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Muscle Fatigue: An all to Common Problem 

Exercise is an important aspect of our health and natural well being.  However, too much exercise can cause both muscle fatigue and damage.  The causes of muscle fatigue can be due to many reasons that involve, not just muscle tissue, but the nervous system as well.  This paper plans to investigate the varying theories of muscle fatigue, from an anatomical and physiological approach.  

Before the main theories of muscle fatigue can be explored, there is some basic information concerning the normal workings of muscle that must first be explained. 

Anatomy and Histology of Muscle Tissue

There are three types of muscle within the human body: striated, smooth, and cardiac muscle.  Because striated (or skeletal) muscle is the type of muscle that is involved in voluntary movements, as in during exercise, we will focus on the workings of this type of tissue (Martini 2004).  As noted, skeletal muscle is involved in the movement of the skeleton and some organs such as the globe of the eye and the tongue (Barbara 2002).  All of these types of movement are under conscious control; hence, it’s other name voluntary muscle.  

The structure of the skeletal muscle appears on multiple levels (Martini 2004).  Each entire muscle mass is enclosed by a dense collagenous tissue called the epimysium (Martini 2004).  The muscle mass is then further divided into multiple bundles of muscle fibers (or muscle cells) called fasciculi (Martini 2004).  Each fasciculi is encapsulated by a loose collagenous sheath called the perimysium (Martini 2004).  

Numerous muscle fibers, or muscle cells, are contained within each fascicle.  In between each muscle fiber (or cell), is a delicate supporting tissue called the endomysium (Martini 2004).  All of these membranes are important in reducing friction during movement (Martini 2004).  Each muscle fiber is syncytial (multi-nucleated), striated, 10-100 μm wide, and can be up to 35 cm in length (Martini 2004).  The striations seen on this type of muscle are caused by the contractile proteins contained within each muscle fiber (Martini 2004).  This striation is also, why the skeletal muscle is sometimes called the striated muscle.    

Each muscle fiber contains a contractile unit called a myofibril (Barbara 2002).  Each of these myofibrils contains a number of bands, which is the source of the characteristic striation of this muscle (Barbara 2002).  Each band can be broken down as seen in figure one.  There is nomenclature associated with each one of these bands (Barbara 2002).  The I bands are the light bands, the A bands are the dark bands, and the Z band bisects the light bands (Barbara 2002).  The area of one z-band to another z-band is called a sarcomere (Barbara 2002).  

A sarcomere is made up of two major types of proteins present in the movement of the muscle fiber: actin (thin) and myosin (thick) (Barbara 2002).  Actin is a globular microfilament protein that is crucial during force generation by a muscle (Barbara 2002).  Myosin is a very large protein that is composed of “myosin heads”, that attach to binding sites located on the actin molecule, and the myosin tails that intertwine toward the end of the protein (Barbara 2002).  In order to regulate the binding of the myosin heads bind to the actin binding sites, there is a regulatory protein called the troponin complex (Alberts 2002).  The troponin complex acts as a cap to cover the actin binding sites.  During the appropriate conditions, this complex moves, exposing the myosin head binding site on the actin molecule (Alberts 2002).  These are the main proteins involved in the contraction of one muscle fiber and ultimately the contraction of the muscle being moved (Alberts 2002).  There are other types of proteins present that are also very important in the structural integrity of these fibers, however the focus will be on the actin and myosin interaction that will produce a contraction (Alberts 2002).  The structure and function of these proteins can be seen in table 1.  

	Protein
	Function

	Titin
	Helps to center the myosin filament in the sarcomere.

	Dystrophin
	This protein helps to anchor the sarcomere to the plasma membrane.

	Filamin
	This protein links the actin filaments into gel.

	Myosin heavy chain
	Portion of myosin chain that slides the actin filament.

	Spectrin
	Spectrin anchors the actin filaments to the plasma membrane.

	M1/M2
	The products of the breakdown of the myosin filament. 

	M3
	The product of the breakdown of the myosin filament.

	C protein
	The product of the breakdown of the myosin filament.

	Nebulin
	This protein aids in actin assembly. 

	α-actinin
	The product of multiple actin filaments bundled together.

	Fimbrin
	Aids in bundling of actin filaments.

	Actin
	Thin filament that is crucial in force production.

	Tropomyosin
	A protein that helps to increase the strength of the actin filaments.

	Troponin (T)
	Aids in the regulation of contraction

	Myosin light chains
	Aids in the sliding of actin filaments

	Troponin (L)
	Aids in the regulation of contraction

	Troponin (C)
	Aids in the regulation of contraction


Table 1: List of other proteins found within a muscle sarcomere (Richard 2004).

ATP: The Energy Currency
One of the laws of physics is that energy can neither be created nor destroyed, just changed.  If these fibers are producing a force, the energy for that force had to have originated somewhere.  This energy comes from within the cells, specifically the mitochondria.  This energy produced is called adenosine tri-phosphate or ATP.  

ATP can be procured through two main pathways: aerobic and anaerobic (Plowman 2003).  Aerobic respiration is the process by which ATP is produced utilizing the atom oxygen.  The basic pathway starts with glucose, protein, or a free fatty acid.  If this starting material is a glucose molecule, glycosylation occurs immediately and produces two acetyl coenzyme A molecules (Rhoades, 2003).  If however, protein or fatty acids are the beginning product, it is first broken down into either its amino acids or into glycerol respectively.  These products are then transformed into acetyl-coenzyme A (Rhoades, 2003).  

Acetyl-coenzyme A then enters the mitochondria and goes through the citric acid cycle.  The citric acid cycle is a series of reactions that represent the final common pathway for the breakdown of all the fuel molecules in the cell (Rhoades, 2003).  Each reaction releases ATP, FADH2, and NADH.  Both the FADH2 and NADH molecules are electron carriers that are then used in the electron transport chain (Rhoades, 2003).  The electron transport chain is the transfer of electrons from the reduced coenzymes of the electron transport chain to the molecule oxygen (hence aerobic respiration) (Rhoades, 2003).  This process is also associated with the phosphorylation of ADP to ATP (Rhoades, 2003).

If this final oxygen is not present within the cell (as can occur during intense exercise), the whole system becomes backed up all the way to the point of glycosylation, where a shift in the products occurs (Rhoades, 2003).  Instead of producing acetyl-coenzyme A, lactate dehydrogenase is produced that, with the addition of NADH+H+, is changed into lactic acid (Rhoades, 2003).  Lactic acid is important in this investigation, because it is the main molecules in many theories today.  

The Contraction                     

So how does energy production and the anatomy of a muscle relate to one another?  As discussed earlier, actin, myosin, and the troponin complex are responsible for contraction of a myofiber.  One of the most popular theories that can explain how this contraction occurs is the sliding filament theory (Rhoades, 2003).  This theory puts forth the idea that the actin and myosin filaments slide over each other, resulting in the shortening of sarcomere length (Rhoades, 2003).  When enough of these sarcomeres contract, the production of the voluntary mechanical movement occurs (Rhoades, 2003).  

Macroscopically, a muscle contraction can be seen when flexing a bicep or lifting your leg: the muscle shortens and becomes thicker in diameter.  Microscopically, a sarcomere undergoes a comparable movement during a contraction because it shortens as well.   

When one wants to move, a nerve impulse is sent from the primary motor cortex of the brain, down the spinal chord, to the motor nerves of the peripheral nervous system (Rhoades, 2003).  All muscle fibers are innervated by these peripheral motor neurons at the motor neural end plate; the site where the terminal bouton synapses with the plasma membrane of the muscle cell (Rhoades, 2003).  As this impulse travels down the axon of the motor neuron and reaches the terminal bouton, a neurotransmitter (normally acetylcholine) is released (Rhoades, 2003).  This then binds to a ligand gated transmembrane protein, causing it to open (Rhoades, 2003).  As this opens, extracellular concentrations of potassium increase, causing the depolarization of the muscle fiber.  The depolarization spreads throughout the whole surface of the membrane and finds it way down the T-tubule, to the terminal cisternae (Rhoades, 2003).  The T-tubules and the terminal cisternae are invaginations within the sarcollema that comes in close proximity with the sarcoplasmic reticulum (Rhoades, 2003).  

As the impulse is passed down the T-tubule to the terminal cisternae, both voltage and mechanically gated transmembrane proteins stimulate the release of calcium from the sarcoplasmic reticulum (Rhoades, 2003).  This released calcium then binds to the troponin complex, initiating a conformation change that ultimately shifts the tropomyosin’s position exposing the myosin-binding site on the actin (Rhoades, 2003).  This uncovers the actin-binding site for the myosin head which subsequently attaches to this area (Rhoades, 2003).    

The release of the actin-binding site triggers the power stroke contraction (Rhoades, 2003).  The energy for this is supplied through the hydrolysis of ATP.  During the power stroke, the myosin head rotates 45 degrees bringing the Z line closer to the thick filament (Rhoades, 2003).  The ADP is then released.  The myosin head remains in the bound position until ATP binds to the myosin head or calcium is removed (Rhoades, 2003).  The myosin head will remain in this bound state until either one of these occurrences happen (Rhoades, 2003).  This is the origin of a muscle cramp during exercise.  The ATP is provided by either anaerobic, aerobic respiration, or the phosphocreatine system (Rhoades, 2003).  The phosphocreatine system is a storage system within the muscle fibers that can replenish ATP levels very quickly for a very short period (Rhoades, 2003). 

Fatigue

Now that it is known how muscle contractions are conducted and executed, it is possible to investigate the different theories concerning muscle fatigue.  There is two main types of fatigue that most people who exercise will contest to have experienced: fatigue that occurs during exercise and that which is felt the day after exercise.

Fatigue felt During Exercise  

According to Fitts, (1996) “muscle fatigue is a decrease in the peak tension and power output resulting in a reduced work capacity”.  This means that the maximum amount of force that can be generated is not achievable due to some reason.  Because there are so many different physiological happenings that are undertaken by the body during exercise, as well as the relative infancy in this topic, it is difficult to pinpoint exactly what causes the fatigue.  Therefore, this investigation will look at both the central aspects (the neural inputs found in the brain and spinal cords) and will move toward the peripheral aspects (the peripheral nerves and muscles).

The central sites of fatigue, as stated above, include the brain and spinal cord (Plowman 2003).  While the central nervous system is not generally thought about when considering muscle fatigue, it is one possible site for this problem to arise.  One of the main proposed mechanisms for fatigue in this area includes the firing of neuron inhibition of voluntary effort originating within the motor cortex (Plowman 2003).  In other words, psychological fatigue can cause a decrease in motor neuron output and muscle force generation (Plowman 2003).  

Within the central nervous system, we have motivational systems that attempt to maintain a stable internal environment, or homeostasis (Rhoades 2003).  Exercise is a process that disrupts this homeostasis by disrupting all of the body’s normal secretions and rhythms in a rather short amount of time (Rhoades 2003).  When exercising levels of epinephrine, acetylcholine, carbon dioxide and glucose concentrations, glucagons and insulin levels, and blood pH all change rapidly (Rhoades 2003).  Normal blood flow is shunted from certain organs towards the skin and working muscles (Rhoades 2003).  An increase in blood pressure, cardiac output, breathing rate and overall body temperature also occurs (Rhoades 2003).  In summary, all of the changes that occur during exercise disrupt the normal biorhythms of the human body (Rhoades 2003).

 Because of all these changes, the motivational centers of the brain try to return the body to a normal state, which is transmitted as the urge to stop the exercise training regiment and return the body to a state of normalcy.  Because of the physiological need for the body to return to homeostasis, the saying “It is 90% mental and 10% physical” has arisen. 

However, most other theories of muscle fatigue proposed today are found within the peripheral aspect, outside of the realm of the central aspect.  As stated, the peripheral system refers to fatigue at a site beyond the central nervous system.  This includes the sites within the peripheral nervous system or within the skeletal muscle itself.  Peripheral fatigue can occur at a number of places including the neural muscular junction, the T-tubules, terminal cisternae and the sarcoplasmic reticulum, and the contractile elements of the cell, including the actin and myosin filaments.  

One theory of muscle fatigue suggests a problem originating at the site of the neural-muscular junction (Plowman 2003).  During voluntary movement, a nerve impulse that originates at the motor cortex will travel down the spinal cord to the efferent motor nerve that is responsible for innervating that particular muscle of interest (Plowman 2003).  When this occurs, the impulse is transmitted, via a neurotransmitter, to the sarcollema, causing the membrane to depolarize (Plowman 2003).  The neurotransmitter that is released, most likely acetylcholine, is then degraded by an enzyme present within the synapse, called acetylcholine esterase (Plowman 2003).  If this neurotransmitter output and degradation exceeds neurotransmitter production, a net depletion of the neurotransmitter can occur.  This prevents the opening of the ligand gated transmembrane proteins and ultimately the depolarization of the sarcolemma.   


There is also evidence that blockage can occur within the T-tubule system causing contraction of the myofibrils towards the surface of the muscle fiber, but not in the center of it (Robert , 1996).  As an impulse travels down the T-tubule, the mechanical gated protein moves in response to the stimulation of the voltage gated transmembrane protein located within the T-tubule system (Robert , 1996).  After an impulse stimulates this voltage gated protein, the protein changes into its inactive form, and cannot be activated until the membrane potential returns back to normal (Robert , 1996).  This voltage-gated membrane can then be activated again when the membrane is depolarized within the -80 to -90 mV range and the protein returns to its active form (Robert , 1996).   Therefore if the sarcolemma depolarization only reaches -60 mV as the next impulse on the sarcollema spreads, the voltage-gated protein will remain inactive, ultimately causing a reduced calcium release that only causes the contraction of the outer myofibrils rather than the ones located deeper within the muscle fiber (Robert, 1996).

  There are two other major hypotheses that have been created: the depletion hypothesis and the accumulation hypothesis.  The depletion hypothesis states that fatigue is caused by the net loss of certain molecules within the muscle fiber, such as ATP, phosphocreatine, and glycogen (Plowman 2003).  This only occurs in extreme energy and lipid depletion of the body (Plowman 2003).  Because of this, the muscle fibers can no longer generate the force that the person requires.  The accumulation hypothesis suggests that during exercise, there is a build up of certain molecules that impair the ability of the muscle fiber to generate a force (Plowman 2003).  Examples of these molecules include lactate, hydrogen ions, and ammonia (Plowman 2003).  

As exercise intensity increases, muscle will tend to switch from aerobic to anaerobic respiration as described earlier in this investigation.  This switch from aerobic to anaerobic respiration causes an increase in the production of lactic acid and hydrogen ions resulting in a lowering of the pH in that tissue area.  This lower pH has the potential to change the proteins within the muscle fiber (Rhoades 2003).


This theory of an increase in lactic acid and increased fatigue, which is currently under some scrutiny, originates in a paper by Fabiato a physiologist, who showed that an increase in intracellular acidification muscle due to accumulation of lactic acid inhibited the force production by the muscle’s contractile proteins (Alberts 2002).  Proteins, such as actin and myosin, are composed of many subunits called amino acids (Alberts 2002).  The structure of these proteins is dictated by the intermolecular forces between the side chains of the amino acids that compose it (Alberts 2002).  The forces of these side chains are sensitive to the environment with which it is in contact.  Therefore, if a protein is placed in an acidic environment, there will be a conformational change within the protein shape due to a different pH (Alberts 2002).  This change in shape can change the function of the protein itself.  For example, if actin was placed in an acidic environment, instead of being a linear strand of protein, it could change shape resulting in a non-functional actin globule (Alberts 2002).  A decrease in pH can also affect the binding of certain molecules to enzymes (Robert , 1996).  For example, a decrease in pH can affect the ability of ATP to bind to the troponin complex by forcing the reaction backwards, making it much less likely that the myosin head will be able to proceed with its power stroke process (Robert , 1996).

There is, however, increasing evidence that lactic acid may not be the main culprit in causing muscle fatigue.  For example, people who do not have the enzyme

myophosphorylase can not break down glycogen or accumulate lactic acid (Allen 2004).  However, these people experience muscle fatigue more rapidly than normal (Allen 2004). In addition, the inhibitory effect of acidosis that has been shown in the past to decrease force output by contractile proteins at or below room temperature is greatly reduced at body temperature (Allen 2004).  Furthermore, it has been shown that when muscle fibers are intentionally rendered acidic, the rate of fatigue remains unchanged (Allen 2004).  

So, what is the actual function of lactic acid on muscle fibers?  A study done by Pedersen, Nielsen, Lamb, and Stephenson (2004) take these observations to another level.  They used single muscle fibers from a rat for their experimentation.  They were able to remove the surface membrane of the muscle fiber while leaving the internal network of T-tubules intact and functional (Pederson 2004). These T-tubules were then electrically stimulated generating action potentials causing the release of calcium ions (Ca2+) from the sarcoplasmic reticulum, resulting in muscle contraction (Pederson 2004). 

One important finding was when the action potentials stimulated Ca2+ release (Allen 2004).  While mild depolarization of the T-tubules caused a large reduction in the contractile force, this effect was partially reversed by acidosis (Allen 2004). Their key observation was that by bathing the muscle fiber in a solution that removed Cl- ions affectively removing the potassium as well, the loss of contractile force was essentially be eliminated (Pederson 2004).  This suggests that acidosis is beneficial in Cl- channel activity.  

Because of these observations, it can be inferred that the accumulation of extracellular K+ concentrations can result in action potentials becoming less effective at triggering the release of Ca2+ from the sarcoplasmic reticulum in working muscles (Allen 2004). Acidosis counteracts this decrease in force by decreasing the amount Cl− and indirectly K+ channels can contribute (Allen 2004).  The result is an increase in the amount of sodium ion (Na+) needed to generate an action potential that ultimately triggers Ca2+ release (Allen 2004).
Day after Muscle Fatigue
Muscle fatigue can also be felt the day after exercise as well.  However, this type of muscle fatigue is different from the types discussed above.  This (the pain and stiffness the next day that everyone dreads) is actually not caused by the buildup of lactic acid, but by very small tears within the muscles (Lowry, 2004). These tiny tears act as beacons for the body’s immune system, by initiating repair of the damaged muscle by white blood cells about 12 to 24 hours after the tears form (Lowry, 2004).  During their repair, these cells release a number of chemicals that initiate the inflammation and pain responses locally (Lowry, 2004).  This corresponds with the pain felt 24 to 36 hours later (Lowry, 2004).  The positive side about this type of system is that more muscle fibers are produced, allowing that muscle to become less susceptible to damage and more able to handle that same stress later on (Lowry, 2004).

While there are still many avenues by which muscle fatigue could be attributed to, the fact remains that muscle fatigue is a physiological condition that should be investigated further.  Muscle fatigue affects everyone on a daily basis, by either exercise or disease, and is worthy of further investigation.    
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