This voltmeter measures
membrane potential.
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« Seclective permeability to 1ons leads to membrane
charge. Start with K™-permeant membrane, with
abundance of K" inside the cell.



Electrodiffusion — Nernst potential
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Nernst potentials for multiple 1ons

Ton concentration (mM)
interstitial cell (“typical”) | V™™ (mV)
space (ext) (int)
Na” mammalian cell 145 15 +58
K", mammalian cell 4.5 120 -84
CIl', mammalian cell 116 20 -45
Na’, squid giant axon 440 50 +54
K", squid giant axon 20 400 =75
CI’, squid giant axon 560 52 -59




Gibbs-Donnan equilibrium

« Concentrations adjust such that Nernst Potentials are
identical for ALL species:

— Since external pool 1s huge, internal concentrations adjust

 Electroneutrality both inside and outside
— External: [Na™] . +[K"] +[Cl'].=145+5+(-1)*116 mM
= 34 mM excess. Not bad....

— Internal: these will be calculated, but from the standard
concentrations presented earlier, there 1s an excess of
positive charges, if only K*, Na", and Cl- are considered.
125 mM of negative charge comes from DNA/Proteins



Gibbs-Donnan equilibrium

V Nernst __

Na™]; [KT]; [Cl7 ],

Cl

_kBTln[czj Na®]e [K']e [CI™];
q

[Na ]i+[K |;-[C] ];-125mM=0

Given external concentrations,
[Na']i=145mM, [K]=5mM, [Cl]=116 mM

Solving for internal concentrations,
[Na']=202 mM, [K']= 6.3 mM, [CI]=83 mM, Vg=-9 mV



Goldman-Hodgkin-Katz voltage equation

* Resting: net flow of charge =0

C; —C, exp[— qu C; —Ce exp(— qV]

j_E qV kBT B qV kBT
T kpT
L kp 1 —exp _qv BY 1—exp _aqv
KT kT

« P (permeability) can also include partition coefficient,
structure, etc.

« P, . encompasses many factors for that ion

RT (PNa Na, + Py [K]; + Pgy[Cl], ]
PNa _Na-e T PK [K_e T PCl [Cl]i

Pk =25 Pna =2 Py This gives VgR=-56 mV.



Pump-leak model

e 1951: Ussing and Zehran
Na" pumping by frog skin, even when AV=0 and
Na™ conc. same on both sides.
Na™ 1s actively pumped.

* 1955: Hodgkin and Keynes showed that K™ 1s also
pumped, and 1s needed for Na™ transport.

Metabo]

¢ 1957: 8

transporter, soc
Later studies: flux of K™ was 2/3 that of Na™

KOu 1SO.

1c 1nhibitors interrupted Na/K pumping.

ated a Na/K transporter, an active
Tum pump.




Pump-leak model




Pump-leak: leak (ohmic hypothesis)

o = n g™ = (AV -V,

Jq.i—charge flux of species 1
ji—concentration flux of specnes 1
n;=number of charges for species
q—fundamental charge of electron
gi—conductance per area
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Pump-leak; Na/K pump
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Pump-leak; Na/K

: _ ZNa* ( _ Nernst) .pump _ .ohmic , :pump

jK+ = g%(Av_VK+Nemst )-I— iju+mp _ jIO<h+miC n JpKu+mp

‘]Cl_

Resting potential: set the flux of each species to zero



Pump-leak; Na/K

_ 8Na- (AV B VNa* Nernst )+ jpump .ohmic , :pump

jNa+ — q Na® _ INa* +JNa+
jK+ _ gl;+ (AV—VK+NemSt )+ JPKUEHP _ jlo<h+mic n JpKlimp
from knowledge of Na/K pump
jpump _ _ 3 ;pump
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Na™ Na™ 27K* 2 K*



Nernst 3 Nernst
AV -V = Z[AV-V ]
( Na™ jgNaJr 2( K™ gICr
rearrange
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resting potentials:

L R 25 n mammalian: -80 mV
gK 5 Na squid: -72 mV



Pump-leak; Na/K

1nside
RNa RK RC]
=1/g.. =1/g, =1/g,
AV=V
d0 0. .
e | VIT= VT =
outside

« Active balance between pumping and transport for
Na® and K7

* CI configuration follows potential set by other
system.



Nomenclature — version 1
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GHK vs. Ohmic

A POTASSIUM CURRENT
Ik two OH curves

GHK

jusiing piemno

' [K*) = 185 mM
[K'), = 4.5 mM
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