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Nina Tandon

ECE 401.1 Selected Topics: 

Bioelectricity

Lecture #4, September 26th, 2007: 

Action Potentials

P&B: Chapter 5

B&B: pp172-198

Announcements

• HW#1 solutions posted

• HW#1 due now

• HW#3 posted under “class files”

• I’m not following the textbook so closely 
for this chapter, so listen closely, and read 

B&B (email me questions)

• Check the blog ☺

Summary from last time:

1. Resting (Nernst) Potential can be solved for in the case that the 
membrane is permeable to only one ion, by solving for current = 0

2. When membrane potential changes, the probability of a channel 
being open changes, as well as the current going through the gate 
each time it opens.   g, p, i changes (γ doesn’t) 

3. The behavior of many channels together give us a macroscopic 
picture of how conductance changes to each ion.

4. The Hodgkin-Huxley Model, published in 1952 was a turning point 
in physiology, and models the active opening/closing behavior of
sodium and potassium channels during an action potential

NNp /0= NNq c /= 1=+ qp
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Action Potentials
• An all-or-non response

• A transient pulse across the 
cell membrane (of 
ELECTRICALLY 

EXCITABLE CELLS)
• Regenerative process
• Rapid membrane 

depolarization followed by a 
slower repolarization

• signal propagates.  
• remarkably complex 
• NON-linear!

Graded Potentials
• Proportional to stimulus

• Decay with distance

Graded Response: 
Chemoreceptors

• Basic taste 

sensations (salty, 
sweet, bitter, 

sour)

• Different 

responses of 
taste receptor

From: Sato and Beidler, Comp. 

Biochem. Physiol., 1983. 



3

Graded Response: 
Chemoreceptors

• Acetylcholine 

applied to a 
parasympathetic 

ganglion neuron in 
the frog heart

From: Dennis et al, Proc. R. Soc. London, 1971

Graded Responses: 
Photoreceptors

• Flashes of light of 
different 

intensities

• Both time course 

and amplitude of 
response varies

From: Baylor and Nunn, 1986, J Physiol.

Graded Responses: 
Mechanoreceptors

• Displacement of bundles of sensory hairs projecting 
from the surface of cells (this is how we sense sound)

• Many other mechanorceptors in skin, muscles, tendons 
etc…

From: Hudspeth 

and Corey, PNAS, 
1977.
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Schematic of Electrical Excitability
Attributes:

•Threshold response

•Regenerative 
conduction

•Refractoriness

•Strength-duration 
relationship

Subthreshold Behavior of 
electrically excitable cells

Different than measuring single-
channel conductance

From slope of the line, we can measure γCl = 30pS
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Action Potential Attributes:  
Threshold Response

• Graded response �
proportional to 
stimulus, decays with 
distance 

• As the stimulus is 
increased, a point is 
reached at which an 
action potential is 
produced

• Discontinuity in 
response at a specific 
stimulus amplitude

Action Potential Attributes: 
Regenerative Conduction

Action potentials obey the wave 
equation
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Action Potential Attributes:  
Refractoriness

Action Potential Attributes: 
Relation of Strength to Duration

•Longer stimuli �
less intensity
•Rheobase: the 

minimum level of 
current capable of 
generating an AP if 

applied
for an infinite time

Action Potential Attributes: 
Anode-break excitation

•HYPERPOLARIZATION can trigger an 
action potential after it’s released.
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Changes in Membrane Conductance to Na+ 
and K+ Underlie the Action Potential

• Charged energy stored in concentration 

differences

– Rest: PK : PNa : PCl = 1.0 : 0.04 : 0.45

– Peak: PK : PNa : PCl = 1.0 : 20.0 : 0.45

• P = permeability coefficient, from Goldman-
Hodgkin-Katz equation

Goldman-Hodgkin-Katz equation

• Integrate Nernst-Planck equation across 

the membrane

• Assume constant electric field

• Assume TOTAL IONIC CURRENT = 0
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Partition coefficient

Fick’s coefficient

Permeability

GHK versus parallel conductance

• Both apply at peak and at rest

• Conductivities and permeabilities change 

with voltage

• If at rest only potassium conducting, 

equations are the same

• If at peak only sodium conducting, 
equations are the same
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Movements of ionic tracers

• To examine how 
conductivities change

• Not sensitive enough to 
follow an action potential

• But can measure that 
sodium moves during an 
action potential From Keynes, J. Physiol., 1951

Hodgkin and Huxley

Wanted to explain:
– Electrical excitability
– Threshold
– Regenerative conduction

– Propagation
– Refractoriness 
– Strength/Duration

Hogdkin and Huxley Experiments: 
Voltage Clamp

• Crucial to separating 
capacitive, sodium and 
potassium currents

• Transmembrane potential held 
constant (dVm/dt = 0)

• Feedback currents required to 
keep Vm constant were 
measured

• Involved imaginative application 
of the Nernst-Planck equation

• Limited the types of cells that 
could be studied
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Hogdkin and Huxley Experiments: 
Separating Currents

• Voltage step eliminates capacitive current:

– IC = C(dVm/dt)

• Decided to ignore Chloride ion

• Now just left with Na and K

• Developed voltage clamp/space clamp 

device to this end

Hogdkin and Huxley Experiments: 
Voltage/Space Clamp

• B�C: transmembrane potential (LOCKED) via 
A&E

• E: silver cylinder in extracellular space
• C, D: silver wires to measure voltage to 

determine transmembrane current (attached to 
two places to eliminate axial variations)

Voltage Clamp Measurements

•Resting potential is -60mV

•Each value corresponds to a 
voltage step

•What can we conclude?
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Current-Voltage Curves

• Another way to 

represent data

• Where is EK? ENa?

Steady-state 
current

Peak inward 
current

Strategies for Na/K current 
separation

Voltage clamp

Careful Use of Nernst Potentials

• Lots and lots of repetitions of experiments

• BOLD ASSUMPTION: Independence Principle, 

but there was some evidence to support it.  



11

http://www.science.smith.edu/departments/N

euroSci/courses/bio330/squid.html

Key H-H Assumptions for ion 
separation

1. Early current is sodium alone

2. Outside Na affects Ina

• (Vm-ENa) � (Vm-E’Na) but gNa stays the same

3. Ionic Independence (i.e. Outside Na 
does NOT affect IK)

The Hodgkin-Huxley Model

Needed to explain:
– Electrical excitability

– Threshold
– Regenerative conduction
– Propagation

– Refractoriness 
– Strength/Duration
– Anode-break
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HH conductance Equations
• Reproduces behavior for:

– subthreshold and threshold!

– Voltage clamp

– ALSO propagating action potential!

• Began with studying conductance changes

• Each ionic current is described by its 
conductance and driving force:

HH conductance Equations
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Under voltage clamp the denominator is constant

Conductivity changes under 
voltage clamp conditions

Hodgkin and 
Huxley built 
their model 
to reproduce 
these time 
and voltage-
dependent 
changes in 
conductance
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Potassium Conductance
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n Fraction of open 

channelsK
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all channels are 
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vm=Vm-Vm(rest)

dvm/dt = dVm/dt

Potassium Conductance

• n=4 gave best fit to a large amount of potassium data

• but “n” reflects properties of potassium channel protein

Sodium Conductance
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Solving…
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Response of m and h to a stimulus

At rest mo ≈ 0

INa is transient, so 

h∞ ≈ 0

Sodium Conductance



15

Leakage Current

• Takes all ions that are not sodium and 
potassium into account

– E.g. chloride, calcium

• Serve as a damping mechanism to 
duynamic changes in Vm

)( LmLL EVgI −=

Simulation of Membrane Action 
Potentials (Euler Method)

• Begin with the assumption:

CLNaKm IIIII +++=

• State variables: vm, m, n, h (all other time-
varying quantities can be found from these)

• Use tiny, tiny time steps (1-10µs) so that we can 
approximate:

t
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dt

dv mm
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dn

∆

∆
≈ Etc…

• Reproduces 
behavior for:

– subthreshold and 
threshold!

– Voltage clamp

– ALSO propagating 
action potential!

– Anode break

HH Simulation of Membrane 
Action Potentials (Demo)
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Beyond H-H models

• Temperature variations

• Calcium currents (especially important for 

cardiac physiology)

• Active transport (especially Na-K pump)

Next time…

• Impulse Propagation!!!!!!!!!!


