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Equilibrium potentials

If there is a concentration difference for an ion across a membrane and the membrane is permeable to that ion, a potential difference (the diffusion potential) is created. Eventually, net diffusion of the ion slows and then stops because of that potential difference. 

The equilibrium potential is the diffusion potential that exactly balances or opposes the tendency for diffusion down the concentration difference. 

At electrochemical equilibrium, the chemical and electrical driving forces acting on an ion are equal and opposite, and no further net diffusion occurs. 
The Nernst equation is used to calculate the equilibrium potential for an ion at a given concentration difference across a membrane, assuming that the membrane is permeable to that ion. By definition, the equilibrium potential is calculated for one ion at a time. Thus, for example, equilibrium potential for K+
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where z - charge on the ion (+1 for K+; +2 for Ca2+; −1 for Cl−); [K+]i - intracellular concentration of K+ (mmol/L); [K+]o - extracellular concentration of K+ (mmol/L); R is the gas constant, T is the absolute temperature, F is Faraday’s constant; ln is natural logarithm.

By convention, membrane potential is expressed as intracellular potential relative to extracellular potential. Hence, a transmembrane potential difference of  −70 mV means 70 mV, cell interior negative. 

Typical values for equilibrium potential, calculated as described are as follows: 

ENa+ = +65 mV,   ECa2+ = +120 mV,   EK+ = −85 mV,   ECl− = −90 mV.

It is useful to keep these values in mind when considering the concepts of resting membrane potential and action potentials. 

The Donnan state represents an equilibrium between two phases, containing not only small anions and cations, both of which can penetrate the membrane, but also charged molecules or particles (A) for which the membrane is impermeable. 
Let us now consider the situation with just a single kind of cation (K+), and a single kind of anion (Cl-) , and a single charged component (A, with z) inside the cell.

 It requires that these ions are distributed according to the electroneutrality  and thermodynamic equilibrium. Thus,
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Simple math gives us the Donnan ratio:
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Finally,  the Donnan potential becomes

[image: image6.emf]
If the cell membrane is opened for ions by an ionophore, by a toxin, or by any other influence, then only organic molecules, like proteins, are in the class of nonexchangeable charged components (A). A living cell will also shift slowly toward a Donnan equilibrium, if, as a result of low temperature or a chemical blocker, the ATP-driven ion pumps are inhibited. 

Resting membrane potential

The resting membrane potential is the potential difference that exists across the membrane of excitable cells such as nerve in the period between action potentials (at rest). 

The resting membrane potential is established by diffusion potentials, which result
from the concentration differences for various ions across the cell membrane. 

Each permeant ion attempts to drive the membrane potential toward its own equilibrium potential. Ions with the highest permeabilities or conductances at rest will make the greatest contributions to the resting membrane potential, and those with the lowest permeabilities will make little or no contribution. 

The resting membrane potential of excitable cells falls in the range of −70 to −80 mV. These values can best be explained by the concept of relative permeabilities of the cell membrane. Thus, 

· the resting membrane potential is close to the equilibrium potentials for K+ and Cl− 
because the permeability to these ions at rest is high; 

· the resting membrane potential is far from the equilibrium potentials for Na+ and
Ca2+ because the permeability to these ions at rest is low. 

Under normal conditions, it is safe to assume that only potassium (K+), sodium (Na+) and chloride (Cl-) ions play large roles for the resting potential. An equation for the diffusion potential can be derived, postulating the electroneutrality (J = 0) of the sum of all ion fluxes:
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A good approach for the conditions of membranes will be the flux equation, derived by Goldman for conditions of constant electric field.
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Introducing this Goldman equation into the equation for electroneutrality of fluxes leads to the Goldman-Hodgkin-Katz potential:
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If the permeabilities of PNa+ and PCl- are zero, the Goldman-Hodgkin-Katz potential reduces to the Nernst potential for K+.

What role, if any, does the Na+- K+ ATPase play in creating the resting membrane potential? The answer has two parts. 
The indirect contribution is in maintaining the concentration gradient for K+ across the cell membrane, which then is responsible for the K+ diffusion potential that drives the membrane potential toward the K+ equilibrium potential.

But there is a direct electrogenic contribution of the Na+-K+ ATPase, which is based on the stoichiometry of  3Na+ ions pumped out of the cell for every 2K+ ions pumped into the cell (r = 3/2 ). An equation for the diffusion potential can be derived, postulating the electroneutrality (J = 0) of the sum of all ion fluxes
  [image: image12.emf]
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.
J = 0,   this leads to the Thomas potential:
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Thus, the Na+-K+ ATPase is necessary to create and maintain the K+ concentration gradient, which establishes the resting membrane potential. 

[image: image21.emf]Action potentials

The action potential consists of a rapid depolarization followed by repolarization of the membrane potential. 

Terminology 

♦ Depolarization is the process of making the membrane potential less negative. The usual resting membrane potential of excitable cells is negative. Depolarization makes the interior of the cell less negative and may even cause it to become positive. 
♦  Repolarization is the process of making the membrane potential more negative.
♦ Inward current is the flow of positive charge into the cell. Thus, inward currents depolarize the membrane potential. 

♦ Outward current is the flow of positive charge out of the cell. 
♦ Threshold potential is the membrane potential at which occurrence of the action potential is inevitable. 

♦ Overshoot is that portion of the action potential where the potential is positive. 

♦ Undershoot, or hyperpolarizing afterpotential, is that portion of the action potential, where the membrane potential is actually more negative than it is at rest. 

♦ Refractory period is a period during which another normal action potential cannot be elicited in an excitable cell. 

Characteristics of Action Potentials

♦ Stereotypical size and shape. Each normal action potential for a given cell type looks identical, depolarizes to the same potential, and repolarizes back to the same potential. 

♦ Propagation. An action potential at one site causes depolarization at adjacent sites, bringing those adjacent sites to threshold. Propagation of action potentials from one site to the next is nondecremental. 

♦ All-or-none response. If an excitable cell is depolarized to threshold in a normal manner, then the occurrence of an action potential is inevitable. 
Action potential occurs in the following steps: 

1. Membrane potential at rest is approximately −70 mV. 

2. Upstroke of the action potential. An inward current causes initial depolarization of the nerve cell membrane to threshold, which occurs at approximately −60 mV. 
This depolarization to threshold results in an inward Na+ current; the membrane
potential is further depolarized toward, but does not quite reach, the Na+ potential of +65 mV. 

3. Repolarization of the action potential. The upstroke is terminated, and the membrane potential repolarizes to the resting level as a result of depolarization initiated outward K+ current. 

4. Hyperpolarizing afterpotential (undershoot). For a brief period following repolarization, the K+ conductance is higher than at rest and the membrane potential is driven even closer to the K+ equilibrium potential (hyperpolarizing afterpotential). 

Ion Channels

Ion channels are integral, membrane-spanning proteins that, when open, permit the passage of certain ions. Thus, ion channels are selective and allow ions with specific characteristics to move through them. This selectivity is based on both the size of the channel and the charges lining it. 

Ion channels are controlled by gates, and, depending on the position of the gates, the channels may be open or closed: 

· When a channel is open, the ions for which it is selective can flow through it by passive diffusion, down the existing electrochemical gradient. 
· When the channel is closed, the ions cannot flow through it. 

The gates on ion channels are controlled by three types of sensors:

· sensors that respond to changes in membrane potential (i.e., voltagegated channels); 

· sensors that responds to changes in signaling molecules (i.e., second-messengergated channels); 

· sensors that responds to changes in ligands such as hormones or neurotransmitters (i.e., ligand-gated channels). 

♦ Voltage-gated channels have gates that are controlled by changes in membrane potential. For example, 

· the activation gate on the nerve Na+ channel is opened by depolarization of the nerve cell membrane; opening of this channel is responsible for the upstroke of the action potential. 

· another gate on the Na+ channel, an inactivation gate, is closed by depolarization. 

Because the activation gate responds more rapidly to depolarization than the inactivation gate, the Na+ channel first opens and then closes. This difference in response times of the two gates accounts for the shape and time course of the action potential. 

The basic assumption of model of the Na+ channel  is that in order for Na+ to move through the channel, both gates on the channel must be open. 
1. At rest, the activation gate is closed. Although the inactivation gate is open, Na+ cannot move through the channel. 

2. During the upstroke of the action potential, depolarization to threshold causes the activation gate to open quickly. The inactivation gate is still open because it responds to depolarization more slowly. Thus, both gates are open briefly, causing the upstroke. 

3. At the peak of the action potential, the slow inactivation gate finally responds and closes. Repolarization begins. When the membrane potential has repolarized back to its resting level, the activation gate and the inactivation gate will be in their original positions. 

During the refractory periods, excitable cells are incapable of producing normal action potentials. The refractory period includes an absolute and  relative refractory periods. 

1.The absolute refractory period overlaps with almost the entire duration of the action potential. During this period, no matter how great the stimulus, another action potential cannot be elicited. 
2.The relative refractory period begins at the end of the absolute refractory period. During this period, an action potential can be elicited, but only if a greater than usual depolarizing current is applied. 
When a nerve is depolarized slowly or is held at a depolarized level, the Na+ channels close and remain closed and the threshold potential may pass without an action potential having been fired. This process is called accommodation. 

Propagation of action potentials

Propagation of action potentials down a nerve or muscle fiber occurs by the spread of local currents from active regions to adjacent inactive regions. 

The initial segment of the nerve axon is depolarized to threshold and fires an action potential (the active region). As the result at the peak of the action potential, the polarity of the membrane potential is reversed and the cell interior becomes positive. The adjacent region of the axon remains inactive, with its cell interior negative. 

The current flow causes the adjacent region to depolarize to threshold.  The adjacent region now fires an action potential. The polarity of its membrane potential is reversed, and the cell interior becomes positive. 

At this time, the original active region has been repolarized back to the resting
membrane potential and restored to its inside-negative polarity. The process continues,
transmitting the action potential sequentially down the axon. 

Conduction velocity
The speed at which action potentials are conducted along a nerve or muscle fiber is
the conduction velocity. It determines the speed at which information can be transmitted in the nervous system. 
The flow of currents within an axon can be described quantitively by cable theory.
In simple cable theory, the neuron is treated as an electrically passive, perfectly cylindrical transmission cable, which can be described by a partial differential equation
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,
where  V(x, t)  is the voltage across the membrane at a time  t  and a position  x  along the length of the neuron.

The time constant τ (10-3 -10-4 c) indicates how quickly a cell membrane depolarizes in response to an inward current. It can be expressed as:
τ = εε0ρm = rmcm,
where  ρm   is membrane or myelin resistivity,  ε (≈ 2) is membrane dielectric constant.
Two factors affect the time constant: membrane resistance rm and membrane capacitance  cm, the ability of the cell membrane to store charge. 

The  length constant  λ (7-8 mm) indicates how far a depolarizing current will spread along a nerve. It can be expressed as:
[image: image18.emf],

where  ρi  is axoplasm resistivity, a  is axon inner radius, b is membrane or myelin thickness.
There are two mechanisms that increase conduction velocity along a nerve: increasing the radius of the nerve fiber and myelinating the nerve fiber. 

Anatomic constraints limit nerve fiber size. Therefore, a second mechanism, myelination, is invoked to increase conduction velocity. 

If the entire nerve were coated with the lipid myelin sheath, no action potentials could occur because depolarizing current could not flow. But at intervals of  1 to  2 mm, there are breaks in the myelin sheath, at the nodes of Ranvier. 
At the nodes, membrane resistance is low, current can flow across the membrane, and action potentials can occur. Conduction of action potentials is faster in myelinated nerves because action potentials “jump” long distances from one node to the next, a process called saltatory conduction. [image: image19.bmp][image: image20.emf]
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