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Chapter 4: The action potential 
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Introduction 

•  Action Potential in the Nervous System 
•  Conveys information over long distances 
•  Action potential 

•  Initiated in the axon and travels down the axon but also 
backpropagates into the dendrite 

•  All or none not continuous 
•  Threshold  
•  Neural code - frequency and pattern 
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Alan Lloyd Hodgkin and Andrew Huxley described the model in 1952 to explain the ionic 
mechanisms underlying the initiation and propagation of action potentials in the squid giant axon.[1] 
They received the 1963 Nobel Prize in Physiology or Medicine for this work. 

Hodgkin and  Huxley axon  
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Dissecting the components 
of the action potential: 

Rising phase-Na+ channels open 

Peak- Na+ channels inactivate and 
K+ channels open 

Falling phase- K+ channels open 

Undershoot/Afterhyperpolarization 
Na+ channels recover from  
inactivation 
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•  The Generation of Multiple Action Potentials 
•  Artificially inject current into a neuron using a 

microelectrode 
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•  The Generation of Multiple Action Potentials  
•  Firing frequency reflects the magnitude of the depolarizing current 
•  AP size does not change with depolarizing current injection 
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•  The Voltage-Gated Sodium Channel 

•  Structure –transmembrane 
domains and ion-selective pore 

•  Guide to Sodium Channels 
•  http://onlinelibrary.wiley.com/doi/

10.1038/sj.bjp.0707755/full 
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•  The Voltage-Gated Sodium Channel  
•  Structure – gating and pore selectivity 
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•  The Voltage-Gated Sodium Channel 
•  Patch-clamp method (Erwin Neher) 
•  Closed-Open-Inactivated-Closed 



Intrinsic Bursting 

Single spiking 

No differences in morphology of the two types of 
neurons 

What types of neurons are present in the subiculum? 

CA3 

CA1 SUB 

Whole-Cell Patch-Clamp recording  

Patch-clamp method (Erwin Neher) 
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Different action potential output  
modes 
A)  Tonic firing-Linear input/output  
relationship  
B) Phasic firing-Non linear  
input/output relationship 
(Bursting-high frequency cluster 
 of spikes followed by a pause) 



www.neurocloud.org 

12 

Can neurons switch between output modes and what kind of information 
is transmitted? 



Withdrawal Day Withdrawal Day 
naïve 

Plasticity of VTA DA firing rate during withdrawal 
from  cocaine SA 

In naïve rats Following Saline SA Following Cocaine SA 
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n=4-6 rats/group 
n=10-16 cells/group 

n=10-11 rats/group  
n=30-40 cells/group n=18 rats 

n=39 cells 

VTA 
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In vivo electrophysiological signature of the subiculum: Bursting 
to single spiking output mode transitions 

Possible causes for BS-SS transition 

Synaptic/Network 
Reduced glutamatergic excitation 
Increased GABAergic inhibition 

Intrinsic  
Increased afterhyperpolarization 
Inactivation of Na+ or Ca++ channels 
Enhanced K+ channel  



Subicular neurons transition from bursting to single spiking in the 
delta to theta range in the absence of synaptic input 

Near threshold oscillations ~ 1-2Hz in the absence of any synaptic input  
Conclusion: Subicular neurons are tuned to low frequencies   



www.neurocloud.org 

17 



www.neurocloud.org 

18 

Small changes in Na+ channel availability 
Can lead to all or nothing failures of AP 

Cooper et al., 2005 



Functional classification: Direction 
Afferent neurons convey information from tissues and organs into the central nervous 
system and are sometimes also called sensory neurons. 

Efferent neurons transmit signals from the central nervous system to the effector cells 
and are sometimes called motor neurons. 

Interneurons connect neurons within specific regions of the central nervous system. 
Afferent and efferent can also refer generally to neurons which, respectively, bring 
information to or send information from the brain region. 

Discharge patterns 
Neurons can be classified according to their electrophysiological characteristics: 
Tonic or regular spiking. Some neurons are typically constantly (or tonically) active. 
Example: interneurons in neostriatum. 

Phasic or bursting. Neurons that fire in bursts are called phasic. 

Fast spiking. Some neurons are notable for their fast firing rates, for example some types 
of cortical inhibitory interneurons, cells in globus pallidus, retinal ganglion cells. 



Classification by neurotransmitter production 

Neurons differ in the type of neurotransmitter they manufacture. Some 
examples are: 

Cholinergic neurons – acetylcholine.  
 1. Metabotropic (GPCRs) muscarinic receptors.  
 2. Nicotinic receptors 
 Pentameric ligand-gated ion channels composed of alpha and beta 
 subunits that bind nicotine. Ligand binding opens the 
 channel causing influx of Na+ depolarization and increases 
 the probability of presynaptic neurotransmitter release. 
GABAergic neurons – GABA is one of two neuroinhibitors in the CNS, the 
 other being Glycine. GABA has a homologous function to 
 ACh, gating anion channels that allow Cl- ions to enter the 
 post synaptic neuron. Cl- causes hyperpolarization within 
 the neuron, decreasing the probability of an action potential 
 firing as the voltage becomes more negative. 



Glutamatergic neurons - Glutamate is one of two primary excitatory amino 
acids. (Pyramidal Neurons)  

 1 - AMPA and Kainate receptors both function as cation channels   
 permeable to Na+ cation channels mediating fast excitatory synaptic 
 transmission  

 2 - NMDA receptors are another cation channel that is more permeable 
 to Ca2+. The function of NMDA receptors is dependant on Glycine 
 receptor binding as a co-agonist within the channel pore. NMDA 
 receptors will not function without both ligands present.  

 3 – Metabotropic receptors, GPCRs modulate synaptic transmission and 
 postsynaptic excitability.  

Dopaminergic neurons - Dopamine is a neurotransmitter that acts on D1 type 
(D1 and D5) Gs coupled receptors which increase cAMP and PKA or D2 
type (D2, D3 and D4) receptors which activate Gi-coupled receptors that 
decrease cAMP and PKA. Dopamine is connected to mood and behavior, 
and modulates both pre and post synaptic neurotransmission 

Serotonergic neurons – Serotonin (5-Hydroxytryptamine, 5-HT) Of the four 5-
HT receptor classes, 3 are GPCR and 1 is ligand-gated cation channel.  
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The Action Potential 

•  The Generation of an Action Potential 
•  Hodgkin and Huxley 

•  Voltage Clamp: “Clamp” membrane potential at any chosen 
value 

•  Rising phase  transient increase in gNa, influx of Na+ ions 
•  Falling phase  increase in gK, efflux of K+ ions 
•  Existence of sodium “gates” in the axonal membrane 
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The Action Potential, In Reality 

•  The Voltage-Gated Sodium Channel (Cont’d) 
•  Functional Properties of the Sodium Channel 

•  Open with little delay 
•  Stay open for about 1 msec 
•  Cannot be open again by depolarization 

•  Absolute refractory period: Channels are 
inactivated 
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The Action Potential, In Reality 
•  The Voltage-Gated Sodium Channel (Cont’d) 

•  In genetic disease – channelopathies 
•  e.g., Generalized epilepsy with febrile seizures 

•  Toxins as experimental tools 
•  Toshio Narahashi – ion channel pharmacology 
•  Puffer fish: Tetrodotoxin (TTX)- Clogs Na+ permeable pore 
•  Red Tide: Saxitoxin- Na+ Channel-blocking toxin 
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The Action Potential, In Reality 

•  The Voltage-Gated Sodium Channel (Cont’d) 
•  Varieties of toxins 

•  Batrachotoxin (frog): Blocks inactivation so channels remain 
open 

•  Veratridine (lilies): Inactivates channels 
•  Aconitine (buttercups): Inactivates channels 

•  Differential toxin binding sites: Clues about 3D structure 
of channels 
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The Action Potential, In Reality 

•  Voltage-Gated Potassium Channels 
•  Potassium vs. sodium gates 

•  Both open in response to depolarization 
•  Potassium gates open later than sodium gates 

•  Delayed rectifier 
•  Potassium conductance serves to rectify or reset membrane 

potential 

•  Structure: Four separate polypeptide subunits join to 
form a pore 
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The Action Potential 

•  Key Properties of the Action Potential (to know!) 
•  Threshold 
•  Rising phase 
•  Overshoot 
•  Falling phase 
•  Undershoot 
•  Absolute refractory period 
•  Relative refractory period 
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Action Potential Conduction 

•  Propagation 
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Action Potential Conduction 

•  Propagation of the action potential 
•  Orthodromic: Action potential travels in one direction - 

down axon to the axon terminal 
•  Antidromic (experimental): Backward propagation 
•  Typical conduction velocity: 10 m/sec 
•  Length of action potential: 2 msec 
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Action Potential Conduction 

•  Factors Influencing Conduction Velocity 
•  Spread of action potential along membrane 

•  Dependent upon axon structure 
•  Path of the positive charge 

•  Inside of the axon (faster) 
•  Across the axonal membrane (slower) 

•  Axonal excitability 
•  Axonal diameter (bigger = faster) 
•  Number of voltage-gated channels 
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Action Potential Conduction 
•  Factors Influencing Conduction Velocity 

•  Myelin: Layers of myelin sheath facilitate current flow 
•  Myelinating cells 

•  Schwann cells in the PNS 
•  Oligodendroglia in CNS 
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Action Potential Conduction 
•  Factors Influencing Conduction Velocity 

•  Saltatory conduction at Nodes of Ranvier 
•  Voltage gated sodium channels concentrated at nodes 
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Action Potentials, Axons, and Dendrites 
•  Spike-initiation zone 

•  Sensory nerve endings 
•  Axon hillock 
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Concluding Remarks 

•  Neuronal signal transmitted as the generation and 
regeneration of APs 
•  e.g.,: Puncture the skin nerves stretch Na+-channels 

open AP initiated and propagated information is 
“communicated” to next neuron across the membrane 
(synaptic transmission) 

•  Emerging picture: The brain as an interconnected mesh 
of membranes 

•  Next: Synaptic transmission-information transfer 


