 SEQ CHAPTER \h \r 1Membrane Potentials (The Bean Lab)  by Dr. Dee Silverthorn, University of Texas, Austin

Before coming to lecture, you should be able to understand and define the following: 

ion

cation

anion

concentration gradient

simple diffusion

What ions are predominant in the ECF and ICF?

Introduction
This exercise is designed to help you understand the basis of resting membrane potentials, graded potentials, and action potentials in living cells.  You will use different kinds of beans to represent different ions.  A piece of paper divided into two sections represents the intracellular (ICF) and extracellular (ECF) compartments.  The two compartments are the same size.  The dividing line between the compartments represents the cell membrane, and colored rectangles of paper are used to indicate ion channels.  When the long axis of a channel is perpendicular to the membrane, the channel is open and ions can flow through it.

Electricity Review
Atoms, the smallest units of matter, are electrically neutral entities.  They are composed of positively charged protons, negatively charged electrons, and uncharged neutrons, but in balanced proportions so that an atom is neither positive nor negative.  The removal or addition of electrons to an atom creates a charged particle known as an ion.  Positive ions, or cations, that are important in the human body include Na+, K+, and H+.  For each of these positive ions, somewhere there is a matching electron, usually found as a part of a negative ion, or anion.  For example, when Na+ in the body enters in the form of NaCl, the “missing” electron from the Na+ can be found on the Cl-.

The following principles are important to remember when dealing with electricity in physiological systems.

(1)
The Law of Conversation of Electric Charge states that the net amount of electric charge produced in any process is zero.  This means that for every positive charge on an ion, there is an electron on another ion.  Overall, the human body is electrically neutral.

(2)
Opposite charges (+/-) are attracted to each other, but two charges of the same type   (+/+ or -/-) repel.  With ions, the ions species does not matter; only the net charge on the ion is important.  Thus a Cl- has one negative charge that is equal and opposite to one Na+ or one K+.

(3)
To separate positive and negative charges, it is necessary to use energy.  For example energy is needed to separate the protons and electrons of an atom.

(4)
If separated positive and negative charges can move freely toward each other, the material through which they are moving is called a conductor.  Water is a good conductor of electricity.  But if separated charges are unable to move through the material that separates them, the material is called an insulator.  The phospholipid bilayer of the cell membrane is a good insulator, as is the plastic coating on electrical wires.

In each of the following exercises, you will distribute ions (beans) between the two compartments, set the permeability of the dividing membrane, then predict the movement of the ions between the compartments base on their electrochemical gradients.  Write the answers to the questions as you work.

Exercise 1: What happens if a membrane is freely permeable to all ions?
Place 10 Na+ and 10 Cl- ions in the ECF compartment.  Place 10 K+ and 10 protein anions (A-) in the ICF compartment.  Because the compartments are the same size, equal numbers of ions (equal amounts) in the two compartments are the same as equal concentrations.

Q1
Is the ECF electrically neutral? _______ Is the ICF electrically neutral? _______

Q2
Is there an electrical gradient that would move ions from one compartment to the other? _______

Q3
Assume that the membrane is freely permeable to all four types of ions.  Is there a concentration gradient for Na+ ? _______ for K+ ? ________ for Cl- ? ________ for A- ? ________

Rearrange the ions so that any concentration gradients are abolished and the system has come to equilibrium.  In the space below, draw the system at equilibrium.

	
	


Without a selectively permeable membrane around cells, the body would be unable to create or maintain the ion gradients needed for electrical signaling.

Exercise 2: What happens when a membrane is selectively permeable, allowing only certain ions to cross?
Molecules that cannot freely diffuse through the phospholipid bilayer or the cell membrane require protein transporters.  Channel proteins have water-filled passageways that link the intracellular and extracellular compartments, allowing ions and water to move rapidly between the ECF and the ICF.  Channel proteins may restrict ions based on size and electrical charge.  For example, there are separate Na+ and K+ channels.  Some channels, called open channels, leak channels, or pores, spend most of their time in the open state, allowing ions to move back and forth across the membrane without regulation.

Gated channels spend most of their time in the closed state, with no movement through them.  The opening and closing of gated channels is controlled by messenger molecules or ligands (chemically gated channels), by the electrical state of the cell (voltage gated channels), or by a physical change such as increased temperature or a blow that stretches the membrane and pops the channel open (mechanically gated channels).

From now on, assume that the cell membrane of your model is impermeable to all ions unless a transport protein for an ion is placed on the membrane.

Rearrange the beans so that you again have 10 Na+ and 10 Cl- ions in the ECF compartment, and 10 K+ and 10 protein anions (A-) in the ICF compartment.

Q4 
Is the ECF electrically neutral? _______ Is the ICF electrically neutral? _______

Q5
Is there an electrical gradient that would move ions from one compartment to the other? _______

Q6
Can any ions cross the membrane due to their concentration gradients?  If so, which ones? _________

Now place the rectangle representing the K+ leak channel on the membrane in the open position.

Q7
Can K+ now cross the membrane? _______ In which direction will it move? _____________________

Q8
What force is moving the K+? _____________________________________

Move two K+ beans from the ICF to the ECF.

Q9
Now what is the net electrical charge on the ECF? _______

Q10
What is the net electrical charge on the ICF? _______

Q11
Like charges repel and opposite charges attract.  Why don't the A- ions of the ICF follow the K+ to the ECF, or some of the Na+ of the ECF move into the ICF?











________________________________

On the number line below, mark and label the net charge for the ECF and the net charge for the ICF.

--------|----------|----------|-----------|----------|-----------|-----------|----------|----------|----------|-----------|-------

        -5           -4           -3            -2           -1             0             1            2           3             4             5

When there is uneven distribution of ions between the intracellular and extracellular compartments, such as you just created in your model, the electrical gradient between the two compartments is known as the resting membrane potential difference (RMP), or membrane potential for short.  Although the name sounds intimidating, let's break it apart to see what it means.

(1)
The “resting” part of the name comes from the fact that this electrical gradient is seen in all living cells, even those that appear to be without electrical activity.

(2)
The “potential” part of the name comes from the fact that electrical and concentration gradients are sources of stored or potential energy.  When oppositely charged molecules move together, they release energy that can be used to do work; in the same way, molecules moving down their concentration gradient can perform work.  The work done by electrical energy includes opening voltage-gated membrane channels and sending electrical signals through nerve cells.

(3)
The “membrane .... difference” part of the name is to remind you that this number represents a difference in the electrical charge inside and outside the cell.  The word difference often gets dropped.

In your model, you created a membrane potential difference in which the ECF has a net charge of +2 and the ICF has a net charge of -2.  But in living system, we cannot accurately measure the absolute number of electrical charges on two sides of a membrane.  So instead, we measure electrical gradients on a relative scale with a device that measures the difference in electrical charge between two points.  This device artificially sets the charge on the ECF at zero millivolts (this is known as the ground) and measures charge on the ICF relative to ECF.  

Q12
Go back to the number line above.  If you shift your mark for the ECF to zero, what is the new value of the ICF charge?

In biological systems, the actual value for the resting membrane potential of living cells is usually in the range of -70 to -90 millivolts (mV), ICF is negative relative to an ECF value of zero mV.

Exercise 3: What establishes the resting membrane potential of cells?
Look at you model, which now has 2 K+ in the ECF and 8 K+ in the ICF.  The K+ moved out of the cell in response to a concentration gradient.  But K+ is an ion, so it must also obey electrical gradients.

Q13
If the net charge inside the cell is now -2, in which direction would K+ move along its electrical gradient?


_________________________

The ion is face with being moved in two directions: out of the cell according to its concentration gradient, but back into the cell according to its electrical gradient.  Which gradient will it obey?  The simple answer is that it will obey the gradient that is stronger.  But how do we know which is stronger?

There is no simple answer to this, but if we know the concentration gradient, we can use a mathematical equation known as the Nernst equation to calculate the electrical gradient that exactly opposes that particular concentration gradient.  The membrane potential that opposes a given concentration gradient of an ion is known as the equilibrium potential for that ion.  For example, if the K+ concentration of the ICF is 400mM and the K+ concentration of the ECF is 20 mM, the concentration gradient would tend to drive K+ out of the cell and into the ECF.  Using the Nernst equation, we can determine that when the ICF has a membrane potential of -75mV (relative to the ECF), the electrical forces pulling K+ back into the cell are equal in magnitude but opposite in direction to the concentration gradient pulling K+ out of the cell.  Thus, the equilibrium potential for that concentration gradient of K+ is -75mV.

Based on what you have just learned, see if you can answer the following questions.  Remember that the cell contains protein anions (A-) that cannot leave the cell and that the ECF contains anions such as Cl- that cannot enter the cell.

Q14
Suppose you add some KCL (electrically neutral) to the ECF so that the ECF concentration of K+ goes from 20mM to 23mM.  What happens to the concentration gradient driving K+ out of the cell?





____________________________________________________________________

Q15
If the amount of K+ leaving the cell changes, as it did in the previous question, does the resting membrane potential of the cell become more positive or more negative?  Is this hyperpolarization or depolarization?  Remember that the resting membrane potential of the cell refers to the potential difference in voltage across the membrane (with the outside voltage always equal to 0mV).  Does the absolute value of the resting membrane potential difference increase or decrease?











____________________________

From this model cell, you can begin to understand how changing the K+ concentration of the ECF (which includes the blood) alters the resting membrane potential of a cell.  If the body's homeostatic mechanisms for maintaining ECF K+ within a narrow range fail, the resting membrane potential of cells will change.  This can have serious consequences for excitable cells, such as nerves and heart muscle.

Now, based on what you learned about equilibrium potentials, see if you can use your model to answer the following question.  Rearrange the beans so that you have 12 Na+ and 12 Cl- ions in the ECF compartment, and 12 K+ and 12 protein anions (A-) in the ICF compartment.  Remove the K+ leak channel and replace it with a Na+ leak channel.

Q16
Will Na+ move across the membrane, and if so, in what direction? __________________________

Q17
If Na+ moves, what happens to the electrical neutrality of the model?



______________________________________________________________________________

Q18
Based on the above model, predict the sign (e.g., positive or negative) of the equilibrium potential for Na+.  (Remember, the equilibrium potential is the electrical charge inside the cell that would exactly oppose a concentration gradient.)








_____________________________________________

Exercise 4: What creates the resting membrane potential in living cells?
In the examples above, we started with systems in which the ECF contained NaCl and the ICF contained K+ and proteins.  But how did the system first get that way?  In order to create concentration gradients between the ECF and the ICF, cells must use energy.  By the process known as active transport, cells use protein carriers and energy from ATP to move substances against their concentration gradient.  We will use the carrier known as the Na+/K+ ATPase to show how cells create their concentration gradients for K+ and Na+.  The Na+/K+ ATPase, also called the sodium-potassium pump, is considered an electrogenic pump.  This means that it doesn not exchange ions in a 1:1 manner.  The usual ratio is 3 Na+ pumped in exchange for 2 K+.  Let us set up the model to show how this pump creates both concentration and electrical gradients.

On your model, remove any membrane transporters.  Place 40 Cl- in a dish at one corner of the ECF compartment and 40 A- in a dish at one corner of the ICF compartment.  Within each compartment place 20 Na+ and 20 K+.

Q19
Are the ECF and ICF electrically neutral at this point? _________

Q20
Is there a concentration gradient for K+ ? _______ for Na+ ? ________

In order to disrupt a system at equilibrium, energy must be put into the system.  This energy will come  from potential energy stored in chemical bonds and transferred to the transport protein of the Na+/K+ ATPase by ATP.  Place the paper representing the ATPase on the membrane so that the protein is pumping Na+ out of the cell and K+ into the cell.

Pick a number from 1 to 6.  Do you have a number in mind?  This number will be the number of turns of the pump you will make.  For each turn of the pump, move 3Na+ from ICF to ECF, and move 2K+ from ECF to ICF.

Q21
now count the Na+ and K+ in each compartment:
ECF Na+ _______  

ICF Na+ _______










ECF  K+ _______

ICF K+ _______

Q22 Are the ECF and ICF electrically neutral at this point? _______

Q23
If not, what is the net charge on the ECF? _______ on the ICF? _______

Q24
What is the membrane potential if the ECF is considered to have a relative charge of zero? _________

From this exercise, you can see how the Na+/K+ ATPase plays an essential role in establishing and maintaining the concentration gradients for Na+ and K+.

