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Membrane Potentials and Action Potentials 111

Lectures Objectives

* Define the nerve action potential and properties

= Describe the activation of action potentials and describe the ionic basis of action potential .
* Describe the membrane currents underlying action potentials.

* Describe the activity of channels producing action potentials.

* Explain the membrane basis of the action potential threshold , depolarization repolarization and
refractory period.

* Explain the propagation of nerve impulse along axons membranes in myelinated and non
myelinated nerve fibers

* Explain the t consequences of myeline loss on nerve function and give example of demyelinated
diseases

* Describe and explain actions of calcium, local anesthetics, and neurotoxins on action potentials.
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Action potentials : Terminology

 There are some terms that need to be
understood & remembered:

— Depolarization Membrane potential become more negative

- Hypemolarization Membrane potential become less negative or moving to zero
Overshoot

* means positive to 0 mV

When the membrane potential depolarized from 90~ to zero and go
farther than zero , that is called over shoot

Repolarization
* towards resting potential

. After depolarization / during activation of k+ gate and inactivation of
Na+ gate
» The membrane potential goes to resting potential

— Excitability

When the cell is excitable 4 it means that cells
generate action potential g @sis ol 092 oo iz
resting potential

- Threshold (for action potential
generation)

Lol Jasty S4By (2OU 095 Leal> i Stimulus V1 e53 action potential s xear duait o)
095 Luads g lgaidy poudgeall 13U el @2 daslaall Olgill il Caumny depolarizat;on
activation of Nat+gates raa: sLis gliol 9 770~ = g9t depolarization
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Action potentials : Terminology

* There are some terms that need to be
understood & remembered:

- Depolarization 0mV
- Hyperpolarization
- Overshoot repolarization
* means positive to 0 mV threshold
— Repolarization aats
« towards resting potential 90 mV d::::;‘z::::mn
~ Excitability :

~ Threshold (for action potential
generation)

overshoot

e.u'ilafi lity

resting
potential

E*

Action Potential : Terminology

* Depolarization is the process of making the membrane potential less
negative

* Hyperpolarization is the process of making the membrane potential more
negative

* Inward current is the flow of positive charge into the cell. Thus, inward
currents depolarize the membrane potential. An example of an inward
current is the flow of Na+ into the cell during the upstroke of the action
potential

* Outward current is the flow of positive charge out of the cell. Outward
currents hyperpolarize the membrane potential. An example of an outward
current is the flow of K+ out of the cell during the repolarization phase of
the action potential.
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What is an action potential

* The action potential is a phenomenon of excitable cells such as nerve
and muscle and consists of a rapid depolarization (upstroke) followed
by repolarization of the membrane potential.

* Action potentials are the basic mechanism for transmission of
information in the nervous system and in all types of muscle

*» Triggered by stimulated by application of an appropriate stimulus

* For example: application of an electrical current to the nerve cells
axons

Intracellular recording of action in the axon of a nerve cell
via microelectrodes

Action potential
occurs in

1, Nerve cells

2, Muscle cells e
3. Neurons

Rexting Figure $6
| R A S, A AU
0 Q1030304080807

Millseconds
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Schematic Diagram of action potential and membrane potential
changes during the successive stages of action potential

Stages of action potential
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NEURON ACTION POTENTIAL
Successive stages of the action potential

* Resting Stage. The resting stage is the resting membrane potential before the
action potential begins. The membrane is said to be “polarized” during this stage
because of the =90 millivolts negative membrane potential that is present.

Depolarization Stage. At this time, the membrane suddenly becomes permeable
to sodium ions, allowing positively charged sodium ions to diffuse to the interior
of the axon. The normal “polarized” state of -90 millivolts is immediately
neutralized by the inflowing positively charged sodium ions, with the potential
rising rapidly in the positive direction

Repolarization Stage. Within a few 10,000ths of a second after the membrane
becomes highly permeable to sodium ions, the sodium channels begin to close
and the potassium channels open to a greater degree than normal. Then, rapid
diffusion of potassium ions to the exterior re-establishes the normal negative
resting membrane potential,
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Changes in sodium and potassium conductance during the course of the action potential. Sodium
conductance increases several thousand-fold during the early stages of the action potential, whereas
potassium conductance increases only about 30-fold during the latter stages of the action potential and for a

short period there after.
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Typical changes in conductance of sodium and potassium ion channels when the
membrane potential is suddenly increased from the normal resting value of -90
millivolts to a positive value of +10 millivolts for 2 milliseconds. This figure shows
that the sodium channels open (activate) and then close (inactivate) before the end
of the 2 milliseconds, whereas the potassium channels only open (activate), and
the rate of opening is much slower than that of the sodium channels.
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» Nerve signals are transmitted by AP - S
» AP= rapid changes in MP that spread rapidly along

the nerve fiber membrane. We taking about neuron

0

Millivolts
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Each AP: depolarization

» begins with: sudden change from the normal resting
negative membrane potential to — positive R o
potential by transfer of positive charges to the T R . o s,
interior of fiber Milliseconds

» ends with: equally rapid change back to negative
potential by return of positive charges to the Leila 3 jae Cycle JaSi a3
exterior.
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Resting membrane potential Ju sl

Neuron action potential
dlee 3 Jeal Ll yoltage gated Na channel and voltage gated K channel
* The necessary actor in causing both depolarization and

repolarization of the nerve membrane during AP is the voltage-
gated Na channel.

» Avoltage-gated K channel also plays an important role in
increasing the rapidity of repolarization of the membrane.

Potential of the cell membrane 4 oS oilla Le (8 o) ey Loyl A0 6 andls

Na channel e ulul JS5 aciai a5 depolarization Le
K channel e ulul (S8 aaiai repolarization e

Cell membrane Js> Sliadll 3€ 5 4 juf agic miin aglSy
Repolarization and depolarization e «=li Na channel

Repolarization J! 4lec 8 404« K channel
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INITIATION OF THE ACTION POTENTIAL
Positive-Feedback Cycle Opens the Sodium Channels.
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Refractory period reflex i action potential

the duration of action Ssilll ppie J>bas
potential which is about

million seconds e ahsolute and relative refractory periods

during an action potential

During the absolute refractory period
no stimulus, however large, can elicit a
second action potential.

During the relative refractory period a
second action potential can be elicited
but it requires a larger stimulus than
that in the resting state

Relatively refractory can
split into absolute (<uas)
nerve
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Properties of action potentials

+60
* Action potentials:
0

# are all-or-none events
Q threshold voltage (usually 15 mV positive to resting o/

potential)
# Self propagation -70
~ are initiated by depolarization 2
Q action potentials can be induced in nerve and =
muscle by extrinsic (percutaneous) stimulation §
# have constant amplitude
O APs do not summate - information is coded by time
frequency not amplitude. 75 )
# have constant conduction velocity g 50 (cat)
Q True for given fiber. x
O Fibers with large diameter conduct faster than § 25 non-myelinated
small fibers. As a general rule: 8 ™ (squid)
Related Qmyelinated fiber diameter (in mm) x 4.5 = °o e
£iber have velocity in nvs, ' EED R R e
. O Square root of ummyetinated fiber diameter 0 400 800
vmigonduction = velocity in nvs Fiber diameter (um)

velocity

T L s9uaall b

> 235 Lekiad 23 action potential o Ol cal B+ ples sanas uls> Us 9
I Bl 30 depolarization des g2 9 + Lol Madi sl ) Ledgrd) duas
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Threshold for Initiation of the Action Potential.

* An action potential will not occur until the initial rise in membrane potential is great enough to
s T ereate the positive feedback described in the preceding paragraph.

This occurs when the number of sodium ions entering the fiber (inward Na+ current) becomes
greater than the number of potassium ions ( K outward current) leaving the fiber.

* A sudden rise in membrane potential of 15 to 30 millivolts is usually required.

positive,
feedback

* For example , a sudden increase in the membrane potential in a large nerve fiber from -90
millivolts up to about -65 millivolts usually causes the explosive development of an action
potential. This level of -65 millivolts is said to be the threshold for stimulation.

* If netinward current is less than net outward current, the membrane will not be depolarized to
threshold and no action potential will occur (All-or-none response)
Membrane potential 2 3 5| Depolarization Jass )Y iy eliall LUl U1 sga (3 8 asiall Jasy o 3Y 12
Subthreshold stimulus4sews: 4.5 e yuasla 38 thresholdd) eliall 3ga stimuluscsad ;L 13 45l 2

Re-establishing sodium and potassium ionic gradients after
action potentials are completed—importance of energy
metabolism

* Very small amount of Na enters the cells and very small amount of K
leaves the cell during an action potential

* Indeed, 100,000 to 50 million impulses can be transmitted by large
nerve fibers before the concentration differences reach the point that
action potential conduction ceases.

* Even so, with time, it becomes necessary to re-establish the sodium
and potassium membrane concentration differences, which is
achieved by action of the Na+-K+ pump in the same way as described
previously for the original establishment of the resting potential
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Na voltage channel after threshold 4
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Neuron action potential
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Neuron action potential

Depolarization— The normal “polarized” state of - 90

mV is immediately neutralized by the inflowing positively (s nerve sction potentiat
charged Na, with the potential rising rapidly in the *
positive direction (Over sheet state o1 | quesne: [\ votageomo k: cranncicpen

In large nerve fibers, the great excess of Na moving to
the inside causes the membrane potential to actually
“overshoot” beyond the zero level and to become
somewhat positive.

Membrare potential (mV) |
1

In some smaller fibers, as well as in many CNS
neurons— the potential merely approaches the zero
level and does not overshoot to the positive state.

L w3l §| Resting membrane potentlalc—\y Lol V) 385 aa 53 ~ )l unactivation gated

bl gasll (S

INITIATION OF THE ACTION POTENTIAL

A Positive-Feedback Cycle Opens the Na Channels.

» Threshold stimulus— opening of voltage-gated Na channels — inflow of
Na > K leak — further rise in MP— opening more voltage-gated Na
channels

« This process is a positive-feedback cycle = continues until all voltage-
gated Na channels opened.

82l 3 i 800 )
o . . -

So it is positive feedback
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In repolarization stat the cell membrane became penetrating to K mainly because
the Na voltage channel have closed or inactivation
So, the cell membrane potential became near to K equilibrium potential

Neuron action potential

Repolarization Stage. ;
1- inactivation of Na channels

2- K channels openning — rapid K efflux —MP %0
approaches E, - re-establishes the normal

negative resting membrane potential

TRRR o RReR
OO0 o0
O QS P b
inactivation gate will not reopen until the membrane U-l LUJ
potential returns to or near the RMP.
Inactivated K*
Qe el Slow activation
" (+35 to -90 mV)
Same time

Pharmacological Inhibition of Na+ and K+ Channels
p ol gl 5 o 500 guall Dl 538 (8 55 A sl Laia

Na+ Channels inhibitors
* Tetrodotoxin (TTX) -is a naturally-found poison.
* Local anesthetics -lidocaine and procane

K+ Channels inhibitors
* Tetraethyl ammonium (TEA)
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Neuron action potential

(a) Nerve action potential
A

Voltage-gated Na* e Voltage-gatod K* channela open

charmnols start 10 cdose

Hyperpolarization s
Resting (e 4xdlall 504 3 i-"’- P 7 ;
g voltage-gated Na*

Delay in K channel closure

g Vohage-gated K* channeis stan
Agallidl) 50 5 Jamg g Al = Jla o gl 580 ) gie Juad 5,8l

65 . _\_ _ Thwesholdpotntial
eaon dha a i dalb ) £ ™ v potents
Sublhweshold stimulus Sppseietion >
0o 1 2 3 H 5 6
Time (ms)

Explosive onset of AP and almost equally rapid recovery-
changes in MP over a few 10,000ths of a second.
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Action potential basics:

* All-or-none event (need to reach threshold)

=i+ Constant amplitude (do not summate)-
gl Y information is coded by frequency not amplitude

* Initiated by depolarization
. = Weaker stimulus

* Involve changes in permeability

* Rely on voltage-gated ion channels

* In non-nervous tissues, APs initiate various
cellular responses:

v'muscle contraction

Mombrane potertial, Ve, (mV)

v'secretion (eg. Epinephrine from chromaffin
cells of medulla)

—
Tme

3<6 55 6 Stronger stimulus =6

70 oS Ledae A &l jLEY) 2ac Frequency gyl (e NErvous systemua jua 4xialls ¢ Lic
S a8 o g8 g5l Al GS gl gl S 65 8N s adaae G LY Jghall i ) 53 K,
Frequency s« 3 nervous system s < s
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<l 23U permeability (i
changes in conductance of voltage-gated Na & K channels

Resting state— conductance for K is > - 5

conductance for Na. 1004—4 |

caused by much greater leakage of K than Na ions 104

through the leak channels. §&E* g
23

onset of AP 3€ o1

1- Na channels activated = up to a 5000-fold increase in éé i Na*

Na conductance. Then- inactivation - Na channel 0.0051 . . .

closed 0 0.5 1.0 1.5

Milliseconds

Aoy 520 5 Auday cla llie ddmaa K

2- K channels opening slowly after Na channels opening.
Open and close ¢\l

end of AP
K channels - slowly closed

Delay in K closed msssmmp hyperpolarization

22
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Myelination

* Schwann cells surround the nerve
axon forming a myelin sheath

* Sphingomyelin decreases membrane
capacitance and ion flow 5,000-fold

+ Sheath is interrupted every 1-3 mm
by a node of Ranvier

Saltatory Conduction

* AP’s only occur at the nodes (Na channels are concentrated here!)
* Increased velocity

* Energy conservation
Myelin sheath Axoplasm Node of Ranvier
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A SO\ A o
Tl Ve .
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Figure S-17
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Neuron action potential

« axon hillock/initial segment-> the region where the plasma membrane
generates nerve impulses

* To conduct a nerve signal, AP moves along nerve fiber until it comes to the
fiber's end.

« Have constant conduction velocity-AP Velocity ~ 60 m/s constant

» Fibers with large diameter conduct faster than small fibers.

R 1 e e

Y e o o2t 6 N LETS
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Nerve fibbers Jl Jsba Je 4l sy
PROPAGATION OF AP (action potential)

» AP at one point on membrane usually excites
adjacent portions of the
membrane— propagation of AP along the
membrane.

* A - normal resting nerve fiber

- B-D>

« Excitation in midportion— Na diffuses for 1-3
mm in both directions— current flow from
depolarized areas to adjacent resting
membrane areas— increase voltage above
the threshold— depolarization & AP_, Sladdam

2al 5 oladly (5 5Ss (bl Sl

in two direction Ofigall Jitiy 51l Lad (ailly ) gaall (30 oligai s () same U juaal H8ialli 4y jad (e
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PROPAGATION OF AP

. . e e e e . . e . e . .4

 This transmission of the A +r+ttt+ttrrttrrrrttr et
depolarization process along a nerve o
or muscle fiber is called a nerve or iiiiiiiiiﬁf\;'ifff.ﬁ’_’.‘f
muscle impulse. O ........... W )

« AP travels in all directions away from
the stimulus until the entire
membrane has become depolarized.

a o5 Be) L.
\a g g O35 -

Roles of Other lons During the Action Potential

Imperm Anions Insi Nerv n

« anions of protein molecules and of organic phosphate compounds,
sulfate compounds..etc

« these impermeant negative ions are responsible for -ve charge
inside fiber when there is loss of +ve charged K ions.

26
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Page 14 of 18
- . .
Propagation of Action Potential
Opening of Na* channels generates local current that depolarizes adjacent
membrane, opening more Na* channels...
utilizing ¥
Ja2: depolarization Rest
d;ﬁerence in A R
Potent;al '......00.'7—‘-’.\00'00“
0o sedaas HLUI 2anay Stimulated
G (local depolarization) .O.' — e e )
repolarization to o
L) L 00...'...(-‘---""}0.00.
depolarization i T g
Jaiiis Us (Il LI Bl O ---------- - )

ing.uon C oQoo.ooooG--~ \.J.‘....
cell body to lower o= (current spread)

Action potential propagation in none
myelinated nerves

New adjacent inactive area
Previous active New active area  into which depolarization
area returned to  at peak of action s spreading. will soon reach
resting potential potential threshold
N

0 N ~

1 :‘.:‘:‘tz‘ni 3 4

S P axflal
9 action potential wais o 1 e o5 | alais 5o 381 pction potential o
493 s e 9 ] oo Al 4 action potential Wwais sbe 2 el
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Roles of Other lons During the Action Potential
Very important in lecture (19) and cardiac

.&f_):)‘gu.fg ._\c ' Ca7c-‘1=-‘='

+ Almost all cells of the body have Ca pun(p—> transports Ca from the
interior to exterior /ER— Concentration difference 10-7 molar vs 103
molar.

- Ca serves along with (or instead of) Na in some cells to cause most of AP.
k voltage channels ,na voltage channels ;.- JS depolarisation ! o5 age
S ddlSalp) LIS plsal ) 158, L ool

lu i Jaatcs gaa S Rekai Jyl o L35 o8 15l na voltage channels 3lz 2 repolarization o sskas Jy!
JUEEDU laa loa Lags Sbaa Leidle | U Sl cls Jla od gaeaad! JLd| Ji,

il bogeais apundiSl g G JIENL Il U el 0e oSS T

Roles of Other lons During the Action Potential

Very important in carrier and smooth muscles
Calcium lons

+ voltage-gated Ca channels e
+ cardiac muscle and smooth muscle. In flex
+ slightly permeable to Na ions-but 1000-fold greater permeability for Ca

As K large channel
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Conduction velocity

- non-myelinated vs myelinated -

non-myelinated

myelinated

Multiple Sclerosis

- MS is an immune-mediated
inflammatory demyelinating
disease of the CNS -

Patients have a difficult time
describing their symptoms. Patients
may present with paresthesias of a
hand that resolves, followed in a

- About 1 person per 1000 in  couple of months by weakness in a leg

US is thought to have the or visual disturbances. Patients
disease - The female-to-male frequently do not bring these

ratio is 2:1 - whites of northern complaints to their doctors because
European descent have the they resolve. Eventually, the resolution
highest incidence of the neurologic deficits is incomplete

or their occurrence is too frequent, and

the diagnostic dilemma begins.
hitp://www.emedicine.com/pmr/topic82. him
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@ts of Drugs and Toxin on Action Potential

* Tetrodotoxin (TTX), a poison found in the internal organs of puffer fish,
selectively blocks nerve Na channels at nanomolar concentrations.

* Local anesthetics such as lidocaine or benzocaine also block NaV channels.

* Tetraethyl ammonium (TEA) ions and 4-aminopyridine are among the KV channel
blockers.

* There are also compounds that activate NaV channels, such as veratridine,
pyrethroid insecticides.

39 action potential V' o effects Jow godl Voie
e

I (ohS Joti QU 9ol 91 9@ 9 digitalis vt 294w (1 5/daui 9
Na/k pump

Extracellularly recorded APs

* Most text books show intracellularly 2 N

recorded action potentials =0 0z 0 IEEEEEN-T-----To----- ]

* Such recordings are usually not made in
clinical practice. Extracellular recordings

are made in clinical practice. =5
PR g . b .
* A so-called ‘bi-polar’ action potential is S+ + + + 4 4 + R
shown ++$occccccna +HEEEE
c —=*

& B + + + + + + + BN
Stimulus FH 4+ F mmcmmmnnn P
artefact o

[d

e

e WL I I

E=========r=cr ==
..* Why does the bi-polar action potential L a o bl b d S i sl

look like this? direction
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Conduction velocity of AP

> U 9 W (| Logosuits R oo
bt sLbo Classification 3@

-.mm' different nerve 2 «3
with different

* Compound action potentials are
recorded from nerve trunks

» measured percutaneously from
nerves that are close to surface (e.g..
ulnar nerve)

» passage of action potentials in all
axons of nerves is seen as a small
(mV) voltage signal on body
surface

7 as recordings are made further from
the site of stimulation the waveform
develops into several discrete peaks

# The first signal to arrive at a distant recording site has travelled the fastest!
QThus, each peak represents a set of axons with similar conduction velocity

Q velocity is calculated from the distance between R1 and R3 and the time taken to traverse
that distance - distance/time = velocity (ranges from 0.5 to ~100 mvs)

Functions of action potentials

* Deliver sensory information to CNS
* APs in sensory nerves are blocked by local anesthetics. This usually produces
analgesia without paralysis. WHY? LAs are more effective against small
diameter neurons with a large surface area to volume ratio. Hence, small C-fibers
that conduct pain sensations are affected more than a-motorneurons,
* Information encoding
* The frequency of APs encodes information (amplitude of AP is constant).
* Rapid transmission over distance (nerve cell APs)
¢ The speed of transmission depends on fiber size and whether it is myelinated.
Information of lesser importance is carried by slowly conducting unmyelinated
fibers.
* In non-nervous tissues, APs initiate various cellular responses
* muscle contraction
* secretion (eg. Epinephrine from chromaffin cells of medulla)

ﬁ;\ functions
- Non-mylinated

33
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Roles of Other lons During the Action Potential

Calcium lons

* Depolarization in some cells—> Ca flows into the interior of the cell.

» gating of Ca channels is slow-> called slow channels— more sustained
depolarization

* in some types of smooth muscle, fast Na channels are hardly present—> APs
are caused almost entirely by activation of slow Ca channels.

» Deficit of Calcium lons (by 50%)—> nerve fiber becomes highly excitable—>

discharging repetitively—> muscle “tetany”-lethal because of tetanic
contraction of respiratory muscles. \

O gall s A Sl ) AL juay (JiaS jalse bl continuous contraction

Roles of Other lons During the Action Potential

Calcium lons

Mechanism of tetany in hypoCa+2

Normally, Ca binds & inhibits Na channels
| Ca— Increased Permeability of Na Channels = progressive
depolarization
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Awnother uestions

1) If the cell was activated due to a suitable stimulus, and then another suitable
stimulus comes to the cell, which of the following statements is correct?

1- the cell will start depolarisation again
@The cell will not respond to nerve stimulation
3-the cell will deal with two stimuluses at same time

4-the cell will increase its action potential to equal all stimulus’s action
potential

35

2) In which of the following case is the transmission of action potentials
faster in a neuron?

@a myelinated cell has few nodes of Ranvier
2- a non-myelinated cell has few nodes of Ranvier
3- a myelinated cell has many nodes of Ranvier

4- a non-myelinated cell has many nodes of Ranvier



(7) The hyperpolarization phase of the action potential is due to:

(A) the opening of voltage-gated CI™ channels
(B) the prolonged opening of voltage-gated K* channels v
(€) the closure of resting Na¥ channels

(D) due to the closure of CI™ channels

(E) None of the above

36

(10) In the nervous system, the strength of the stimulus is coded into:

(A) The frequency of action potentials generated ¢/
(B) The amplitude of action potentials generated

(C) Both the frequency and amplitude of action potentials generated
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Awnother Notes from Videos
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