


• Selective permeability to ions leads to membrane 

charge. Start with K+-permeant membrane, with 

abundance of K+ inside the cell.



Electrodiffusion – Nernst potential

externalinternal
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• Electric fields

– Caused by charges 

– Indicate the direction that a 

positive charge would move

• Electric potentials 

– Integrates field

𝑉 = − න 𝐸 ∙ 𝑑𝑙

V

←
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Nernst potentials for multiple ions

Ion concentration (mM) 

 interstitial 

space (ext) 

cell (“typical”) 

(int) 

V
nernst

 (mV) 

Na
+

,mammalian cell 145 15 +58 

K
+
, mammalian cell 4.5 120 -84 

Cl
-
, mammalian cell 116 20 -45 

Na
+
, squid giant axon 440 50 +54 

K
+
, squid giant axon

 
20 400 -75 

Cl
-
, squid giant axon 560 52 -59 

 



Gibbs-Donnan equilibrium

• Concentrations adjust such that Nernst Potentials are 

identical for ALL species:

– Since external pool is huge, internal concentrations adjust

• Electroneutrality both inside and outside

– External: [Na+]e+[K+]e+[Cl-]e=145+5+(-1)*116 mM

= 34 mM excess. Not bad….

– Internal: these will be calculated, but from the standard 

concentrations presented earlier, there is an excess of 

positive charges, if only K+, Na+, and Cl- are considered.

125 mM of negative charge comes from DNA/Proteins



Gibbs-Donnan equilibrium
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Solving for internal concentrations, 

[Na
+
]i= 202 mM, [K

+
]i= 6.3 mM, [Cl

-
]i=83 mM, VR=-9 mV 

Given external concentrations,

[Na
+
]i= 145mM,   [K

+
]i= 5 mM,    [Cl

-
]i=116 mM
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Goldman-Hodgkin-Katz voltage equation
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• P (permeability) can also include partition coefficient, 

structure, etc.  

• Pion encompasses many factors for that ion

PK = 25 PNa = 2 PCl; PCl=12.5 PNa This gives VR=-56 mV. 

• Resting: net flow of charge = 0
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PK = 25 PNa = 2 PCl; PCl=12.5 PNa This gives VR=-56 mV. 



Pump-leak model

• 1951: Ussing and Zehran 

Na+ pumping by frog skin, even when V=0 and 

Na+ conc. same on both sides. 

Na+ is actively pumped.

• 1955: Hodgkin and Keynes showed that K+ is also 

pumped, and is needed for Na+ transport.  

Metabolic inhibitors interrupted Na/K pumping.

• 1957: Skou isolated a Na/K transporter, an active 

transporter, sodium pump. 

Later studies: flux of K+ was 2/3 that of Na+



Pump-leak model

Na+ K+ Cl-Na+/K+



Pump-leak: leak (ohmic hypothesis)

jq,i=charge flux of species i 

ji=concentration flux of species i 

ni=number of charges for species 

q=fundamental charge of electron 

gi=conductance per area
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Pump-leak; Na/K pump
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Pump-leak; Na/K

Resting potential: set the flux of each species to zero
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Pump-leak; Na/K
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from knowledge of Na/K pump
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mammalian: -80 mV
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Pump-leak; Na/K
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• Active balance between pumping and transport for 

Na+ and K+

• Cl- configuration follows potential set by other 

system.



Nomenclature – version 1
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GHK vs. Ohmic
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