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VNaNemST VKNemsl VCINemst %
outside —
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1 1,ext

q = charge of electron, 1.6E-19 C Jq i = current across membrane

n;= number of charges on ion Ji =1on flow across membrane
g. = conductance for ion



Response

stimulus current

] I
Electronic potentials
are proportional to

This volimeter measures
membrane potential.
Ag/AgClin
3M KCl \
FProcess
A
Hyperpolarizing
f Nucleus stimulus the stimulus.
" Cell body
I 7 — VW
A Wi
Depalarizing —— _
stimulus An action potential
occurs if the
membrane potential
reaches the threshold

NEURON
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Absolute Helative
refractory refractory

Absolute refractory period period
period: A second
response 1s not \
possible regardless of ,
streneth or duration Relative refractory
of the stimulus. period: A second
” response can be
Voltage elicited, but at a
greater “cost” (ie.,
strencth and /or

+ duration).




Ion components of the action potential

lon concentration (mM)
interstitial cell (“typical”) | V™™ (mV)
space
Na™ mammalian cell 145 15 +59 (37C)
K", mammalian cell 4.5 120 -71 (37C)
Na', squid giant axon 440 50 +54 (15C)
K", squid giant axon 20 400 -75 (15C)

Bernstein, 1902. K" conductance is key to resting potential.

late 1930’s, Cole & Curtis, and demonstrated that action potentials are associated
with increased membrane conduction.

Later, Cole & Curtis, and simultaneously by Hodgin & Huxley, measured the
transmembrane voltage, and found that it actually crossed zero, going to near
+40mV, near that for Sodium

1940s, Hodgkin & Katz show that altering the external Na" concentration
(bringing it down from seawater, but maintaining electroneutrality), altering
action potential shape (graph on next slide).



membrane potential, mV

seawater, 100% cp

at




Voltage clamp

Additional electronics allow

control over membrane voltage
Ag/AgClin

by injection of current
aM KCI yn]
Frocess

NEURON



A HYPERPOLARIZATION B DEPOLARIZATION
—80 —20
\" W
m m
imV) =140 (mV) —80 |Thu total current is a summation
|
1 e TOTAL IONIC CURRENT y
I 0 current 1
(mA/em?) Inward Outward T
-1 current m 0 e ______..________________________Elil[[?p_t ______
- (mA/cm?) Inward
0 2 4 & 8 10 12 -1 current
C PHARMACOLOGICAL DISSECTION OF CURRENTS
OH Outward T
current
: : —— Inward
current TTX (tetrodotoxin, from pufferfish) current
or STX (saxitoxin, from “red tide”
dinoflagellates) blocks Na' current,
revealing the K' current.
0 2 4 B B 10 12
TEA (tetracthylammonium)
blocks K current, revealing
the Na® current. Outward
\\ current
Na® 0 —7— I E
current nwar l
current
o ' ) 0 2 4 B B 10 12
Saxitoxin NH, Tetraesthylammonium Time (milliseconds)



A TOTAL IONIC CURRENT

Clamped membrane  Clamped membrane  Clamped membrane  Clamped membrane  Clamped membrane

potential = —45 potential = =30 potential = 0 potential = +30 potential = +60
Outward
Total 10
membrane Tcurrent
current ar [ See———— I-r;;ﬂ;:ard
[m (NA) 10 current
0 .5 10 O 5 10 0 5 10 0 5 10 0 5 10
Time (msec) msec msec msec msec

Na® CURRENT CBTAINED

IN 6 mM TEA
10
Na®
currentor 0
[pjg (MA)
* -10
0 5 10 O 5 10 0 5 10 0 5 10 0 5 10
Time (msec) msec msec msec msec
C K'CURRENT OBTAINED
IN 200 nMTTX ; .
P -
. N
K" eurrent G——————————————————————f/{—'fl— ____________________ / _________________ el A out
or Ik (nA) e in
—10
0 5 10 0O 5 10 0 5 10 0O 10 0 5 10
Time (msec) msec msec muec msec

This is called the “delayed rectifier
current because of this delay.




Hodgkin & Huxley model

30 — 35
20 Membrane — 30
10 potential
— 25
0
_10 Na® conductance _| 20
Vi, 00 Conductance
(mV) — 15 (mS/em?)
—30 +
K™ conductance
— 10
40 /
—50 °
—80 0
_70 \ -5
0 0.5 1 1.5 2 2.5 3 3.5 4

Time (msec)

« Two channel systems, which add to conductance of the membrane
« Na* channel

— voltage sensitive, fast opening, self-closing
« K* channel

— voltage sensitive, slow opening v



Voltage-sensitive channels

Moy i ; et ;
E MEMERANE-SFANMING MODEL l l l l \j I—*

Extracellular space




Time dependence of membrane voltage

inside
Ry, Ry R
:1/gNa :l/gK _1/gCl
V.,
+ INa | J’ IK +
V= A vcf“ =

outside ——



Time dependence of membrane voltage

C PARALLEL-PLATE CAPACITOR  LIPID MEMBRANE

ouT ouT

Charge, Q
C=¢gp*e*A/d, or c=¢gp*e/d

€0 = permittivity constant of space
g0 = 8.854 x 102 C*/(N*m?)
Elipid = J
d~5nm
C =8.85x 10 F/m* ~ 1 uF/cm?

¥

Distance,

i

Medium dielectric
constant,



Time dependence of membrane voltage

inside
Ry Rg
—l/g =1/gy =1/gq
A" A1
) o 4 + T G,
. S ‘ VKNemst : VClNemst _:_
outside —
Reduce this circuit to
T inside
Nemst ~— ——
+ Lc v = —
VNer] t g “T™V%m I
T Cm ;: V :Vm
!

outside



m

e at time 0, membrane voltage 1s V
e at time 0, the switch is closed, the potential “V” is applied
e How does this system respond?

I(t) = g{V -V_ (t)]; resistor

dv, (®
dt

I(t) =C_ ; capacitor



dvVi,(t) g _
dt _lev V(1

|

And now, using V’(t)=Vm(t)-V,

dv'® __ ivv(t)
i C,

With a solution

'"(t) = __g
V(t)—AeXp( C ]

Using V,,(0)=V,

V. (t) = (Vo - V) *eXp[—Cit

m

v

Time constant = 1= Cy/g




inside

RNa RK RCI
g, =1/g; =1/g,
V., + | & 4 —C.
Vo = e ——
outside = R
(I_(‘t) eq
S1
1 1 Y +1 VIH=V(©)
\— _
Req :( + + ] eq = C
RNa RK RC]
pvems _ ~ Do = Ix + 8V va ™ + 8V ™ + 8V ™ =
eq

gNa +g1{ +gc/



Ion concentration (mM)
outside inside Vi (mV)
Na' 440 50 +54
K" 20 400 -75
CI 560 52 -59

Na' conductance, peak, action potential, squid axon: 27 mS/cm’
K" conductance, peak, action potential, squid axon: 12 mS/cm”
Na' conductance, resting, squid axon: 0.1 mS/cm” = 100 uS/cm2
K" conductance, resting, squid axon: 1.5 mS/cm”

CI conductance, squid axon: .8 mS/cm’



AV =-T70 mV



o gN=27 mS/cm?’
o gx=1.5 mS/cm?’
e gc=0.8 mS/cm’
¢ Pump-leak=> 44 mV

Consider a 500 um diameter axon, take a 1 um length

Area = 1*500um* lum=1570um”

Capacitance = 1uF/cm” * 1570pum**(1E-8 cm*/um?) = 1.6E-11 Farad
Resistance for this patch = 1/(gnaap™1 570um®)=1/(4.2E-7S)=2.36 MQ

Time constant = 3.7E-5 seconds ~ 35 us.



SN

mpOI?fi

o on,=7 mS/cm” a

e gx=12mS/cm’

V
mV) ‘20

e 9=0.8mS/cm” ",

N

Lelion

Membrane
potential

Na* conductance

/ K* conductance

N

0

time constant = 53 us

0.5

1

1.5 2 2.5 3 35
Time (msec)



Cable equation — linear solution

(V' = 0 outside)

dR, '- === === == - 1 (out)

* Treat axon membrane as chain of cylinders, each with
radial and axial components

* Extend this concept to create a continuum of
distributed resistors and capacitance

* Typically, solve for voltages and currents as function of
position



B DISTRIBUTION OF CURRENT FLOW Injection
7

Y SR S Y S

{100 0 2

C VOLTAGE DECAY

A

‘ The decay is exponen tia].J

_ ! V
Vo \ : Vo _oa7V,

v Vv

A

v(x,t)=C*exp(—t/7)*t™"* *exp| — (4*1*/12/ )
.

1 = C,*R,,; time constant
R, = membrane resistance

A =sgrt(a*R,/(2*R,)); length constant
R, internal resistance, a = radius

A =0.1 mmto 10’s of mm
under typical conditions



Traveling action potentials

Stimulating Recording electrodes
electrode
/e 1
Stimulating 2 Recording electrodes 3 4

=525 = = =\

N Nerve axon or

muscle fiber
o| Vm
)i —70
I — -70 // P
Depolarizing 0/ 0 1 0.1 2 0 1 2 3
stimulus

constant in magnitude and shape... response increases with distance.

The action potential remains ‘ \ _..but the delay between stimulus and




initiation of action potentials

A UNMYELINATED AXON

1 &
[ece R R EEECG
\
&

\

Inactive Active Inactive

B MYELINATED AXON

Myelin sheath

eath can ’

Active

Myelination enhances transmission by reducing
capacitance and increasing membrane resistance



Ca™ channel triggerec
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Optic-driven stimulation in slices

Nikolonko, Poskanzer, & Yuste, Nat Methods, 4:943 (2007)

* Laser-induced uncaging of glutamate



Optogenetics. Deisseroth, K., Sci Am 303:48-55 (2010)

Channelrhodopsin-2
nonspecific cation channel, depolarize

I:I Blue Light Source

Extracellular oy e

Intracellular A A A AL A% AN

Halorhodopsin
chloride pump, hyperpolarize




Ca™ channel triggerec
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