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Somata and processes of the central neurons contain a mixture of non-
homogeneously distributed, molecularly distinct voltage-gated Na+ channels 

NaV1.1- NaV1.3 and NaV1.6

Migliore and Shepherd, 2002
NaV1.1- NaV1.3 and NaV1.6



where m is the Na channel activation variable, h
is the Na channel inactivation variable and they 
follow exponential time course:
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Hodgkin-Huxley theory





“The researches of many commentators have already thrown much 
darkness on this subject, and it is probable that if they continue we shall 
soon know nothing at all about it.”

Mark Twain





Properties of the Na+ indicator SBFI

Minta and Tsien, 1989

• selective for changes in [Na+]i

• low affinity (KD ~ 26 mM), linear

• non buffering

• accurately follows time course of [Na+]i



RedShirt Imaging (1 kframes/s)

whole cell recordings
cell-attached Na+ channel recording

Methods

Two-photon microscope (Zeiss LSM510 -- 710)

Neuron



Changes in [Na+]i in a given neuronal compartment reflect:

neuronal morphology (e.g. surface-to-volume 
ratio)

local Na+ channel density
Na+ channel properties (molecular type, kinetics)
shape of the action potential

Interpretation of Na+ signals



The largest AP-evoked [Na+]i increases are in the AIS



The largest AP-evoked [Na+]i increases are in  the AIS
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The shapes of the Na+ signals differ in different 
neuronal compartments



Inhibition of the Na+/K+ pump has little effect on the 
time course of Na+ transients



The time course of the axonal Na+ transient reflects localized Na+ influx into 
AIS followed by diffusion to the soma and to the first myelinated internode





MUST CHANNEL DENSITY REALLY BE SO MUCH 
GREATER IN AIS THAN IN SOMA?

We used three approaches to estimate Na+ charge transfer (channel density) 
in soma, apical and basal dendrites, and in the axon



Shapes of Na+ transients indicate a difference in 
Na+ channel density1



ΔF value, which is proportional to Na+ charge transfer, is about 2 
times higher in the AIS than in the soma.  ΔF in the basal dendrites is 
very much lower than in the soma.
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Direct evaluation of AP-mediated Na+ charge 
transfer from the amplitude of Na+ transients 
and morphological data
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Na+ channel mediated charge transfer in 
the proximal axon is ~3 times larger than 
in the soma, and ~30 times larger than in 
the basal dendrites



J. Neurophys., 1982

A voltage-gated, non-inactivating Na+ current contributes to the 
apparent input resistance



whole cell cell-attached



FUNCTIONAL CONSEQUENCES OF INaP

• “Boosting” of synaptic excitation and inhibition

• Voltage-dependent rhythmic activity

• Determination of spike threshold



Cs+ in electrode
Cd2+ and synaptic blockers in the bath

Astman et al, J. Neurosci. 2006 

INaP in whole cell recordings



Na+ CHANNELS THAT FAIL TO INACTIVATE



if INaP is 1% (10-2) of transient INa, in a patch that contains 10 channels, the late Na channel 
should be persitently open in one out of every ten depolarizations

N=12 channels

Analysis:  at soma, probability of late openings is ~10-4 
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Effect of local application of TTX(10-7) on whole-cell INaP



Persistent Na+ conductance is predominately axonal 





In model, when Na+ channel 
kinetics are realistically fast, 
axonal APs have a very rapid 

rate-of-rise, despite the 
relatively low AIS Na+ channel 

density 



High persistent Na+ conductance, shifted voltage 
dependence and fast tau m  (not high channel 

density) are responsible for preferential AIS spike 
initiation





Conclusions

• Diffusion is the main regulator of [Na+]i changes for short 
time intervals

• Na+ channel mediated charge transfer in the soma is ~1/3 
the value in the proximal axon and ~8 times larger than in 
the basal dendrites

• Na+ conductance in the node is of the same order of 
magnitude as in the AIS 

• Subthreshold depolarization only elicits INaP in axon of Layer 
5 pyramidal cells

• We think that this large axonal INaP is due to higher 
propensity of the underlying Na+ channels to enter the non-
inactivating gating mode 

• The unique properties of the axonal Na+ channels explain 
preferential axonal initiation of action potentials in Layer 5 
pyramidal cells



Do the unique properties of the Na current 
in the AIS reflect the difference in molecular 
subtype of Na channel?



In NaV1.6 KO mice, spikes are still biphasic and threshold is shifted.  



[Na+]i increases in the AIS associated with single 
APs was not different in KO and WT animals.    

GNaP was significantly 
smaller in KO animals.



If it isn’t the channel subtype, what is responsible for the unique characteristics 
of the AIS sodium channels?

Why did evolution bother to change the AIS sodium channel 
subtype during the course of cortical maturation?



Differences between Na+ channel properties in situ vs. 
dispersed cells led us to postulate the existence of a 
soluble factor, extrinsic to the Na+ channel protein, 
that prevents late channel openings

We focus our attention on polyamines, because they are 
present in all eukaryotic cells they can be released from 
the cells they are known to affect gating of a variety of 
ion channels



modified from Wallace et al., Biochem J 376:1-14, 2003 
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Polyamine metabolism



In polyamine-depleted slices, the “modal gating” episodes were as frequent 
as in isolated neurons

Fleidervish et al, PNAS, 2008



In polyamine-depleted slices, INaP amplitudes were 5-10 times 
larger than in control

non-depleted

Exogenous spermine blocked INaP component which was 
elicited by polyamine depletion



Effect of polyamine depletion on INaP is not related 
to modification of synaptic input…

(n=27)

(n=4)

(n=4)

…since it was not affected by bath-applied AMPAR 
blocker, DNQX



Exogenous spermine causes an activity-dependent Na+ channel 
block



Polyamines block Na+ channels in a manner reminiscent 
of the action of local anesthetic and anti-epileptic drugs

spermine

Phenytoin (DPH)

Phenytoin (DPH)



Activity-dependent block explains the preferential 
action of polyamines on INaP and the underlying 

repetitive late channel openings, which essentially 
represent heightened activity of the channel



CONCLUSIONS

1. Layer 5 pyramidal neurons possess a prominent, TTX-sensitive 
persistent Na current which contributes to synaptic integration and 
strongly influences threshold.

2. The persistent current and the transient current reflect “modal 
gating”of the same sodium channels

3. Somatic channels do not generated persistent current because they 
are bolcked by endogenous intracellular polyamines 

4. The polyamine block is activity-dependent

5. Modulation of polyamine levels may be an important factor in 
regulating neuronal excitability, and hence, circuit function.
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