Membranet som RC krets (Fosfolipider +
proteiner)

Vilomembranspéanningen — hur, varfor?
Excitabilitetsegenskaper (AP)
Jonkanaler - uppbyggnad

2.2 Recording passive and active electrical signals in a nerve cell
(A)

Microelectrode
to inject current

Record
Microelectrode
to measure
membrane

potential

2.2 Current injection in the cell — measurement of voltage between in and outside

El

+2

Current (nA)

50
-5 8

Membrane potential (mV)

L
g2

SRORCHCE, e Faan, Py 17 1 8 i s b =

Box C Passive Membrane Properties (2)

+1

=0

[} 5 o 15 20 5 30 35 £l
B e

Current (nA)

Time (ms)

ATSAOBCHNCE Tt o, Chgter 1. B G Pt 3 8 51 s b,

RC — krets

Varfor?

2.4 Electrochemical equilibrium.

(A) (B)
Initial conditions ——= At equilibrium

—Voltmeter Initially
i' ]
1 2 1

2

1 mM KCl

1 mM KCl WmMEKCT 1mMEKC 10mMKCL 1 mM KCl

Permeable to K~
Why resting potential and negative inside?

ROECERCE, T P, oo B4 P 1 8 1 s s v




Nernst

equation!

C=Q/U (kapacitans = "laddning per volt”)

Hur manga joner kravs for att ladda upp
cellmembranet 100mV om cellen har
r=20um? (C = 0.01F)

=> Valdigt liten andel jonomflyttningar
behovs for att skapa membranspanning i
vanlig cell

2.4 Electrochemical equilibrium.

©

Membrane potential
Vi (mV)

100

-58

=116

-2

[K*]; (mM)

log

10 1

-1 0

[K*],
K]

2.7 Evidence that the resting potential is determined by K* concentration gradient.

Increase in extracellular K* concentration depolarizes the cell
(but not exactly according to Nernst eq)

E

Resting membrane
potential (mV)

0 5 10
Time (min)

TEROECERCE, T P, e 37 P 1) 8 5 s s,

2.7 Evidence that the resting potential is determined by K* concentration gradient. (Part 2)

=
==

Resting membrane
potential (mV)

TABLE 2.1
Extracellular and Intracellular lon Concentrations
Ci ion (mM)

Ton I Huel, Extracellula
Squid neuron
Potassium (K') 400 20
Sodium (Na®) 50 440
Chloride (CI) 40-150 560
Calcium (Ca®*) 0.0001 10
‘Mammalian neuron
Potassium (K') 140 5
Sodium (Na*) 5-15 145
Chloride (CI) 430 110
Calcium (Ca®*) 0.0001 1-2

Tankeknep: NaCl ute ("havsvatten”), KCl inne i cell

(obs totalladdningen ute och inne &r alltid noll om alla joner réknas med!)




2.5 lon fluxes decides membrane potential and membrane potential influences ion fluxes.

B i o Btmye | Bdaryen Resting membrane potential
Via=0my Vyp=-58 mV

* Vm over the membrane depends on the
movement of ions into or out of the cell
(Na*, K+, CI, Ca?*). K* dominates.

« Passive ion fluxes determined by electro-
chemical driving force (Nernst and GHK eq).

1 B 3 ' i s + Steady-state currents during rest in real cell

"

10mMKCl 1mMKCl 10mMKCl 1mMKCl 10mMKCl 1mMKCl (not equilibrium)

ROBCERCI, M o, e 3.8 P 1) 8 51 s b,

Electrical Signals of Nerve Cells
. .
L orawine basic xpermentat seup for recoraing membrane potntas. Active membrane prop erties
2. Draw a recording of a typical action potential. Label the axes and the key features of the action potential. Identify the underlying
events for each of the following:
rising phase
overshoot
peak
falling phase
undershoot
3, Suppose a water-filed aquarium is divided into two compartments by a membrane that is not permeable to any ions. Add KCI to one . .
side. What happens? Is there a potential difference between the two sides? What will happen to the membrane potential if the °
membrane suddenly becomes selectively permeable to K (but not CI-)? What happens if you then add NaCl to one side only? If su d d en Iy t h e p erm eab | I | ty Of e. g . N als
a What is the magnitude of a typical neuron’s resting membrane potential? Why do neurons and other cells have a negative restin: 1 H
meinat s the magniude o a o » Y o 9 increased the cell membrane depolarizes.
5. What is meant by the statement that ion channels and ion pumps have functions?
6. Explain the diference between action potentials (allor-none) and synapiic potenials (graded). * Why does the permeability change?
7. Distinguish between hyperpolarization and depolarization.
8 What is meant by electrochemical equilibrium? ° HOW was thlS found Out’) (HOdgkIn Huxley)
! )
9. Write the Nemnst equation. Explain how it could be used to determine the equilibrium potential for K*. What good is it to know the K+
equilibrium potential?
10.  Whatsituation calls for the Goldman equation instead of the Nernst equation?
11, ‘Suppose you are recording a neuron's resting membrane potential. You add KClI to the external medium. What do you think would
happen to the resting potential? Compare this to what would happen if you had added the same amount of NaCl. What could you
conclude from this comparison?

2.6 What if permeabilities to different ions are changed over time? Box A The Remarkable Giant Nerve Cells of a Squid

(B)

Na* permeable m
K* permeable
< nt axon

Brain

Exa iy — Stellate nerve
Ist-level

neuron

pmw ; \ neuron

Membrane potential
=

1 2
10 mM KCl| 1 mM KCl
1mM NaCl| 10 mM NaCl

[N
Variable permeability
to Na™ and K*
So an action potential resembles a change in
Na* permeability/conductance. What
is triggering this conductance change?

L TP S ——

Time —»

Squid giant axon = 800 um diamet

Mammalian axon = 2 pm diameter

SRR Ty e Cha § B b £ e o




Box A Voltage Clamp Method

Voltage
clamp
amplifier

electrode I
__ Mmsun-

current

Squid

axon Current-passing
I

Recording g

electrode

Note — compensate for "leak currents”
(i.e. passive membrane resistance)

SRR, T o, Chagter 1 e & 8 554 G s, =

3.1 Current flow across an axon membrane during a voltage clamp experiment. (Part 1)

(A)

s 0
2E
B o
o = —b!
Ee
S 2

& -130
£
g +1
2% Outward
;5
g 0
£E
g = Inward
= -1

Time (ms)
(compensated for passive membrane resistance)
ARG, e it T 1 P 18 5 s s

3.1 Current flow across an axon membrane during a voltage clamp experiment. (Part 2)

(B)
s g |

2E
= —
,E ‘E —h5 —
25
=2

=130
=

+1
B
S E Outward
£~
<
S E 9
E~  Inward
= -1
Time (ms)
(definition of positive/negative current can vary!)
Ty e yy——

3.2 Current produced by membrane depolarizations to several different potentials.

=R2H

potential (mV)

Membrane
213

Membrane
current (mA fem?)

02468

02468 024638 0240638
Time (ms)

UG, T Gt Py 37§ e e e

3.3 Relationship between current amplitude and membrane potential.

« Early current has

Ereversal (Enemst) at
around +50mV

* Late current has
Ereversal at around
—70mV

* One can separate
currents by using:

1=9(V-Ereversal)

Membrane current (mA / cm?)

-0 -50 0 50
Membrane potential (mV)

ERCRCHCE T Dt T 13 554 b s

3.4 Dependence of the early inward current on sodium.

Membrane
potential (mV)
]

Membrane current
(mA/em?)

0 2 4 [ 8
Time (ms)

Time (ms)

Vary extracellular ion concentrations
moscaact, ne.

T p e ——




3.5 Pharmacological separation of Na* and K* currents into components.

Membrane
potential (mV}

Add tetracthyl-
ammonium

Membrane current
(mAfem?)

5 0 3
Time {ms) Time (ms)
Add b,'ﬂllbdlﬂﬂtin

Use toxins or pharmacological
substances

5
Time (ms}

R, T Gt Tt 14 % 1 e v =

3.6 Membrane conductance changes are time- and voltage-dependent (HH used I=g*(Vm-Erev)

R

Bb‘

mSiemens/cm?  current mAfem?  potential (mV)

o
§

&4
246 802 468024680246 802468
So conductance g=f(V,t), from I=g(V-Erev) Time {ms)

‘u
Z

A

3.7 Depolarization increases Na* and K* maximal conductances of the squid giant axon.

Conductance
(mSiemens fcm?)
= @ g2

w

=

0
-80 -60 -40 =20 0 20 40 =80 -60 -40 -20 0 20 40
Membrane potential (mV)

.. but Na* conductance decreases over time again

URORCHCE, Th it Ty 37 8 e e v =

3.8 Mathematical reconstruction of the action potential — assumption of gating particles

(A)

Membrane potential
(mV)

Conductance
mSiemens [ cm?

Box B Action Potential Form and Nomenclature

E

Membrane potential
(mV)

D) (E)

Membrane potential

024630102(130400 50 100 150
Time (ms)

UROBCH . T o, Chagter 1 s B 514 s s, =

3.9 Feedback cycles responsible for membrane potential changes

Increase
Na® current ‘ * Action

potential is a

Open Na®
channels
leak™Gear (VM-E) FAHaﬁENE threshold
phenomenon
na=0na"(VM-Era) «+ Note that
height of the
If g >y, then the : actigon

depolarization is
counteracted,

) potential can
Otherwise the vary
depolarization is depending on
further enhanced. extracellular

SLOW NEGATIVE (. environment
pen
CYCLE Channels
Irlcr\ease
* current

T




2.8 The role of sodium in the generation of an action potential. (Part 1)

(A) ()
E w0 Z w0
g
s 0 %; 0
E £EE

= 40 £~ -4
o =
E -80 .E —B0
* 1] 1 2 - 2

Time (ms) Time (ms}
(B)
2 w0
An all or nothing phenomenon!

Lo 0 But the amplitude of the actionpotential

E depends on E ., for Na* but
E -40 constant if the E ., i constant.
- -80
B ] 1 2

Time (ms)
ROSCENCE e b T 11 8 it s .

3.8 Mathematical reconstruction of the action potential — exp vs simulations

(B}
ACTION POTENTIALS OF SQUID AXON

Stimulus
current

o 1 2 3 4 0 1 2 i 4 0 1 2 3 4

Time (ms)

MATHEMATICAL MODEL BASED ON Na* AND K* CONDUCTANCES

o1 2 3 4 0 1 2 3 4 ] 1 2 3 4

Time (ms)

T

Membrane
potential (mV)
dZ2haolhid gl

8

Membrane
potential (mV)
dbtobs

Also timing issues!

Hodgkin-Huxley models!

Hur fortleds aktionpotentialerna till
nasta cell?

3.10 Passive current flow in an axon. (Part 1)

(A)
B
=
E-
E-]
3 = B
i 0 20 400 20 400 20 400 20 400 20 400 20 400 20 40
Time (ms)
<)
__-50
=
T
53
£ -60
&
0.5 [ 1.0 15
Distance along axon (mm)
Tt ew——

Box C Passive Membrane Properties (Part 1)

Distance from current injection (mm)

2=SAM(R embrane! (Rintemal* Rextraceuiar))




3.11 Propagation of an action potential
(4) - (SlimHlaE

Axon
|

B

Membrane
potential (mV)

0246802468 024
ms ms ms ms ms ms ms

Conduction velocity depends on A

B

Membrane
potential (mV})

-0.5 o 0s e 15 20 a5
Distance along axon (mm)

D LR T pe——

3.12 Action potential conduction requires both active and passive

rent flow. (Part 1)

k4 afle .
Pue A Paira B K
[
b=
L |3
Dy
ol o Thresbuld
5 Restig pusersal
o

3.13 Saltatory action potential con

ction along a myelinated axon. (Part 1)

Conduction velocity depends on A

A=SAM(R emprane/ (Rinternai* Rextraceluiar))

Electrical Signals of Nerve Cells

1. Draw the basic experimental setup for recording membrane potentials.

2. Drawarecording of a typical action potential. Label the axes and the key features of the action potential. Identify the underlying
events for each of the following:
tising phase
overshoot
peak
falling phase
undershoot

©

Suppose a water-filled aquarium s divided into two compartments by a membrane that is not permeable to any ions. Add KCI to one
side. What happens? Is there a potential difference between the two sides? What will happen to the membrane potential if the
membrane suddenly becomes selectively permeable to K- (but not CI-/ What happens if you then add NaCl to one side only?

4. Whatis the magnitude of a typical neuron's resting membrane potential? Why do neurons and other cells have a negative resting
membrane potential?

5, What is meant by the statement that ion channels and ion pumps have functions?

6. Explain the difference between action potentials (all-or-none) and synaptic potentials (graded).

7. Distinguish between hyperpolarization and depolarization.

8 Whatis meant by electrochemical equilibrium?

9. Wiite the Nerst equation. Explain how it could be used to determine the equilibrium potential for K*. What good is it to know the K*

equilibrium potential?
10, What situation calls for the Goldman equation instead of the Nemst equation?
11, Suppose you are recording a neuron's resting membrane potential. You add KCl to the external medium. What do you think would

happen to the resting potential? Compare this to what would happen if you had added the same amount of NaCl. What could you
conclude from this comparison?

Review Questions for Chapter 3
Voltage-Dependent Membrane Permeability

1. Whatis the voltage clamp method? Explain how it allowed Hodgkin and Huxley to determine the contribution of Na* and
K* conductances to the action potential.

2. Does current flow from positive to negative, or negative to positive? Which way does current flow across the membrane
during the rising phase of the action potential? During the falling phase?

3. Suppose you are recording action potentials from a neuron. How would the action potential be affected if you remove Na*
from the external medium? What if you remove extemal K* instead?

4. How does the voltage sensitivity of K* conductance contribute to the action potential?

5.

Do unmyelinated axons carry action potentials? Draw a diagram to help explain the regenerative property of the action
potential, using the concepts of active and passive current flow.

6. Whatis the purpose of myelin? Explain how myelin speeds the conduction of the action potential.
7. Why don't action potentials turn around and go back up the axon?

8. Other terms to know:
tetrodotoxin
saltatory conduction
nodes of Ranvier
membrane conductance, permeabiliy, resistance
multiple sclerosis

Hur vet man s& mycket om olika jonkanaler?

« Patch clamp
* Farmaka som blockar/stim




Box A The Patch Clamp Method (Part 1) 4.1 Measurements of ionic currents flowing through single Na* channels. (Part 1)

(A)

s & o

Membrane
potential (mV)

0 5 10 15
Time (ms)

(B)

0 5 10 15
Time (ms)

ROECERCT, T i, g 1 P 1) 8 5 s s,

4.1 Measurements of ionic currents flowing through single Na* channels. (Part 2) 4.2 Measurements of ionic currents flowing through single K* channels. (Part 1)
{A) —
2 (C) = 1
& = |
§ 08 g 50
2 2206 &5 o
23 SE B
2 bl g~ -50
B 25 4 2 100 — 1 i 8 -
E 23 E -
£ 3 =
& E % 0.2 o 10 20 30 40
Time (ms)
0 (B)
200 -80 -60 40 -20 0 20 40 &0

2 Membrane potential (mV)

& 0

2

o —200

B

g —400

g =600

~800 . :
Time (ms) o 10 20 30 40
Time (ms)
TSR, P P g 41 P 1 8 55 s s SURCECHRCH, Tt Ftton. igrn 8310w 1 8 85 B s, .

4.2 Measurements of ionic currents flowing through single K* channels. (Part 2) 4.3 Functional states of voltage-gated Na* and K* channels. (Part 1)

{C)
0 10 20 30 40

Time (ms)

(E)

e
-

bz

=
=

Membrane
potential (mV)

1

=

0 5 10 15
Time (ms)

=
X

channel opening

Probability of K*

]
=80 =60 =40 =20 0 20 40 &0

Membrane potential (mV)

o 0 20 30 40
Time (ms)
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4.3 Functional states of voltage-gated Na* and K* channels. (Part 2)

Membrane
potential (mV)
|
2348

0 5 10 15
Time (ms)

TROECERCE, T P, e 83 Pt 3 8 5 s s,

Box B Expression of lon Channels in Xenopus Oocytes (Part 1)

(A)

RSB Tt o, Chgter & B 8 P 1) 8 5 s S,

4.4 Types of voltage-gated ion channels. (Part 1)

VOLTAGE-GATED CHANNELS

alliGo B | (G

Voltage = g+ P

D T pe

4.4 Types of voltage-gated ion channels. (Part 2)

LIGAND-GATED CHANNELS

i) )| sl
[=]

4.5 Diverse properties of K* channels. (Part 1)

< 5 BN
gz
5= 0 -
EE -30 -
27

& _90

~120

0 100 200 300
Time (ms)

ROECERCE, T P, g .5 P 1) 8 5 s b,

4.5 Diverse properties of K* channels. (Part 2)

(A) Ky, 8 1
= £
E g
£ <
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= —100 0 100
Membrane potential (mV)
(B) Ky, g 1
- £
< Il
2 E
B E
E g
B Lo B
4 =100 0 100
Membrane potential (mV)
o 100 200 300
Time (ms)




4.5 Diverse properties of K* channels. (Part 3) 4.5 Diverse properties of K* channels. (Part 4)

(C) HERG o 1 (E) Ca**- § 1
z E activated
< i
= g E! E
E 2 = 5
£ g g £
g g g : y
b3 < A L L ’
-100 0 100 2z -100 0 100
Membrane potential (mV} Membrane potential (mV)
(D) Inward 1
rectifier E’ (F) 2-pore — #
E < g
2 : -1 g
g H z 3
: : 5
t i 0 +a +8
= -0 0 100 & ™
Membrane potential (mV)
0 100 200 300
Time {ms) 0 _:_UO ( 2{;0 300
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4.6 Topology of principal subunits of voltage-gated Na*, Ca?*, K*, and CI- channels. (Part 1) 4.6 Topology of principal subunits of voltage-gated Na*, Ca?*, K*, and CI- channels. (Part 2)

SRR, e Faan, Py 447 1 8 i s s SRR, e Faen, Py 447 3 8 i e b

4.6 Topology of principal subunits of voltage-gated Na*, Ca?*, K*, and CI- channels. (Part 3) 4.6 Topology of principal subunits of voltage-gated Na*, Ca?*, K*, and CI- channels. (Part 4)
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4.7 A charged voltage sensor permits voltage-dependent gating of ion channels.

Hyperpolarize

ey p——

4.8 Structure of a simple bacterial K* channel determined by crystallography. (Part 1)

Quter
helix

Inner helix

SIDE VIEW

vity filter

Inner helix

TOP VIEW

in

K’ ion

4.8 Structure of a simple bacterial K* channel determined by crystallography. (Part 2)

(@]

Selectivity
filter

Box C Toxins that Poison lon Channels

Treated with
scorpion toxin

MNa
current
(nA/em?)

Control

Membrane

Time (ms)

(A) (1)
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o
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i L] L
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0 20 40 &0 B0 0O 20 40 &0 8O
Time {ms)
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Time (s)

2 A
12080 =40 0 +40
Membrane potential (mV)
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4.10 Examples of ion transporters found in cell membranes. (Part 1)

ATPase PUMPS

DT T ——

4.10 Examples of ion transporters found in cell membranes. (Part 2)

ION EXCHANGERS

AFURCECHNCE. Tt T, P 818 Pt 31 8 35 G e
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4.11 lonic movements due to the Na*/K* pump. (Part 2)

T T T ——

4.12 Electrogenic transport of ions by the Na*/K* pump can influence membrane potential.

=20
=40
~60
~80

mY

Time (s)

Membrane potential (mV)

0 10 0
Time (min)

B T ——

4.13 Molecular structure of the Na*/K* pump. (Part 1)

(A)

LT e ppe——

4.13 Molecular structure of the Na*/K* pump. (Part 2)

ARUOSCHNGE. Tt i, P 413 Pt 81 8 55 G s, o=

Box D Diseases Caused by Altered lon Channels (Part 1)

(A) Ca® CHANNEL

Ataxi
Nattblindhet

LRSI, Mt i, Chamte 4. B B 1) 4 55 s s =

Box D Diseases Caused by Altered lon Channels (Part 2)

(B) Na* CHANNEL

ATUSOSCHRCE Tt i Cher & B Dt D & 1 s s
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Box D Diseases Caused by Altered lon Channels (Pat

(C) K" CHANNEL

(D) CI" CHANNEL

L T pep—

1

2

a

‘Why did Hodgkin and Huxley surmise that neuronal membranes must have ion channels? What properties did they think ion channels would
have? What properties did they not anticipate?

What is patch clamping useful for?

‘What makes the frog oocyte a useful expression system for studying proteins such as ion channels?

Compare the responses of voltage-gated Na® and K* channels to How would you expect properties to affect the
shape, duration and frequency of action potentials?

Compare ion channels and active transporters with regard to structure and function.

‘What must all active transporters be able to do? Distinguish between the two classes of active transporters: ATPase pumps and ion
exchangers. Give an example of each.

‘What experimental approaches can be used to determine which ions can pass through a particular ion channel?
‘There are nearly 100 genes for K* channels. Why so many? Wouldn't one or two be enough?
List major stimulus types that can gate (open or close) various kinds of ion channels.

Describe briefly how each of the following can be used to lear about ion channels:
X-ray crystallography
expression of MRNA in Xenopus oocyte
patch clamping
mutagenesis
toxi

‘What do CH, Caz*, N* and K channels have in common structurally? How are they different?
Does the Na'/K* pump make a major contribution to a neuron's resting potential? Explain.

Other terms to know:
microscopic and macroscopic currents
cyclic nucleotide gated channels
channelopathies
electrogenic pumps
ouabain
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