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Overview 

•  Neurons are polar cells 

•  Development of neuronal polarity 

•  Maintenance of neuronal polarity 
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Signal Propagation 

•  as changes in membrane potential 

•  Resting potential (how is it generated?) 

•  Distribution of ions across plasma membrane 





How is the  membrane potential changed? 

Durch Öffnung von selektiven Ionenkanälen (Na, K, Cl) wird die Ionenverteilung  
über die Plasmamembran (und damit das Membranpotential) geändert 



A Neuron 
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An Action Potential 

1.  Resting potential 
2.  Threshold potential – dendritic ion channels open (EPSP), the plasma 

membrane is depolarized  
3.  Voltage-gated Na+ channels open, strong depolarization 
4.  Na channels become inactive (refractory), voltage-gated K+ channels 

open, membrane is re- (and hyper-) polarized 
5.  K+ channels become refractory, resting potential reached again 
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Synapses 
Presynapse: 
1.  Neurotransmitter    
     vesicles 
2. Voltage-gated 
    Ca2+ channels 
3. Exocytosis machinery 
 
„Active Zone“ 
 
 
 
 
Postsynapse: 
1. Neurotransmitter gated      
    ion channels, other   
    transmitter receptors 
2. Structural components: 
    PSD-95  
3. Signal transduction  
    machinery 
 
„postsynaptic density“ 
 



Axon 
•  Signal propagation 
•  voltage gated ion channels 
•  Presynaptic structures 

Axons and Dendrites 

Dendrites 
•  Signal detection 
•  Ligand- or stimulus-gated ion 

channels 
•  Postsynaptic structures (PSDs 

on „dendritic spines“) 



Cell Biological Properties of Axons and 
Dendrites 
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Neuronal Microtubules 
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(Dendritic plus end-in MTs are more  
stable than minus end-in and carry distinct PTMs) 



Axon 
•  Signal propagation 
•  voltage gated ion channels 
•  Presynaptic structures 
•  Similarity to apical plasma 

membrane of epithelial 
cells   

•  Microtubules oriented 
homogeneously (plus end-
out, towards synapse) 

•  Microtubule-Associated 
protein (dephospho-)tau 

Axons and Dendrites 

Dendrites 
•  Signal detection 
•  Ligand- or stimulus-gated ion 

channels 
•  Postsynaptic structures (PSDs 

on „dendritic spines“) 
•  Similarity to basolateral plasma 

membrane of epithelial cells  
•  Microtubules w mixed or „pus 

end-in“  orientation 
•  Microtubule-Associated protein 

MAP2 
 



Development of neuronal polarity 
	  

? 

non-polar 
polar 



Dissociated E18 Hippocampal Cultures 
as in vitro Model for Axon Specification 

from Witte & Bradke 2008 

stage 2 stage 1 stage 3 



Cytoskeletal Manipulation and Axon 
Formation  

Cytochalasin D solvent control 

Bradke & Dotti (1999) Science 



Which Neurite Becomes the Axon? 

Focal application of 
Cytochalasin D 
Taxol  

in vitro 

Bradke & Dotti (1999) Science 
Witte et al., (2008) JCB 



Reciprocal regulation between axons and 
dendrites? 

Uncaging of  
caged cAMP 

 
induces axon 

locally 

Uncaging of  
caged cGMP 

 
induces dendrite 

locally 

suppresses cAMP, 
axon formation in 

other neurites 

suppresses cGMP, 
dendrite formation 

Shelly et al., (2010) Science 



Homologues of C. elegans PAR Genes 
Are Involved in Axon Determination 

wt asymmetric first division par mutant symmetric first division 

Shi et al., (2003) Cell 



How about in vivo? 

•  Necessity for directed axon growth in vivo 

•  No polarity cues available in vitro 

•  in vivo model: cortical development 



Cortical Neurons as an in vivo Model for 
Axon Determination 

1. 

2. 
4. 

3. 

1.  Neuronal cell is born in subventricular 
zone through division of NSC (radial 
glia) 

2.   Neuron starts migrating to cortex 
along TGF-beta gradient and 
develops long processes 

3.  The leading process becomes a 
primary dendrite 

4.  the trailing process becomes the axon 



Lack of Axons in a PAR gene Mutant 

LKB1=PAR4 



A Hypothetical Model 

TGF-beta 

cAMP 

LKB1 

SAD kinase 

microtubules (and actin) 



How is Neuronal Polarity maintained? 
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component 
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Dynein Transports Cargo into Dendrites 

•  ... and out of axons! (always towards the minus end) 
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Zheng et al., 2008 



How is Neuronal Polarity maintained? 

Microtubule-mediated 
 
retrograde transport  
of dendritic 
components 

towards – end,  
motor dynein 



Fast Dendritic Endocytosis of Axonal 
Membrane Proteins 

on dendrites 

on axons 

Sampo et al., 2003 



How is Neuronal Polarity maintained? 

•  Specific localization signals 

Transcytosis of axonal components,  
plus axonal transport 

towards + end,  
 motor kinesin 



How is Neuronal Polarity maintained? 

dendritic 
component 

axonal 
component 

? 
Axon Initial Segment (AIS) 



A Diffusion Barrier at the AIS 

Experiment: Injection of small (10 kD) or large fluorescent 
dextran into soma of cultured neurons 
 
Entry into axons observed over time 

Song et al., 2009 



The Diffusion Barrier Depends on Actin 

Song et al., 2009 

Combinations of Axonal Cargo with axonal motors (kinesin-1) 
can go through 



How is Neuronal Polarity maintained? 

Microtubule-mediated 
 
retrograde transport  
of dendritic 
components 

Transcytosis of axonal components,  
plus axonal transport 

Diffusion barrier 
at axon initial segment 
(actin-dependent) 

towards + end,  
 motor kinesin 

towards – end,  
motor dynein 



Summary 
•  Dendrites and axons differ in their organization and 

molecular composition 

•  A main difference is microtubule orientation 

•  Microtubule stabilisation (and actin destabilisation) 
determine which neurite becomes the axon  

•  This is probably determined by external cues in vivo 
 
•  Distinct targeting mechanisms for dendritic and 

axonal components uphold the difference 


