGGN 260 Neurodynamics (UCSD) Biophysical Foundations Week 1 2 / 15



Neurodynamics: Overview
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∼ 1 ms ∼ 10− 100 ms ∼ 1 s− years
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Nernst Potential
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Nernst Potential

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

Ion

Extracellular
concentration

(mM)

Intracellular
concentration

(mM)
Iono

Ioni

Equilibrium
potentiala

(mV)

Na+ 145 12 12 +67
K+ 4 155 0.026 −98
Ca2+ 1.5 100 nM 15, 000 +129
Cl− 123 4.2b 29b −90b

a Calculated from Equation 1.11 at 37◦C (Erest = kT
q ln [Ion]o

[Ion]i
).

b Calculated assuming a −90-mV resting potential for the muscle
membrane and that Cl− ions are a equilibrium at rest.

Hille 2001, p. 17
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Nernst-Planck
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indeed, D = kT
q · µ

Dissipation-fluctuation

(Einstein)
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Membrane Capacitance
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Membrane Dynamics

K+: current density
−→
JK = −qµ[K]

(
kT
q

−→
∇ ln[K] +

−→
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)
⇓ approximate arguments ... more rigorous later

current IK ≈ −qµ[K]AL

(
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q ln [K]o
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+ Vo − Vi

)
= gK (Vm − EK)
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Ohmic approximation

K+, Na+:

EK
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Equilibrium: Erest = Vm =
gKEK + gNaENa

gK + gNa

Not quite...
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Goldman-Hodgkin-Katz
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Goldman-Hodgkin-Katz Continued
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Goldman-Hodgkin-Katz Current Law

Hille 2001, Fig. 14.2, p. 447
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Goldman-Hodgkin-Katz Limits

JK =
qµKVm

L
· [K]i − e−Vm/Vt [K]o

1− e−Vm/Vt
Vt = kT

q
≈ 25.9mV

1 JK = 0 for [K]i = e−Vm/Vt [K]o , or Vm = Vt ln [K]o
[K]i

= EK (OK!)

2 JK

qµK
L [K]i Vm = PK[K]i Vm

qµK
L [K]oVm = PK[K]oVm

PK = qµK
L

“permeability”

Vm � Vt

Vm � −Vt

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

3 JK ≈ gK(Vm − EK ) for JK ≈ 0 (Vm ≈ EK ) ?

BENG/BGGN 260 Neurodynamics (UCSD) Biophysical Foundations Week 1 12 / 15



GHK Ohmic Approximation

Vm ≈ EK =
kT

q
ln

[K]o
[K]i

⇒ e
− Vm

kT
q = e

− EK
kT
q e
−Vm−EK

kT
q ≈ [K]i

[K]o

(
1− Vm − EK

kT
q

)

⇒ JK ≈
qµEK

L
·
Z
Z[K]i − [K]i

��[K]o
(A1− Vm−EK

kT
q

) ·���[K]o

1− [K]i
[K]o

(1−
�
�
��Vm−EK

kT
q

)

or: JK ≈ gK(Vm − EK )

with gK︸︷︷︸
channel

conductance

=
qµ

L︸︷︷︸
permeability

· ln [K]o
[K]i
· [K]i [K]o

[K]o − [K]i︸ ︷︷ ︸
average concentration

BENG/BGGN 260 Neurodynamics (UCSD) Biophysical Foundations Week 1 13 / 15



Goldman-Hodgkin-Katz Equilibrium
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GHK Neuromorphism
(for the silicon enthusiast)

LIPID BILAYER :
(K+) [K]i [K]o JK

∼=

{
PK[K]i for Vm � Vt

PK[K]o for Vm � −Vt

SILICON MOSFET :
(pMOS)*

G
SiO2

gate

channel
(holes)

Si

S
source

D
drain

Jp ∼=

J0e
κ

Vg
Vt · e

Vs
Vt for Vds � Vt

J0e
κ

Vg
Vt · e

Vd
Vt for Vds � −Vt

neuromorphisms :
(imperfect) PK → J0e

κ
Vg
Vt

[K]i → e
−Vs

Vt

[K]o → e
−Vd

Vt

Vm → Vds = Vd − Vs , i.e. :
Vi → −Vs

Vo → −Vd

controlled by Vg , gate voltage

controlled by Vs , source voltage

controlled by Vd , drain voltage

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