Electrical properties of
cell membranes

Cell excitability. Action potential. Membrane currents measurements by patch
clamp technigue




MEMBRANE POTENTIAL

All cells present a different charge distribution at membrane sides.
This generates a MEMBRANE POTENTIAL DIFFERENCE between

Infracellluar and extracellular sides.

» The electric charges are Yolimelre
due to te preence of ions
Invin the interstitial liquids I/, 55"'V
CATIONs = ions + (K+, / " Terra
Na+, Ca2+....) i

=» ANIONS = ion - (CI-....)




Experimental measure of the
Membrane Potential (V,,)

A voltmeter measure the potential difference between infracellular
and extracellular compartments. If we set to OmV the extracellular
compartment, we will measure a negative potential inside the cells

Un elettrodo di registrazione
& posto dentro la cellula.

7 Il voltmetro misura

la differenza di carica elettrica
tra l'interno della cellula

e la soluzione che la circonda.
Questo valore ¢ la differenza
di potenziale

® | the maqjority of the cells
the infracellular
compartment is about
/0mV negative as
compared with the
extracellular solution \~ >

» YV _=-70mV

scita

oy L'elettrodo
di riferimento viene posto
nel bagno e gli viene

dato un valore di 0 mV

Il poligrafo misura le variazioni del potenziale di membrana
nel tempo.



V., is determined by a different concentration of K+ and Na+.

This different concentration together with the concentrations of
other ions such as Ca2+ and CI-, give rise fo the accumulation of
positive charges at the outer face of the membrane and @
negative charges accumulation on the inner face, with @
difference of about -70mV
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The ratio above the
arrow indicate how
much is concentrated
the ion on one side as
compared to the other

N

The arrow indicates
the chemical gradient




Why the Vm in resting conditions is
around -70mV?

Resting cells are permeable to Na+ and
K+. As an average the cells are about 40
times more permeable to K+ than to Na+
(more K+ channels are open = leak
channefs) Vm is therefore closer o V k+ =
- 90/rather than V ,Na+ = +60mV. Small

amhount of Na+ flow in the cells (leak

hannels) so that the Vm is less negative KK

than if all Na+ was not moving

Na+/K+ ATPase maintains the gradients of Na+ and K+




Cell permeability to any
ion changes with
opening/closing of ion
channels

Direction of movement of
one ion is dictated by the

electrochemical driving

force:

( Vm - Vion)
Resting Nernst
Membrane potential
potential

Driving force

_RT, PBIK'],+R,[Na'],+F,[CL),

|4

" F PK[K+],‘+PNa[Na+]i+PCl[Cl_]e

NERNST Vg = K log Cou

. F C.
equation

123



NERNST Vig = —log—
equation !

Equilibrium potential (E) for important ions

In @ neuron.
Ee -70mV
E’ -90mV
Eyo? +60mV
E.,2 +130mV




Electric representation of the cell
membrane

A membrane behaves electrically like a

EQUIVALENT CIRCUIT INTERPRETATION

T

ohmic conductance

in paraltel with @

. SK
capacitance §

Two Views of a K*-Selective Membrane




AV =IR =1/G (units: volts)
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Figure 1-3. Summation of Conductance
Conductances in parallel summate together, whether they are res;

istors or

channels.

OHM's law
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Figure 1-3. Summation of Conductance

Conductances in parallel summate together, whether they are resistors or channels.



Membrane capacitance

determines the ability to separate
charges of opposite sign

C =— e=dielectric constant

The charge stored in a capacitor is
the product of capacitance and
voltage

0 =CAV

Medium dielectric
constant, ¢



Phospholipid Bilayer
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Figure 1-12. Capacitors in Parallel Add Their Values

When multiple capacitors are connected in parallel, this is electronically equivalent to a single
large capacitor; that is, the total capacitance is the sum of their individual capacitance values
(Figure 1-12). Thus, membrane capacitance increases with cell size. Membrane capacitance is
usually expressed as value per unit area; nearly all lipid bilayer membranes of cells have a
capacitance of 1 #F/cm? (0.01 pF/um?).




I,=1+I

EQUIVALENT CIRCUIT INTERPRETATION

T

Ii - G(Vm _Eion)
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Two Views of a K*-Selective Membrane




The variation of the membrane potential
generates electrical signals due to the membrane
potential variation in the fime unit
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Measure of electrical signal from the entire body ...

E.E.G.: electroencephalograms
ECG, EMG

Right
atrum ; - left
atrium
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venricle —= ventricle Q-th-:s-— ST




...to the cells in colture

Neurons in Culture

Jm\v A\q } MU%» ,.aw ﬁ m




...to 1solated cells

Voltmeter

Plasma
membrane Microelectrode
outside cell
Microelectrode
inside cell
Axon

Neuron

Copynight © 2004 Pearson Education, Inc., publishing as Benjamin Cummings



/ Electrotonic potential
(EPSP; IPSP)

-graded
*local (propagation with exponential decay)

* integration

-depolarization/hyperpolarization

Action potential

-all or none

‘long distance propagation

-always a depolarization
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Functions

Eleciro tonic potential

e Sensorial systems: receptor
potential

e Chemical synapses: postsynaptic
potential

e Amplitude codification

Action Potential

* Muscle contraction
*Long distance communication
e Secretion (Exocytosis)

 Frequency codification



EPSP Vs ACTION POTENTIAL:

Property EPSP or IPSP or | Action Potential
Graded potential
Magnitude Low High
Propagation & Nil; it remains localized | Self propagating ( up
Duration (up to 20 msec) to 2 msec)
Refractory period absent present
All or none law Not obeyed. It is obeyed
graded.
Summation Present absent
Decrement (decline of | present Absent. Size is

size with distance) constant
Increased permeability | To Na+ & K+ at one | Na+ Influx , then K+
to ions time but Na+ influx > | efflux




Cellular Excitability

Require: high expression of Voltage-gated
channels

3

Ability to generate Action Potential
If stimulated

Excitable cells:
Neurons
Muscle (striated and smooth)

Secreting cells

Some cells are auto excitable: they don’t need external stimuli to
promote Action Potential (pacemaker cells in the heart, neurons)




Action Potential phases

Hodgkin and Huxley (1939):
Classical studies on giant Squid Axon intracellular measurements




Cole ('47)

VOLTAGE CLAMP fechnique

Quantitative analysis of ionic currents ‘blocking’
membrane voltage at a given value.

One internal electrode measures
membrane potential (Vi) and is
connected to the voltage clamp
amplifier

Recording
electrode

Saline

Voltage clamp amplifier When Vi, is different from the command
compares membrane potential, the clamp amplifier injects current
potential to the desired into the axon through a second electrode.
(command) potential This feedback arrangement causes the
\ membrane potential to become the same
as the command potential

Measure
‘/
m

Reference
electrode
|

solution

Squid

axon

.............

Voltage
clamp
o
amplifier The current flowing back
into the axon, and thus
Measure across it’s membrane,
can be measured here
\
| Current-
passing
electrode

Voltage clamp technique for studying membrane cur-
rents of a squid axon.



Action Potential phases

Hyperpolarizing stimuli: 60}
The responses are similar to a RC
circuit. ~a Nat* in K" out
£ L
Depolarization  with  sufficient :‘é,
intensity: s °f
Action Potential = fast 3 -k
embrane changes to 0 and &
over (OVERSHOOTING) reaching £ [ N
about +40mV. S e} ,
Fast repolarization phase under N >
the resting initial potential ™[ S
(UNDERSHOOT) 1 FEeees
TOT DURATION in giant squid S

hyperpolarization depolarization

axon = few milliseconds




Action Potential phases

Action Potential is evoked when
the Vm reaches a THRESHOLD
value. This value is not a constant
but can be changed by +50
changing the stimulating £
conditions '
It the stimuli changes linearly
rather than in steps, we can
bserve an increase in the
threshold: ACCOMODATION due
to the inactivation of Na*,

pa— )
&)

-20

Membrane Potential

-

10 20
Time after beginning of stimulus, msec




Action Potential phases

Na*, inactivation IS also
responsible for the REFRACTORY
PERIOD. Beside the fast processes
regulating the action potential in
ms, there s a slower process
without visible effect on the
potential but necessary fo
recover the axon to the inifial
xcitability conditions

Absolute refractory
period

-

1_J\ ;

Relative refractory
period

va

] |

Stimuli




The Sodium hypothesis

mny
-40

Hodgkin and Katz described in
1949 the Dependency of the
OVERSHOOT from Na+

The effect of reducing the external sodium
congéntration on the action potential in a
squid giant axon. In each set of records, record
1/shows the response with the axon in sead

ater, record 2 in the experimental solution,
and record 3 In sea water again. The solufions
were prepared by mixing sea water and an
iIsotonic dextrose solution, the proportions of sea
water being a, 33%; b, 50%; c, 71%. From
Hodgkin and Katz (1949). 10 ko/s




The Sodium hypothesis

A

=5800% w & (5w & W . 7 G -
From these experiments emerged the & g
idea that the membrane becomes ,§’ 1| 8 8. .. ...
more permeable to Na+ as compared E E;
to K* and therefore V., tends to V,*. g ‘
The peak of the action potfential in = —ssf-hehoe .n%%'f%’nsw
fact always close to V" (=+40) . 3 oo

0 1 2 3 4 5

Time (ms)
“Schematic” Action Potential




Nerves
with giant axons

Action potential

A. Depolarizing voltage jump from —65 mV to 0 mV

omvV

-85 mV

Hodgkin Huxley

B. Total current (/,, + /)

1952: they proposed the existence of é N
voltage-dependent channels !l = ot current
-t Outward
(the structure of biological membranes
as still unknown...) 5 Transient
-1.0-
C. Outward potassium current (/) — after TTX

I, (mA/cm?)

0.0~

D. Inward sodium current (/,,,) — after TEA

I, (mA/cm?)

L 1 1 1 1

0 1 2 3 4 5
Time (ms)

© PhysiologyWeb at www.physiologyweb.com




Na+ and K+ currents (I) calculated at different V

K* currents Na* currents .
Chemical Electrical Net K* Chemical Electrical Net Na
driving driving driving driving driving  driving
force force force force force force

'\

+75

ENF) +55

AN

+35
A V {
A
A
+10 \J
-10 Y Y
V W B




The size of Na* and K* currents depends on two factors:

1. The magnitude of the Na* or K* conductances gy, or g, which

reflect the number of Na* or K* channels open at any instant.
2. Electrochemical driving force of Na*ions (V,,— E\,) or K*ions ( Vm —

Ex)

INa = YYNa * (Vm T ENa)
Iy =gk *(V,, — Eg)



Na+ and K+ conductances (g) are
calculated from their currents

+20

O_
=20
~40
From the | values obtained Hodgkin ~60

and Huxley were able to obtain gy, m )
0

|

I

|
and g by the following equation i |
g _ Ik | 40 |

INa V-V Ok = V-V, |
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Na+ and K+ conductances (g) are
calculated from their currents

+20

O_

Two common features: o ol
- Both g Increase In response to -40
depolarization (-nfjg)

- As the size of depolarization increases, +20 |
0

the g increases | |
9« : —20 |

|
| |
| |
| |
| 55 l
| - l
| ////// 0 |
|
|
| |
| |
| |
|

|

|
|
_20 |
gNa —40
|
I
A

Time — T ms




Differences:

- The g differs in the rate at which they
open .

gNa is developing more rapid at every

Vm as comapred to gK

- When/depolarization is maintanied for

times gNa decrease leading to @

rease of inward current =

INACTIVATION Na+ channels

K (of the squid axon)remains stable as

omg as the membrane is depolarizaed

at least for depolarizations lasting

Oms)

+20

O -
20 F
—40 |

V

m

-60
(mV)

9k

Na+ and K+ conductances (g) are
calculated from their currents




Time-dependent effect of depolarization
on gNa are determined by the kinetics of
two gating mechanisms in Na+ channels.
- Acftivation gate closed while the
e Is at resting potential and
opengd by depolarization.

ivation gate open at resting
potential and closes after the channel
opens in response to depolarization.
e channel conducts Na+ only when
oth gates are open.

V

9k

gNa

m

+20

O -
20 F
—40 |

-60
(mV)

Na+ and K+ conductances (g) are
calculated from their currents

+20
/ 0

Time —

T ms



Action potential can be reconstructed from
the properties of Na+ and k+ channels

Hodgkin and Huxley were able to fit their measurements of membrane g to
a set of empirical equations that completely describe Na+ and K+
conductances as a function of membrane potential and time.

Using these equations and measured values for the passive properties of the
axon, they computed the shape and conduction velocity of the action
potenti

The calculated waveform of action potential matched the waveform of
nclamped action potential almost perfectly indicating that the model
eveloped by Hodgkin and Huxley accurately described the properties of
channels that are essential for generating and propagating the the
tion potential. This is still the most SUCCESSFUL QUANTITATIVE MODEL IN
NEURAL SCIENCES (at least) if not in all biology



Action potential can be reconsiructed from
the properties of Na+ and k+ channels

The model decribe action potential as
process involving several steps

B ENa
50
+30  Na*channels o
become »
refractory,
no more Na* -
enters cell o Na‘*channels . B . :
become refractory, > Action potential
S no more Na* enters - B
£ 4 cell =4
% [* K'channels ! S R T
= open, K* - ;E-, oOb-——====F-F-——-—-—-—=——-
2 begins to [}
S | leave the cell 5] 1 Na* conductance (Na* channels)
Q
c
e o &
< e
5 Na*channels _g B K* conductance (K* channels)
open, Na* = |
begins to )
enter cell K* channels close, > 50 F
................................ Spike Na* channels reset
Threshold B
Extra K* outside - E, K

Stimulus diffuses away ' N




Hodgkin and Huxley model

Inside

Outside Ilm



4 B Falling phase of the action potential

(1] Resting state




Excitable cells express high densities of VOCs and fire action potentials

neurons
muscle cells
secretory cells

Skeletal ciit
ardiac
+30H Motor neuron muscle Retahiee
+201- m
+ 10
K:; o+
5 10
L
Q E
g
_g w’ =30
g Ic -40 . — e i 200 msec
Eu
€ =50 2 msec 5 msec
3 Ji t/ L
-70
-80 /
-90

PdA with very different kinetics!




Cardiac Action Potentials
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Ventricular Cell

= K",Cl (out)

= |,y 1, (transient outward) = Ca’(in). K" (out
1 - - ICa—L (Ca long)
0 - \l / =l s (K slow delayed rect.)
+52 mV 1 2 K om
0 = | (K slow delayed rect.)
3 = | .~ (K rapid delayed rect.)
m v "50 - - I: (inward rect.)
= Na"(in)
i} 4 =l (rapid) [—> O 3 l/
-100~
}‘_N
200 ms +
e 1% 4
-96 mV
lon 1
-K* 200 ms
Conductances . S ——
9Na
+4+
9ca
(b) Cardiac muscle

Plateau phase

Long-lasting ventricular PdA

Muscle contraction

Membrane potential
80104

0 100 200 300
Time (ms)




Propagation of signal conduction

Distance is not a relevant factor in the propagation of a signal in neuron’s
soma because the cell body can be approximated to a finy sphere whose
membranes voltage is uniform.

However when considering the signal travelling along extended structures
such as dendrites, axons and muscle fibers, the signal decrease In
amplitude with distance from the site of inifiation.



Propagation of signal conduction

/—!ow geometry influences the distribution of current

Curent generat The variation of the Vm with distance
& ... depends on the relafive value of the
" membrane resistance in a unit length of
dendrite, r,, (units Q * cm) and internal
neuron resistance per unit length of the
dendrite, r; (units Q/cm).

The change in Vm becomes smaller
with distance along the dendrite away
from the electrode. The decay with
distanceis exponential: [4awer consranT

RESISTANCE
/>\ = PM <\.,

OF NEURON
- N MEMBRANE
7

INTERNAL NEURON
RESISTANCE



Propagation of signal conduction

\[LENGT// CONSTANT

)

I

M

4

RESISTANCE
OF NEURON
MEMBRANE

INTERNAL NEURON
RESISTANCE

ow geometry influences the distribution of current

The Dbetter the Insulation of fthe
membrane (the greater r,,), the better
the conducting properties of the inner
core (the lower r), the greater the
length constant of the dendrite



f LENGTH CONSTANT

Myelination changes PdA = e
propagation: }\= M _ ~—0F NEURON

on ¢ . ,“ MEMBRANE

It Increases resistance of z

neuron membrane (r.,) Q,,mmmwo”
RESISTANCE

» Myelination of PNS and CNS Axons

Myelination in the Peripheral

Myelination in the Central'




Propagation of signal conduction

The length constant is also a function of the diameter of the neuronadl
Process

For neuronal processes with similar ion channels density and cytoplasmic
composition, the larger the diameter, the longer is the length constant.

Thicker axons and dendrites have longer
» length constant than do narrower processes
Can transmit signals for greater distances

\[ LENGTH CONSTANT

r, (Units Q * cm) X: BT i
r; (units Q/cm) Iy MEMBRANE

INTERNAL NEURON
RESISTANCE




Propagation of signal conduction: electrotonic
conduction

The electrotonic conduction is a factor in the
propagation of action potential.

Once the membrane at any point along the axon has
been depolarized beyond threshold, an action potential
is generated in that region. This local depolarization

. spreads passively down the axon, causing a successive
= - - - (gsagment adjacent regions of the membrane to reach the
T threshold for generating an action potential

Action potential
- - 2 s Stir Na* channel
+ : T = = ¥ Fiarrcii Membrane
. _
- - + +
¥ Action potential .
+ clion poientia a
ﬂ'\K ¥ - 2 -
— - + +
B B - Na* ~
AL -1

Point A Point B Point C



Propagation of signal conduction: electrotonic
conduction

he electrotonic conduction is a factor in the propagation of action potential.
Once the membrane at any point along the axon has been depolarized beyond
threshold, an action potential is generated in that region. This local depolarization
spreads passively down the axon, causing a successive adjacent regions of the
membrane to reach the threshold for generating an action potential

: Refractory :  Active : Inactive
! region i reglons : region
o
S~ i F 4 aincmnn bbbt tbtd
T
The trigger zone Is In Its refractory | In the distal parts of the axon
period. K* gates have opened and +:_\f_‘ N“"{:? local curregt flow from the
the Na+ inactivation gates have ' ilactive redlon causes new sections
closed. Loss of K* from the "(——*— Na*’\u- of theegmembrane to depolarize
cytoplasm repolarizes the membrane] g+ o :

VA AR A e e

/++ 1..5..‘.‘1.+++»+ ++++




enfire length of the myelinated axon

Saltatory conduction: nodes
ier.

ery 1 or 2 mm by bare patc

myelin sheath is interrupt

of

ed
Nes

In length

Xxon membrane approximat

ely

Rapid Propagation of signal conduction:

ns have adopted an adapftive strategy to allow a rapid conduction
ropagation by wrapping a myelin sheath around the axonal membrane.
On the other hand the PdA is triggered in a non myelinated initial segment
of membrane just distal to the axon hillock.

Even though the capacitance of the axon is quite small(because of the
myelin insulation), the amount of current down the core of the axon from
the trigger zone is not enough to discharge the capacitance along the

action

myelinated potential

action

unmyelinated
© 2002 Encyclopaedia Britannica, Inc



Rapid Propagation of signal conduction:

Although the area of the nodal
embrane at each node is quite
small, the nodal membrane is rich
of voltage-gated Na+ and K+
annels and thus can generate
@n infense depolarizing Inward
a+ current In response to the
passive/ spread of depolarization
down along the axon

The Ranvier nodes Boost the amplitude of the
depolarization periodically, preventing it from
decaying with distance




Because ionic membrane current
flows only at the nodes in
velinated fibers, saltatory
conduction Is also favorable from
he metabolic standpoint. Less
energy must be expected by the
\ a+-K¥ pump In restoring the Na+
dnd K+ concentration gradients,
Igh fend to run down as the
Agtion potential is propagated

\

Rapid Propagation of sig

B) A potentia

nal conduction:

| propagation




Rapid Propagation of signal conduction:

arious diseases are caused

by demyelination, such as
multiple sclerosis and Guillain-
Barré syndrome.

Normal

| Myelin sheath
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X
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\._ Damaged myelin
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PATCH CLAMP technique

*Erwin Neher and Bert Sakmann developed the patch clamp in the

late 1970s and early 1980s. They received the Nobel Prize in

Physiology or Medicine in 1991 for this work. p
S

Measurement of ionic currents
flowing through the entire plasma
membrane of a cell or a SINGLE
CHANNEL:
high resistance seal

\ Open state

:
- _MW Closed state




Patch-Clamp

- The diameter of the capillary fip is about 0,5 uM

- The tip is filled with a saline solution (extra or intracellular depending
on the configuration)
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-40 mV

Em -BQJ membrane voltage stimulus
Unitary Na currepts

05pA 177 W Patch

------- ysmamanessenasll Clamp
e T R
ANl Single lon
_______ e
Ensemble average Na current (Neher &
20A |\ T  EELER
0 5 Tl 1981)

Time (ms)

Patlak (1990)







Current

. —
Sensing electrode Araplfier .
:‘ Verad —
bath electrode ‘
K- selective chanmel (lass capillary

Electrical seal

Functional depiction of classical padch-clarp electrophysiology



Iseal

Iehnnel

good seal

/bad seal

I

single-channel event

Figure 1-17. Good and Bad Seals

In a patch recording, currents through the seal also flow through the measuring circuit,
increasing the noise on the measured current.




Micropipette ~
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Cell-attached recording

Recording
pipette

Mild \
suction\

\

Inside-out recording

Tight contact between ‘ Cytoplasmic ‘
7 4 /—\ (\T pipette and membrane

B \ \\,
Strogg \ Ends};)f
pulse’of \ membyane
suction\\ = \ anneal\
\. \_
Retract
pipette

Cytoplasm is continuous
with pipette interior ’

Whole-cell recording Outside-out recording

domain accessible

Extracellular
domain accessible

Whole
Cell

Whole Cell, perforated
patch

- amphotericin-B
- nystatin




capacitive transient

Idt = CV}

Figure 1-15. Typical Voltage-Clamp Experiment

A voltage-clamp experiment on the circuit of Figure 1-13.
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AA is able to activate NSOCs in BAECs

5
AA
1 3
0
TR
[
2 2
= Whole cell
1 min
=10- Vh -50 mV/
. 10
10 2 o_1
1 3
w 04 1 w 0 /
s— i 20- /
2 10 a -10
-20 ] i i i 20
—100-150-50 0 50 -150-100-50 0 50
mV mV
Agonist Eiev (MV)
Control 0 Na+ out 0 Ca%* out
AA —-5+17 mV(20) 1+10 mV(4) 2+ 10(4) . .
ETYA 1+10mVe  8+11mVy —10+194 | Fiorio Pla & Munaron, 2001




Single channel analysis revealed that

. . . . . . control
arachidonic acid activates 3 different calcium
. 0 0.5 pA
channels in endothelial cells o
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