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Simulating Action Potentials
In this lab, you will be simulating action potentials with a set of mathematical equations that are commonly referred to as the Hodgkin and Huxley equations. This will hopefully help you understand the role of input currents, sodium conductance, and potassium conductance in shaping action potentials.  

Written by Dr. David Nichols

Background

Action potentials are crucial to long distance neural communication and the everyday functioning of humans and other vertebrate and non-vertebrate organisms.  Though action potentials propagate long distances along axons, they are in essence a very local event involving a relatively small number of ion channels. The role played by particular ion channels in the different phases of action potentials was elucidated in a series of experiments by researchers Alan Lloyd Hodgkin and Andrew Huxley and others in the 1950s using the voltage clamp technique in the squid giant axon. The technique allowed them to exam the relative permeability of the axon membranes to different ions at particular voltage levels, i.e. whether or not the sodium (Na+) and potassium (K+) channels were open or closed when the voltage levels were relatively high or low. A more detailed description of the role of ion channels in the action potential can be found in Ch 4, pages 80-84.
While our practical understanding of action potential formation was extensively enhanced by this research, proving to be fundamental enough to earn them the 1963 Nobel Prize in Physiology or Medicine, another major outcome of their research was the creation of a set of mathematical equations to describe this process.  The essential part of the equations commonly referred to as the Hodgkin-Huxley model is:
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This equation essentially says that the change in the membrane potential (Vm) depends both on the difference between the current membrane potential and the equilibrium potential of a particular ion, e.g. (Vm – Vk), and on the permeability of the membrane to that particular ion, e.g. gk (Ch 4, p 80-81). Adding an input current, I, can change the membrane potential from its resting potential to a threshold potential that results in a cascade of events that take place across 1-2 msec ultimately causing what we refer to as an action potential (Ch 4, p 76-77).
Equations such as this one, along with additional equations accounting for the voltage dependence of the opening and closing of the different ion channels, can be implemented in computer software programs to elucidate the relative contribution of different ions and input currents to the different components of an action potential and the number and timing of action potentials, which you will do in this lab. 
Required Equipment

· Matlab software
Procedure
1. Open the Hodgkin and Huxley simulation equations on the laptop. The files are in a folder under ‘Lab 2 – Simulating Action Potentials’. Open the main file by double clicking on the file ‘Hodgkin_Huxley_Equations’. It may take a moment for Matlab to start up.  If it asks you to ‘update the software license’ click ‘update’. If you need assistance with any of this part, ask your instructor.  
2. Immediately save the program with a new name into the same folder that it is in by selecting ‘save as’ from the drop down menu in the upper left hand corner under the disk icon. Save it with a name that includes your group members’ initials at the end (e.g. Hodgkin_Huxley_Equations_dn).

3. The software program is likely to include a lot of text and equations that you do not understand.  We will keep it simple by just modifying a few variables and keeping everything else the same. Run the program to make sure that it works properly by clicking the green arrow with ‘run’ under it along the top. 

4. Hopefully a figure will appear that shows the change in voltage over time, with clear distinct action potentials showing.  Take a moment to arrange the windows so that the figure, the Editor Window (this is the one with all of the code in it), and the Command Window (the largely blank screen with the little arrows ‘>>’ in it where the output sometimes appears and you can also do calculations), overlap as little as possible and can all be accessed fairly easily.
5. Working within just the figure window, you can determine the time and amplitude of each of the action potentials by using a data cursor.  To use the data cursor, first click on the ‘data cursor’ button up near the top middle (just below ‘desktop’). It has a cross with a slanted blue line through it. Then move the cursor to the top of the second action potential and click on it.

6. A comment box telling you the X (time in msec) and Y (amplitude in mV) coordinates of the action potential will appear.  Record just the X (time) value in the ‘Peak 2’ box for I=.1 on your data sheet. 
7. Move the cursor over to the top of the first action potential and click again to see the time and amplitude for this peak. Record the X value in the ‘Peak 1’ box for I=.1 on your data sheet. 

Activity 1: Determine the time between action potentials for different input levels.

The firing rate, i.e. the number of spikes that occur in a given time period, is determined largely by the input current because the other numbers are constant properties of the axon (Ch 4, p79-80).
8. You may use a calculator to determine the difference between the time of the peaks, but Matlab also functions as a very high powered calculator.  To determine the difference within Matlab, click in the Command Window and type the time for the second peak, the minus button on the keyboard, and the time for the first peak, and then hit ‘enter’.  Record the difference on your data sheet. 
9. Now change the input level to I=.2 and repeat the process.  Do this by changing just the number on line 8 and then hitting ‘run’ again. Just use the time for the second and first peaks, even if there are more peaks. Make sure to record the times of the action potentials on your data sheet.

10. Now change the input level to I=.3 and repeat the process.

Activity 2: Find the threshold for the first and the second action potential.
Though most of the properties of an axon remain constant as the input current changes, the time it takes for ion conductance to change and channels to open and close does make it such that the threshold for an action potential may change slightly following a prior action potential, but only if they are close together in time (Ch 4, p 80).

11. Change the input current to 0.01 and hit run. Notice how there is a small change in the membrane voltage, but there is not the sharp change that is characteristic of an action potential. This is because the input current is currently below the threshold for an action potential.
12. Continue to increase the input current by 0.01 again to see if a spike occurs. Repeat this process until one spike occurs and write both the value for which a spike occurs and the input level just before it occurs on your data sheet.

13. Continue to increase the input current by 0.01 until a second spike occurs. Once a second spike occurs, write both the value for which a second spike occurs and the input level just before it occurs on your data sheet. 

Activity 3: Modifying the permeability of the membrane to particular ions.
The particular shape and timing of the action potential is due to the relative permeability (i.e. conductance) and equilibrium potentials of different ions (Ch 4, p 80-84). Now you will find out what happens to changes in the membrane voltage when certain ions are not allowed to flow across the membrane, i.e. their permeability is drastically reduced.
14. Change the input level back to 0.1 (an above threshold value), but change gbarNa (the conductance of sodium) to 0 (line 9). Hit run.

15. Mark on your data sheet what happens when sodium channels are inactivated. Do this in a generally subjective way (i.e. what major aspects of the action potential are no longer present?) and also in an objective way by indicating the voltage level at time point X=1.6ms and X=20ms. You can use the left and right arrows on the keyboard to move the location of the data cursor along the curve.
16. Increase the input level to 0.3 and hit run. Mark on your data sheet what did or did not change, both subjectively and objectively measuring voltage at the same time points.

17. Now you will find out what happens when potassium ions are not allowed to flow across the membrane. Reset I=.1 and gbarNa to 1.2, but now make gbarK = 0; (line 10)
18. Mark on your data sheet what happens in a generally subjective way and also in an objective way by indicating the voltage level at time point X=1.6ms and X=20ms.

19. Increase the input level to 0.3 and hit run. Mark on your data sheet what did or did not change, both subjectively and objectively measuring voltage at the same time points.

20. Determine the objective measures of the normal action potential by resetting gbarK = 0.36, finding the amplitude at X=1.28mx and X=10ms, and enter the amplitudes into the table on your data sheet.
21. Save the Matlab file to your USB drive. 

22. Close down the Matlab program as you are finished with the lab.
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