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The Big Question

How do neurons generate
signals that can transmit
over several meters?



Lecture Topics

* Generation of Resting Membrane Potential
« Passive Electrotonic Conduction
* Active (Regenerative) Conduction




Topic #1

 How do cells store electrical energy that they
can use to transmit signals?
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Diffusion

Molecules Tend to Move from Areas of High
Concentration to Areas of Low Concentration
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Selective Permeability to lons Creates the Resting
Membrane Potential

Initial Conditions At Equilibrium

Chemical Vs.
Electrical Forces

The Gibbs-Donnan
Equilibrium describes
electrochemical
equilibrium

— Semi-Permeable Membrane (ion-specific channels)
g

Equilibrium is a -
stable state in which
the diffusion forces
equally oppose the
electrical forces -




Concentration

Closer to Reality

At Equilibrium Em=-4

Initially Em=0
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Nernst Equation Describes the
Equilibrium Potential for a Single
lon Species
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Intracellular Recording Reveals
Membrane Potential




Imperfect Impermeance Runs
Down the Membrane Voltage

Em=-4 m=0
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Na+/K+ Pumps Actively Maintain lon
Gradient and Membrane Voltage
Against lon Leakage

(a)

Xtracellular space
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Na+/K+ pumps use
ATP to move Na+
out of the cell and
K+ into the cell
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Goldman Equation Applies Nernst
Equation to Multiple lon Species

RT ([K+],,
Vm=
Perrjeability to K+ In/out because Cl has

a negative valence



Resting Membrane Potential

* The inside of neurons are generally
around -70mV relative to the outside of the
neuron

* In this state, the cell is said to be
hyperpolarized

* When the cell is brought to a higher
voltage, it is call depolarization



Part 1 summary

* The resting membrane potential is created by:
- Diffusion
- Differential distribution of lons
- lon selective channels

* The Gibbs-Donnan equilibrium is the stable state balance
between chemical (diffusion) and electrical forces

* lon pumps prevent long term run-down of membrane
potential by ion leakage

* The Nernst equation describes the equilibrium potential for
a single ion species

 The Goldman equation describes the equilibrium potential
for many ion species



Topic #2

 Passive Electrotonic Conduction
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Cable Model of Neurons
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Cable Model of Neurons
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Cable Model of Neurons

+ The membrane resistance (Rm) determines how
easily ions can flow out of the cell to short
circuit the battery
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Cable Model of Neurons

The cell membrane acts as a capacitor (Cm)
B that can be charged by the battery or
+ N discharged by short circuiting the battery
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Cable Model of Neurons

+ The axial resistance (Ri) of the neuron
+ determines how readily signals travel down
the neuron
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Cable Model of Neurons
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lon Flow in Response to Current
Injection
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The Length Constant (A)

How far will a signal travel down the neuron?




The length constant (A) is defined as the distance

a signal will travel in a cell before the voltage
drops to 1/3 of the initial voltage
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Small Rm Decreases the Length
Constant

Small Rm short circuits +
the signal
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Large Rm Increases the Length
Constant

Large Rm allows signal + +
to travel further down
the neuron + N N
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Diameter Determines R
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Small Ri Increases the Length Constant
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Large Ri Decreases the Length
Constant
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Larger A Leads to Greater Spread
of Inputs
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Larger A Leads to Greater Spatial

Summation of Inputs
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The Time Constant Tau (T)

How fast will a signal generate and dissipate?
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The Time Constant Tau (T) is defined
as the time it takes to charge the
membrane to 2/3 of its max voltage
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Small Rm Decreases the Time
Constant
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Large Rm Increases the Time Constant
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+ Leak out of the cell

T = Time until voltage discharges
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Larger T Leads to Greater
Temporal Summation of Inputs




Part 2 Summary

Increasing Rm increases A
Decreasing Ri increases A
Increasing A increases spatial summation

Increasing Rm increases T

Increasing T increases temporal
summation



Passive electrotonic

conduction is spatially
limited (by A).

It's not good for traveling
several centimeters, much
less meters.




Topic #3

* Active (Regenerative) Conduction

Unlike dendrites (at least the textbook dendrites), axons exhibit

active propagation of signals
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Generation of Action Potential is All
or None




What Initiates the Action Potential?

{ Synaptic potential
or

receptor potential

- Opening of Voltage gated Na+ Channels



Threshold

Threshold is the voltage at which enough voltage gated Na+ channels are open
that Na+ ions flowing into the cell out paces the K+ ions flowing out of the cell
through partially open K+ channels.

This leads to a self-regenerative process.

Synaptic potential
or
receptor potential

Depolarization
of membrane
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Na* flows Opening of voltage-
into neuron gated Na* channels
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Propagation of the Action Potential
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Termination of the Action Potential

* Once in this regenerative forhar o
cycle, how does the cell 7
repolarize to the resting
membrane potential?

Answer:

d |naCtlvat|On Of Na+ Channels quu;.I'rbrium potential
or K*
* Opening of K+ channels




Termination of the Action Potential
— Inactivation of Na+ Channel

When Depolarized, Na+ Channels ) Clnetehtil
open briefly, but then inactivate
until they are hyperpolarized for a
period.

Inactivation of Na+ channels helps
terminates the action potential.
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Until the cell repolarizes and
Na+ channels deinactivate, the
cell cannot fire another action
potential. This is called the
absolute refractory period. forke e

Time (msec)

Residual inactivation of Na+ channels can make it
harder to reach threshold to fire an action potential. This
contributes to a relative refractory period.



Na+ Channel Inactivation

Inactivation: mechanisms and domains

Inactivated




Termination of the Action Potential
— Opening of K+ Channels

Upon depolarization, K+ channel Equillbrium potential

for Na

exhibit delayed opening. This
delayed opening serves to
repolarize the cell after firing an
action potential.

Opening of K+ channels causes the
membrane voltage to hyperpolarize
below the resting membrane
potential. When hyperpolarized, it is
harder to raise the cell to threshold
to fire an action potential. This
contributes to the relative refractory
period.




The Hodgkin-Huxley Experiment
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Myelin and Saltatory Conduction

« Charging the Nearby Membrane Takes Time
* Opening lon Channels Takes Time
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Myelin and Saltatory Conduction

- Decreases time to charge the nearby membrane, increasing conduction velocity
- Myelin increases the passive conduction distance (remember that larger Rm
increases the length constant, lambda)

- Myelin decreases the time to charge the membrane by decreasing Cm
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Myelin and Saltatory Conduction

- Fewer successive channel openings speeds transmission
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Part 3 Summary

Action Potentials are all or none
Action Potentials are initiated by opening of Na+ channels

The threshold of the action potential is the voltage at which inward
current through voltage gated Na+ channels out paces outward
currents

Action potentials are terminated by inactivation of Na+ channels and
by delayed opening of K+ channels

Inactivation of Na+ channels causes an absolute refractory period.

Residual inactivation of some Na+ channels and opening of K+
channels causes a relative refractory period

Myelin sheaths on axons permits saltatory conduction which saves
time sucsessively charging the membrane and activating Na+
channels

Myelin increases Rm, leading to a larger A, and decreases Cm,
leading to faster membrane charging



