Background — membrane potentlal

Not all charged molecules can pass I
the cell membrane o«

Background — ion movement

Transporters & Pumps lon-Channels

» slow: ~10% ions/sec ~107 ion/s

> fast:

» active (Energy source required)

» passive

lon movement in ion channels follows the electrochemical
gradient of the individual ion

Background — bioelectricity
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Hodgkin, Huxley and the Squid

Action potential

Hodgkin and Huxley's
recording of an action
potential in 1939

Using technology developed
by Cole and Curtis for
measuring and controlling
voltage and current
(voltage/current clamp) A
)
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But the Squid grant axon

0.5 -1 mm diameter

Experimental setup

What is going on?

Membrane capacitance was measured (Cole,
Curtis with Wheatstone Bridge)

Membrane conductance was measured (Cole,
Curtis)

Membrane potential was known (Cole, Curtis,
Goldman, Hodgkin, Katz, Huxley and Nernst)
But how can a membrane suddenly “break
down” (Bernstein) in a unidirectional
systematic way?

And even generate a positive overshoot?

The sodium (and potassium) hypothesi(s)

The action potential is a regenerative wave of Na*
permeability increase

Followed by another transient K* permeability increase

]

Einstein, Faraday, Nernst,
Goldman, Hodgkin and Katz

dey di)
ﬂf,.: = _D‘q — — Uglg—— Diffusion + electrophoresis
dx dx
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Using Nernst-Einstein: D,; = and Faraday’s constant

o
g

Ig = Mgz F incombination, yields the Nernst-Planck:

deg zF d e}

I LDy [r};r | RT d;.r:

Einstein, Faraday, Nernst,
Goldman, Hodgkin and Katz Il

Solving for equilibrium when: [q — 0

And intregrating along the x-axis (across the membrane) we get:

) ) RT  [s]o
Y — g = -In The Nernst Equation
2o F [s];
RT X
Or as it is most often written: E, = In X
Z F [JY]!' .
R is the gasconstant, T absolute temperature méz




Einstein, Faraday, Nernst,
Goldman, Hodgkin and Katz 111

The Nernst Equation is valid at equilibrium (ie. the
reversal potential), in “not to high” molality solutions

lon Intracellular | Extracellular o _
cone (mM) | conc (mM) RT/zF at 20° C = 25.3 mV/z
Na* |10 137 S
- o 5 The individual reversal
potentials for the main
o u 143 charge carriers are thus:

Ereuna= 25.3In(137/10) = 66.2 mV/

Einstein, Faraday, Nernst,
Goldman, Hodgkin and Katz IV

But how does 66.2 —106.6 — 64.9 = -68.6 ??

What's missing is the relative permeabilities of the main
charge carriers. This is included in the “big” Nernst equation,
conceived by Goldman, Hodgkin and Katz back in the
1950’ies:
RT 1”!\- IS -r_J } jj_\'cr[‘\:” i ]{a 1 -H’ 'F[(“r ]é
—1n — = =

F .Dh.lf\ l Ii + P\'ul'\ a’ J-" + PfF[( l Jr;

Atrest: PP, Py =1:0.05:0.1 Thus with the model cell:

IHT_

1-2+0.05-137+0.1-11
- — Vm=253In —————— """ mV =-68.6mV
Erev= 25.3In(2/135) = -106.6 mV [14135+o.05410+o.1-143]
Ereyoy® 25.3(143/10) = -640mV o 4 poa— {
Help from Nernst Assumptions
dv v Im lionic
m
Im(t): Iiomc(t)+cm dtm Cm Rm
= *\E 9K
bionie = Tha + T + Dea —TEm T Ena —TEk
=

[Naknsise

Epna =-58 mV xlogyg T

[ LT p—

Amplitude and velocity are
affected by Na* concentration

ha()= 04 (V(©)1)- (V(0)-Eya)

Equivalent circuit

RT . P.[Na'] +P[K*
Erest =—1In
F Py [Na™ | + P [K"}

= strazeneci AstraZeneca 2
Conductance is voltage dependent Solving for time
activation inactivation non-inactivating
Ina = gna (V - Ena)
dm m_-m dh h_-h dn n_—n
"Kng(V-EK) —_— — —_—= —_—=
dt T, dt 7, dt T,
And the “gating General solution i
particles” h, mand n -
n(t)=n, —(n, —n)e"
na = EnaM3h )
=4 dn With parameters o and
8Kk = gkn —=a,(V)A-n)-4,(V)n B as a function of
A dt " " voltage A
AsiraZenera = P




Then just measure... And they found
2 " G o Gu =120msfem? (V)= - ez(f;fv}fm ) @V)=007e"®
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The Hodgkin-Huxley model

Describes (and explains) the actionpotential
Explains the threshold for spike initiation
Explains the refractory period
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And for their efforts they got the 1963 Nobel
Prize in Medicine

i
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The Technique

In 1981 a paper came out in Pfliigers Archive:
“Improved patch-clamp techniques for high-
resolution current recording from cells and
cell-free membrane patches” by Hamill, Marty,
Neher, Sakmann and Sigworth...

—
£ L)
(
. '
Leading to Neher and Sakmann receiving the
Nobel Prize in 1991 for their discoveries

concernlng the function of single ion channels
in cells »

mméz

Rigs — The technique

Conventional patch clamp

«Small pipette (tip diameter ~1 um) with salt solution. Gently pushed on to the cell
«Slight negative pressure in pipette creates high-resistance seal (> GQ) between

*The giga-seal allows the measurement of very small currents (pA; i.e. single-

The patch clamp technique

membrane with slight positive pressure (no impalement)
membrane and glass (also mechanically stable)

channel level)
é v
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The patch clamp technique

Enables recordings of single ion channels — or whole cell
currents

Measurement of the protein function — as it functions
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Voltage Clamping

Three principles:

- Injecting positive current into the cell
depolarizes it, - injecting negative current
hyperpolarizes it

;ﬁ._vr'—-rw\;*-'-.-“—".,‘-ﬁ'-__ 3 / - When current is injected into the cell, it takes
o er R u some time to hyperpolarize/depolarize the cell
B e o etebascio sme B8 because the cell's capacitance must be
T o, charged/discharged
_“__*W’“"'“. . « When there is no net flow of ions into the cell,
e iyl the membrane potential doesn't change
e
Voltage Clamping _
Voltage Clamping
L Current injection and voltage responses:
Current injection and voltage responses:
((J
S
JE I Positive current injection (1) + + + & + " -
y ((q, ,/
_ /7 \__  Depolarised volt V) —__/'@/__—_
epolarised voltage response N/ /
+ + /+' +
. . . Fr===-=-=== hl
e I Negative current injection (1) |
I . V =V, exp(-t/7)
il \
Hyperpolarised voltage response (V. / \
—__ yperp ge response (V) Vo r=RC

Voltage Clamping

When there is no net flow of ions into the cell, the membrane
potential doesn’t change

Voltage Clamping

When there is no net flow of ions into the cell, the membrane
potential doesn’t change




Voltage Clamping

When there is no net flow of ions into the cell, the membrane
potential doesn’'t change

Fyperpolarizing -
v
. INa 1

Membrane Impose

=L

Command the
voltage, record the

Inject Measure Measure
current voltage current current = VOltage
— @ i clamp
l Inject a square pulse of L ] ll.mpmasquﬂ:pdseufv.]
Stimulus 1 Stimulus V'
|_ J |_ Command the
current, record the
B B voltage = Current
|0bserveﬂ\:mp<ms:ul\r’,,,.] [Mmmm,r] clamp
Response Vy, Response I,
The time constant
of the voltage
changeis R X C. ,{.}_

Whole-cell current responses & underlying

parameters
AN RS
(". Iwhole-cell =n* isingle-chalnnel * Po* MOT sl e
Ly
lwhole-cell: total whole-cell current
n: Number of available channels
MOT: mean open time

average time a single channel stays open after opening
Isingle-channel- single-chann_e_l current amplitude
Po: open probability

likelyhood that a channel will open

(intrinsic (after agonist binding) and extrinsic (agonist
concentration) parameter)

« All of these parameters can be dynamic during recording
« All of these parameters could be changed by compounds

MM‘%

Some of the things one can measure
on a whole-cell response

Charge carried

A ;m\{m NMDA Deactivation time

! : Steady-state

current amplitude

Peak current
amplitude  oifeeesd S SRR

Activation time constant

Inactivation (or desensitization) time constant .

AsiraZeneca 2

I-V curves

Aka Current-Voltage curves

Prerequisites: Ohm’s law (and Nernst (GHK-eq
possibly))
The “fingerprint” of an ion channel

Of high value for both voltage- and ligand
gated channels
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1-V curves Il
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Inward rectification

Glutamate receptor
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Inward/no rectification
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I-V Curves IV
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I-V Curves V
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NaV with series resistance error...

Families of ion channels

Ligand-gated

o e nith

Cys-loop LGIC P2X iGIUR KIR
Chare AsIC DA
5HTIR ENaC Kainata
\Voltage ted Constitutively
active

iy

Two pore K channels

VG-Na channels
Nav

VG-Ca channels
cav
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VDPC's

Delayed rectifier

+ Kk~ Shawselated K11
= Kalx K10
v Kl K10

Actype potassium channel

eapidly

o Ko 2o Shakarralated K, 8 (N

+ Kladx- Shawsrlsted: K33 (ENCT), K 24 MENCE

o K,od - Shabenlated KA 1 (RONDT), K4 2 (KENDE), K43 (MENDY)

Outward-rectifying

. K ulln K102 (0HE)
Invrard-rectifying

o K x - sthees-go-gs peewssiun channels. B, 111 KCK

Slowty activating
o K12 K128 (ONEE, K122 (RONHE), K12 3 GrChid)

PN, KT & (RENGE)
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VDCC'’s
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VDSC’s

Prosein
[TRE]
Ma 12
[PRE]
Ma 14
Ha 15
Ma, 1
a1

Ha, 1
Ma 19

Gane Lupression profie Asmacisted human channslopathies.

Cararal nsorons, penpheral netons and caida:
myscytes

Calcium Channels

Voltage Dependent
- Slow, fast

Intracellular Ca2+ channel

Ca?* Channels
Receptor-operated Ca2* channels
= Nicotinic cholinergic receptor
« NMDA receptor ion channel
Receptor-operated Ca?* channels * Purinergic receptor P2X
4 4
Astraenaca = Astraenaca &
Gene Superfamily of Voltage-
Gated lon Channels
Voltage-gated Na* channels
o4 Voltage-gated K* channels
Voltage-gated Ca?* channels Voltage-gated Ca2* channels
4 4
Astraenaca = Astraenaca &




Distinct classes of Ca2* curents

L-type

- High activation voltage
- Large conductance

« Long lasting

« Blocked by dihydropyridine, phenylalkylamine,
benzothiazepine

Other high-voltage-activated Ca2*
channels

N-type

« Neuronal
P/Q-type
R-type

Not blocked by DHPs, blocked by polypeptide
toxins

i i
o~ o~
Low-voltage activated Ca?*
current Nomenclature
T-type lon conducted
= Tiny conductance Main regularor
= Transient current Alpha-1 subunit gene family
Cavl.l
4 4
AstraZeneca 2 AstraZeneca =
E— Gavi-3 fous) Molecules and curents
Wl 16,
— Cay1.3 (o)
Cay1 4 (0,0) Cavl.l \ L-type
— C &5 Cavl.2
— — Cay2.3 (tg) cavl.3
Cay3.1 (tg) P/Q-type
Cay3.2 (i) Cavl.4 I
20 40 60 80 1623\‘3'3 ! cav2l N-type
Matching percentage using CLUSTAL Cav2.2 o R'type
Cav2.3————————=T-type
Cavd.1_—,
EA Ertel Neuron 25:533, 2000. Cav3.2/
Cav3.3
4 4
AstraZeneca = AstraZeneca =
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Blockers

Cavl.l
Cavl.2
Cavl.3
Cavl.4
Cav2.1
Cav2.2
Cav2.3
Cav3.1
Cav3.2
Cav3.3

DHP

DHP

DHP

Not known
w-Agatoxin IVA
Conotoxin
None

None

None

None
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