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The membrane of the axon contains voltage-gated Na channels, voltage-gated K
channels and non-gated leak channels (which are largely permeable to Cl ions). In addition the
membrane has capacitance due to the insulating properties of the phospholipid bilayer.

Resting Potential

In the absence of stimulation, the axon has a resting potential across its membrane whicl
depends on both the relative permeability of the resting membrane to Na, K and Cl ions as well
as the inside (i) and outside (0) concentrations of these ions according to the
Goldman-Hodgkin-Katz Eqn:

_ B—T—ln PK [K]o + PNa [Na]o + Pc][Cl]i

Em
F  Pc[K]i + Pxa[Na]i + Pai[Cl],

(eqn 1)
At the normal resting potential (-60 mV), the membrane permeability to Na is very low since
almost all Na channels are shut. Although, the K channels are also voltage gated, a signficant

fraction of K channels are open at the resting potential. As a result the resting potential is
largely determined by the K and leak (CI) pathways.

Another useful way to look at membrane potentials is to use an equivalent circuit to
describe current flow through the three pathways:

INa = gNa '(Vm - ENa)
Ix =8x " (Vm - Ex)
I =g (Vo —Ey) (eqns 2a,2b,2c)

At the resting potential there is no net flow of current, that is:
Ina + Ik +1; =0
so we can solve for Vm and write:

_ 8k ‘Ex +gna *Ena +81 - Ei
gk +Zna + &1 (eqn 3)
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Thus the resting potential is a weighted average of the Na, K and leakage channel reversal
potentials. Since the resting conductance to Na is quite low, the resting potential will lie
between EK (-79 mV) and E1 (-54 mV).

Action Potential






[image: image2.png]In response to a depolarizing current stimulus, the voltage gated Na channels start to
open by a process termed activation. This allows positively charged Na ions to enter the axon
down their electrochemical gradient. The influx of positive charge will tend to further
depolarize the membrane. At the same time, the depolarizing stimulus increases the outward
flow of current through the K and leak channels. This efflux of positive charge will tend to
repolarize the membrane back towards its resting potential. With subthreshold depolarizations,
the amount of outward current is greater than the amount of inward current due to the low
membrane permeability to Na. The net effect of the current movement is therefore to repolarize
the membrane.

Depolarization to the threshold potential opens up just enough Na channels so that the
amount of positively charged Na entering the axon is equal to the amount of positive charge
leaving the axon through the K and leak channels. This represents an unstable equilibrium for
the membrane. If the membrane is depolarized slightly above the threshold, a few more Na
channels will open, tipping the net balance of current in the inward direction. This net influx of
positive charge will further depolarize the membrane, opening up more Na channels. This
increase in Na conductance then leads to an even greater inward Na current, and a greater
depolarization. This regenerative depolarization opens up a very large number of Na channels
so that the Na conductance is much greater than the K or leak conductance. As a result, the
membrane potential approaches the Na equilibrium potential (Ena = +55 mV).

The membrane does not remain depolarized forever because:

1. The Na channels close at depolarized voltages by a process termed inactivation. 2.
Voltage gated K channels activate in response to depolarization.
As the K channels open, the extra efflux of K ions makes the membrane voltage more negative,
driving Vm towards Ex. Thus, Na channels are controlled by two types of gates an activation
gate that opens upon depolarization and an inactivation gate that closes more slowly upon
depolarization. K channels only possess an activation gate.

Upon repolarization of the membrane after an action potential, the Na channel activation
gates rapidly shut while the inactivation gates reopen with a somewhat slower time course. The
slow reopening of the inactivation gates contributes to the time course of the refractory period.
The potassium channels also close upon repolarization. However, their closure requires several
milliseconds. This enhanced period of potassium channel opening generates the
afterhyperpolarization (and contributes to refractoriness).

You can view the time course of the opening and closing of the Na and K channel gates, and the
resultant Na and K conductances and Na and K ionic currents using the Plots menu to open
various plot windows.

Although the action potential is frequently referred to as an all-or-none phenomenon,
changing the basic parameters that generate an action potential will alter its shape and
characteristics (such as amplitude, duration, threshold, duration of refractory period, etc.). In
addition, the strength of current stimulus will also alter the characteristics of the action potential
at its site of initiation. This is because during the rising phase of the action potential some K





[image: image3.png]channels will start to activate and some Na channels will start to inactivate. With a very weak
current sitmulus that is just suprathreshold, the initial rising phase will be slow. This causes
many of the sodium channels to become inactivated and some of the K channels to become
activated during the action potential upstroke. This means that the resulting action potential will
have a reduced amplitude compared to an action potential elicited with a very large current
stimulus. In a propagated action potential far from the site of stimulation (that is several space
constants away), there will be much less of an effect of the initial stimulus parameters on the
action potential, so that the action potential behaves much more in an all-or-none manner. This
is because the direct effects of the initial stimulus will have been greatly attenuated due to
electronic decay so that the main factors which determine the rising phase of the action potential
will be the inherent properties of the membrane and axon. In the APSIM program, we are
essentially simulating an action potential at its site of initiation and so the shape of the action
potential will be affected by the stimulus (for a more rigorous description of the simulation see

the HodgkinHuxley Model and
Computer Simulation sections).
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