Systems Dynamics Modeling with Vensim Personal Learning Edition:

Sodium Channel Gating and Blockade by Tetrodotoxin

Informative models of dynamic systems can be built in a variety of different ways. In this example we will build an aggregate model using Vensim Personal Learning Edition (PLE) in order to learn about the gating (opening and closing) behavior of voltage-gated sodium (NaV) channels and the effects of tetrodotoxin. 

1 Ion Channels Background

NaV channels are among the proteins that are necessary to enable our nerve and muscle cells to be electrically excitable. Without these proteins your nerves couldn’t send signals to each other or to your body, and your muscles couldn’t contract to do the work necessary to drive your movement, breathing or heartbeat. Like every protein your body makes, ion channels tend to jiggle between different shapes, or conformations, in response to changes in their cellular environment. The conformation they take-on is influenced by the forces exerted on them by their environment. For example, as their name implies, the conformational state of voltage-gated sodium channels is influence by the electric field across the cell membrane, in which they are embedded. This electric field, called the membrane voltage or membrane potential, is caused by unequal concentrations of charge carrying ions on the inside and outside of the cell. Almost all cells in our bodies use energy to pump ions across their plasma membrane. Typically sodium is pumped out of the cell, and potassium is pumped in. As a result of this pumping, most cells (and all nerve and muscle cells) have a lower concentration of positively charge ions inside the cell than outside. This results in a membrane voltage with the inside of the cell being negative relative to the outside.

[image: image1.wmf]In order for a protein to respond to the forces exerted by an electric field, it needs to have charged pieces that can “feel” the electric field. These pieces are called the voltage sensors. As the field across the membrane changes, the force with which the voltage sensors are pushed or pulled changes and causes them to move relative to the rest of the protein. This movement exerts forces within the protein that cause other movements. The most important of these other movements in ion channels involve the opening and closing of the channel pore, through which ions can flow across the membrane. Channel opening and closing is called gating, and the parts of the protein involved in this process are called gates.

1.1 Mathematics for a 2-State Channel Model

We will start by modeling our channel as having only two states (open and closed). A useful chemical analogy is that of a reversible first-order reaction in which A converts to B with rate constant k1 and B converts back to A with rate constant k2. As represented by:
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Where the differential rate equations are:
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and, at equilibrium 
[image: image4.wmf], where Keq is the equilibrium constant.

We will build a model of the voltage-gated sodium (Na) channel taking small time steps and calculating how the system has changed after each step. The model will include two states and two rate constants: 

· When the channel is in the closed state (corresponding to A above) the membrane spanning pore of the channel is in a conformation that does not allow sodium (or other species) to flow across the membrane

· When the channel is in the open state (corresponding to B above) the membrane spanning pore of the channel is in a conformation that allows sodium to flow across the membrane, down its electro-chemical gradient

· The opening rate constant (corresponding to k1 above) determines what fraction of the closed channels will open during a time-step

· The closing rate constant, (corresponding to k2 above) determines what fraction of the open channels will close during a time-step

While this model will be based on the differential rate equations above, using Vensim it will be created by drawing the diagram below and then adding some values and some very simple formulas to the parts of the diagram.
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2 Modeling with VenSim Personal Learning Edition

VenSim Personal Learning Edition (PLE) software is an icon-based systems dynamics modeling package that is available for free (http://www.vensim.com/venple.html).  The construction of models in VenSim PLE is similar to that of programs such as STELLA and Berkeley-Madonna.  The great advantage of VenSim PLE is the free version available for educational and personal (non-commercial) use. 

If you open VenSim PLE you will either see a blank screen or the program will open the last model that was used.  From the “File” pull down menu at the top of the page, select “New Model”.  A “Model Settings” window will open.  Lets go ahead and change a couple of the default values. Change the “TIME STEP” to 0.0625 using the drop-down list, and change the “Units for Time” to Second.

At the top of the page you will see two horizontal toolbars.  The uppermost toolbar contains some familiar icons for opening a new model page, opening an existing model file, saving, printing, etc., and also contains icons used to run a model.  The second toolbar contains the icons used to construct a model.  The main ones we will be using include:
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3 Building the Model, Part 1: Simple Two State Model

1. You need to create two box variables named “Closed Channels”, and “Open Channels” in the work area. To do this you will: 

a. Click on the Box Variable [image: image8.wmf] icon in the toolbar.

b. Click and release in the model window where you want to place the first box variable.

c. Type “Closed Channels” and hit enter. If you misspelled the name, don’t worry, you can fix it later.

d. Repeat these steps for the “Open Channels” box variable.

2. Add the rate for “Channel Opening”:

a. Choose the Rate [image: image9.wmf] icon. 

b. Click and release inside the “Closed Channels” box, then click and release inside the “Open Channels” box.  

c. Type the name “Channel Opening” for the rate and hit enter. 

3. Add the rate for “Channel Closing”:

a. With the Rate [image: image10.wmf] icon still active. 

b. Click and release inside the box variables in the reverse order that you did it for the previous rate. 

c. First, click and release inside the “Open Channels” box and then, click and release inside the “Closed Channels” box. 

d. Type the name “Channel Closing” for the rate and hit enter. 

4. Add the rate constants near the two rates on the model:

a. Choose the Variable – Auxiliary/Constant [image: image11.wmf] icon.

b. Click and release somewhere above the “Channel Opening” rate.

c. Type in the name “Opening Rate Constant” and hit enter.

d. Repeat these steps beneath the “Channel Closing” rate, typing the name “Closing Rate Constant” and hit enter.

5. Now you need to let Vensim know what values the two rates depend on:

a. Choose the Arrow [image: image12.wmf] icon.

b. Click and release on the “Opening Rate Constant” variable, then click and release on the “Channel Opening” rate. Since the variable is above the rate, the best place to aim for is the figure along the rate arrow that looks like one triangle balanced on top of another at its tip.

c. For our next arrow, we will give it a nice aesthetically pleasing curvature. We can do this by making an extra click and release between the starting point and the target at a location we want the curve to pass through.

d. Start with a click and release inside the “Closed Channels” box. Make a second click and release somewhere above the edge of the “Closed Channels” box, where the rate arrow leaves the box. Then, finally, click and release on the “Channel Closing” rate, on the two triangles touching at their point.

e. Repeat these steps for the two parameters that determine the “Channel Closing” rate: the “Closing Rate Constant” and the “Open Channels”. The only difference is that, this time, since the arrows will be approaching from below the rate, your final click and release for each arrow should be on the words “Channel Closing”. 

6. [image: image31..pict]At this point your model should look very much like the diagram we showed earlier (and again to the right). If it isn’t quite right, we can fix it, but first lets save the model by selecting FILE>SAVE from the menu. Give the file a name like “2StateChannel.mdl”. To be safe you should type the “.mdl” part, unless the computer fills it in for you. If you aren’t in the habit yet, it would be a good idea to try to establish the habit of saving after each step in the tutorial. To make this quick and easy you can simply hit the Save [image: image13.wmf] icon, or “Ctrl-S” (hold down the “control” key while typing “s”, on a Mac you use the “command” key with the “s” key). 

7. If you need to make some adjustments to the layout of the model, you can use the Select [image: image14.wmf] tool. After activating the select tool, you can click and drag (wow that’s new) objects to new positions. You can also click and drag the object handles (the small circles that show up when the Select tool is active) to resize objects.

8. If you misspelled the names of any of your model objects, you can edit the name of each object as you assign numerical expressions to them using the Equations [image: image15.wmf] tool in the next step. The dialog box that opens when you click on an object with the Equations tool active allows you to specify many properties of the object, including its name, which is located in the top most text entry field of the dialog box.
[image: image16.wmf]
9. You are now ready to add numerical expressions into the model so that it will run.  To do this, click on the Equations [image: image17.wmf] icon. Vensim highlights all of the objects in the model, in black, that need to have numerical values or formulas added in order for the model to run. The highlighting can also mean that there is a problem with the value, formula or connectivity of the object, such that the model cannot be run.

For the box variables, initial values are needed:

a. Click on “Closed Channels”. In the dialog box type in “1000” for the initial value, and click “OK”. 

i. Be careful. For box variables, there are two fields which contain numerical expressions. Just below the name field at the top of the dialog box is a field with “= INTEG (“ appearing to it’s left (see the dialog box image above). This field contains the expression for how the box variable will change on each time step. Vensim will assemble this expression automatically based on the flows into and out of the box. For “Closed Channels” the expression that Vensim has created is “Channel Closing-Channel Opening”. The first term in the expression is positive (no sign) because it is an inflow to the box. The second term is negative because it is an outflow. In the model above the “Channel Opening” will cause the number of closed channels to decrease and the number of open channels to increase.  The opposite will happen with “Channel Closing”. Overall, the system is closed (there is no source of additional new channels), so the total number of channels will remain constant.

b. Click on “Open Channels”. In the dialog box type in “0” (zero) for the initial value, and click “OK”.

  
Values for variables - auxiliary/constant are needed:

c. Click on “Opening Rate Constant”. In the dialog box type “0.125” in the “=” box, and Click “OK”.

d. Click on “Closing Rate Constant” . In the dialog box type “0.325” in the “=” box, and Click “OK”.

Add the formulas for the rates:

e. Click on “Channel Opening”. In the dialog box, the text field to the right of the calculator pad contains the names of any model objects that have been linked to this rate by an arrow. Click on “Opening Rate Constant”. This places the name of that object into the expression field (just under the name field at the top of the dialog, with “=” to the left of the field, see the image below). Use the calculator pad to put in “*” (multiplication), then click on “Closed Channels” in the lower box so that it moves to the upper box. Click “OK” to close the dialog box.

[image: image18.wmf]
f. Click on “Channel Closing”. In the dialog box click on “Closing Rate Constant” in the lower box so that it moves into the upper box.  Use the calculator pad to put in “*” (multiplication), then click on “Open Channels” in the lower box so that it moves to the upper box. Click “OK” to close the dialog box.

Now we should be ready to run the model.  Please save it [image: image19.wmf] first. To run the model, click on the Simulate [image: image20.wmf] icon on the top tool bar. If a dialog appears with the message “Dataset Current already exists. Do you want to overwrite it?”, click “Yes”. The model simulation has been run, but we have not told the program how we want to view the results!  Follow the steps below to set up a graph of the model output: 
10. Click on the Control Panel [image: image21.wmf] icon on the top toolbar.

11. Click on the “Graphs” tab.  Click the “New” button.
12. Give the graph a Name (e.g. “GatingTimeCourse”, don’t use spaces), and a Title (e.g. “Number of Channels vs. Time”) near the top of the dialog box.
13. Click on “Sel” next to “X-Axis”, and choose “time”.  Click “OK”.  Type in “Time” for “X Label”.

14. The lower left side is where you select what variables to plot.

a.  Next to the first “Variable” box, click “Sel”, and then click on “Open Channels”.  Click “OK”.

b. In the second box below “Variable”, click “Sel” and choose “Closed Channels”.  Click “OK”.

15. Click on the checkbox under the word “Scale”, to the left of the two variables that were just selected for plotting. This will cause the two variables to be plotted at the same scale on the Y-axis.

[image: image22.wmf]
16. Click “OK” on the dialog box to close it.

17. Click the “Inputs/Outputs” [image: image23.png]


 button and then click inside the workspace.  When the window pops up, click the output graphs, and then select a graph.  Click “OK”, and the graph should appear on the screen.  When you run the model, the graph will obtain shape and color. 
If you used the parameters specified above, [image: image32.png]Membrane Voltage vs. Time
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your graph should look a lot like this:

[image: image24.wmf]
The model that you have created is referred to as a reversible first-order 2-state conversion in chemistry. It has wide applicability in a variety of disciplines, and is a very good model for allowing students to observe and derive the Law of Mass Action.
Adding Interactivity:

On the top toolbar next to the Simulate [image: image25.wmf] button is the SyntheSim [image: image26.wmf] button. The SyntheSim tool will make a model interactive by changing all constant-valued auxiliary variables into slider bars.  In addition, small graphs will appear inside the box variables and rates.  Any changes made to the slider bar values will instantly appear as changes in these small graphs, and as well as graphs that have been permanently place in the model window as described above. 
Click on the SyntheSim [image: image27.wmf] button.  A slider bar appears below each of the rate constants, and you will see small graphs appear in both of the channel box variables, and in the forward and reverse rate areas of the model. 
You can move the slider bar and observe what happens to the small graphs.  You can also set slider bar limits and increments by clicking one of the arrows at either end of the bar.  Clicking on the Stop [image: image28.wmf] button will exit the SyntheSim mode and return the model to the original state. 

4  Building the Model, Part 2: Adding Voltage Dependence

The model, as presented so far, doesn’t take into account any of the electrical-, or voltage-related properties of the channel. However, these are the most important features of ion channel proteins. Since sodium is ionized in aqueous solution, it carries a charge (Na+), and it’s movement carries current. This means that as Na channels open, the current that passes through them influences the membrane voltage. The reason that NaV channels play such a central role in nerve and muscle physiology is that the effect of the Na current is to depolarize the resting membrane voltage (i.e. the interior of the cell becomes less negative relative to the outside), and the magnitude and direction of this effect causes the opening of additional Na channels in nearby regions of the plasma membrane. The result of this positive feedback is that Na channels amplify signals from a molecular scale (individual channel gating) to the cellular scale (depolarization of the membrane potential, across much or all of the plasma membrane). This amplification can only be achieved by releasing some of the stored potential that the cell has accumulated by using energy to pump ions across the membrane. 

In the next portion of this tutorial, we will elaborate our model to include the current and voltage effects of Na channel gating.

Add the following objects to the model:

[image: image33..pict]
Your mode should look something like this:

[image: image29.wmf]
Run the model again in SyntheSim mode and see that differences there are between this new model and the first model we ran.

Building the Model, Part 3: Adding TTX and Blocked Channels
Now it is time to add TTX to the model and see how it affects sodium conductance.

Add the following objects to the model:

[image: image34..pict]
Your final product should look something like the picture below.  Try running the model in SynthSim mode, and see how “TTX Concentration” and “Dissociation Rate” influence the behavior in the graphs.
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