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Introduction 

To clear up confusion and mollify any misunderstandings, I have typed up the modeling of sodium 

conductance using Hodgkin-Huxley (HH) formulations, as I understand them. I’ve included some inserts 

from the original HH papers (specifically, the 1952d paper, A QUANTITATIVE DESCRIPTION OF 

MEMBRANE CURRENT AND ITS APPLICATION TO CONDUCTION AND EXCITATION IN NERVE), as well as 

some other works that I’ve referenced over the years. 

 

Sodium conductance modeled as a set of first order equations  

To model a traditional, TTX-sensitive transient sodium current, as was recorded in the giant squid axon 

by Hodgkin and Huxley, we begin with: 

𝑔𝑁𝑎 = �̅�𝑁𝑎𝑚3ℎ 

where 𝑔𝑁𝑎 is the sodium conductance, �̅�𝑁𝑎 is the fixed sodium conductance density of open Na 

channels, 𝑚 is the activation rate and ℎ is the inactivation rate.  

Hodgkin and Huxley described the activation and inactivation with the following gating equations: 

𝑚′ =  𝛼𝑚(1 − 𝑚) − 𝛽𝑚𝑚 

ℎ′ =  𝛼ℎ(1 − ℎ) − 𝛽ℎℎ 

where 𝛼 and 𝛽 are rate constants. See page 512, Hodgkin and Huxley 1952d.   

To characterize voltage-gated channels, equations are fit to voltage clamp data. Under voltage clamp 

conditions, where the voltage can be held constant, the nonlinear gating equations can be reduced to: 

𝑚 = 𝑚∞ − (𝑚∞ − 𝑚0) exp (−
𝑡

𝜏𝑚
); ℎ =  ℎ∞ − (ℎ∞ − ℎ0) exp (−

𝑡

𝜏ℎ
) 

Where 𝑚∞is the steady-state activation function, 𝜏𝑚 is the time constant of activation, ℎ∞ is the steady-

state inactivation function, and 𝜏ℎ is the time constant of inactivation. Steady state voltage-dependent 

time constants of activation and inactivation functions are as follows: 

𝜏𝑚 =  
1

𝛼𝑚+𝛽𝑚
 ; 𝜏ℎ =  

1

𝛼ℎ+𝛽ℎ
 

Ok, so given these steady-state equations, and the following two assumptions: At rest, the sodium 

conductance is small relative to the conductance during a large depolarization, (1) which therefore allows 

us (them) to neglect 𝑚∞ if the depolarization is greater than 30 mV. Also, inactivation is “very nearly 

complete” is the V < -30 mV so that (2) ℎ∞ may also be neglected.  



We can further reduce the equation for sodium conductance to: 

𝑔𝑁𝑎 = �̅�𝑁𝑎[1 − exp (−
𝑡

𝜏𝑚
)]3exp (−

𝑡

𝜏ℎ
) 

Then �̅�𝑁𝑎, 𝜏𝑚 and 𝜏ℎ  values were calculated by fitting that equation to the following experimental data: 

 

Using these, they were able to calculate 𝛼 and 𝛽 using: 𝛼𝑚 = 𝑚∞/𝜏𝑚 and 𝛽𝑚 = (1 − 𝑚∞)/𝜏𝑚 as shown 

below: 

 

𝛼ℎ and 𝛽ℎwere derived in a similar manner, by plotting against data and solved using: 𝛼ℎ = ℎ∞/𝜏ℎ and 

𝛽ℎ = (1 − ℎ∞)/𝜏ℎ. 



Modeling sodium currents in vestibular ganglion neurons  

We used a different but functionally equivalent formulation: 

𝐼𝑁𝑎 =  �̅�𝑁𝑎(𝑚3ℎ)(𝑉 − 𝐸𝑁𝑎) 

where 

𝑚′ =
𝑚∞ − 𝑚

𝜏𝑚
;   ℎ′ =

ℎ∞ − ℎ

𝜏ℎ
 

and 

𝑚∞ = [1 + exp (−
𝑉 + 𝑉1/2

𝑘
)]

−1

;    ℎ∞ = [1 + exp (−
𝑉 + 𝑉1/2

𝑘
)]

−1

 

𝑚∞is still the steady-state activation function, 𝜏𝑚the time constant of activation, ℎ∞ the steady-state 

inactivation function, and 𝜏ℎ the time constant of inactivation. Steady Conductance density (�̅�), reversal 

potential (𝐸𝑁𝑎), half activation (𝑉1/2), and slope factor (𝑘) were based on experimentally derived values 

from this our study.  

 

 

 

 

 

 

 

 

Our steady state equations are therefore: 

𝑚∞ = [1 + exp (−
𝑉 + 40

8
)]

−1

;    ℎ∞ = [1 + exp (−
𝑉 + 65

9
)]

−1

 

Our time constants of activation and inactivation were derived by fitting the rising and decay phase of 
sodium currents to determine the voltage-dependence of time constants. The time constant of activation 
(𝜏m) was assessed by fitting the rising phase of a sodium current with the equation:  

𝑦 = 𝑦0 − 𝐴(1 − 𝑒−
𝑥
𝜏)3 

The power (3) was used since it best fit the very fast rise of the sodium current. The time constant of 
inactivation (𝜏h) was assessed by fitting the decaying phase of a sodium current with:  

𝑦 = 𝑦0 + 𝐴(𝑒−
𝑥
𝜏) 

  

-150 -50 50

-1

0

N
o

rm
a

liz
e

d
 I

 (
n

A
)

V (mV)

Model Ephys data (n = 25)

-150 -100 -50 0
0

1

 Act

N
o

rm
a

liz
e

d
 G

 (
n

S
)

V (mV)

 Inact

Model Ephys data (n = 25)

Current-Voltage curves comparison Conductance-Voltage curves comparison 

Act: V 1/2 = -40 mV, 
k = 8 

Inact: V 1/2 = -65 mV, 
k = 9 

 



 

 

 

 

 

 

 

Using a similar methodology, Rothman and Manis (2003c) use the following equations for 𝜏𝑚 and 𝜏ℎ, 

which were subsequently used in Hight and Kalluri 2016, and Ventura and Kalluri, 2019: 

𝜏𝑚 = 10 {5 exp [
𝑉 + 60

18
] + 36 exp [−

𝑉 + 60

25
]}

−1

+ 0.04 

𝜏ℎ = 100 {7 exp [
𝑉 + 60

11
] + 10 exp [−

𝑉 + 60

25
]}

−1

+ 0.6 

where presumably 

𝛼𝑚 =  5 exp [
𝑉+60

18
] ; 𝛽𝑚 =  36 exp [−

𝑉+60

25
] 

𝛼ℎ =  7 exp [
𝑉+60

11
] ; 𝛽𝑚 =  10 exp [−

𝑉+60

25
] 

These were putatively derived from data in Costa (1996): 

 

Left: voltage-dependence of the time-constants of inactivation measured in activation protocols  
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