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Physics of cell membranes
All the cells in the body must be supplied with essential substances like nutrients, water, electrolytes, etc. Cells also must get rid of many unwanted substances like waste materials, carbon dioxide, etc. The cells achieve these by means of transport mechanisms across the cell membrane.
In the fluid-mosaic model the core of the cell membrane is the lipid bilayer of amphipathic phospholipids which spontaneously arrange so that the hydrophobic "tail" regions are shielded from the surrounding polar fluid, causing the more hydrophilic "head" regions to associate with the intracellular and extracellular faces of the bilayer. The cell membrane contains many membrane proteins.

Most importantly, the  fluid-mosaic model presents cellular membranes as dynamic  structures in which the components are mobile and capable of  coming together to engage in various types of transient or  semipermanent interactions.
Two types of basic mechanisms are involved in the transport of substances across the cell membrane: passive transport mechanism and active transport mechanism.

Passive transport
Passive transport is the transport of substances along the concentration gradient or electrical gradient or both (electrochemical gradient). It is also known as diffusion. Here, the substances move from region of higher concentration to the region of lower concentration. It does not need energy.
Lipid layer of the cell membrane is permeable only to lipid-soluble substances like oxygen, carbon dioxide. The diffusion through the lipid layer is directly proportional to the solubility of the substances in lipids.

Throughout the central lipid layer of the cell membrane, there are some pores. Integral protein molecules of protein layer invaginate into these pores from either surface of the cell membrane. Thus, the pores present in the central lipid layer are entirely lined up by the integral protein molecules. 
These pores form the channels for the diffusion of water, electrolytes and other substances, which cannot pass through the lipid layer. As the channels are lined by protein molecules, these are called protein channels for water-soluble substances.

Characteristic feature of the protein channels is the selective permeability. That is, each channel can permit only one type of ion to pass through it. Accordingly, the channels are named after the ions which diffuse through these channels such as sodium channels, potassium channels, etc.

Some of the protein channels are continuously opened and most of the channels are always closed. Continuously opened channels are called ungated channels. Closed channels are called gated channels. These channels are opened only when required.

Gated channels are divided into three categories:

· Voltage-gated channels which open whenever there is a change in the electrical potential.
· Ligand-gated channels which open in the presence of some hormonal substances. The hormonal substances are called ligands and the channels are called ligand-gated channels. 
· Mechanically gated channels which are opened by some mechanical factors. 
Fick’s law 

Diffusion is a net transport of molecules from a region of higher concentration to one of lower concentration by random molecular motion. 

Molecular diffusion is typically described mathematically using Fick's law.

Fick's law relates the diffusive flux to the concentration field, by postulating that the flux goes from regions of high concentration to regions of low concentration, with a magnitude that is proportional to the concentration gradient, this is

J = DgradC,
 J is the diffusion flux density in dimensions of (mol m−2 s-1), D is the diffusion coefficient or diffusivity in dimensions of (m2 s−1), C is the concentration in dimensions of (mol m−3).
In dilute aqueous solutions the diffusion coefficients of most ions are similar and have values that at room temperature are in the range of  0.6x10-9  to  2x10-9 m2/s. For biological molecules the diffusion coefficients normally range from  10-11  to 10-10 m2/s.

In cell biology, diffusion is a main form of transport for necessary materials. 
In membrane systems the function C(x) could become rather complicated.

[image: image48.emf]The simplest case is shown by the solid line where phase I contains a solution with concentration Cl and correspondingly, C11 is the concentration in phase II. 
Let the concentration gradient (dC/dx) inside the membrane be constant and equal ΔC/Δx, where ΔC = C11 - C1. In this case Fick's law becomes:

J = P (C1 - C11).
In this expression,  the coefficient P represents permeability (m s-1):
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In this formula,  l – the membrane thickness (m), K – the concentration distribution coefficient (dimentionless).
A membrane’s permeability is not the same for all substances, so permeability of the membrane is generally described in reference to a particular molecule. 
The permeability of a membrane to a substance  X  is given the symbol  PX  and is often referred to as the “permeability of  X.” For example,  PNa+  would be the “permeability of sodium cation” (or alternatively, the “sodium permeability”). 
Strictly speaking, a substance that crosses a membrane is permeant, whereas the membrane itself is permeable (able to be permeated).
Among the factors influencing the permeability of cell membranes and rate of diffusion of substances through the cell membrane are the following:

1. The lipid solubility of the diffusing substance. 

Molecules vary in the degree to which they can dissolve in lipids. Hydrophobic (nonpolar) substances are the most lipid soluble, whereas hydrophilic (polar or ionized) substances are the least lipid soluble. 
Other things being equal, the more lipid soluble a substance is, the greater a membrane’s permeability to that substance. 

2. The size and shape of diffusing molecules. 

Molecules vary considerably in their sizes and shapes. Generally speaking, larger molecules and those with more irregular shapes move through the bilayer more slowly, making the membrane permeability lower.

Rate of diffusion is inversely proportional to the size of the molecules. Thus, the substances with smaller molecules diffuse rapidly than the substances with larger molecules.

3. Size of the ions and charge of the ions.

Rate of diffusion is inversely proportional to the charge of the ions. Greater the charge of the ions, lesser is the rate of diffusion. 
Rate of diffusion is inversely proportional to the size of the ions. However, it is not applicable always. For instance, sodium ions are smaller in size than potassium ions. Still, sodium ions cannot pass through the membrane as easily as potassium ions because sodium ions have got the tendency to gather water molecules around them. This makes it difficult for sodium ions to diffuse through the membrane.

4. Temperature. 
Molecules move faster at higher temperatures, which increases their permeability. 

Rate of diffusion is directly proportional to the body temperature. Increase in temperature increases the rate of diffusion. 
5. Membrane thickness. 
Theoretically, a thicker membrane would have a lower permeability because molecules must travel farther to penetrate it. Although cell membranes have similar thickness, tissue thickness varies considerably. 
Tissues specialized for transport, such as capillary walls or the pulmonary epithelium, tend to have relatively thin walls; this thinness increases the permeability and enhances the rate of transport through these tissues.

Of all the factors, lipid solubility has the strongest influence on permeability. Differences in lipid solubility are largely responsible for the fact that some substances can cross cell membranes readily by simple diffusion, whereas others cannot.

Because most substances in the body are hydrophilic and, therefore, do not penetrate lipid bilayers easily, the list of substances known to be transported by simple diffusion is fairly limited: fatty acids, steroid hormones, thyroid hormones, oxygen, carbon dioxide, and the fat-soluble vitamins (A, D, E, and K).

Even though our focus here has been solely on simple diffusion across membranes, a process that applies to relatively few substances, cells ultimately depend on simple diffusion for delivery or removal of all solutes, because molecules must diffuse through water to move toward and away from membrane surfaces. 
Facilitated diffusion
Polar molecules are dissolved in water but they can not diffuse freely across cell membranes due to the hydrophobic nature of the phospholipids that make up the lipid bilayers.
Facilitated or carrier-mediated diffusion is the type of diffusion by which the water-soluble substances are transported through the cell membrane. 
All polar molecules are transported across membranes by proteins that form transmembrane channels. By this process, the substances are transported across the cell membrane faster than the transport by simple diffusion.

Glucose or amino acid molecules cannot diffuse through the channels because the diameter of these molecules is larger than the diameter of the channels. Larger molecules are transported by transmembrane carrier proteins, such as permeases. 
Molecule of these substances binds with carrier protein. Now, some conformational change occurs in the carrier protein. Due to this change, the molecule reaches the other side of the cell membrane.

The rate of facilitated diffusion is determined entirely by three factors: 
· The transport rates of the individual carriers, 
· The number of carriers in the membrane, and 
· The magnitude of the concentration gradient of the transported substance. 
An increase in any of these factors translates into an increased rate of facilitated diffusion.

Individual carriers transport molecules at different rates, depending on their type. A glucose carrier, for example, typically can transport molecules at a maximum rate of 10,000 glucose molecules per second.

When the concentration on one side of the membrane increases while that on the other side is kept constant, the net flux increases rapidly at first but then levels off. This leveling off occurs if the concentration is very high and binding sites are occupied 100% of the time. Under these conditions, the carriers are transporting molecules as fast as they can; increasing the solute concentration further will have no effect on the transport rate.
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Because the rate of facilitated diffusion depends on the degree of saturation of the carrier proteins, cells can regulate the rate by modifying the number of carriers that are present in the membrane. 
Many hormones exert their actions by altering the number of carriers.

Special types of passive transport
In addition to diffusion, there are some special types of passive transport 

1. Bulk flow is the diffusion of large quantity of substances from a region of high
pressure to the region of low pressure. It is due to the pressure gradient of the substance across the cell membrane.

Best example for bulk flow is the exchange of gases across the respiratory membrane in lungs. Partial pressure of oxygen is greater in the alveolar air than in the alveolar capillary blood. So, oxygen moves from alveolar air into the blood through the respiratory membrane.

Partial pressure of carbon dioxide is more in blood than in the alveoli. So, it moves from the blood into the alveoli through the respiratory membrane.

2. Osmosis is the movement of water or any other solvent from an area of lower 
concentration to an area of higher concentration of a solute, through a semipermeable membrane. 
The semipermeable membrane permits the passage of solvents but not the solutes.

Osmosis depends upon osmotic pressure created by the solutes in a fluid. During osmosis, when water or any other solvent moves from the area of lower concentration to the area of higher concentration, the solutes in the area of higher concentration get dissolved in the solvent. This creates a pressure which is known as osmotic pressure.


Osmotic pressure can be determined by experimental measurement of the pressure required to counter it. Two  compartments in a chamber are separated by a semipermeable membrane, which is permeable to water but not to any solute. One compartment contains pure water, while the other compartment contains the test solution having an unknown osmotic pressure. 
The compartment containing the test solution is equipped with a piston that allows us to apply pressure to that side. When no pressure is applied, water flows down its concentration gradient into the compartment with the test solution. 
We can slow this flow of water by applying pressure to the test solution. If we increase the pressure to a sufficient degree, the water flow stops completely. At this point, the applied pressure is equal to the osmotic pressure of the test solution.
The osmotic pressure  π  of a dilute solution is given by Van't Hoff  equation:

π = gCRT,
where  g is the dimensionless osmotic coefficient, C is the total solute osmotically active concentration,  R  is the universal gas constant, and  T  is the absolute temperature. 

Using this equation, it can be shown that at body temperature, the osmotic pressure of a 1 osmolar solution is surprisingly large—a full 24.6 atmospheres, which is equivalent to more than 18,000 mm Hg!

Note the similarity of the above formula to the ideal gas law and also that osmotic pressure is not dependent on particle charge. 

Osmotic pressure is not only a property of true solutions, but also of colloidal solutions and to some extent also of suspensions. In this context it is referred to as colloid-osmotic pressure.
In cell biology, osmosis is a form of transport for necessary materials. When a substance crosses a membrane by osmosis, the flux is proportional to the size of the osmotic pressure gradient. This relationship can be written as follows:

J = K ( πo - πi ).

In this expression,  J  is the flux density,  πo - πi  is the difference in osmotic pressure across the membrane, and the coefficient  K  represents osmotic permeability.

Osmotic pressure is an important factor affecting cells. Osmoregulation is the homeostasis mechanism of an organism to reach balance in osmotic pressure.

Hypertonicity is the presence of a solution that causes cells to shrink. The solution may or may not have a higher osmotic pressure than the cell interior since the rate of water entry will depend upon the permeability of the cell membrane.

Hypotonicity is the presence of a solution that causes cells to swell. The solution may or may not have a lower osmotic pressure than the cell interior, since the rate of water entry will depend upon the permeability of the cell membrane.

Isotonic is the presence of a solution that produces no change in cell volume.
The osmotic pressure exerted by all substances in the blood is about 7.6 – 7.8 atmospheres. The osmotic pressure exerted by the colloidal substances (oncotic pressure) in the blood is about  30 mm Hg  and it is about  10 mm Hg  in the interstitial fluid.

3. Filtration or reverse osmosis is a process in which water or other solvent flows in
reverse direction (from the area of higher concentration to the area of lower concentration of the solute), if an external pressure is applied on the area of higher concentration.

Filtration process is seen at arterial end of the capillaries, where movement of fluid occurs along with dissolved substances from blood into the interstitial fluid due to hydrostatic pressure generated by the cardiovascular system.
Depending on the size of the membrane pores, only solutes of a certain size may pass through it. For example, the membrane pores of the Bowman's capsule in the kidneys are very small, and only albumins, the smallest of the proteins, have any chance of being filtered through. On the other hand, the membrane pores of liver cells are extremely large, to allow a variety of solutes to pass through and be metabolized.

Reverse osmosis is a process commonly used to purify water. The water to be purified is placed in a chamber and put under an amount of pressure greater than the osmotic pressure exerted by the water and the solutes dissolved in it. Part of the chamber opens to a differentially permeable membrane that lets water molecules through, but not the solute particles. The osmotic pressure of ocean water is about  27 atm. Reverse osmosis desalinators use pressures around  70 atm to produce fresh water from ocean salt water.

Electrodiffusion

In chemical systems other than ideal solutions or mixtures, the driving force for diffusion of each species is the gradient of electrochemical potential of this species. Then Theorell's law   can be written as:

J = - cugrad μ,
where c is the concentration (mol/m3), u is the mobility (m/(N sec)), and  μ  is the electrochemical potential (J/mol):
μ  =  μ0  +  RT lnc  +  zFφ.
In order to simplify the equation, let the system be under isobaric (grad p = 0), and isothermic (grad T = 0 ) conditions. In this case 
[image: image2.emf].
This is the Nernst-Planck equation. 
Special cases give us:

· If  φ (x) = const, then Nernst-Planck equation transforms into Fick's equation
[image: image3.emf]
· If  c(x) = const, then Nernst-Planck equation transforms into electrophoresis equation
[image: image4.emf]
The Nernst-Planck equation contains the differential quotients of the concentration c(x),  and of the electrical potential  φ(x). These differential quotients can be integrated only if the corresponding functions are known.

In 1943 D. E. Goldman integrated the Nernst-Planck equation, supposing only the so-called constant field conditions, i.e., assuming E = - grad φ (x) = const:
[image: image5.emf].     
The concentration profile results from the bulk concentrations in both phases and

from its passive distribution in the electric field.
Integrating the Nernst-Planck equation with these conditions, one gets the following expression:
[image: image50.emf][image: image6.emf].
Using radioactive isotopes it is possible to indicate that this net flux in fact results from the difference between two opposite unidirectional fluxes  J12  and  J21:

J = J12 - J21.
Considering this equation, one can write Goldman solution in the

following way:

J = J12 – J21 = Ji – Jo ,
where
[image: image7.emf],      [image: image8.emf].
The formula which relates unidirectional fluxes to concentrations and electrical potential differences is known as Ussing's equation:
[image: image9.emf]
All parameters of  this equation can be measured and the validity of the equation can therefore be checked experimentally. As preconditions for this equation only concentration gradients and electrical potential gradients are considered. 
If the relation between two measured unidirectional fluxes does not agree with the results calculated by these gradients, then additional driving forces are involved, such as in processes of active transport.
Active transport

Active transport is the movement of substances against the chemical or electrical or electrochemical gradient. It is also called uphill transport. 

Active transport requires energy, which is obtained mainly by breakdown of high energy compounds like adenosine triphosphate (ATP).

Active transport mechanism is different from facilitated diffusion by two ways:

1. Carrier protein of active transport needs energy, whereas the carrier protein of facilitated diffusion does not need energy.
2. In active transport, the substances are transported against the concentration or electrical
or electrochemical gradient. In facilitated diffusion, the substances are transported along the
concentration or electrical or electrochemical gradient.

Carrier proteins of active transport

Carrier proteins involved in active transport are of two types:

1. Uniport
Carrier protein that carries only one substance in a single direction is called uniport. It is also known as uniport pump.

2. Symport or antiport 

Symport or antiport is the carrier protein that transports two substances at a time.

· Carrier protein that transports two different substances in the same direction is called
symport or symport pump. 

· Carrier protein that transports two different substances in opposite directions is called
antiport or antiport pump.

Mechanism of active transport

When a substance to be transported across the cell membrane comes near the cell, it combines with the carrier protein of the cell membrane and forms substance-protein complex.
This complex moves towards the inner surface of the cell membrane. Now, the substance is released from the carrier proteins. 
The same carrier protein moves back to the outer surface of the cell membrane to transport another molecule of the substance.

Substances, which are transported actively, are in ionic form and non-ionic form: 

· Substances in ionic form are sodium, potassium, calcium, hydrogen, chloride and
iodide. 

· Substances in non-ionic form are glucose, amino acids and urea.

Active transport is of two types: primary active transport and secondary active transport.
Primary active transport
Primary active transport is the type of transport mechanism in which the energy is liberated directly from the breakdown of ATP. 

By this method, the substances like sodium, potassium, calcium, hydrogen and chloride are transported across the cell membrane.

Sodium and potassium ions are transported across the cell membrane by means of a common carrier protein called sodium-potassium (Na+-K+) pump. It is also called Na+-K+ ATPase pump or Na+-K+ATPase. 

This pump transports sodium from inside to outside the cell and potassium from outside to inside the cell. This pump is present in all the cells of the body. 

Na+-K+pump is responsible for the distribution of sodium and potassium ions across the cell membrane and the development of resting membrane potential.
Structure of Na+-K+ pump

Carrier protein that constitutes Na+-K+pump is made up of two protein subunit molecules, an α-subunit with a molecular weight of 100,000 and a π-subunit with a molecular weight of 55,000. Transport of Na+ and K+ occurs only by α-subunit. The π-subunit is a glycoprotein the function of which is not clear.

α-subunit of the Na+-K+ pump has got six sites:

1. Three receptor sites for sodium ions on the inner surface of the protein molecule.
2. Two receptor sites for potassium ions on the outer surface of the protein molecule.
3. One site for enzyme adenosine triphosphatase (ATPase), which is near the sites for sodium.

Mechanism of action of  Na+-K+ pump

1. The pump bind ATP, 3 Na+ ions from the cell get attached to the receptor sites of sodium
ions on the inner surface of the carrier protein.  ATP is hydrolyzed, leading to
phosphorylation of the pump at a highly conserved aspartate residue and subsequent release of ADP:
3 Na+ + Mg++- ATP + E → Mg++- ADP + (3 Na+)E~Ф.
2. A conformational change in the pump exposes the Na+ ions to the outside:
(3 Na+)E~Ф → E~Ф(3 Na+).
3. Now, dissociation and release of the ions take place so that the sodium ions are released
outside the cell (ECF).The pump binds 2 extracellular K+ ions:
E~Ф(3 Na+) + 2K+ → E~Ф(2K+) + 3 Na+.
4. This causes the dephosphorylation of the pump:
E~Ф(2K+) → E(2K+) + H3PO4.
5. The dephosphorylation of the pump reverts it to its previous conformational state,
transporting the K+ ions into the cell:
E(2K+) → (2K+)E.
6. Now, dissociation and release of the ions take place so that the potassium ions are
released inside the cell (ICF), ATP binds, and the process starts again:
3 Na+ + Mg++- ATP + E(2K+)  → 2K+ + Mg++- ADP + (3 Na+)E~Ф.
Exact mechanisms involved in the dissociation and release of ions are not yet known.

Na+-K+ pump moves 3Na+ ions outside the cell and 2K+ ions inside cell. Thus, when the pump works once, there is a net loss of  1 positively charged ion from the cell. 

Continuous activity of the sodium-potassium pumps causes reduction in the number of positively charged ions inside the cell leading to increase in the negativity inside the cell. This is called the electrogenic activity of Na+-K+ pump.

Biological   potentials
Equilibrium potentials

The concept of equilibrium potential is simply an extension of the concept of diffusion potential. 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.
The magnitude of a diffusion potential, measured in millivolts (mV), depends on the size of the concentration gradient, where the concentration gradient is the driving force. The sign of the diffusion potential depends on the charge of the diffusing ion. 

Nernst equation

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 for common ions, calculated as previously described and assuming typical concentration gradients across cell membranes, 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 Equilibrium

The Donnan state represents an equilibrium between two phases, containing not only small anions (B) and cations (C), both of which can penetrate the membrane, but also charged molecules or particles (A) for which the membrane is impermeable. 
The Donnan equilibrium, like the Nernst equilibrium, is important for calculating the distribution of ions in the living cell. In each case it must be decided which sorts of charged components are exchangeable (like B and C), and which of them are nonexchangeable (A). 

Let us now consider the situation with just a single kind of cation (K+), and a single kind of anion (Cl-) , and a singly charged component (A, with z) inside the cell.

 It requires that these ions are distributed according to the thermodynamic equilibrium. Thus,
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It means that

[image: image13.emf]
[image: image14.emf].

Simple math gives us

[image: image15.emf]  [image: image16.emf]
From these equations follows  the Donnan ratio:

[image: image17.emf].

In this case, the equations of electroneutrality of  both phases, can be written easily:

[image: image18.emf]       [image: image19.emf][image: image20.emf]  [image: image21.emf].

    [image: image22.emf].

But from the Donnan ratio
[image: image23.emf],  [image: image24.emf],

thus the equation of electroneutrality of  inside phase can be written as: 

[image: image25.emf].

Thus the equation of electroneutrality of  outside phase,  it can be expressed as:

[image: image26.emf]
For    ψ << 1  this  equation of electroneutrality simplifies to:

  [image: image27.emf]
This determine dimentionless Donnan potential ψ

[image: image28.emf]
Finally,  the Donnan potential becomes

[image: image29.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. An example of this is the distribution of ions in erythrocytes in blood stored over a long period of time.

A Donnan equilibrium can be established also as a sort of quasi-equilibrium state. In human erythrocytes, for example, the distribution of Cl- ions between the internal and external media is passive, i.e. not influenced by an active pump. The same holds for the equilibration of the pH. These processes of equilibration are very fast. The whole erythrocyte itself, however, in vivo is not in equilibrium, because sodium and potassium are pumped by Na-K-ATPase. Nevertheless, the distribution of the quickly exchangeable Cl- ions and the pH can be calculated according to the Donnan equilibrium, if Na+ and K+ are considered as quasi nonpermeable charges (A).

This state is called a "quasi" equilibrium state, because actually for a longer time interval, the concentration of potassium and sodium may shift. The equilibrium of CI- and the pH, therefore, follows the shifting Na+ and K+ concentration and can be considered as constant only for a limited time of observation.

Resting membrane potential

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

The resting membrane potential is established by diffusion potentials, which result
from the concentration differences for various ions across the cell membrane. (Recall that
these concentration differences have been established by active transport mechanisms.) 

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 of the sum of all ion fluxes:

[image: image30.emf]
A good approach for the conditions of membranes will be the flux equation, derived by Goldman for conditions of constant electric field.

[image: image31.emf].

Introducing this Goldman equation into the equation for electroneutrality of fluxes, one gets the following expressions:

[image: image32.emf] [image: image33.emf]  
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This equation can also be rearranged and solved  eψ
[image: image36.emf]
This leads to the Goldman-Hodgkin-Katz potential:

[image: image37.emf] [image: image38.emf]
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 three Na+ ions pumped out of the cell for every two K+ ions pumped into the cell ( r = 3/2 ):

[image: image39.emf] .

So,

[image: image40.emf].

This leads to the Tomas potential:

[image: image41.emf] [image: image42.emf]
Thus, the Na+-K+ ATPase is necessary to create and maintain the K+ concentration gradient, which establishes the resting membrane potential. 

Action potentials

The action potential is a phenomenon of excitable cells such as nerve and muscle and consists of a rapid depolarization followed by repolarization of the membrane potential. 

Action potentials are the basic mechanism for transmission of information in the nervous system and in all types of muscle. 

Terminology 

The following terminology will be used for discussion of the action potential, the refractory periods, and the propagation of action potentials: 

♦ Depolarization is the process of making the membrane potential less negative. As noted, the usual resting membrane potential of excitable cells is negative. Depolarization makes the interior of the cell less negative, or it may even cause the cell interior to become positive. 

♦ Hyperpolarization 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. An example of an inward current is the flow of Na+ into the cell during the upstroke of the action potential. 

♦ Outward current is the flow of positive charge out of the cell. Outward currents hyperpolarize the membrane potential. An example of an outward current is the flow of K+ out of the cell during the repolarization phase of the action potential. 

♦ Threshold potential is the membrane potential at which occurrence of the action potential is inevitable. Because the threshold potential is less negative than the resting membrane potential, an inward current is required to depolarize the membrane potential to threshold. 

At threshold potential, net inward current (e.g., inward Na+ current) becomes larger than net outward current (e.g., outward K+ current), and the resulting depolarization becomes self-sustaining, giving rise to the upstroke of the action potential. If net inward current is less than net outward current, the membrane will not be depolarized to threshold and no action potential will occur. 

♦ Overshoot is that portion of the action potential where the membrane potential is positive (cell interior positive). 

♦ Undershoot, or hyperpolarizing afterpotential, is that portion of the action potential, following repolarization, 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 

Action potentials have three basic characteristics: stereotypical size and shape, propagation, and all-or-none response. 

♦ 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 resting 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. An action potential either occurs or does not occur. If an excitable cell is depolarized to threshold in a normal manner, then the occurrence of an action potential is inevitable. 
On the other hand, if the membrane is not depolarized to threshold, no action potential
can occur. Indeed, if the stimulus is applied during the refractory period, then either no action potential occurs, or the action potential will occur but not have the stereotypical size and shape. 
Basis of the Action Potential
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Figure illustrates the events of the action potential, which occur in the following steps: 

1. Resting membrane potential. At rest, the membrane potential is approximately −70 mV (cell interior negative). The K+ conductance or permeability is high and K+ channels are almost fully open, allowing K+ ions to diffuse out of the cell down the existing concentration gradient. This diffusion creates a K+ diffusion potential, which drives the membrane potential toward the K+ equilibrium potential. The conductance to Cl− (not shown) also is high, and, at rest, Cl− also is near electrochemical equilibrium. At rest, the Na+ conductance is low, and, thus, the resting membrane potential is far from the Na+ equilibrium potential. 

2. Upstroke of the action potential. An inward current, usually the result of current spread from action potentials at neighboring sites, causes depolarization of the nerve cell membrane to threshold, which occurs at approximately −60 mV. 
This initial depolarization causes rapid opening of the activation gates of the Na+ channel, and the Na+ conductance promptly increases and becomes even higher than the K+ conductance. 
The increase in Na+ conductance results in an inward Na+ current; the membrane
potential is further depolarized toward, but does not quite reach, the Na+ equilibrium potential
of +65 mV. 

Tetrodotoxin (a toxin from the Japanese puffer fish) and the local anesthetic
lidocaine block these voltage-sensitive Na+ channels and prevent the occurrence of nerve action potentials. 

3. Repolarization of the action potential. The upstroke is terminated, and the membrane potential repolarizes to the resting level as a result of two events.

1. The inactivation gates on the Na+ channels respond to depolarization by closing, but
their response is slower than the opening of the activation gates. Thus, after a delay, the inactivation gates close the Na+ channels, terminating the upstroke. 

2. Depolarization opens K+ channels and increases K+ conductance to a value even higher
than occurs at rest. The combined effect of closing of the Na+ channels and greater opening of the K+ channels makes the K+ conductance much higher than the Na+ conductance. Thus,
an outward K+ current results, and the membrane is repolarized. 

Tetraethylammonium (TEA) blocks these voltage-gated K+ channels, the outward K+ current, and repolarization. 

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). 

Eventually, the K+ conductance returns to the resting level, and the membrane potential depolarizes slightly, back to the resting membrane potential. The membrane is now ready, if stimulated, to generate another action potential.

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. 

At rest, the entire nerve axon is at the resting membrane potential, with the cell interior negative. Action potentials are initiated in the initial segment of the axon, nearest the nerve cell body. They propagate down the axon by spread of local currents. 
The initial segment of the nerve axon is depolarized to threshold and fires an action potential (the active region). As the result of an inward Na+ current, 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. 

At the active site, positive charges inside the cell flow toward negative charges at the adjacent inactive site. This current flow causes the adjacent region to depolarize to threshold.
 The adjacent region of the nerve axon, having been depolarized to threshold, 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, and where length constant  λ  and time constant  τ are the characteristic length and time scales on which those voltages decay in response to a stimulus.

The time constant τ (10-3 -10-4 c) is the time it takes following the injection of current for the potential to change to 63% of its final value. The time constant 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) is the distance from the site of current injection where the potential has fallen by 63% of its original value. The length constant indicates how far a depolarizing current will spread along a nerve. It can be expressed as:
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where  ρi  is axoplasm resistivity, a  is axon inner radius, b is membrane or myelin thickness.
The length constant  λ  will be greatest (i.e., current will travel the farthest) when the radius of the nerve is large, when membrane resistance is high, and when internal resistance is low. In other words, current flows along the path of least resistance. 

There are two mechanisms that increase conduction velocity along a nerve: increasing the radius of the nerve fiber and myelinating the nerve fiber. 

Increasing nerve fiber size is certainly an important mechanism for increasing conduction velocity in the nervous system, but anatomic constraints limit nerve fiber size. Therefore, a second mechanism, myelination, is invoked to increase conduction velocity. 

Myelin is a lipid insulator of nerve axons that increases membrane resistance and decreases membrane capacitance. 
If the entire nerve were coated with the lipid myelin sheath, however, no action potentials could occur because there would be no low resistance breaks in the membrane across which depolarizing current could flow. Therefore, it is important to note that 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. Thus, conduction of action potentials is faster in myelinated nerves than in unmyelinated nerves because action potentials “jump” long distances from one node to the next, a process called saltatory conduction. [image: image46.bmp][image: image47.emf]
