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The membrane potential



Nernst equation :

Goldman-Hodgkin-Katz (G-H-K) equation

ENa or EK



Th

ENa

EK

Th

ENa & EK are the equilibrium potentials

Th is threshold



There are values estimated for neurons of crayfish (Atwood 1982) 

[Na+]i = 17.4 mM (for neurons, Atwood 1982)

[K+]i  = 265 mM (for neurons, Atwood 1982)

[Cl-]i  = 12.7 (for neurons, Atwood 1982)

PK = 1 (for neurons, Atwood 1982)

PCl = 0.1 (for neurons, Atwood 1982)

PNa = 0.001 (for neurons, Atwood 1982)

Use the on-line simulator from

Online https://www.physiologyweb.com/calculators/ghk_equation_calculator.html

(note: values of temperature are in K which is 273.15 + the # in centigrade) 

[K]o = 5.3 mM (Saline)

[Na]o = 205 mM (Saline)

[Cl]o = 232.15 mM (assume from saline; 205 mM NaCl; 5.3 

mM KCl; 13.5 mM CaCl22H2O; 2.45 mM MgCl2 6H2O)
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Studies in differing species of crayfish (Astacus leptodactylus, Procambarus clarkii) and 

crab (Ocypode ceratophthalma, Carcinus maenas, Cancer pagurus) all show a reduction 

(more hyperpolarized) in membrane potential with acutely increasing temperature. The 

relative change is within 1 mV to 1.3 mV /1oC change (Florey and Hoyle, ’76; Harri and 

Florey, ’77, 1979; Hyde et al., 2015). 

The rationale for the change has not been explicitly addressed in prior reports, but it is 

likely to do with the more negative equilibrium potential of K+ (EK), since the membrane 

is more permeable to K+ and the resting potential is driven mostly by the EK.
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KV, NaV, CaV are voltage gated ion channels

NCX  is the Na+-Ca2+ exchanger

K(Ca) is the Ca2+ activated K+ channel



https://vivadifferences.com/myelinated-vs-unmyelinated-neurons/



Figure 1. An overview of the various ion channels, pumps and exchangers that are important in axonal impulse conduction. Na+ 

channels are present in highest density at the Node of Ranvier as are slow K+ channels (Ks). Fast K+ channels, also known as Kv 1.1 

channels are present in the highest concentration in the juxtaparanodal region and are blocked by 4-aminopyridine (fampridine). Inwardly 

rectifying channels (Ih) are permeable to Na+ and K+ ions and limit axonal hyperpolarisation. Transient Na+ channels (Nat) are 

responsible for action potential propagation while persistent Na+ conductances (Nap) modulate resting membrane potential. The sodium-

calcium exchanger (Na+/Ca2+) plays an important role in the processes of axonal degeneration. Lk refers to leak conductances.

Article Copyright © 2012 Authors, Source DOI: 10.1177/1352458512463769. See content reuse guidelines at: sagepub.com/journals-permissions 
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Goldman-Hodgkin-Katz (G-H-K) equation



Tsantoulas C, McMahon SB. Opening paths to novel analgesics: the role of 
potassium channels in chronic pain. Trends Neurosci. 2014 Mar;37(3):146-58. doi: 
10.1016/j.tins.2013.12.002. Epub 2014 Jan 21. PMID: 24461875; PMCID: 
PMC3945816.



Johnston, J., I.D. Forsythe, and C. Kopp-Scheinpflug, 
Going native: voltage-gated potassium channels 
controlling neuronal excitability. J Physiol, 2010. 
588(Pt 17): p. 3187-200



Tsantoulas C, McMahon SB. Opening paths to novel analgesics: the role of potassium channels in 
chronic pain. Trends Neurosci. 2014 Mar;37(3):146-58. doi: 10.1016/j.tins.2013.12.002. Epub 2014 Jan 
21. PMID: 24461875; PMCID: PMC3945816.



Dallas ML, Atkinson L, Milligan CJ, Morris NP, Lewis DI, Deuchars SA, Deuchars J. Localization and function of the Kv3.1b subunit in the rat medulla oblongata: focus on 
the nucleus tractus solitarii. J Physiol. 2005 Feb 1;562(Pt 3):655-72. doi: 10.1113/jphysiol.2004.073338. Epub 2004 Nov 4. PMID: 15528247; PMCID: PMC1665536.



The overall voltage-dependent potassium current in 
the neurons could be split into three major 
components based on pharmacology and kinetics 
during step voltage pulses: ID (fast activating, slowly 
inactivating, and sensitive to 4-aminopyridine at 30 
μm),IA (fast activating, fast inactivating, and sensitive 
to 4-aminopyridine at 3 mm), andIK (slowly 
activating, noninactivating, and sensitive to external 
TEA at 3–25 mm). The potassium current during the 
action potential was composed of approximately 
equal contributions of ID andIA, with a negligible 
contribution ofIK.

https://www.jneurosci.org/content/22/23/10106

Mitterdorfer J, Bean BP. Potassium currents during the action potential of hippocampal CA3 neurons. J Neurosci. 
2002 Dec 1;22(23):10106-15. doi: 10.1523/JNEUROSCI.22-23-10106.2002. PMID: 12451111; PMCID: 
PMC6758734.
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MS ……..Multiple sclerosis 



The general idea: Multiple sclerosis

Multiple sclerosis (MS) is a potentially disabling disease of the brain and spinal cord (central 
nervous system).



Lassmann, H., van Horssen, J. & Mahad, D. Progressive multiple sclerosis: pathology and pathogenesis. Nat Rev Neurol 8, 647–656 (2012). 
https://doi.org/10.1038/nrneurol.2012.168
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1.Block Kv so stays depolarized longer. This leads to more CaV action 
and more  transmitter release. 2.There is some evidence that the RP is changed ….block some leak 
channels so excitability of neuron is increased.
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Anderberg L, Aldskogius H, Holtz A. Spinal cord injury--scientific challenges for 

the unknown future. Ups J Med Sci. 2007;112(3):259-88. doi: 10.3109/2000-

1967-200. PMID: 18484069.









We demonstrate using autoradiography that 4-AP has higher binding in 

non-myelinated and demyelinated versus well-myelinated CNS regions, 

and describe a fluorine-containing derivative, 3-F-4-AP, that has similar 

pharmacological properties and can be labeled with 18F for PET 

imaging. 

Brugarolas P, Sánchez-Rodríguez JE, Tsai HM, Basuli F, Cheng SH, Zhang X, Caprariello AV, Lacroix JJ, Freifelder 

R, Murali D, DeJesus O, Miller RH, Swenson RE, Chen CT, Herscovitch P, Reich DS, Bezanilla F, Popko B. 

Development of a PET radioligand for potassium channels to image CNS demyelination. Sci Rep. 2018 Jan 

12;8(1):607. doi: 10.1038/s41598-017-18747-3. PMID: 29330383; PMCID: PMC5766510.

Upon demyelination, axonal potassium (K+) channels, which normally reside 

at the juxtaparanodal region beneath the myelin sheath (e.g., Kv1.1 and 

Kv1.2), become exposed, disperse throughout the internodes, and increase in 

expression23–26. This aberrant distribution of K+ channels causes leakage of 

intracellular K+ ions and renders neurons unable to fully depolarize and 

propagate action potentials. The clinically approved drug for MS, 4-

aminopyridine (4-AP), binds to and blocks these channels, reducing the 

aberrant efflux of K+ ions and restoring conduction of demyelinated axons27–31.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5766510/#CR23
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5766510/#CR26
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5766510/#CR27
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5766510/#CR31


MS 

Address from what you can gather from the latest literature how 4-AP is 
mechanistically working to improve the symptoms of MS.



4-AP may involve subtle changes in axonal excitability 

mediated by a selective K+ channel block, exploiting a naturally 

occurring redundancy of synaptic function. 

Anderberg L, Aldskogius H, Holtz A. Spinal cord injury--

scientific challenges for the unknown future. Ups J Med Sci. 

2007;112(3):259-88. doi: 10.3109/2000-1967-200. PMID: 

18484069.



Multiple sclerosis (MS) is an immune-mediated disorder in

which inflammatory cells from the peripheral blood (PB)

migrate to the CNS and cause demyelination and subsequent 

axonal degeneration (1–4). Several lines of evidence support an 

early role of autoreactive CD4 CNS myelin-specific T cells (1, 2). 

In addition, there is epitope spreading such that T cell responses 

are directed against multiple different myelin antigens.

Activated T cells require high levels of intracellular calcium,

which enters cells through calcium-release-activated calcium channels

(CRAC) after intracellular stores are depleted of calcium.

Membrane hyperpolarization brought about by the opening of the

two lymphocyte potassium (K) channels, the voltage-gated K

channel (Kv1.3), and the calcium-dependent K channel (KCa3.1,

also known as IKCa1), promotes calcium entry through CRAC

channels

Rus H, Pardo CA, Hu L, Darrah E, Cudrici C, Niculescu T, Niculescu F, Mullen KM, Allie R, 
Guo L, Wulff H, Beeton C, Judge SI, Kerr DA, Knaus HG, Chandy KG, Calabresi PA. The 
voltage-gated potassium channel Kv1.3 is highly expressed on inflammatory infiltrates in 
multiple sclerosis brain. Proc Natl Acad Sci U S A. 2005 Aug 2;102(31):11094-9. doi: 
10.1073/pnas.0501770102. Epub 2005 Jul 25. PMID: 16043714; PMCID: PMC1182417.



Rus H, Pardo CA, Hu L, Darrah E, Cudrici C, Niculescu T, Niculescu F, Mullen KM, Allie R, 
Guo L, Wulff H, Beeton C, Judge SI, Kerr DA, Knaus HG, Chandy KG, Calabresi PA. The 
voltage-gated potassium channel Kv1.3 is highly expressed on inflammatory infiltrates in 
multiple sclerosis brain. Proc Natl Acad Sci U S A. 2005 Aug 2;102(31):11094-9. doi: 
10.1073/pnas.0501770102. Epub 2005 Jul 25. PMID: 16043714; PMCID: PMC1182417.

In summary, these pathological findings, in conjunction with our

previous in vitro report, suggest that Kv1.3 is a functional marker of

activated TEM cells, and that these are the predominant lymphocyte

cell type in MS inflammatory brain infiltrates. The therapeutic

appeal of Kv1.3 is that it does not require knowledge of antigen

specificity, which may be critical in diseases where epitope spreading

occurs. Further, the presence of elevated Kv1.3 levels on both

CD4 and CD8 activated TEM cells suggests that Kv1.3 antagonists

could target both CD4 and CD8 TEM functions such as the

release of the destructive protease granzyme B, which has been

implicated in mediating direct cytolytic damage in progressive MS

(44, 45). The availability of Kv1.3-specific antagonists with demonstrated

efficacy in vitro and in Lewis rat adoptive EAE makes

Kv1.3 an attractive therapeutic target in MS, and possibly other

autoimmune diseases (10, 11, 14).



Kv1.3 and Kv1.5 are inhibited by 4-aminopyridine (4-AP) and 
tetraethylammonium (TEA), which are general K+ channel blockers 
(Grissmer et al., 1994).

Comes, N., Bielanska, J., Vallejo-Gracia, A., Serrano-Albarrás, A., Marruecos, 
L., Gómez, D., Soler, C., Condom, E., Ramón Y Cajal, S., Hernández-Losa, J., 
Ferreres, J. C., & Felipe, A. (2013). The voltage-dependent K(+) channels Kv1.3 
and Kv1.5 in human cancer. Frontiers in physiology, 4, 283. 
https://doi.org/10.3389/fphys.2013.00283

Grissmer S., Nguyen A. N., Aiyar J., Hanson D. C., Mather R. J., Gutman G. A., et al. (1994). 
Pharmacological characterization of five cloned voltage-gated K+ channels, types Kv1.1, 1.2, 
1.3, 1.5, and 3.1, stably expressed in mammalian cell lines. Mol. Pharmacol. 45, 1227–1234

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3794381/#B57


MS 

From the readings and your knowledge, address why you think only a 
subset of people with MS benefit from treatments of 4-AP.

CLASS DISCUSSION



MS

What do you see as the next research steps required to address how 4-AP 
maybe working to improve MS.

CLASS DISCUSSION



https://ampyra.com/real-patient-videos

Therapies
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Therapies

Anderberg L, Aldskogius H, Holtz A. Spinal cord injury--scientific challenges for 

the unknown future. Ups J Med Sci. 2007;112(3):259-88. doi: 10.3109/2000-

1967-200. PMID: 18484069.
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