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Membrane Potentials, Action 
Potentials, and Synaptic 

Transmission


Core Curriculum II



Spring 2015



Membrane Potential


Example 1: K+, Cl- equally permeant




no charge imbalance, so Vm=0
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Membrane Potential



Example 2: only K+ is permeant


Charge imbalance is set up, leading to a 

membrane potential (positive inside)
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Membrane Potential


•  Concentration 

gradient makes K+ 
“want” to leave cell
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Membrane Potential


•  Concentration 

gradient makes K+ 
“want” to leave cell



•  Electrical gradient 
makes K+ “want” to 
enter cell



Membrane Potential


•  Concentration 

gradient makes K+ 
“want” to leave cell



•  Electrical gradient 
makes K+ “want” to 
enter cell



•  At equilibrium these 
forces balance out 
and there is no net 
movement
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Membrane Potential


•  Membrane potential set up 

exactly counterbalances 
the diffusion-driven 
movement of ions across 
the membrane



Membrane Potential


•  Membrane potential set up 

exactly counterbalances 
the diffusion-driven 
movement of ions across 
the membrane



•  There will be no net 
movement of ions across 
the membrane
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Membrane Potential


•  Membrane potential set up 

exactly counterbalances 
the diffusion-driven 
movement of ions across 
the membrane



•  There will be no net 
movement of ions across 
the membrane



•  This membrane potential is 
often termed a diffusion 
potential, equilibrium 
potential, or Nernst 
potential



Nernst Potential



€ 

Ex = −
RT
zF
ln [Xi]
[Xo]

€ 

Ex =
−60mV

z
log

[Xi]
[Xo]
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Nernst Potential



Driving Force


•  If Vm does not equal Ex, the ion will 

experience a net force
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Driving Force


•  If Vm does not equal Ex, the ion will 

experience a net force


•  Net force aka driving force= (Vm- Ex)



– Vm>Ex: net outward force for cations


– Vm<Ex: net inward force for cations


– Opposite holds for anions



Driving Force


•  If Vm does not equal Ex, the ion will 

experience a net force


•  Net force aka driving force= (Vm- Ex)



– Vm>Ex: net outward force for cations


– Vm<Ex: net inward force for cations


– Opposite holds for anions



•  Ix= gx(Vm-Ex)   [gx ∝ Px]
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Driving Force


•  If Vm does not equal Ex, the ion will 

experience a net force


•  Net force aka driving force= (Vm- Ex)



– Vm>Ex: net outward force for cations


– Vm<Ex: net inward force for cations


– Opposite holds for anions



•  Ix= gx(Vm-Ex)   [gx α Px]


•  Because the charge affects things, we 

often refer to an “electrochemical 
gradient”



Driving Force
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Driving Force



Driving Force



ENa EK 
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What is Vm if there is more 
than  1 permeant ion?



•  Most cells have permeability to more 
than 1 ion



What is Vm if there is more 
than  1 permeant ion?



•  Most cells have permeability to more 
than 1 ion



•  Consider the following situation


– Membrane permeable to K+ and Na+



– Ion gradients set up by a pump (assume 
1:1 stoichiometry)
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What is Vm if there is more 
than  1 permeant ion?	



Case 1: K+ and Na+ are equally permeant


The Na+ gradient is equal 

and opposite to the K+ 
gradient, and Na+ and K+ 
can leak in at the same 
rate that they are 
pumped out, maintaining 
the gradients. Under 
these conditions, the 
diffusion of K+ across the 
membrane is equal and 
opposite to the diffusion 
of Na+, so nothing has to 
be done to conserve 
electroneutrality. NO Vm 
NEEDS TO BE SET UP.
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Case 2: PK does not equal PNa


If PK > PNa the pumping rate 

does not equal the leak 
rate for both ions, and 
more K+ leaks out than Na+ 
leaks in. Electroneutrality 
would be violated, and a 
Vm will be set up to 
counteract the excess 
leakage of K+. The Vm set 
up should decrease K+ exit 
and increase Na+ entry 
until the rates are equal. 



Case 2: PK does not equal PNa	



Two extremes:


– PK >>>>>>> PNa  ((PNa/PK) ~0)



• This is essentially a purely K+-selective 
membrane, so Vm = EK
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Case 2: PK does not equal PNa	



Two extremes:


– PK >>>>>>> PNa  ((PNa/PK) ~0)



• This is essentially a purely K+-selective 
membrane, so Vm = EK



– PNa >>>>>>> PK ((PNa/PK) ~ ∞)


• This is essentially a purely Na+-selective 
membrane, so Vm = Ena



Goldman-Hodgkin-Katz Equation gives the explicit relationship



	



GHK Equation



  α= (PNa/PK)




(can add other terms for additional ions)



€ 

Vm = −60log
[K +]i +α[Na+]i
[K +]o +α[Na+]o
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GHK Equation



Vm as a function of [K+]out



Hodgkin and Horowicz, 1959



EFFECT OF K AND Cl ON MEMBRANE POTENTIAL 135
equation for a potassium electrode, as shown previously by Adrian (1956). The
straight line in Fig. 5 is drawn from this equation at the same internal
potassium concentration as in Fig. 4.
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Fig. 5. Relation between membrane potential and log [K] when using chloride-free sulphate solu-

tionscontaining8 mm-CaSO4. Crossesarepotentialsmeasuredafterequilibratingforl10-60 min;
circles are potentials measured 20-60 sec after a sudden change in concentration, -O after
increase in [K]0, 0- after decrease in [K]O. With the exception of the right-hand point, all
solutions were of the same ionic strength as Ringer's fluid and had concentrations inter-
mediate between D and E of Table 1. The right-hand point was obtained with solution H and
the potassium concentration has been corrected on the graph for the difference in ionic
strength. Semi-log. scale; average data on seven fibres.

Between 10 and 0 5 mm the resting potential deviated from the line for a
potassium electrode, the slope at 2-5 mM-K being about 40 mV. In this region
the deviation is of the kind expected from a very slight permeability to some
other ion, for example sodium. For concentrations greater than 1 mm the
points are reasonably well fitted by a curve drawn according to the equation

RT [K]0 + 4cNa]0
F ln[K]]° + [Na]' (4)

where oc has the value of 0 01. Since [K]i is much greater than [Na]i, oc[Na],
may be neglected.
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To Get a Membrane Potential 
You Need:



•  Selective permeability (i.e., α≠1)


– Note: it is the relative ionic 

permeability(i.e., α) rather than the 
absolute ionic permeability (PNa, PK) that 
matters



To Get a Membrane Potential 
You Need:



•  Selective permeability (i.e., α≠1)


– Note: it is the relative ionic 

permeability(i.e., α) rather than the 
absolute ionic permeability (PNa, PK) that 
matters



•  Ion gradients (set up by ion pumps like 
the Na/K ATPase)
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Action Potentials



•  Vm is not always constant



Action Potentials



•  Vm is not always constant


•  It can change spontaneously 

(pacemakers) or in response to a 
stimulus
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Action Potentials



•  Vm is not always constant


•  It can change spontaneously 

(pacemakers) or in response to a 
stimulus



•  This change is termed an action 
potential



Action Potentials


•  Transient change in membrane potential
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Action Potentials


•  Transient change in membrane potential


•  1st measured in 1868 by Julius Bernstein using 

extracellular electrodes


–  Did not know actual value of membrane 

potential or its changes – just that it changed



Bernstein, J (1868) Pflugers Archiv 1:173



	


Action Potentials



Bernstein proposed that the membrane 
was permeable to K+ at rest 
(CORRECT!), and that an AP was a 
transient breakdown of selectivity to 
create a non-selective membrane
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Action Potentials



Bernstein proposed that the membrane 
was permeable to K+ at rest 
(CORRECT!), and that an AP was a 
transient breakdown of selectivity to 
create a non-selective membrane


– Means that the peak of the AP = 0 mV


– Invention of intracellular electrodes in 

the 1930’s allowed measurement of true 
Vm values



Intracellular Recording
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Action Potential



Purves et al Neuroscience, Sinauer Associates 

APs are all-or-none


For a given set of conditions (ion concentrations, etc) APs are of 

constant amplitude
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Action Potentials



•  Think of Vm as a real-time readout of 
the GHK equation



Action Potentials



•  Think of Vm as a real-time readout of 
the GHK equation



•  Changes in Vm can then reflect a 
change in α or ion gradients
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Action Potentials



•  Think of Vm as a real-time readout of 
the GHK equation



•  Changes in Vm can then reflect a 
change in α or ion gradients



•  In reality, changes in ion gradients 
cannot occur fast enough, so AP’s 
reflect a change in α	



Ionic Basis of APs



•  1938: KS Cole demonstrated that there was an increase in 
membrane conductance during a squid giant axon AP (Cole and 
Curtis (1939) J Gen Physiol 22:649-670) 
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Ionic Basis of APs


•  1940’s-1950’s: 

Hodgkin and Huxley 
(and sometimes 
Katz) carried out a 
series of 
experiments using 
squid giant axon to 
examine the 
processes that take 
place during an 
action potential



Squid Giant Axon


•  A large axon of 1-2 

mm diameter that 
controls the fast 
escape mechanism 
of the squid
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Squid Giant Axon


•  A large axon of 1-2 

mm diameter that 
controls the fast 
escape mechanism 
of the squid



•  So large, it was 
originally thought 
to be a blood vessel



Squid Giant Axon


•  A large axon of 1-2 

mm diameter that 
controls the fast 
escape mechanism 
of the squid



•  So large, it was 
originally thought 
to be a blood vessel



•  Large size and 
geometry allowed 
manipulations such 
as axial electrodes 
that are impossible 
in smaller nerves
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…not to be confused with an axon from 
a giant squid…



Ionic Basis of APs


Hodgkin and Katz showed in 1949 that AP peak depended on  

[Na]o, like ENa should


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Purves et al Neuroscience, Sinauer Associates 
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Ionic Basis of APs



•  They formulated the “Sodium 
hypothesis”:



The membrane becomes transiently Na+-
selective, and this change is driven by 
changes  in Vm



Ionic Basis of APs



•  They formulated the “Sodium 
hypothesis”:



The membrane becomes transiently Na+-
selective, and this change is driven by 
changes  in Vm



•  Hodgkin and Huxley analyzed the 
time- and voltage-dependence of the 
currents using the voltage-clamp
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Voltage Clamp



Purves et al Neuroscience, Sinauer Associates 

Voltage Clamp
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Voltage-Clamp Currents



•  Purves et al Neuroscience, Sinauer Associates 

Ionic Basis of APs



www.bem.fi/book/04/04x/0409x.htm 



2/2/15	



29	



Ionic Basis of APs



Ionic Basis of APs
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Properties of Ionic 
Conductances



1.  Action potentials are recorded with an intracellular electrode

The squid giant axon is about 0.5–1 mm in diameter and several centi-
meters long. An electrode in the form of a glass capillary tube containing 
a conducting solution can be thrust down the axis of the axon so that its 
tip lies deep in the cytoplasm. With its help, one can measure the voltage 
difference between the inside and the outside of the axon—that is, the 
membrane potential—as an action potential sweeps past the electrode. 
The action potential is triggered by a brief electrical stimulus to one end 
of the axon. It does not matter which end, because the excitation can 
travel in either direction; and it does not matter how big the stimulus is, 
as long as it exceeds a certain threshold: the action potential is all or none.

40

–40

0

0 2 4 6ms

action potential

intracellular
electrode

plasma
membrane

axon 1 mm

m
V

2.  Action potentials depend only on the neuronal plasma
     membrane and on gradients of Na+ and K+ across it

The three most plentiful ions, both inside and outside the axon, 
are Na+, K+, and Cl–. As in other cells, the Na+-K+ pump maintains 
a concentration gradient: the concentration of Na+ is about 9 times
lower inside the axon than outside, while the concentration of K+

is about 20 times higher inside than outside. Which ions are 
important for the action potential?
    The squid giant axon is so large and robust that it is possible to 
extrude the gel-like cytoplasm from it, like toothpaste from a tube, 

and then to perfuse it internally with pure artificial solutions 
of Na+, K+, and Cl– or SO4

2–. Remarkably, if (and only if) the 
concentrations of Na+ and K+ inside and outside approximate 
those found naturally, the axon will still propagate action 
potentials of the normal form. The important part of the cell 
for electrical signaling, therefore, must be the plasma 
membrane; the important ions are Na+ and K+; and a sufficient 
source of free energy to power the action potential must be 
provided by the concentration gradients of these ions across 
the membrane, because all other sources of metabolic energy 
have presumably been removed by the perfusion.

cannula for perfusion giant axon rubber 
roller

axoplasm

rubber mat
cannula

perfusion fluid

membrane of giant axon

stream of perfusion fluid

3.  At rest, the membrane is chiefly permeable to K+; during the
     action potential, it becomes transiently permeable to Na+

At rest the membrane potential is close to the equilibrium potential
for K+. When the external concentration of K+ is changed, the 
resting potential changes roughly in accordance with the Nernst 
equation for K+ (see Panel 11–2). At rest, therefore, the membrane 
is chiefly permeable to K+: K+ leak channels provide the main ion 
pathway through the membrane.
    If the external concentration of Na+ is varied, there is no effect 
on the resting potential. However, the height of the peak of the 
action potential varies roughly in accordance with the Nernst 
equation for Na+. During the action potential, therefore, the 
membrane appears to be chiefly permeable to Na+: Na+ channels 
have opened. In the aftermath of the action potential, the 

membrane potential reverts to a negative value that depends 
on the external concentration of K+ and is even closer to
the K+ equilibrium potential than the resting potential is: the
membrane has lost most of its permeability to Na+ and has
become even more permeable to K+ than before—that is, Na+

channels have closed, and additional K+ channels have opened.

40

0

–40

m
V

0 1 2 ms

100%

50%

33%

The form of the action
potential when the
external medium contains
100%, 50%, or 33% of the
normal concentration
of Na+.

4.  Voltage clamping reveals how the membrane potential
     controls opening and closing of ion channels

The membrane potential can be held constant (“voltage 
clamped”) throughout the axon by passing a suitable current 
through a bare metal wire inserted along the axis of the axon 
while monitoring the membrane potential with another 
intracellular electrode. When the membrane is abruptly shifted 
from the resting potential and held in a depolarized state (A), 
Na+ channels rapidly open until the Na+ permeability of the
membrane is much greater than the K+ permeability; they then 
close again spontaneously, even though the membrane potential 
is clamped and unchanging. K+ channels also open but with a 
delay, so that the K+ permeability increases as the Na+ permeability 
falls (B). If the experiment is now very promptly repeated, by 
returning the membrane briefly to the resting potential and then 
quickly depolarizing it again, the response is different: prolonged 
depolarization has caused the Na+ channels to enter an inactivated 
state, so that the second depolarization fails to cause a rise and 
fall similar to the first. Recovery from this state requires a 

relatively long time—about 10 milliseconds—spent at the
repolarized (resting) membrane potential.
    In a normal unclamped axon, an inrush of Na+ through the
opened Na+ channels produces the spike of the action potential;
inactivation of Na+ channels and opening of K+ channels bring
the membrane rapidly back down to the resting potential.

0 2 4 6
ms

inactivated

closed
20

10

0

m
S

/c
m

2

(B)

(A) m
V

+20

–65

membrane potential

K+ conductance

Na+ conductance

open

PANEL 11–3: Some Classical Experiments on the Squid Giant Axon 679

Properties of Ionic 
Conductances



•  Na+ conductance


– Voltage dependent


– Rapid gating


– inactivates
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Properties of Ionic 
Conductances



•  Na+ conductance


– Voltage dependent


– Rapid gating


– inactivates



•  K+ conductance


– Voltage dependent


– Slower gating (“delayed rectifier”)


– No inactivation



Reconstruction of the Action 
Potential



•  Hodgkin and Huxley analyzed the voltage 
and time dependence of the Na+ and K+ 
permeability pathways.
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Reconstruction of the Action 
Potential



•  Hodgkin and Huxley analyzed the voltage 
and time dependence of the Na+ and K+ 
permeability pathways.



•  Using these properties, they created a 
kinetic model of the gating of these two 
pathways



Reconstruction of the Action 
Potential



•  Hodgkin and Huxley analyzed the voltage 
and time dependence of the Na+ and K+ 
permeability pathways.



•  Using these properties, they created a 
kinetic model of the gating of these two 
pathways



•  Using this model, they simulated an action 
potential. Note: All calculations were done 
using a hand-cranked calculator. It took 
three weeks to calculate a propagated AP! 
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Reconstruction of the Action 
Potential	



Hodgkin-Huxley Equations
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Reconstructed AP



Permeability Pathways=Ion 
Channels



•  The permeability pathways are 
discrete transmembrane proteins that 
undergo voltage-driven conformational 
changes.
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Permeability Pathways=Ion 
Channels



•  The permeability pathways are 
discrete transmembrane proteins that 
undergo voltage-driven conformational 
changes.



•  Upon forming the OPEN state of the 
channel, an ion-selective 
transmembrane pore is formed and the 
ion travels down its electrochemical 
gradient.



Voltage-gated Ion Channels



Purves et al Neuroscience, Sinauer Associates 
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Voltage-gated Ion Channels



•  The currents that Hodgkin and Huxley 
recorded are the summation of the 
activity of the zillions of channels 
present in the cell membrane.



Voltage-gated Ion Channels



•  The currents that Hodgkin and Huxley 
recorded are the summation of the 
activity of the zillions of channels 
present in the cell membrane.



•  It is possible to record the activity of 
a single ion channel
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Single Channel Recording



Single Na+ and K+ channels



Purves et al Neuroscience, Sinauer Associates 



2/2/15	



38	



Voltage-gated Ion Channels


The structures of a number of channels are known to 

atomic resolution; NavAb is shown here


 
 
 
 
 
 
 
 
 
 
 
 

Voltage-gated Ion Channels


S4 helix is the voltage sensor; it moves in response to 

a change in transmembrane voltage
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Ionic Basis of AP’s: SUMMARY



•  AP is the transient cycling of 
membrane permeability



Ionic Basis of AP’s: SUMMARY



•  AP is the transient cycling of 
membrane permeability



•  Applies to all AP’s


– Conductances and time courses of 

conductance change may vary, but every 
AP is still a cyclic change in permeability
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Ionic Basis of APs



Aorta

Right 
bundle 
branch 

Internodal
pathways

Atrial
muscle

SA node

Superior 
vena cava

Ventricular
muscle

Purkinje 
fibers

Posteroinferior left 
bundle branch

Anterosuperior left 
bundle branch

Mainstem,
left bundle 
branch

Bundle 
of His

AV node

Interatrial tract
(Bachman’s bundle)
to left atrium

AV node

0

0

mV

200 400 600

Purkinje fibers

0

0

mV

200 400 600

Ventricular muscle

0

0

mV

200 400 600

Atrial muscle

0

0

mV

200 400 600

SA node

0

–80

–80

–80

–80

–80

0

mV

200

Time (msec)

400 600

800

800

800

800

800

A EINTHOVEN'S TRIANGLE

A CONDUCTION PATHWAYS THROUGH HEART B CARDIAC ACTION POTENTIALS

Copyright © 2002, Elsevier Science (USA).  All rights reserved.

Ionic Basis of APs
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Synaptic Transmission



•  How do APs get started?



Synaptic Transmission



•  How do APs get started?


•  Experimentally, a shock can elicit an 

AP, but this is not the physiological 
stimulus
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Synaptic Transmission



•  How do APs get started?


•  Experimentally, a shock can elicit an 

AP, but this is not the physiological 
stimulus



•  Point of initiation is at the synapse, 
where two excitable cells come 
together



The Synapse





2/2/15	



43	



Synaptic Transmission


•  Release of neurotransmitter from the pre-

synaptic cell results in a change in 
membrane potential of the post-synaptic 
cell
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Synaptic Transmission


•  Release of neurotransmitter from the pre-

synaptic cell results in a change in 
membrane potential of the post-synaptic 
cell



•  Excitatory synapse: depolarization results, 
causing postsynaptic cell to pass threshold, 
eliciting an AP



Synaptic Transmission


•  Release of neurotransmitter from the pre-

synaptic cell results in a change in 
membrane potential of the post-synaptic 
cell



•  Excitatory synapse: depolarization results, 
causing postsynaptic cell to pass threshold, 
eliciting an AP



•  Inhibitory synapse: hyperpolarization 
results, preventing AP
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Synaptic Transmission


•  Release of neurotransmitter from the pre-

synaptic cell results in a change in 
membrane potential of the post-synaptic 
cell



•  Excitatory synapse: depolarization results, 
causing postsynaptic cell to pass threshold, 
eliciting an AP



•  Inhibitory synapse: hyperpolarization 
results, preventing AP



•  Basic mechanism worked out by Bernard 
Katz and colleagues using the frog 
neuromuscular junction



Synaptic transmission



Excitatory transmitters increase 
nonselective cation permeability, 
making α g 1, leading to 
depolarization
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Synaptic transmission



Excitatory transmitters increase 
nonselective cation permeability, 
making α g 1, leading to 
depolarization



Inhibitory transmitters increase anion 
permeability, making Vm g ECl, which 
is around -80 mV; makes it harder to 
depolarize membrane



Synaptic Transmission



Excitatory transmitters


– Acetylcholine (ACh)


– Serotonin (5-HT)


– glutamate
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Synaptic Transmission



Excitatory transmitters


– Acetylcholine (ACh)


– Serotonin (5-HT)


– glutamate



Inhibitory transmitters


–  γ-amino butyric acid (GABA)


– glycine



Katz: Neuromuscular Junction


Response to stimulus is highly localized
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Katz: Neuromuscular Junction



Purves et al Neuroscience, Sinauer Associates 

 

Katz: Quantal release of ACh���
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Neuromuscular Junction



•  ACh interacts with the nicotinic 
acetylcholine receptor (AChR)



Neuromuscular Junction



•  ACh interacts with the nicotinic 
acetylcholine receptor (AChR)



•  The AChR is a transmembrane protein 
that undergoes a conformational 
change in the presence of ACh, 
opening a cation-selective 
transmembrane pore.
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AChR



AChR
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What About Inhibitory 
Transmitters?



Inhibitory transmitters drive Vm to ECl, which is either 
at the resting potential or more negative. The 
response is called an inhibitory postsynaptic 
potential (IPSP)



Why have both excitatory 
and inhibitory responses?



Most neurons have both excitatory and 
inhibitory responses. Since the only 
output of an excitable cell is an all-
or-none action potential, multiple 
inputs allow integration of responses.
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Synaptic Integration



Purves et al Neuroscience, Sinauer Associates 

	



Synaptic Transmission




