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Hodgkin-Huxley model
of the Action Potential

-An action potential does not decrease in amplitude as it is
conducted away from its site of initiation.(all or none)

- An action potential occurs when V_, reaches the threshold
potential at the axon hillock.

- Once V, reaches threshold, time- and voltage-dependent
conductance changes occur in the active Na® and K* gates

that drive V_, toward E,, then back to E,, and finally to the
resting potential.
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Stylized diagram of an action potential once

threshold potential is reached at approximately 5 ms.

The action potential is due to voltage- and time-dependent
changes in conductance. The action potential rise is due

to Na+ and the fall is due to K+ conductance change.
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* The action potential moves through the axon at high
speeds and appears to from one Node of
Ranvier to the next in myelinated neurons. (Saltatory
Conduction)

* This occurs because the membrane capacitance of
the myelin sheath is very small, making the
membrane appear only with almost
iInstantaneous changes in Vm possible.

* To investigate the action potential, Hodgkin and
Huxley used an unmyelinated In
their studies because of its large diameter and long
survival time of several hours in seawater at 6.3°C
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Voltage Clamp

The problem: two dynamic mechanisms in the
channel during action potential: time and voltage

Hodgkin and Huxley’s contribution: set voltage
constant and obtain the time dependent changes
of ionic currents during action potential

Method: Remove space variable(space clamp) and
voltage variable(voltage clamp) by inserting long
inner electrode and setting transmembrane-
voltage constant by feedback.

Two active channels are studied: K+ and Na+
channels

Separatation of K+and Na+ channels was done by
selection of external solution.
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Voltage clamping

 Let displacement current O
| = C(dV/dt) =0
By forcing a constant voltage,

Ec

v
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Give feedback using a Potentiostat to
make

Ei—-(Eo+Ec)=0, then

Ei — Eo = Ec: voltage clamping
Ei,Eo:membrane potential
Ec : control voltage

Then the current Eo/R is the current
injected to maintain constant Vm(=Ei-
Eo).
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Voltage-clamp circuit for use with squid axon. a, axon; g, plastic guards.
Uninsulated portion of internal voltage electrode indicated by short
heavy line; uninsulated portion of current-injecting electrode indicated
by long heavy line. E;, internal potential; E,, external potential; K., com-
mand potential. Feedback tends to make E; — £, = E.. Injected current, I,
measured as voltage drop across series resistor E.




Ei ! Inner
electrode
Fo outside
|l electrode

Gnd

| : transmembrane current
flowing to ground

Cap. charging current

Inward current

Little B

Some 1B

l Feedback
increase to
maintatin E=Ec

Change from constant-cur-
rent stimulation (A)
through intermediate condi-
tion (B), to voltage-clamp
condition (C), as feedback in
Figure 1 is increased. I,
membrane potential. 7, in-
jected current.
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—The initial pulse is the displacement current through capacitor due to

the step increase in voltage

V. — E
I!:_ﬂ___f

— the leakage current through passive gates: R,

This can be obtained by measuring the transmembrance current at
below threshold(before activation of Na and K active gates)

—Subtracting both the capacitive and leakage current from Im leaves

only the Na+ and K+ currents.

To separate the Na+ and K+ currents, they chose a Na+ free solution
(they substituted a large impermeable cation for Na+).

Sodium and Potassium Currents (A)
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(The results after
subtractions) Diagram
illustrating sodium and
potassium currents due to a
—20mV voltage clamp

(inward current is

positive)
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For all clamp voltage above threshold, the rate of
onset for opening Na* channel is more rapid than for
K* channels, and the Na* channels close after a
period of time while K* channels remain open while
the voltage clamp is maintained.

Once the Na*channels close, they cannot be opened
until the membrane has been hyperpolarized to its
resting potential. The time spent in the closed state
Is called the refractory period.
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Normal vs. Na free solution
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~!m]2 ri-N'_-"' squid axon measured in
normal (I, + I;;) and so-
< e e dium-free (I;) s.nlutmns. Tia
¢ misec calculated as difference be-
| tween ﬂbOVB two curves.
| | I | | | — ]
Currents measured in normal (left) and sodium-free solutions (right). 0 1 2 3 4 5 (After Hndgkm and Huxle,\u
Membrane potential held at —60 mV, then stepped to potentials shown ¢, msec 1952a.)
on right. (After Hodgkin and Huxley, 1952a.)

(inward current is

They did it for many voltages
negative)
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The Independent Na+ and
K+ channels

 From the Voltage clamp:

“The 1onic current Is divided Into the

initial Na+ influx and the later K+
outflux and these are independent.”

o Later, these have been verified
through experiments using toxins:

tetrodotoxin(TTX)(Na block) and
tetraethylammonium(TEA) (K block)
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Equations Describing G, and G
The Differential Rate Equations

Em
(1-m)-——— (m) L
e dh
(lhh)*_ﬁ Ch) E=c~rh'(1—h]_|‘5‘h'h
h
XEn
(1—n)T(n) jn—t=cen'(1—n:]—f3n'ﬂ

h(t) = he —(he —ho) et
® o, [3 : gate open or close rate

m, h, n are the fraction of open gates and (1-m),
(1-h), (1-n) are fraction of closed gates.
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 The rate constants o and B are solely functions of

voltage and change instantaneously with any change
in voltage.

« The gating parameters m,h, and n will change along
exponential time courses. For example, the
inactivation gates, h, will respond according to:

h(t)= hy— (hg—hy) exp(-t/T})

Here hg is the steady—state value of h at the new
voltage and h,is the steady—state value of h prior to
the voltage—step. T, is the exponential time constant.

4’@ Intro. To BME

F



To explain the sigmoidal (S-shaped) kinetics of the rising phase of the sodium
and potassium currents, Hodgkin and Huxley proposed that the Na channels
were controlled by three activation (m) gates and the K channels were
controlled by four activation (n) gates. By fitting the time courses of the Na
and K conductances in response to voltage-clamp step changes in membrane
voltage, Hodgkin and Huxley were able to obtain the values for the rate
constants at different voltages from the following relations:

 Potassium
GK: T

SOdlum GNu = GH;_]m:;;j

1.e., maximum channel conductance
multiplied by rate constants.
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Hodgkin Huxley model

Plot of n, m. h

Plot of conductance
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Circuit model and Equation
for the Time Dependence of the Membrane Potential

{Uﬂi - E-’}I d‘vn
e+ ¢, =
R; dt

(Gk and G,,: the voltage-time-dependent conductance)

Im = G’Ktvrn - EK} + GN&{LIHE 3k -t:\h} 3

Quiside O

Circuit model of an unmyelinated
section of squid giant axon..
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We need to solve all differential equations
regarding n, m and h including algebraic
expression for alphas and betas.

Analytic solution is not possible due to the
nonlinear nature of n and m.

Simulation is necessary

APSIM is a VB (virtual basic) based software
that simulates action potentials. It uses a
simple finite difference approximation to solve
the series of differential equations.

(2] Intro.To BME
i}



lon Channels
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Recent efforts to study lon channels
Hodgkin—Huxley Model(1952)
Discovery of Channel Blockers(1965~1975)

Patch—clamping (1981) revealed functional characteristics of various ion
channels

Some of the molecular structures were made known by molecular biology
and genetic technologies(late 1990’s)

Channel staining in Immune cell chemistry helped locate the ion
channels.(2000’s)
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Inside From lon Channels of Excitable
Membranes, third edition, by Bertil Hille,

Sinauer, 2001
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Fig. 3.6 Early Cartoon of a Voltage—Gated Channel

The channel is drawn as a transmembrane protein with a hole
through the center and is labeled with terms in use in 1975.

The functional regions — gate, voltage sensor, vestibules, and
selectivity filter —were deduced from voltage—clamp experiments.
This diagram was drawn with results from Na channels in mind.

[From Hille 1977c.]
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bilayer

Soetsecase
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After gene array test and protein
analysis, they learned that a long
protein constitutes a channel. The
chain penetrates membrane at least
24 times for Na or Ca channels.
Four small loops act as selectivity
filter for a specific ion.

Fig. 3.14 A 1991 Working Hypothesis for a
Channel

Fifteen years after Figure 3.6 was drawn, we had
learned that there is significant channel mass in
the intracellular and extracellular spaces; that
there are four alpha—helical segments with
positively charged residues acting as voltage
sensors; and that channels are heavily
glycosylated and tied to other intracellular
proteins. [From Hille 1992.]
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(A) Na CHANNEL

(C) ONE QUARTER
OF A K CHANNEL

This diagram shows the
four loop filters. More
important, it shows
alpha and beta peptide
chains. The Alpha—
Peptide chain
penetrates the
membrane 24 times.
They are grouped into
four subunits numbered
I/1I/11/IV. Each group
consists of 6 segments
S1/S2/S3/S4/S5/S6.
Among these S4 is the
voltage sensor.
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Outside : Voltage—gated channel2 S4 segment=
Voltage sensorl| & Gating chargeE
Z8tetCt. 0| =2 Membrane potential2
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Inside S1, 82, S3, 842 RAHE= MMHE
External crevice Voltage—sensing moduleOl 2t 1! o+,

ChannelOlct &2 0|= 412
Transmembrane segment®t S5, S6 2JH 2]
Transmembrane segment, _12|2) Core
pore—forming complex®! P-loopE &t

Ct. S40t 9 Voltage sensorO| 1] LI Xl
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(B) OPEN CHANNEL

QOutside

Gate
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Inside
Plate 7. Models for opening of a voltage—gated channel.

The model shows two of the four subunits of a K channel, each with its six transmembrane helices (cylinders S1 to S6). The
S4 segments are red and their gating charges yellow. The narrow selectivity filter formed by P-loops is not shown. (A) The
channel is closed by the S6 segments crossed at the inner end. In a closed channel, the gating charge is mostly exposed to
the inner solution via the internal crevice (arrow). (B) During a depolarization, the S4 segments rotate and the gating charges
shift into the external crevice (arrow). This motion also favors a movement of the S5 and S6 segments that opens the pore.
Because of the crevices in this model, a rotation of S4 suffices for voltage sensing without any outward movement. [After
Cha, Snyder et al. 1999.]
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more on the Neural
Recordings
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Intracellular recording

« High Zin(1019Q),

- low gain DC
Amp is needed.
: @ — Cf. high gain
e e AC Amp is
L g for
extracellular
é work.
A
Experimental arrangement for intracellular recording from nerve or F]gure 12

muscle fiber. n, nerve or muscle cell; E, transmembrane potential; TRIG,
| trigger signal. See text for more details.
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A typical extracellular recording setup. Stimulus and
recording. Conduction delay can also be considered.

Experimental arrangement
or T - for extracellular recording
R I of nerve action potentials.
§ n, nerve; r, Ringer’s solu-
u ] tion in bottom of chamber:

o) cross section shown below;
} TRIG, trigger signal.
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Extracellular recording:
Biphasic AP using bipolar electrodes.

e
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Biphasic action potential. Left: Shape of the extracellular potential when
many axons in a nerve are excited synchronously. Right: Explanation of
biphasic potential in terms of activity of a single nerve fiber.
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Monophasic AP recorded
using killed—end recording.

T
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e e oM g g

i L ST S e e 3oL
L B

2

L i o e A sl il i

SR Ty S A s ) o T A e

T D
i bt [
L :

P e

e U D 10 O
Monophasic action potential obtained with killed-end recording. Left:
Extracellular potential recorded from many axons. Right: Explanation
based on activity of a single fiber.

Killed—end: always charged to + and unchanged.
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Compound AP and individual AP’s separated
In time.

500 1V }

200 pV
Compound action potential
8 from frog peroneal nerve, . .
] it FETRESEL L. Demonstration that a and 8
a V y ] Dbthm,d with killed-end re- i e iy
cording. o, 8, and y peaks of fiber groups with dif-
due to different conduction ferent conduction velocities.

i) Numbers to left are dis-
velocities of groups of axons tances in millimeters from

: 2 - : stimulating electrode pair
in the nerve. (Time scale to recording electrode. (s in-

MAM compressd on right.) (Er- dicates time of stimulus.)

msec langer and Gasser, 1937.) e B e
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Myelinated nerve,the node of
Ranvier, Saltatory conduction.

Very little current for the
segments with myeline
sheath

Almost no depolarization
during the myelinated
segment (potential is
decremental)

The non—-decremental
A.P.jumps over to next
Ranvier node.(Saltatory
conduction)

Found in humans and
higher animals.

Myelinated nerve fiber,
showing outward current at
one node produced by activ-
ity in a neighboring node.

AAAAAA INACTIVE
____________
i
N/ R
___________
7Y S
NS Na

Saltatory conduction

in myelinated fiber. Traces

7l
show currents recorded

at various positions along

s al
the fiber. (Huxley and
Stampfli, 1949.)
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Examples of Neural Recording Devices:

*This is a silicon based array of 100 penetrating
microelectrodes, designed to be implanted in the
cerebral cortex. It provides a means to stimulate
and/or record from large number of neurons
simultaneously.

Chronic Connector

“Slant” Array

*This is a variant of the UEA and contains 100
penetrating microelectrodes of various lengths
(typically from 0.5 mm to 1.5 mm in length). The
USA is designed to be implanted in the peripheral
nervous system and to provide a means for
simultaneous stimulation and recording from
large number of nerve fibers.

Q%Jg r for Neural Interface,
Iitiersity Jf'tyz%h-ro JME




SNU Depth Probe
(A) (B) M

) W']TT w.‘
: Wm )

R

‘m ) !

A) Released whole wafer image,

B) Fabricated 1 shank neural probe TSI E—
10.0kV 212« 11.9 NaOH 2' 20" dipping

C) SEM Image - electrode sites and probe tip



Neural Network Research with Planar
Microelectrode Array

SNU Cult:
Culture Plate
type MEA

Cultured hippocampal
neurons In low density

poly—I-lysine
(containing FITC)
Microstamped MEA
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