


Physiological significance of the
transmembrane electrical potential
difference :

» It influences the transport of a vast array of
nutrients into and out of cells;

» It 1s a key driving force in the movement of salt
(and therefore water) across cell membranes
and between organ-based compartments;

> Itis an essential element in the signaling
processes assoclated with coordinated
movements of cells and organisms;

> It is ultimately the basis of all cognitive
processes.




FIOW GOESITNEEIECHRCAlIGRaAGIENFACKOSS
MEMIKANES aISe?

It IS the consequence ofi two physiolegical
parameters:

the presence of large gradients for K* and Na*
ACross the plasma membrane;

the relative permeability, ofi the membrane to
fhose 10nsS.

Tihe gradients for K and Na* are the product of
the activity oft Na-K-ATRasg, a primary. active ion
pumpi that'Is ubrquiteusly, expressed in'the plasma
memibrane of all animal cells.

Tihe pump maintains

o ipie eireie guptyizicel by elipelarele] K eirsielleleit zinle

o e zireie lpyiziel by ellgeiareie] INel eiczielieinir, nnll
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ihe second parameter, the relative permeability |
of the plasma membrane to K+ and Na*
reiflgets e gon versus elossel sirzitus of jon-
selderive membrane epznnels.

Cell membranes display different degrees of
permeability to different 1ons due to the
InherentSelectivity O SPECITICAGM CRANMEIS;

e compination of
1) transmembrane ion gradients, ana

2)" differental/ permeability ta selected 1ons,
IS the asis Tor generation of
transmembrane potential difference.




Consider the hypothetical situation of: two

selutions separated by a membrane selective to
a single ion.

Side 1l (the “inside’) contains 100 mivi KCl
and 10'mivifNaCl.

SIde Z (the “outside’) contains 100 mM NaCl
and 10 mivit KCI.

Hence, there s an “outwardly directed™ K™
gradient, and nwardly: directed Na* gradient,
and'no transmembrane gradient for Cl=

I_et this Ideal membrane IS permeaible only: to
K




e rule ofthumio: any: manipulation: that reduces K
gradient (e, eitnerdecreasing [ Grincreasing
K50 Wil 'aecrease E - I OteRWOAS; 1-LRErENS
[ess energy. In the chemical gradient; 1o will take l1ess
energy. In an electrical gradient toy balance It.




- -
Cytoplasmic and extracellular K*, Na* , Cl- concentrations » B

CoxialMM] | En [mV] | P [cmis]

E - calculated Nernstian equilibrium potentials for
each ion gradient
P= typical permeanility, valtes for neurons

Tihese values are only hypothetical for a
mammaliani cell: Tihe listed concentrations of: Cl- In
the cytoplasm and extracellular flurd do not add'up te
the total concentration of: K* and Na*.

HoweVer, electroneutrality Is maitamed in
each compartment througn the compbined
contripution of a diverse array. of-additional charged
solutes.




Biolegical membranes donot shioyw: “ideal™
PERMSEIECINVIT/ REalN mEmranes aVvea e
permeapIlity to all' the major Inorganic 1ons 1n body
fluids.

=or moest cells; the only 1ens that can exert any.
significant effect on bieelectrical phenemena are
the “Ig three™: K, Na*, and'Cl= (Ca#" also
contrioutes to BIGelectric ISSUEs In a few tiSsUes,
including the heart).

[ihe Nernst eguation, WhICh represents an
Idealized situation, can be modified to represent the
more physiologically realistic case In Wwhich the
membrane snows a finite permeability to these
three major: players.

Tihe new equation Is called the “Goldman-
Hodgkin=Katz Constant Field equation:”;or the
“Goldman equation:.




£, = —60l0gy ~KL]in *PralNalin +Pei[Cllour

Pk [Klout +PnalNaloyt +Pci[Cllin

“(50ldman equaton’

The Nerst equation IS lurking wWithin the
Goldman eguation:

[ifthe membrane Were te heceme permeanie
enly ter K HLe i Py, and P WEre Zero, then
the eguation simplifies te the Nerastian
equation fer K.




In neurons relevant players include members of
the family of inwardly rectifying K channels (KIR) and
the K(2P) family of K “leak™ channels.




An outwardly: directed K gradient + a high
resting permeability to K =y electrically
negative interior of-animal cells with respect to the
external selution.

dieite pENTEANINACRIIENMERIIANENONNE
(zlelel 1) € 1) ereveeiis tele prisnnioreine goraitiell frerl aver
acutialiyAreaciingatneNErmshiant ke petentialsie
extent to which each 1on gradient influences the
potential difference is defined by the permeability of
the membrane to eachiion (Goeldmanieguation).

EVEMVER/IarGE CORCERraliGRSIExXentItiie
N UERCENTRINE aSSOCIAEERA N UENSISTIAllE

I the membrane Were suddenly, to become
permeable only torNa ™, the result would be a
Nernstian potential for Na.




[ summany: the combination of:an cutwaraly.
directed K gradient (due to: Na-K AlRPase activity)
and a nigh resting: P, makes thelinteror ofianimal
cells electrically negative With respect to: the
extacellular space.

e K] IS particulardyy susceptivle to changes
SINCE It IS comparatively “small’ (4 mM) and
Increases in [K],: ofonly a few miviccan have large
effects on resting membrane potential.

SUCh changes can OCCUr: as a Conseguence of;, for
€.0., Crushing Injuries that raprdly release into the
blood stream large absolute amounts of: K (from the
K-richicytoplasm in cells of the damaged tiSsuge).




Failure ofithe Na-K AT:Pase during Ischemia can
result in local'increases i [K], . a problem
exaceriated by both the low starting K concentration
and the low extracellular volume of “denscly;
packed” tissues (e.9., In the heart or brain).

Alterationimimemorane permeannity toroens, can
ariISe as a consequence of:pathoelogical defects mnien
channel proteins (or “channclopathies™).

Of particular relevance to the resting memborane
PeLERtIAIRAREN ESIONSHITGRE GG SUOUITITSIOIRITE
KIR channels, Mutations in these channels Is linked
IGPErSISIER Y PERTISHlIMERICAN/POCIY/CEMIZNG:

Infancy, and to several polygenic CNS diseases,
Including white matter disease, epilepsy: and Parkinson’s
dISease.




Viihat alout the efiect of CIF7 Tihe resting potential
IS as Close to E . as It IS to E .-

Wy donttwe gonglicle ez CLig e clommiiizli
logl 1ol eleifleligleritpie geitieiel ericrnle)fzipiel Sojtepitizl|?
Ans: Tihe cell 1s spending its energy: via Na-K-
ATl RPase In establishing the gradients for K and
Na*, not CI=.

Tihe observed mwardly directed Cl - gradient, with
E o= 869 m\/ IS mainly due to the simple passive
distribution oft CI* Iniresponse to the electrical
gradient that Is effectively defined by the
outwardly directed K gradient.




b)) Frig eall zerively oullds trapstugnorerie erzielients of £

zigiel MNzis
2): Tihe outward flux of: K downiits gradient shifis the
potential difference toward E...;
3) CI5, which 1s highiin the blooed, moves mnto the cellin
response to Its chemicall gradient;
23 Bt thensidernegative potentialfestanliShea oy K
SEIVES asSiaGrCEON IMITRENUN QUG EI S
This Is the case even In skeletal muscle cells iniwhich

the channel-mediated permeability to Cl exceeds that for
1K

dheacttattne INemsHantCIipeIER NS REHEXACHY
egualNte e eSO POeLERUAI MEARS A HIERE alE OREIGL:
MOTCEACHVE  MANSP O INGCESSESHNANEEPNEI RN
fremrameguineRuREISIREUHERNSECCREARAACHNVE
Cl/HICOFEXCHANTGE)




\Whereas In neurens ClIis a minor player in the resting I
membrane potential, there are several situations I Which
P (due to the activity oft Cli channels) is Very important.

e An Increase P is an effective way to “stabilize™ the
resting membrane potential By opposIing changes In
PIDithat Would otherwise e produced by, fluxes off K

or:Na. Thus Py, Is modulated'to influence synaptic
transSmISSIon.

* Adecrease in P, makes it easier: for: the P 1o shift
away from Its resting value. Thus, In the disease
myotonia congenita, the olsen/ed hyperexcitability. of
skeletal muscle cells results from a decreased P
(arising fromi defects i the CICNL ClI' channel).




[Factors contributing to the resting potential:

A. Gibbs-Donnan Equilibrium: contributes less than 110
m\/ to the resting membrane potential.

B. Tihe electrogenic Na-K ATPase:

In vertebrate skeletal muscle and many: vertebrate
nerve cells the contribution of the electrogenic Na-K
ATPRase to the resting membrane potential is small,
less than S TN/ 0 se. I contrast, In'Smoeoth muscle
and some neurons, the electrogenic pump may: make
a major. contribution to the resting membobrane
potentral.

C. Electrodiffusion of:ions: Eachipermeable 1on
strives™ to bring the transmemibrane electrical
potential’ difference toward Its eguilibrium potential.




Learning Goals
1. Which way will an ion flow spontaneously.
Compare “electrical force” with “chemical

force”.
Na® wall diffuse from A to B because of:the

concentration gradient, but will tend'to diffuse
from B to A due to the electrical potential
difference. Which way will Na* flow?

\\/e need to

e able to compare
the “concentration
force™ with the

"eIeCtricaI fo rce" concentration force
E electrical force

1M NaCl - 0.1 M NaCl



What is the equation for the differerence of
electrochemical potential Ap of an ion across a
membrane? What are the units for each term?
What Is the meaning of each term?

ihe electrochemical potential. Definition:

*
u =pg+RTINC+zFo
g IS the chemica POLERUIAININISOME reference state

R IS the Ideal gas constant,

1 IS the absoelute temperature,

C IS the concentration of:the 1on,
Z IS the valence of: the Ion,

IS Faraday’s number,

@ IS the electrical potential.

Tihe dimentions of each term are energy/mole.




[ IS the potential energy. per mole of:1ons.
R IRic IS the energy. Possessed BEcaLISE of

concentration.
ZE @IS the energy. POSSessed By virtue of:the
electrical potential. The difference in [u* acress a

membrane (A):
AW" =pia-pg =RTIn A

+ZF(pa —0B)



lonswillsflow spontaneously from Where
GhEIr W IS Mgher towhere thelr = 1S IoWer:

1L EnNergy/ IS Fequired tormake 1ons Hl oW firom
[OWer w to Mgher .

HOW MUCH Energy? Al PER IMIGIE:

2. ENergy.Is released Whenions flow frrom
mgher w to IowWer: .

HOW MUCh energy? A Per mole.




lomc equilivritm and the Nernst Eguation |

A. When an 1on Is In equilibrium across a
membrane p*, = u*g, so that Au*=0.

Setting Ap==0"andselving for o, = @ GIVES

RT, Co RT, Cpg

-pg=——"I"N—"—=—In—
PATTB ZzFk Cg zF Cp



Explain the image.

Equilibrium

(K] = K]
|

(] = [C]




Explain the image.

Equilibrium

K] > (K

cr] < [CH]




Explain the image. ny

€0+
(a)

1 mm opening filled with bilayer

I (left) Il (right)




What happens to the membrane potential
when the membrane is made permeable to

only K*:

| eft side

100 mM K*
10 mM Nat
110 nM CI

Right side

100 mM K*
10 mM Na*
110 nM CI
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Explain the image.

(a) Amplifier
Recording I
microelectrode | i’
e 0mV
oL %; — Reference
'i{; electrode
'.;_-.‘.:}.’1_.;; ’ — Saline 80 mV
; -80 m
bath Time




Explain the image.




Every ion has its equilibrium potential.




Cells have multiple ions to which
membranes have varying
permeabillities. lons concentration and
permeabilities are involved in
establishing the membrane potential
Emq that can be estimated using
Goldman equation.

E__ RT In Pk [K]e +PnalNa]e + Pc[Cl];
= _KL™e T T Nal"™e T T CIL~ )

F Pk[K]i +PnalNa]i +Pc[Cl]e




Muscle cell
interior

[A"] = molar equivalent of
negative charges carried
by other molecules and lons.




_RT, PlKIe + Pya[Nale + PolCll

F PkIK]i +PnalNa]i +Pc[Cl]e

1(2x5) +0.01x120
140+ 0.01x10

Em

E-0.058 Ig

=-92mV




(b)
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Normally, Na* levels are
K maintained at

i) €QUIlIDIIUM @s ion

el passively enters the cell

Cells behave as if they and is pumped out

were at Donnan equilibrium. Metabolic inhibitor added

When inhibitor blocks
active transport of Na*
outward, the intracellular
concentration of Na‘*rises
and water enters
osmotically, increasing
cell volume.

Eventually, increasing
cell volume causes cell
to burst.






