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Simplified Structure Of Cdl
Membrane
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BASIC BIOPHYSICSTOOLSAND
RELATIONSHIPS



Basic Laws

wo basic biophysics tools and a relationship
are used to characterize the resting potential
across a cell membrane by quantitatively
describin( the impac of the lonic gradient
and electric fields.

— Fick’s Law

— Ohm’s Law



Diffusion

« Movement of Ions through permeable
membrane

e Diffusion occurs when concentration In one
regior is greate thar in anothe

e The end result 1Is an even distribution called
equilibrium




Fick’s law

« A quantitative description of diffusion is Fick’s
law:

j,=-DVC

e C:the concentration of some substance

 D: a proportionality constant, Fick’s constant
or the diffusion constant



Ohm’s Law

Charged particles in a solution experience a force regultiom other
charged particles and electric fields present.

Electric field and mobolity

— Z,
Je = —up, —— C, Vb
g
Jo. flow of ions due to drift in an electric field

u,: mobility

Z: ionic valence

C: ion concentration
v & . electric field



Einstein Relationship

e Einstein’s equation

* The relationship between diffusivity and mobillity:
- u, R

2| F

— D: The diffusivity constal

— u: Mobility

— F: Farady’s constant

— R: Gas constant

— T: The absolute temperature in degrees Kelvin
— Z: Valence

D



J (drift)

J (diffusion)
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Nernst—Planck equation

* The total flux when both diffusional and electric
field forces are present is:

Ep — Ed _|_E.3
5, = —DVC

2 o va

Ee:_u
17|
_ up BT

Do = 12,17




 This flux can be converted into an electric current
density when multiplied by FZ

_ _ Z,Cpy F VD
@:J@ﬁﬁz—QJEgCH%+ pCo bV )

RHT

Zp
| Zy |

‘%:—(%RT

VC, A+ uy| 2| C F?@)



Transmembrane Potential

 |f the electrical potential at the inside surface of
the membrane of an excitable cell is compared to
the potential at the outside surface, then, at rest, a
potentia difference callec the transmembrar
potential, on the order of 0.1 volt will be found.
Mathematically, the definition of Y is:

VmE(I'@—(I'E



Transmembrane Potential

 Because the membrane has a resistance (i.e., IS
not a perfect insulator), there will be a
transmembrane current,.IBy definition, this
curren Is considere to have a positive sigr
when it flows across the membrane In the
direction fromthe inside to the outside.



Pumps and Channelsin the Membrane

Extracellular Sodium
Channels

Polar Head
Groups

Hydrocarbon
Layers
(Hydrophobic)

Figure 3.1. Schematic Repressntation of the Model of Membrane Structurs, showing
sodmmn channe] protems embedded m the hipid bilayver matrs of the membrans, The
channel density 1= un physiologically high, for illustrative purposes, Drawing based on
Catterall WA, =t al. 1994, Structure and modulation of wollage-gated sodnun channels,
In fon channels in the cardicvascular systern, Ed P Spooner, Al Brown, Armonk, MY
Futura,
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Constant Value
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Nernst potential

e Consider:
— The cell membrane is permeable only to one ion
— Diffusion
— drift

_ _ 2, U BV D
Jp=Fiy3,=-0D, F2Z, (VG?—F p Cp BV )

RT



J (drift)

-

J (diffusion)

J,=FZj,=-D,FZ, (ch +

-

Nernst potential
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Nernst potential

_ Z,Co BNV @
 Z,CF

We assume that quantities vary in the direction perpendicular to the membrane only. Calling
this coordinate x then simplifies

ac,  Z,C,F dd

de RT  dx




Nernst potential

« We can Integrate across the membrane from
compartment e to compartment i

dic, [ Z,F
C—p__(RT)d(I'

“dC,  Z,F :
/ec—p—‘ﬁﬁ

()



Nernst potential

Thus the potential difference at equilibrinm across the membrane, V>, equals

“RT . [[C,):
Vel =3 — &, = In( 4 )
ZoF T\ [Gyle

ViA=F = _2_25]n ([Cﬁ]i) mV = ﬁln (Oﬁ]e-)

B




e

2y d98 mwly He 4 hads g o) 1) 55 sle clale Jolo SO slie 0SSt 58

Intracellular Extracellular
mM mM
K+ 124.0 22
Nat 4.0 109.0
Cl- 1.5 77.0
A- 126.5

3The A~ ion is largs and impermeable,

NELY



e

V_=25In Q = -100.8mV
124

m

V., =25In %: 82.6mV



DonnanEquilibrium

e Suppose a membrane is permeable to bothaKd
Cl-, for equilibrium, the Nernst potentials for both
K*and Ct must be equal, that is& E, or:

g BT Y, o KT TEH,
i L _ L P
sl i) 5 el N

e This equation is known as the Donnan equilibrium

[KT], [CI7], | »
KT, [CIT], ,}}?ﬁ @9 [KCH]

Channel

K*Cl" 9@
99 [R*CI]

Inside Outside




Goldman Equation

o Cell membrane permeable to bothd&hd Ci:

Vie=

T, (KL + ol )
q PEIK-I-IE _I_PCil.Cl_]ﬂ

Cutside




Potassium lons

* The flow equation for K+ with mobility L1

_ KT L?I[K_] _ 1 Ll".!-'
Jx ” HK - nZk[K ]E

e Under a constant electric fie

Av

dv V
dc Ax o

KT d[K"]
q S

* Permeability for K+, P, equal:

Tk

N
}.IK(_{K[K ]E

_d[K*]

u KT Dy £ EK{?\’[K*] Pes =

53  d - KT

Pg



d[K']

g =~ =
—Jx  gVIKT]
Ped — KTB

"B 'IK._}-:J II +
/ dx / —J’:Lv] K]
0 . H‘:_]f m KTa

5 KT8 (e gVIK'T\[©
gV \Pxd KT8 /g,

¢ 7 R VKT

N b gVIK™],
KT3 75+ TRTS
g\ JE_

- Px KT4é

Jx | aVK'] =
& I8 KT o VP (KD, — K7
Je | VK, KT e — 1



Chlorine lons

VP ([crlnc% [cr],‘)

Jai KT =

* From space charge neutrality,< J,

Pe([K*], — [K]e¥) = Pa([CI e — [CI7];)

e Solving for the exponential terms yields

¢ Pg[KT], + Pg[Cl7];
Px[K™]; + PglCl 7],

 Solving for V gives . TTTTETY T
7" (B T Peic,)




* Interms of \/,

Vi

KT ]]1 (.PI\'[K-F]” ' PCI[CI_]r)
q .PI‘{[K-I-]r ' PCl{Ci_]n

e the Goldman equation for K Cl, and
Na*:

V.?.' T

J'-\”T]l"l(PI'*;[K-|-]fr ' PH;[[NEL-'-]“ ' P“[C]_]f)
q .PR[K+]r ' PH;I[NH-i-]r 1 P{_‘J[CI_L

e USe space charge neutrality:
Jx +Ine = Ja



lon Pumps

« At rest, separation of charge and Ionic
concentrations across the cell membrane must
be maintained, otherwise Mchanges.

 The pumg transport a stead' strean of Na*
out of the cell and Kinto the cell.
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EQUIVALENT CIRCUIT MODEL FOR THE
CELL MEMBRANE

* Electromotive, Resistive, and Capacitive
Properties

Qutside ©
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Na-K Pump

Qutside O

O

INa éﬁwa HH g NJK Hmé J\
Inig W % ] Vi,

Ena — EI{E Emz T

+ + +
_I_
O
Inside O




o Capacitive Properties
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Parallel-conductance model

IN

A "'.r‘\«
(=]
-
AW
W

_Cn

— E, - E,, —E,

ouT

The Farallel-Conductance Model of an Exeitable Membrans (IN = mtracellular,
CUT = extracellnlar). Indspendent conductance channels are present for K+, Nat, and
C1~. Transmembrane potential V., is positive when the inside has higher potential than
the cutside, The battary polarity 15 chosen to show that wsually the Nemst potentials of Egg
and Eq are negative (inside more negative than outside) and that of Eqq, 15 positive (inside

more positive than cutsids)



Parallel-conductance model
e |Onic currents
Iy = gk (Vi — Bx)

INEL gNa(V ENEL)
Io = 9a1(Vir, — Eu)

o Capacitive current

dVi,
Ie=C, e

— At rest:

Ic = Osince dV,,/dt = 0



Parallel-conductance model

 Resting Vmfrom steady-state constraints:
— The membrane current (Jm
Ln=Ic+Ix+Ila+In
At steady state, I = 0 since dV,,,/dt = 0. Thus, at steady state,

L =0=0+1Ix + I+ Iy,

N2 (Vi — ENa) + gx (Vi — By + 9a1(Ve, — Ecp) =0

— Parallel-conductance equation

Vo g B +gakc + gveEne
pest —
G + 3N + 8c




e

RVSLY

gy = 0.4151118/01119, gop = 0.582 mS/cmg, gy, = 0.010 mS/cmg

Nerve (squid axon)

Intracellular Extracellular
mivl mivl
K+ 397 20
Nat 50 437

C1~ 40 556




e

V= 9B * 9c Eo * e Ena
rest
gk + gCI + gNa

E, = 25In 22 = —74.7mv
397

E.. =25In AT 54.2mV
50

E, = 25In €% —-65.8mV
556

v = (-74.7x0.415) +(54.2x001) + (-65.8x0.582) _ _ . .,

" 0.41%+0.01+ 0.58~




More Sodium Channels
Open
Sodium Channels

Close _
Sodium Channels Potassium Channels

Open Open
\ Potassium Channels
Close

+35mV |-

0 mV

0my L

Time [ms] L

1ms
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Ag = CAv,
n—24
e

C =1uF [ em”,
Av=60x10"°v

1x107°)(60x107°) . . \
= [ J = e 38 10" per cm”




e

lon Cytoplasm (mM) Extracellular fluid Ratio of
(mM) Permeabilities
K* ? 4 1
Na* 41 276 0.017
Cl- 52 340 0.412

Ll Sy (Lo —QY 561 loo yo Lice col il il



e

Ve

I\TIH(PR[KJ'_L ' PH;[[N3+]fr ' P(_I[Cl_]r)
q .PR[K+]r ' PH;I[NH-i-]r ' PL_.I[CI_]H

5 = KT (X 4+0.017x276+0.412x 52
g 1x|K*| +0.017x41+0.412x 340

4+26.11

K]+ 20.78’

k| =82.25mm

)

- 52 = 26In(
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VA— kim( P[K "], + Pw[Na "], + P4 [Cl ‘]i)
i q P.[K "]li+ P, [Na “]i + P, [Cl "]o
60 = X310 P [K ++]? + PNa[Na:]IO il I I
q P.[K *]li+ P, [Na "]i + Py[Cl "]o
K o PulK "1, + Py [Na "1, + Py [CI 1., . 60
g PJKli+Pg[Na ]i+Pg[Cl "Jo’ 310
Vim = i x 313 = 60 .6
310
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Membrane structure

< Excitable cells are surrounded by a plasma
membrane, whose main function is to control
the passage of lons and molecules Iinto and out
of the cell. This membrane behavior will be
found to underlie the tissue's electrical
properties.

< The membrane 1s mainly made of /ipid, which
often represents as much as 70% of the
membrane volume, depending on cell type.

«» The membrane lipid itself prevents the passage
of ions through the membrane.



Membrane structure

<+ Membrane Is heterogeneous, with numerous
large, complex proteins embedded it. Some of
these proteins are the constituents of pumps
and channels that exchange Iions between
Intracellular and extracellular space

lon Cihn nnel

- - MMembrane -

Intracalluiar




Membrane structure

« The sefective permeability of the membrane to
individual 1ons, and the ability to rapidly
iIncrease or decrease the permeability
selectively, 1s a truly astonishing property.

Extracellular Sodium
Channels

Polar Head
Groups



Pumps and Channels in the
Membrane

< Pumps are active processes (consuming
energy) that move Ions against the
concentration gradient.



Structure of sodium potassium
pump

EXTRACELLULAR \
SPACE
CYTOSOL a———
high- anarg",r
linkage
v @ :

zs.\ };



Structure of sodium potassium
pump

outsioe ; )
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membrane UUUQ o
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(leak) ¥
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Structure of sodium potassium
pump

sodium
potassium

pump




Alpha subuni
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Beta subunit

WD40 propeller domain of G




Membrane structure

+ The biological membrane consists, basically, of
two such layers of lipid. These layers organize
themselves so that the polar group of each
layer faces the intracellular or extracellular
aqueous medium. Conversely, their non-polar

talls are in contact and form the interior of the
membrane.
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» Membrane: A good isolator.
High resistance 10% Qcm?,

High capacitance | LW/ em?.,

» lon flux is almost entirely through channels:
R

=103- 2
effective Io I 04 Qcm Extracellular Sodium
Channels

Polar Head
Gronns

lon selective.

Some have gates.

‘fﬁ‘ . Hydrocarbon
Layers
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lon channels

lon

chanhnels

gated

passive

voltage
gated

chemical
gated

mechanical
gated




lon channels

| eakage or nongated ion channel: which is always
open and permits the diffusion of one or more
lons in the direction which is in accord with ther
concentration and charge gradients.

e Gated 1on channel: which opens and closes In
response to some stimulus, e.g., membrane
potential (voltage) changes, the arrival and
binding of a specific ligand or signal molecule
(hormone, neurotransmitter, local hormone) or to
mechanical pressure or to light energy.



Gated 1on channels

Voltage-gated ion channels. open and close in response
to membrane potential.

Ligand-gated lon  channdl: also Known as
lonotropic receptors, this group of channels open In
response to specific ligand molecules binding to the
extracellular domain of the receptor protein. Ligand binding
causes a conformational change in the structure of the
channel protein that ultimately leads to the opening of the

channel gate and subseguent ion flux across the plasma
membrane.

Mechanical gated: which opens and closes in response to a
stimulus which Is amechanical pressure or vibration;
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Ion channels

voltage- ligand-gated ligand-gated  mechanically
gated (extracellular (intracellular gated
ligand) ligand)
Q p
AY | Y4

v

L

CLOSED
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lon channels

B0 [ iy

A0 2 |
ol
30
60 p——r" 4

a0 ] | 1 [l ] 1 |

1, Rest 2 Arctreation 3. Imactivation 4. Refractory
(doactivated) (=till inactivated)

=== —U——)
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Channel Structure

» Electron Microscopy.

» Molecular Genetics.
| 800-2000 Amino-acids.

4 similar parts of 6 subparts.

Part No 4 is thought
to be voltage sensitive.

{a) Voltage-gated Na'channel protein

Exterior

~"a:|n=a Tl T

=i

coo"



What is Electron Microscopy?

e The electron microscope Is a type of microscope
that uses a beam of electrons to create an image of
the specimen. It is capable of much higher
magnifications and has a greater resolving power
than a light microscope, allowing it to see much
smaller objects In finer detaill. They are large,
expensive pieces of equipment, generally standing
aone in a small, specially designed room and
requiring trained personnel to operate them.



Channel mechanism

* Biophysical methods
— Study of single channel
— Study of whole membrane
— Parallel conductance model



Study of single channel

 Patch clamp technique

— The patich clamp technique 1Is a laboratory
technique in electrophysiology that allows the study of
single or multiple ion channels in cells. The technique can
be applied to awide variety of cells, but is especially useful
In the study of excitable cells such as neurons.

— Erwin Neher and Bert Sakmann devel oped the patch clamp
In the late 1970s and early 1980s. This discovery made it
possible to record the currents of single ion channels for the
first time, proving their involvement in fundamental cell
processes such as action potential conduction. Neher and
Sakmann received the Nobel Prize in Physiology or
Medicinein 1991 for this work.
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—
«—Electrode

«——Micropipette

Cell Membrane .—) N channal



Channel mechanism

Study of the whole membrane.

Observe the global behavior.
Assumptions

lons pass through the membrane independently of one another.
Conductance to each ion vary independent of the other ions.
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Voltage and Space Clamp

Membrane voltage
determines the “openness”

of the ion channels

'

e Channels open

mlt:ltage Time-dependent Numbgr of open channels_

changes processes allows ions to flow, changing
1 membrane voltage

» Voltage clamp:
Break the loop.

Make the membrane voltage, an independent variable.

Study currents as functions of time and membrane potential.

» Space Clamp:

Make all the channels on the membrane see the same

membrane potential.



Voltage clamp

* The voltage clamp allows the control of Vm

27

Current electrode

Voltage electrode

Current
monitor

<+

Command

Acp » potential

Current injection

| Voltage record

OVy



VNEL — Vm - ENEL

Vie = Vi — Exc

28

(A)

Phase 1
Phase 2

] |
£, t=0 t: time t
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Patch Clamp Technique

» An advanced technique.
» Need:

Really clean pipettes and cells.

Appropriate suction; Gigaseal.

» Electrode tip size: lum.

|0 times intracellular electrodes:
smaller series resistance.

Several channels may be
on the patch.
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Different Patch
Clamps

M cropipeta
Opsrurg 5. 1 pm
Low resistance
Saal [50 ME

Col membrane —%

Wemorane
corrnl

Cell-attached
recording

Gigagssl
10 100 GEy

Fuia of
suctian
fupiires e
mefnbrare
patch

Cyioplasmic bndge
colapaes

Y

Using a
amaf call
Pl in
bowa Ca+
: freciun
i Cytoplesmic bridge s
colapeas Air exposurg
braaks out
the cell patch

210 Mo
slactnode
resistance

Whiole cell

recording




31

Patch clamp techniques

A CELL-ATTAGHED
CONF |GUH.ULT1_|:JL

On-cell condition: if a microelectrode
is introduced into the cell, you can
apply membrane potentials and study
single-channel response

Tight contact 18 created
between the pipette and
{ the plasmas membrane

B WHOLE-CELL

{:O‘MFIEUHATIW
Whole-cell condition: if a higher
suction is applied, membrane gets
ruptured and pipette has access to

ﬂn-.—.1 entire intracellular space. (small cells
A can only be measured in this way)
f‘“:“l’:’é'?.“fﬁ.f“’niﬂ;ﬂ}:m




Patch clamp techniques

E [INSIDE-QUT c

CONFIGURATION .
X Outside-out
-%“*If‘ ‘\] configuration: pipette
D% S hea | quickly withdrawn AFTER
@ e %‘ o strong suction. Pipette may
v = Bl . .
===y = \\' j then be placed in solutions
\ 5;-,{%‘3 T ploetic s retmected of arbitrary compositions
r The pulled membrane breaks ook g and rESUIting :
away fram the cell and allows - transmembrane potentials
access (o the cytoplasmic face + .
of thiston cuarel and currents measured with
D OUTSIDE-DUT
. : _ CONFIGURATION e:a{tracellulqr s_urface of
Inside-out configuration: channel pointing out.
pipette quickly withdrawn with __3
only soft suction. Pipette may e ;iihe
K 3 Imemiraneg
then be placed in solutions of | anneal
arbitrary compositions and
resulting transmembrane ﬁ \\ T
potentials and currents Tttt Exce of
measured‘ the ion channel is
niow accessible.
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Single channel recording

» Each channel has two states:
Open.
Close.

Confirm the concept of gated channels.

The current through channel is not binary,
it depends on the membrane potential.

» Governing rules of open/close?
Unknown.

» The average open time/total time:
Almost constant over time.

Depends on the membrane potential.

Time (ms}
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Model of a single channel

T M (a) L, By
~150 el W P Intracellular I_/
|

r-i
03 15 e W e A

Extracellular

- "mmu “"“‘E J UU mﬂ_l_”



Measuring single-channel conductance

» Based on the measured current, when the channel is open.

A SINGLE-CHANNEL CI” CURRENTS B |-VPLOT OF SINGLE CI” CHANNEL

E i i i Wi 1I'ﬂrﬂ‘-lqllll:l th] 2
Eph 0 wﬂ—J Hom a0

100 50 50

(R P iﬁ

/ 1

II _EHJ

| | !I ; | ' | g
50 150 250 350

(€ Elsevier Ltd, Boron & Boulpaep: Medical Physiology

Tima (msac)
@ Elsevier Ltd. Boron & Boulpaep: Medical Physiology
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» A special kind of K channel:
BK channel {calcium dependent)
Outside-out patch clamp.

KCL inside pipette.
KCI or NaCl outside.

265 pS (23 degree C).

160 mM Na o

i (PA)

20

-150 -100 -50

160 mM K.;./o/of
=

uf

- Fd

/!

36

-20
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An estimation of the channel conductance
Using macroscopic ohmic ideas:

( L f/‘D\ D = 20A
Vo

K L = 150A (2 membrane thicknesses)

_pL
R =—
A
A _m’ 10% 10 em)> o
Voo =——=—F = Ap.a{( . ,.‘_““,‘}R _:3.37><]U_l‘fﬂ:84p5
' PL OL (Z2082emioUx iU o

Measured values are = >20pS...this is really close given
that we ignored electrostatic effects, possible channel
narrowness etc...
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Measured conductance and density
of sodium and potassium channels

» Density:
Conductance of a wholecell

Surface area of the cell xSinglechannel conductance
» Channels are sparse on the membrane:

Table 4.1. Conductance of Sodinm and Potassium Channels

Preparation Channels

- (pS) (number/gm?)
._‘i-f ﬂ'.ﬁﬁiu

Squid giant axon + 330

Frog node 6—8 400-2000
Rat node 14.5 700
Bovine chromaftin 17 1.5-10
Potassiwm

Squid giant axon 12 30

Frog node 2.74.6 570960
Frog skeletal 15 30
Mammalian BK 130-240 —
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Gating current

» Effect of voltage on the channel: Channel gating.

Move of charged particles of the channel.

Named: Gating current.

Saturating capacitive current.

Gating and sodium current during a
voltage-clamp step (after subtraction of
capacitive and leakage current). Qutward
current is up. |, has been reduced 20X
by lowering Na* concentration

w "k
s

: ‘*\f‘lg
e ‘ x"*‘:'*‘““. Ay

H -_ '_/gHHa ,
. 15 malem i
IN;‘.. ,-l ) A‘:"r,rmf'"
..',_. ,A-'"w
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Macroscopic channel kinetics

» A statistical model.

» Assumptions:
A large membrane.
Including N independent channels, governed by similar statistics.
Each channel has only two states: open, and closed.
The transition is stochastic.
State transitions follow first order rate processes.

» The average behavior:

a.
M

N N, N =N, (f) + ;7\"0(15)

.". -;

o and P are constant over time and depends only onVm.



41

AN,
dt

dN,
dt

BN, — aN.

dN,
dt

aN, — 6N,

No(t) = Ae~ a9t 4

L

+ (a+ F)N, = aN

— N

X

+ 0
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Example: voltage clamp experiment.

» If before voltage step all the channels are close:
v

'l —l_ / T-;

N,(t) = N(1 — e~ (ati))

_ . v N
Nyloo) = - I\
a+ &

» The average number of open channels is constant for
each membrane potential.

The actual number fluctuates around this average.
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Channel statistics

» The same state change rates for each channel of the

ensemble. a
¢ = 0
» Example: p=(N,)/N
Total No. of channels: 100. q=(N.)/N

The probability of a channel being open is 50%.
Ne(x) = Ny(oo) = 50.

At any time instance, No may be different from <No>.

N Ne(w) = [B/{a+ BN

o~=1 and p=1.



» The probability that a channel is open: p=(N,)/N
» The probability that a channel is closed: 7= (N.)/N

N = N(t)+ No(t) = (No) +{N) p+g=1

» The probability of exactly No channels being open:

NI o
B ;?{D — __q N, N—N,_,
A ( } :\'Tf;r! ( ;?'1,9* _ }"ro ) T j} 1

» The Bernoulli distribution.

2

pN = (N,) o2 = Np(1 —p)



» Single channel current: iy =YK (Vi — EX)

» Macroscopic current of N channels:
Ix = Npy(Vin — Ex)  Gx = Npyx

» Potassium: , — 4 f
(L

4 dt

=a,(1—n)—gyn

o mnd AT
K = Kt = VKN

'n.(f} = Ny — {'H.fx., — 'I?G)f"_t';?—ﬂ

—_—

T, = 1/(okyak) and 7. = o/ (0K 5K)
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Action potential

» Action potential is produced by the cell, actively.

Not a passive response.

» The energy stored as
concentration difference,
is freed by a short-time
opening of ion channels.

L
AP
; [2n




Action potential

The action potential cycle consists of a rapid
membrane depolarization followed by a slower
recovery to resting conditions



Simple cellular model

SNIPO
et >

I




(t)

g
~ I{\ Vin(t)
L& L

I.(1)

(-

Action

9 potential
0 Ven(8) ——

‘.-’ o 7 FL[)

Y



Experimental action potential

< The behavior of a propagating action potential
on a single fiber is well illustrated utilizing the
giant fibers of the nerve cord of the earthworm

@ Oscilloscope

¥,

Stimulator L N Amplifier

% Nerve

\"' S Recording
A" electrodes
3y

Worm



Noteworthy AP Afttributes

Noteworthy Threshold response

AP

Afttributes _ _
Fiber diameter

Latency



Threshold response

~amplitude of the (a)
stimulus pulse is ’

relatively small

i
the stimulus strength is ‘ (b)
increased

.u

stimulus is further (©)

“increased in strength

1000 Hz

b
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Fiber diameter

_ Threshold *

inversely
proportional

tothe square
root of the
fiber diameter

1

threshold oc —

Jr



Latency

<+ Why Is there a time difference between the first
and second action potentials, as observed?

< The answer is: the wvelocity of propagation

within each fiber is proportional to the square
root of its diameter

velocity oc A/r



Peak

+30mvV 7’\ 3

} Overshoot

Falling phase

Rising phase

Depolarizing

Foot ‘ / afterpotential
'E'ﬂ I‘I‘I"h" — — —— — —

X Hyperpolarizing
afterpotential

Diagram to Show the Nomenclature Applied to an Action Potential and the
afterpotentials that may follow it.



Nonlinear membrane behavior

% The transmembrane potential responses from a
stimulating current pulse on a crab axon Is
shown in Figure.

+0.4

Subthreshold Responses
Recorded Extracellularly
from a crab axon in the
vicinity of the stimulating
electrodes

0.4



14

Nonlinear membrane behavior

+If one examines the responses 1o the
subthreshold pulses, it Is seen that they are
essentially those expected from a {passive) RC
network
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Nonlinear membrane behavior

Relation between Stimulus and Response in a Crab Axon.



Nonlinear membrane behavior

*» relationship between the stimulus and the
resulting transmembrane voltages linear for all
hyperpolarizing stimuli. Linearity is also seen for

small depolarizing sighals, suggesting that in
this region the membrane can also be

characterized by a passive network.

¢ For depolarizing stimuli of greater magnitude
the behavior becomes nonlinear, and an active

system description Is required



Resting and peak action potential voltages

* Goldman-Hodgkin-Katz (GHK) equation:

— The total 1onic current is zero

VooV :RTIn Py K] + P, [Naf, + Poy [C;
T F | Pe[K]s + P [Nal; + Poy[Cl,




Parallel-conductance model

* Resting Vm from steady-state constraints:
— The membrane current (Im)

Ipn=Ic+Ix+Ig+ Ins
At steady state, I = O since dV,,,/dt = 0. Thus, at steady state,

Io,=0=0+Tx+ I+ Iy,

N2 (Vi — Ena) + 9x(Vi — By + 91 (Vi — Ecp) =0

— Parallel-conductance equation

V. g Ex +gakc + gv. B
rest —
G+ GNa + Gci




GHK versus parallel conductance

 In the derivation of the parallel-conductance and
constant-field (GHK) expressions for the resting
potential, the key constraining condition Is that the total
lonic transmembrane current Is zero. The GHK and the
parallel-conductance egquations both evaluate the resting
transmembrane potential as a weighted average of the
sodium, potassium, and chloride Nernst potentials.

* The parallel-conductance and GHK expressions both
apply at rest and at peak. (At the action-potential peak,
the conductivities and permeabilities are, however,
different from what they are at rest.)
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+40

o

Membrane potential (mV)

Steps of action potential

i’ Na+ channels
become

refractory, no
more Na+
enters cell

K+ channels

open, K+ 2

begins to leave
cell

Nat+ channels
open, Nat+
begins to enter

cell .

1

K+ continues to
leave cell,

causes membrane
potential to return
to resting level

K+ channels close,
Na* channels reset

Threshold of
excitation

Extra K+ outside
diffuses away




Rest and peak

Vi =V, —%m

Py K], + Py [Nal, + o [Cl]i;]
Py [K]i + Fva [Nas + Par[Cle

P By Foy=10:0.04 :045 for membrane at rest
Py By, Py =1.0:20.0:045 atanaction potential peak

. _ ki JKL
Atrest: V,,~ Ex = ?In<[Kt>

_ B Nal,
Atthepeak: V,, — —In ( [Na]i;)



HODGKIN-HUXLEY MODEL OF THE
ACTION POTENTIAL

* Published In 1952
* Nobel prize

Andrew Fielding Alan Lloyd Hodgkin
Huxley
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 Squid giant axon

—I1t was large and
survived a very long
time in seawater

— It had only two types of
voltage—time-dependent
permeable channels.

23




\oltage clamp

* The voltage clamp allows the control of Vm

 Elimination of capacitive current
 except at the first microseconds.

* Feedback currents required to keep
Vm constant, were measured

+ Command

| » potential

Wm/dt = U Currentelectrcfje =3, =
CondVin/di = 0 T

Current injection

—| Voltage record

b
Voltage electrode
g f{> OVa

Current
monitor

24 o —



\Voltage clamp: current measurement

« ClI current was neglected, considered as a leakage
current.

* The response after omitting
— Capacitive current.
— Leakage current.

« Left: sodium and potassium current



Voltage clamp currents

25
zu p—  —— [ ] - -
e o 20 mV
@
-E = ]} i ke T imMe (mﬁec}
E —
5 =
E : '25 ]
nw D
£ 9
T a
- -50p
= 2
o Outward
— E current
=
o o t
- Inward current
[lustrative Bxampls of the Ionic Current for a Squid Axon assuming the
application of a voltage clamp of V,, = 20 mV at{ = 0 sec. The azsumed pararneters
are: resting potential of Vi, = Vieat = —B0 mV; sodium and potassium Nernst potentials

Ex = —T0m¥ and By, = 57 mV.
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\Voltage clamp: current measurement

Membrane current, masom?

‘Resting potential is -60mV

‘Each value ccrrespunds to a

voltage step B

130 mV
M7 mv
104 mV

‘What can we conclude2

msec

Step changes
. in voltage
from Vm

GimV
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Current-voltage (I-V) curves

» From voltage clamp experiments:
|1: peak inward current.

|2: steady-state outward current.
|, mA/em?

» Where are Nernst potentials?

P




v v v

w

w

Strategies for Na/K 1on separation

Voltage clamp step: 56mV (-60+56=-4).

Potasium current? Changing Nernst potential of Na.

|** experiment: usual extracellular medium (Ey;,=57mV).

2nd experiment: Cy, reduced to 10% of its previous value.

Naz- I mV
No sodium current.

Na current?

Independence principle.

Supported by
toxin-based experiments.

Internal potential

(E] Ik {from current with
— reduced Na)

(A) Iy + Iy (current with
480 mM Ma)

I mAdem ®
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Toxin-based experiments.

(A Time [ms}
U 5 “—1
SN : T b 1
T{na) =
L
{
--11

Controt

(B) ' —

A0 N TEX

(C) Time (ins)

1 {rh)

10 -

Cuntro!
- 10

)

6 LA
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HH experiments

» A series of voltage clamp experiments:

For different voltage steps. Two times for each.
Normal seawater.
| 0% sodium seawater.

Assumptions:

Early current is only sodium current.
QOutside Na affect Ina. INa(t) = gNa(t)(Vin

Outside Na does not affect |k. INa{xtJ = gNall ) U"m -

EN&)

'Na,}

I['LI&(?L}-‘;IN&(T') — {-:Vm EIiTa.};'H(En Ena) =4

Based on early current: A=l /I .

Ly (1) = L, () + 1 (1)
Lo ()= Al (1) + T (1)



HH experiments

 Separated currents:

Lo(ty) — I (t1)

Inva(fy) =
| 1—A

Al {fl) - -I:n {tl)

I (t1) = ]
* Relation with channel conductance:
- B I (t) N (t) = Nal?)
{Hx{f] — (1 o EI{} (I m ENaJl



Curve fitting

» Na conductance:
Fast activation.
Inactivation.

» K conductance:
Slow activation.

No inactivation.

» Curve fitting to
obtain parameters.

33

Sodium conductance
(mV)

Potassium conductance
(mV)

f :[ 10 mSiem?

N O

0 2 4 B B
Time (msec)



Hodgkin-Huxley equations

 Potassium conductance equation:

003

=
o
A
»

_& D 0024
gltv)=g . (A+Be ™)

T

1

o
-

J

0.014

005+ /

Potassium Conductance (S)

=1

0 T T T
0 0002 0.004 D.006 0.008

Time (s)

o~ Vu=Vp-Vp(rest)

_ " 4 (0
Ly =8xn (1, Vi ) dv,/dt = dV, /dt

Cmr'hx: tance when Q. nt — Fraction of open
all channels are SK channels
open

0K H Fm] — !‘-?T{ﬂ;l(t-?’:rﬂ)

34
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Hodgkin-Huxley equations

Potassium conductance equation:
gltV) = g (A+Be_&)ﬂ

T

1

J

Vo= V-V, (rest)

P e m-'m

_ o 4 L N
8 =80 (1 W, ) dvp/dt = dV,/dt
Conductance when 4 . Fraction of open
all channels are 8 K n c?wzin[':z v
open
dn(t,v )
2o \ m == 5 AYE . EF) .
1** order ODE ; —a(\m )(l—ll)_ﬁn(‘n))ll
dt
| | g dn
Solving.. n(t)=n_—(n_—ny,)e dt

— (”oc- — ”‘);""‘Tn



T = (’Ira + 314)_1 and hx = &H(HH + ﬁ“}—l

[1 — o0 (¥mi)]
Tn (Vi)

Poo (Vi)
T Vi)

and ﬁn(ﬂmz) =

O (Vi) =

* n reflects the properties of potassium channels protein

36



« HH equations:

0.01(10 — v,,)
[exp (F57=) — 1]

3. = 0.125 exp ;_i"m
=i = ‘l H'ﬂ

e where v, is in mV and a,  are in msec .
e v.=V_ -V

f_-Jr,J =

est



Hodgkin-Huxley equations

« Sodium conductance equation:
— m: activation parameter
— h: inactivation parameter

0.04

0.035- /\
» 0034 \
: \
c el \
s 0.025 | ey \
3 \
g 0.02 \
o
s 0.015+

‘ reve

3 9}

0 IYA-./

| o R
. = : P — e —
0 0.001 0.002 0.003 0.004 0.00:



Hodgkin-Huxley equations

« Sodium conductance equation:

g Nt = {q ,N;J”f' ‘I (I 1?mr )h“‘ rm )

Conductance when

i . R
y e Fraction of open
all channels are —8 nu m l’?

channels

dm(t.v,)

aw ( Pm )(l - ”T) _ ﬁ”, ( 11”, )”?
15" order QDEs +— d{
dh(t,v ) - |
# U ﬂ'h (Fm )(I —_ h) — ﬁh { vm‘ )h
(




« HH equations:

_ 0.1(25 — vy, |
O T ) B

| o,
3, = 4dexp (_l_’:)

ik

Vi | (30 — vy, ) -1
{*'I|:DGTE'J‘LP(_%)~ .-_%J,?.:{Hlp[r .m.m,] _l_.l}

e where v, is in mV and a,  are in msec .
e v.=V_ -V

est



Summary of HH equations

Im — IK + INa + IL T IG

{v . .
CZ = 1= gnam®h(V = Vaa) = gien*(V = Vie) = gu(V = V1)
]
l
o (V1 =m) = b (V)m
dt
ey _ .
— = apy(VV1 =h)=5b,(Vh
i
{
% = a, (V)1 =n)—=06,(V)n
(V) = 1V 440)/(1 = exp(=(V +40)/10))
befV) = dexp(—=(V +65)/18)
ap (V) = 0Texp(—(V +653)/20)
(V) = L1/(1+4 exp(—(V +35)/10))
a, (V) = 0LV 455)/(1 —exp(—(V + 55)/10))

ba(V) = .125exp(—(V 4+ 65)/80)
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Importance of HH equations

» Not only, predicts

The voltage clamp experiments.

» But also, predicts
Naturally occurring AP,
Refractoriness.

Anode-break excitation.



Action potential characteristics

Refractory period

Absolute.
Relative.
h
NE ML
E D-—,} Istim n
40 L
m of
— 1 T 1T z | Vo (potet)
-80 -40 0 -80 -40 0 -0 |
V (mV) V (mV)

» Time necessary for:
h to increase: necessary for Na channels to open,

Gating

n to decrease: for Ina to become larger than Ik

Time (msec)
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Anode Break Excitation

ulfem®
- 2
a |
E -

a0 b
ol V. (patch)
> m P
E
R
-80 -40 0 -80 =40 0
¥ {m'f:] ¥ 'l.:ul ¥ }
T << Tn,Th o

Time {msec)
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Numerical calculation
Forward Euler method (Explicit Method)

» State variables:Vm, n, m, h.
» Assign the state variables their initial conditions.

» Calculate all other variables.

; y I = (V! — Ex)
o= f‘ n — P Tiiw = gha(Vii — Ena)
Ine = m;hi(V) —LI\H} Ii _ ‘?LU;L—L*L]
» Calculate the change in states from time step | to i+|:
AVE = jf I — I — I, — I} An' = Atlal (1 —n,) — 3 1]
" Am' = At [nm(l —my;) — 3 my]
» Update state variables: Ah' = Atlal (1 — h;) — 3], hy]

Vi =17 L AVE T =n" A’

m Vin | | el = BE - AR°
m ™t = m® + Am®
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Beyond HH equations

» Temperature:

HH equation: 6.3°C
Affects both

Nernst potentials.

Rate constants.

Q,, ratio of rate constants arising from 10°C (usually 3):

= 3(T'—6.3)/10 a(T) = Qw(6.3)
BT =0pB(6.3)
dr

d_": — Q&ﬂ(l—ﬂ) - Q,ﬁnn



las ols 4



S
2 oS g
o s Wossay

) I

.UA)M

ot
L fpnans



Impulse Propagation

* Cylindrical.
— Dendrites.
— AXons.
— Muscle fibers.
* Propagation:
— Move of an object, or energy.
— Asequence of events one triggers the others nearby.



Core-conductor model




« Assumptions:

— Axial Symmetry.

— The external path carries only axial current.
 re=0: Infinite extracellular medium.

— The internal path carries only axial current.

The continuum model:
Ax—0

ref_\.)(
P e AAAAN—

reAX
— MWW —

B —AWA—
B AX

ri AX



 The following sections are organized to answer three
guestions In succession:

— 1. How are axial currents related to the voltage across the
membrane, Vm? The answers to this question provide the
foundation required for answering the next two.

— 2. How does one find the membrane current, im, if one knows
only Vm? Answering this question is critical to the sequence of
steps in analyzing or simulating propagation.

— 3. Finally, if one knows the transmembrane potential Vm, how
does one find the potentials @i and ¢e, the intracellular and
extracellular potentials individually? Relating the potentials
Inside and outside to the transmembrane potentials Is
fundamental to understanding what occurs within and around
fibers as a consequence of transmembrane voltage changes.



V -l; Relationship

oD,

I = — LT
JI; _ M, _
i’ht}i — —_ir_z ;r'\-_z {j; — _21?1. l::;}.r - "l'.r.l:' T -ll-ll_:
(&
I=1+1, ar
i T g ﬁ =im T [—J_I‘l,” -+ 'EP} = I.“
+Ip¢ T 4,
+ le
} — extra
| = membrane
l I ‘ intra
)..
I | I [  —»



V..-1. Relationship

me(h_'i)e

SVm 3'1)1 3(1:'3 . —
E Oz - . —rili +rly = —rid; + TE(I B Iﬁ)

Vo,

g = —(‘.1"1' + Te)‘[ﬁ + ITE
-1 [8V,
li= (“.1"1' + T'e) Oz - ITE]




Vi (Mv)

V,-I: Relationship

Distance (cm)

li (pA)



V. -1 Relationship

aV,

— = —(ri+ro)l, + I,

i
DV, { )HL N
— = — T T e )
Jxr? } “or

9V
e

§ YA e
P 1 d=V 1
T () L 022

o, )
: o JIIIII.-II
clr
ff]'?’.l .
- — 'r:.':
dr

?1-

= ('T'm' + Tg)?:m + Teéﬁ

1l
“or

_ ,?1:-: lflrj )

1 = — :
1 a9
T o=




V-1, Relationship

lllllllllllllllllllllllllllllllllllllll

im (PA/em)

H

20 00 22 24 28
Distance (cm)



Potentials ¢; and ¢, from v,

o '.'r il

— = —(ry+ro)d; + I, AT 7 w
i (r i ) dV m (ri +7¢) JPb;
a — el 8
D, ) ox T dx
or
Jo; ri o OV, r'iTe 7 ’E)(I}e e ’{:ﬂ';.'rn I'iTe i
dr  r;+r, dr ri4r. or r; +r. dr i+ e

 |f it is assumed that all applied currents lie In a finite
region near the coordinate origin, then at X = o the
membrane may be assumed to be in the resting state

and hence v, = 0.



Potentials ¢; and ¢, from v,

» We also choose as a reference ¢, (o0, t)= 0, so that ¢,(e, ¢)= 0.

Jb, T oV, T ;
dx T, +7r. dr T+ T,
84060, 8) — i) = — o (cort) — o) — — [ I(e)da
(e ol s
s rar. [
(2, 1) = - Vo (@,1) + ——y A I{z)da
P, r. oV, rite
a;’LT- B e dr T+ r'r_ﬁ_I
T rite {0
bu(00,8) ~ 9u(0,8) =~ omo0,8) ~omfa ] - / I(2)da




Potentials ¢; and ¢, from v,

* Assuming v, ¢;and ¢, are equal to O at infinity.



Propagation

» Qutward current at the onset of AP:
— Capacitive, Leakage potassium.
* |Inward current during upstroke of AP: Sodium ions.
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|_ocal circult

Five numbered current flow pathways are sketched. These are

1. Sodium influx at A along path (1) charges the membrane at A, causing rising Vm. This
effect is recognized by the rising transmembrane potential atA (based on Vm = Q/Cm).

2. Path 2 identifies sodium influx nearA moving down the fiber’s interior, and then
moving back out across the membrane (near C), perhaps as a potassium current. This
portion of the sodium influx is a closed current circuit linking A with more distal region
C.

3. Sodium influx near (A) moving down the fiber and charging the membrane near (C),
that is, path 3 becomes the capacitative current IC near C. This current results in the
initial depolarization at the “foot of the action potential.”

4. Sodium influx initiates currents moving down the fiber’s interior, and moving back
out across the membrane (near B).We describe in path (4) ion flow across the membrane
at B as a component of the closed circuit, perhaps through potassium channels.

5. Sodium influx nearAmoves downthe fiber and charges the membrane near B, i.e.,
forming the capacitative current IC near B. Charging the membrane in this region,
because of rising Vm, triggers sodium currents. As the regenerative process associated
with activation is triggered, there is a rapid rise in vm associated with the large sodium
influx signaled by the inward im.
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Mathematics of Propagating Action Potentials

Im (;’1‘.. IL) — Iinn(irﬁ IL) + I( (T- f)
OV, (x.1)

A [P
o

Io(x,t) =C,,

t{ﬂ. Tm ('J.H f) 1
- _ — I r.,t) — I x,t
r)_l!_ (‘er ( I ( ! } ) 11_111( ! J)

Ii{_,u(l‘. t) g (z.t) (Vi (2, t) — F)
yNu.(iF' f} (‘rm (I' f) _ ENH-)

gr (Vin(z,t) — EL)



« |_: Transmembrane current per unit area
* 1. :the current per unit length

L
b = (r; +7e) ( ox? ?‘Ezp)
Lo =in /(27 a)
1 OV,
I = (2ma)(r; + o) ( dr? Tezp)



Alternative forms for the membrane current equation

* Transmembrane stimulus. In this general form for I,

an explicit term 1, Is added to account for a
transmembrane stimulus:

I 1 (SQVm

(2ma)(r; +r.) \ Bx? Tezp) i

* Membrane current if no stimulus: 1, =0and I = 0.

1 9V,
. (o)
(2ma)(r; +r.) \ Ox?



Alternative forms for the membrane current equation

« Membrane current if high extracellular conductance:
re <~ 0

a (QQVm)

I = OR, \ 9z’



Velocity Constraint for Uniform Propagation

* For uniform propagation:

Vio(z,t) = Vit — 2

0
 Using chain rule:
oV, @V
1/6
e s
0V, QEV

= ()



Velocity Constraint for Uniform Propagation

L

a 19*V,,
9V, 9V,

== (18—
Ox* 1/ dt*
a 94V, .
- 2R.0% P2

L,

* there Is no stimulus during uniform propagation.

o 9V, V..
Rt o~ g To(Vm— By

+ gNa(Vm — ENa) + QL(Vm — EL)




Relation of velocity with diameter

a 0%V, oV,

Rt o g T 9sm )
+ gNa(Vm — ENa) + QL(Vm — EL)
a - |
— constant = —
2R 6 K
akd
9 _
2K;

* Reported by HH
=+d m/sec



25

PROPAGATION IN MYELINATED NERVE FIBERS

Node of Ranvier

Schwann cell nucleus

\ \ Endoneural sheath
K Myelin
Axon
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Myelin Sheath

Figure 6.12. The Development of the Myelin Sheath by Vertebrate Schwann Cells in the
Sequence. A —+ B — (. Reprinted with permission from Robertson JV. 1960. The

molecular structure and contact relationships of the cell membrane. Prog Biophys 10:343—
417. Copyright (€)1960, Pergamon Journals Ltd.



Myelin Sheath

Table 6.2, Electrical Properties of Myelin Sheath and Cell

specific leakage resistance Specific capacitance
(Qem?) (Flem?)
Myelin sheath 10° 10-°

Cell membrane 108 10-6




Myelin Sheath

« Saltatory Propagation
* higher velocity for myelinated fibers

#=06d m/sec  (dinpm)
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The Electrcardiogram(ECG)
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Sinoatrial Node

(SAN)
HIS Bundle
Right Atrium Left Bundle
Branch (LBB)
Alrioventricular Node Left Posterior
(AVN) Fascicle (LPS)
Right Bundle F
Branch (RBB) LE‘“ vE‘I'Ih'ICI.E
Left Anterior
_ - Fascicle (LAF)
Right Ventricle

Purkinje Fibers
(PE)
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t(Lead) gLt g ECG
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surements of an ECG (about 1900) by Einthoven.
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The Electrcardiogram(ECG)
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O e sl

* It Is possible to analyze the magnitude and orientation of
the cardiac vector M In time for analyzing the heart
function.

« We can determine the potential differences by placing
electrodes on the surface of the body and measuring the
voltage between them.

|t can be concluded that, different pairs of electrodes at
different locations generally vyield different results
because of the spatial dependence of the electric field of
the heart.

*Thus It I1s Important to have certain standard positions for
clinical evaluation of the ECG.
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Relationships between the two lead vectors a; and a, and the cardiac vector M.
The component of M in the direction of a, is given by the dot product of these
two vectors and denoted on the figure by v,. Lead vector a, is perpendicular to
the cardiac vector, so no voltage component is seen in this lead.
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s e
1 =the voltage of Lead I
"I =the voltage of Lead II
VI = the voltage of Lead III
@1 = potential at the left arm
@, = potential at the right amm
®r = potential at the left foot

Leadl: 7] =dp -dp
LeadIl: 7 =dp-dp
Lead Ill: V=dp-dp

ECG .. (Lead) Lslans
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The voltage at this node, which is the Wilson
central terminal, is the average of the voltages
at each electrode.
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* Muscle noise is not associated with narrow band filtering, but is more
difficult since the spectral content of the noise considerably overlaps with
that of the PQRST complex

— ensemle averaging
« Moving Average Filter

— Adaptive Filters
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"RR variability" variation in the beat-to-beat interval -
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IS the recording of electrical
activity along the scalp. EEG measures voltage fluctuations
resulting from ionic current flows within the neurons of the
brain.

« Applications:
— the type of neural oscillations that can be observed in EEG signals

* epileptic activity can create clear abnormalities on a standard
EEG study

— In the diagnosis of coma, encephalopathy's, and brain death
— for studies of sleep and sleep disorders
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« German physiologist and psychiatrist Hans Berger
(1873-1941) recorded the first human EEG in 1924.
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m Beta: waking activity
(above 13 Hz)

® Alpha: relaxed, eyes
closed (8-13 Hz)

® Theta: drowsy,

dreamlike (4-7 Hz)
m Delta: deep sleep
(below 4 Hz)

m Meditation can alter
brain waves over time
(the idea in Biofeedback)
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/\ Alpha Waves
\/\ 8-12 cps
/\ Very relaxed. Deepening into
\/ meditation.
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inker sleep and dreams.
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Delta Waves
—_— B3 aps
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Gamma Waves
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Sixo s

Brain Waves Graph

Gamma Waves

31-120 cps

Hyper brain activity, which is
great for leaming.

Beta Waves

13-30 cps

Here we are busily engaged
in activities and conversation.

Alpha Waves

8-12 cps

Very relaxed. Deepening into
meditation.

Theta Waves

4.7 cps

Drowsy and drifling down
into sleep and dreams.

Delta Waves

S-3eps

Deeply asleep and not dream-
ing.
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* Motor unit potentials from the normal

y dorsal interosseus muscle under
increasing levels of contraction.

+ At low level of effort single SMU
potentials can be distinguished.

+ At high levels of effort many
superimposed motor unit responses

give rise to a complicated response (the
interference pattern) in which individual
units can no longer be distinguished.

* By increasing the level of contraction,

| active motor units increase their rate of
firing and new (previously inactive)
motor units also start firing.
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' Figure 4.7  Measurement of ncural conduction velocity via measurement oI'
| latency of evoked electrical response in muscle. The nerve was stimulated at
two different sites a known dnstancc D apart.
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