
Excitability (Ch. 5 Intro)  

- Regulation of membrane potential by control of the ionic channels is one of the 

most important cellular functions.  

- Many cells, such as neurons and muscle cells use the membrane potential as a 

signal, and thus the operation of the nervous system and muscle contraction are 

both dependent on the generation and propagation of electrical signals.  

- Two types of cells: excitable and nonexcitable cells 

- Nonexcitable cells are the epithelial cells that line the walls of the gut. 

Photoreceptors are also nonexcitable. Membrane potentials are important, but no 

action potentials. 

- Excitable cells include cardiac cells, smooth and skeletal muscle cells, most neurons. 

They produce action potentials.  

- The most important of the past 100 years, Hodgkin and Huxley developed the first 

quantitative model of the propagation of an electrical signal, the most important 

landmark.  

- The most important model in all of the physiological literature.   

 

History of the Hodgkin-Huxley Equations (Ch. 5.1.1) 

 
 

 



The Hodgkin-Huxley Model (5.1) 

Starts with  

𝐶

𝑑𝑉

𝑑𝑡
+ 𝐼(𝑉, 𝑡) = 0 

𝐕 = 𝑽𝒊-𝑽𝒐 

- In many neural cells, the principle ionic currents are sodium and potassium currents 

- The chloride current and other ionic current lumped into the leakage current 

𝐶

𝑑𝑉

𝑑𝑡
= −𝑔ே(𝑉 − 𝑉ே) − 𝑔(𝑉 − 𝑉) − 𝑔(𝑉 − 𝑉) + 𝐼 

𝐼: applied current 

−  Rewrite 

𝐶

𝑑𝑉

𝑑𝑡
= −𝑔൫𝑉 − 𝑉൯ + 𝐼 

𝑔 = 𝑔ே + 𝑔 + 𝑔 

𝑉 = (𝑔ே𝑉ே + 𝑔𝑉 + 𝑔𝑉)/𝑔, membrane resting potential 

𝑹𝒎 = 𝟏/𝑔, membrane resistance 

- Steady state  

0 = −
1

𝑹𝒎
൫𝑉 − 𝑉൯ + 𝐼 

𝑽

𝑹𝒎
=

𝑉

𝑹𝒎
+  𝐼  

𝐕 = 𝑉 + 𝑹𝒎𝐼 

- Key to determine conductance was being able to measure individual ionic 

current. From this to deduce the changes in conductance.  

- Voltage clamp techniques  

 

 



 

 



Voltage and Time Dependence of Conductance (5.1.2) 

- Voltage clamp technique enables to investigate the dynamics of the conductance. 

- Fig. 5.2: Experimental results of the total membrane currents 

- HH used a clever trick to separate the total ionic current into its constituent ionic 

parts. 

- Tetrodotoxin (TTX): to block sodium currents 

- Tetraethylammonium (TEA): to block potassium currents 

- Fig. 5.3: Samples of HH’s data 

 

 
 

 

The Potassium Conductance 

 

- Based on Fig. 5.3A and B, assume that 𝑔 obeys some differential equation, 

𝑑𝑔

𝑑𝑡
= 𝑓(𝑣, 𝑡) 

v = V − 𝑉=the membrane potential – the resting potential 



 

- Assume 𝑔 follows the sigmoidal increase and exponential decrease which can be 

expressed as some power of a different variable, thus 

𝑔 = 𝑔തതത𝑛ସ 

where  𝑔തതത is a constant. 

 

- The fourth power was chosen not for physiological reasons, but because it was the 

smallest exponent that gave acceptable agreement. 

- Now the secondary variable n now obeys the differential equation 

𝜏(𝑣)
ௗ

ௗ௧
= 𝑛ஶ(𝑣) − 𝑛      (*) 

where 𝜏(𝑣) and 𝑛ஶ(𝑣) to be determined from the experimental data (by fitting) 

 

- Rewrite the equation (*) 

𝑑𝑛

𝑑𝑡
= 𝛼(𝑣)(1 − 𝑛) − 𝛽(𝑣)𝑛 

where 



𝑛ஶ(𝑣) =
𝛼(𝑣)

𝛼(𝑣) + 𝛽(𝑣)
 

𝜏(𝑣) =
1

𝛼(𝑣) + 𝛽(𝑣)
 

- n(t) is called potassium activation. 

- As v changes from 0 to 𝑣, solution for (*) becomes 

n(t) = 𝑛ஶ(𝑣)[1 − exp ൬
−𝑡

𝜏(𝑣)
൰] 

It is an increasing curve to the maximum 𝑛ஶ(𝑣) . n4 provides a sigmoidally 

increasing curve for 𝑔 .  

- By fitting this equation, obtain 𝜏(𝑣) and 𝑛ஶ(𝑣). See Fig. 5.4. 

- As v changes form 𝑣 to 0 (step decrease of v), the solution is  

n(t) = 𝑛ஶ(𝑣)exp (
−𝑡

𝜏(𝑣)
) 

now raising to the fourth power gives exponential decrease.  

 

 

 

 

 

 

 

 

 

 



The Sodium Conductance 

- The sodium conductance is in a form of 

𝑔ே(𝑣) = 𝑔ேതതതതത𝑚ଷℎ 

𝑑𝑚

𝑑𝑡
= 𝛼(1 − 𝑚) − 𝛽𝑚 

𝑑ℎ

𝑑𝑡
= 𝛼(1 − ℎ) − 𝛽ℎ 

where m is small at rest and first increases, it is called the sodium activation. 

h shuts down or inactivates the sodium current. It is called the sodium inactivation. 

- The unknowns 𝛼 ,  𝛽 , 𝛼  및 𝛽  are determined by fitting to the 

experimental activation. 

- m=sodium activation 

- h=sodium inactivation 

 

- Therefore 

 

𝐶

𝑑𝑣

𝑑𝑡
= −�̅�𝑛ସ(𝑣 − 𝑣) − �̅�ே𝑚ଷℎ(𝑣 − 𝑣ே) − �̅�(𝑣 − 𝑣) + 𝐼 

𝑑𝑚

𝑑𝑡
= 𝛼(1 − 𝑚) − 𝛽𝑚 

𝑑ℎ

𝑑𝑡
= 𝛼(1 − ℎ) − 𝛽ℎ 

𝑑𝑛

𝑑𝑡
= 𝛼(1 − 𝑛) − 𝛽𝑛 

𝛼 = 0.1
25 − 𝑣

exp ቀ
25 − 𝑣

10
ቁ − 1

 

𝛽 = 4exp (
−𝑣

18
) 

𝛼 = 0.07exp (
−𝑣

20
) 

𝛽 =
1

exp ቀ
30 − 𝑣

10
ቁ + 1

 

𝛼 = 0.01
10 − 𝑣

exp ቀ
10 − 𝑣

10
ቁ − 1

 

𝛽 = 0.125exp (
−𝑣

80
) 



�̅�ே = 120 

�̅� = 36 

�̅� = 0.3 

 

- Now assume the sodium channel has three m gages and one h gate. 

- The potassium channel has four n gates. 

- Look at Fig. 5.5, 5.6. 

 

 

 

 

 



 
 

 

 

How to compute (summary) 

1. Get  𝜏(𝑣) and 𝑛ஶ(𝑣). 

𝜏(𝑣) and 𝑚ஶ(𝑣). 

𝜏(𝑣) and ℎஶ(𝑣).   (see their shapes). 

 

2. Compute n(t), m(t), and h(t) (check out the shapes). 

3. Compute 𝑔(𝑡) and 𝑔ே(𝑡) (check out the shapes.) 

4. Compute 𝑉(𝑡), action potential  


