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Voltage-Gated Sodium Channels in action potential

http://studyingmed.com/wiki/index.php?title=AEA/Lectures/Action_potential_generation_and_propagation&mobileaction=toggle_view_mobile



Structure of voltage-Gated Sodium Channels

W. A. Catterall, nature, 2001

S. Dib-Hajj, nature reviews, 2012



Expression of sodium channel isoforms in dorsal root ganglion (DRG) neurons

- red: Sodium channel isoform
- Green: Peripherin (small-diameter neuron marker) ; Yellow : Colocalization with sodium channel 
- Blue : Neurofilament (medium and large neuron); Magenta : Colocalization with neurofilament

Sulayman et al, Annu Rev Neuroscienc, 2010



Nav1.7 is setting the gain in pain-signaling neurons

SFN: Small fiber
neuropathy
PDA : Pain
dysautonomia and
acromesomelia

IEM : Inherited erythromelalgia
(N. Skeik et al, 2011)

PEPD : Paroxysmal 
extreme pain

CIP: Congenital insensitivity to pain
Medline Plus

Nav1.7:
- Fast activating and –inactivating
- Slow closed state inactivation / repriming (recovery from

inactivation)
⟶ Setting the gain in pain-signaling neurons





Gain of function NaV1.7 mutations in idiopathic small fiber neuropathy

Goal: Can SCN9A mutations be found in a clinically well defined cohort of definitive SFN without known cause

Genomic DNA from
whole blood
SNC9A sequencing by
Sanger sequencing.

Underlying causes:
- Sarcoidosis (150)
- Medication (9)
- Hemochromatosis (5)
- Diabetes mellitus (4)
- …



Quantitative sensory testing (QST)

https://www.raynersmale.com/blog/202
0/5/23/quantitative-sensory-testingin-
literature-amp-the-clinic

M. Mücke, Schmerz, 2021



Intraepidermal Nerve Fiber Density (IENFD)

Mc Arthur et al, Arch Neurol 1998

Lauria et al. J. Peripher. Nerv. Syt., 2010

Intraepidermal nerve fiber density (IENFD) measurement
− Fixation in 4% formalin and 20% sucrose
− Bleaching with potassium permanganate / oxalic acid
− 50 µm vertical section (cryostat)
− Immunhistochemical staining with PGP9.5 free floating 

(over night incubation of antibodies)
− Hematoxylin counterstaining



Gain of function NaV1.7 mutations in idiopathic small fiber neuropathy

Domain I – SV4 Segment
- Mutations affecting the charge (S211P, F216S) are linked to IEM, shift voltage-dependence of activation in a 

hyperpolarizing direction, easier to open the channel.  
- I228M is not affecting the charge 

- All missense mutation and heterozygous
- None found in a control panel (100 samples 

from healthy donors)



Gain of function NaV1.7 mutations in idiopathic small fiber neuropathy



Intra and interfamily phenotypic diversity in pain syndromes associated 
with NaV1.7 I228M gain-of-function variant 

M. Estacion et al, Molecular Pain 2011

Symptoms Age of onset IENFD QST

Patient 1 Pain of teeth, jaw, temporomandibular 
joint, behind eye

32 1.6/mm (cut off ≥ 
3.5/mm)

Abnormal warm 
and cold thershold

Patient 2
(sister patient 1)

Burning pain and redness of hands and 
feet

36 8 / mm (cut off 5.7 
/mm)

-

Patient 3 Occiput with red discoloration and 
tingling, burning and warm sensation; 
later also involvement of feet and 
hands

- 5.2 / mm (cut off ≥ 
5.7)

-

Patient 1 Age/ Gender matched control



NaV1.7 I228M gain-of-function impairs slow inactivation

S. Dib-Hajj et al, Nature reviews 2013HEK293 cells, transient transfection, Voltage-clamp
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I228M turns dorsal root ganglion (DRG) neurons hyperexcitable

M. Estacion et al, Journal of Neuroscience, 2008
M. Estacion et al, Molecular Pain 2011DRG neurons (n=12) from rat pups, transient transfection, Current clamp whole cell recording

Mean firing frequency across a range of 
current injections from 50 to 500 pA

Portion of spontaneous firing cells

- Depolarization shift in resting membrane potential
- Increasing firing rate
- Induction of spontaneous firing





Transient expression of NaV1.7 I228M is inducing reduced neurite length

- DRG neurons isolated from 6- / 8- week old mice
- Electroporation (WT/I228M + RFP)
- Culturing for 7 days

→ Conclusion: Reduced neurite length is a potential model for IENFD loss in SFN



Excurse: IENF are in a dynamic process involving repeated regeneration and 
degeneration, as the epidermis continuously remodels itself

Cheng et al, Journal of neuroscience 2010
Dorsal trunk skin of mouse

GAP43/B50 : regeneration-related
Growth molecule 



Glucose restriction is enhancing the phenotype

DRG neurons isolated from 6- / 8- week of mice, Electroporation (WT/I228M + RFP), Culturing for 7 days 

Neurite growth and maintenance is high-energy demanding →Shortage of ATP is associated with neurite degeneration 
(Presson et al. 2016) ⟶ Glucose is the major substrate of ATP production

→ Conclusion: Presence of I228M mutated channels imposes an energetic burden on sensory fibers, rendering 
them more vulnerable to damage under conditions where the glucose level is low



Modest demonstration of decreased intracellular ATP levels in DRG 
expressing I228M

- DRG neurons isolated from 6- / 8- week old mice
- Electroporation (WT/I228M + RFP)
- Culturing for 7 days
- Fluorescence resonance energy transfer (FRET) based ATP indicator



Accelerate ATP reduction after depolarization (DRG neurites) 

- Depolarization with 50 mM KCL
- Fluorescence resonance energy transfer (FRET) based ATP indicator



Increased Pyruvate availability failed to increase neurite length of I228M 
neurite length of I228M transfected DRG neurons

Dichloroacetate (DCA) is a PDK (pyruvate dehydrogenase kinase) inhibitor; here used to exclude a negative 
feedback regulation 



Alteration in mitochondrial distribution and morphology

Labelling of mitochondria by co-transfection with mito-DsRed



Dexpramipexole (DEX) promotes neurite growth of I228M expressing 
neurons

Maintenance of a proton gradient over mitochondrial membrane is critical for ATP synthesis → The mitochondrial
permeability transition pore (mPTP) is known to regulate ionic gradient in mitochondrial matrix
⟶ Pathologic conditions related to energetic stress can cause a prolonged opening of mPTP, DEX blocks mPTP

⟶ Improvement of mitochondrial energy metabolism

→ Conclusion: Mitochondrial mechanism are involved in neuritic impairment of I228M neurons



Generation of NaV1.7 I228M knock-in mice
• One line generated by targeted homologous recombination
• Second line generated by CRISPR editing



Ganglion neurons from I228M knocking mouse line is hyperexcitable and 
demonstrate a increased firing rate

- DRG neurons isolated from 4-8 week old mice (targeted homologous recombination)
- Whole-cell current-clamp recoding

Representative traces of DRG neurons

Mean firing frequency across a 
range of current injections 
from 50 to 500 pA

Resting membrane potential



Increased portion of spontaneously firing



DRG neurons from one I228M knocking mouse lines demonstrate an 
enhanced response to heat -1

- DRG neurons isolated from 4-8 week old mice
- Multielectrode array (MEA) recording (12-well recording plate with 768 electrodes)
- Precise temperature control to create temperature ramps and maintain temperature
- Noxious warmth (40°C) ; noxious heat (43°C)

Maestro, Axion Biosystem

40°C



DRG neurons from one I228M knocking mouse lines demonstrate an 
enhanced response to heat -2

Mean action potentials



I228M knocking mouse line (homologous recombination) do not show 
thermal or mechanical hypersensitivity

Radiant heat

Latency:
- flicking, licking
- Paw withdrawal



I228M knocking mouse line (CRISPR) do not show thermal or mechanical 
hypersensitivity



I228M knocking mouse line do not show hypersensitivity inflammation pain

Formalin test:
Subcutaneous injection of 5% formalin into the 
plantar surface of the left hind paw for induction of 
short-term inflammation

Freund’s adjuvant
Injection into the left hind paw for long-term 
inflammation



I228M knocking mouse line (homologous recombination) has a normal IENFD

- 12 week old mice
- 3mm Punch biopsy from mice (after trancardial perfusion) from ventral hind paw
- Standard protocol like used for humans (anti-PGP 9.5)



I228M knocking mouse line has a normal nerve fiber morphology

- 12 week old mice
- Micrographs of semithin cross-sections of tibial branch of the sciatic nerve (Epon embedding)
- Arrow: Remak bundles (group of unmyelinated axons)



DRG neurons from I228M knocking mouse (homologous recombination) line 
demonstrate normal neurite length in vitro



Summary & Conclusions
• DRG neurons from I228M knock-in mice demonstrate an in-vitro phenotype 

(hyper excitable, enhanced response to heat) 
• This in-vitro phenotype could not be reproduced by in-vivo tests 

(difficulties in the assessment in mice?)
• No epidermal fiber degeneration (IENFD) was found in the knock-in mice 

(differences in axon length between mice and humans?, age of mice?)
• DRG neurons from I228M knock-in mice demonstrate normal neurite length in-vitro 

⟶ Degeneration of DRG neurons seen in in-vitro studies by transient expression    
was likely caused by overexpression of the mutant channel

⟶Proposal that I228M is an important risk factor for SFN and that a secondary
insult or aging is may required to cause a phenotype (including IENFD

degeneration) and is may an explanation for the diverse phenotype seen in humans



Thank you for your attention!
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