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Exam 1: PEP 528: Neuromuscular Physiology

Provide concise answers to the following questions.  It is highly recommended that you use diagrams to support your answers where appropriate.
1. How do cell membranes of excitable tissues develop and maintain a membrane potential, as well as develop and propagate an action potential. (15 points)
Membrane potentials are developed because of the presence of specialized Na+ and K+ transport proteins within a cell membrane, in addition to a Na+/K+ active transport protein.  Most excitable membranes are inherently leaky to K+, which is seen from the membrane potential being close to the K+ Nernst potential (-94 m V) for most excitable membranes.  To sustain a given membrane potential, the distribution of Na+ and K+ is regulated/controlled by the Na+/K+ pump, and allowed to be sustained based on the regulated closure and opening of the Na+ and K+ channels.

During an action potential, and depending on the excitable membrane at question, a stimulus is received that causes the opening of slow gated Na+ channels, allowing a small increase to Na+ conductance across the membrane.  This raises the membrane potential (less negative) towards the membrane specific threshold potential.  When this threshold potential is exceeded, voltage-gated Na+ channels along the membrane open allowing a rapid and high conductance of Na+ from the extracellular to intracellular space.  This response causes an increase in the membrane potential, and so much so that the potential reverses to be positive as the membrane potential now changes closer to the Nernst potential for Na+.  This reversal of membrane potential is referred to as depolarization.
The depolarization is short lived, as the threshold potential also causes the opening of voltage gated K+ channels.  However, as the response of these channels is slower than for the voltage gated sodium channels, there is a slight delay in the intra- to extracellular movement of K+.  This response retards the further increase in membrane potential, causing the decline in membrane potential, closure of the Na+ channels, and the return of the membrane potential towards the resting membrane potential (specific to the type of membrane/tissue); termed repolarization.  Usually, there is an excess decline in resting membrane potential (hyperpolarization), which is corrected by the Na+/K+ pump.
The combination of depolarization, repolarization, and hyperpolarization is referred to as an action potential.  For most nerves and skeletal muscle, the action potential lasts for approximately 3 ms.  For myocardium, the action potential may last in excess of 200 ms.
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8. Explain the ATP cost of skeletal muscle contraction, and how this can differ in smooth muscle.
2.   (15 points)
Skeletal muscle contraction occurs after Ca++ is released from the sarcoplasmic reticulum.  The Ca++ binds to troponin, which causes a conformational change in the troponin, tropomyosin, and actin interaction, thereby exposing the actin-myosin binding site.  At this phase of contraction cycling, the myosin S1 units are vertically aligned, and attached to ADP + Pi.  As such, resting or relaxed muscle has already undergone ATP hydrolysis, which forces the myosin S1 units to be in a vertical or strained position.  The free energy release from ATP hydrolysis has therefore already occurred.  The exposure of the actin-myosin binding sites then allows actin-myosin interaction, which forces the release of the ADP + PI, and results in the actual contraction phase, where the S1unit to actin interaction forces the actine filaments towards the central region of each sarcomere, of every myofibril, of every muscle fiber of all recruited motor units.
As long as cellular ATP remains stable, the interaction of ATP to the now adenylate free S1 interacting to actin caused actin-myosin separation, the hydrolysis of ATP to ADP + PI, and the movement of the S1 unit once again to the strained position.  If Ca++ is still present, this process continues, and will continue to do so until Ca++ is re-sequestered back into the sarcoplasmic reticulum.
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3. What are the implications of the size principle of motor unit recruitment to fatigue and muscle metabolism during intense exercise? (20 points)
The size principle of motor unit recruitment dictates that during increasing exercise intensity, slow twitch oxidative (SO) motor units are the first to be recruited, followed sequentially and progressively by fast twitch oxidative glycolytic (FOG) and then as exercise progresses into more intense contractions, fast twitch glycolytic (FG) recruitment.  Due to the different metabolic properties of the muscle fibers between each motor unit type, an increase in FOG and FG motor unit recruitment increases glycolytic catabolism and subsequent dependence on non-mitochondrial energy catabolism.  The inevitable result of this is an increase in lactate production, a rapid development of metabolic acidosis due to greater rates of glycolysis and non-mitochondrial ATP turnover. 
Increasing FOG and FG motor unit recruitment has both central and peripheral components that contribute to fatigue (decreased force production by skeletal muscle).  The greater central demand to recruit FOG and especially FG motor units may spill over to limiting the sustained recruitment of a large motor unit pool, causing progressive decreases in either or both of total motor unit recruitment or the frequency of specific motor unit recruitment.  Both aspects are difficult to decipher from simple surface EMG recordings.  The peripheral contributions to muscle fatigue are metabolic in origin due to the increased non-mitochondrial ATP turnover, metabolic acidosis, and perhaps even K+ efflux from muscle interfering with membrane potential stability and subsequent capabilities of muscle fibers/motor units to receive and respond appropriately to high frequency innovation.
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4. Explain the procedure of percutaineous muscle biopsy, and comment on the limitations of muscle biopsy in biochemical and histological applications. (15 points)
The muscle biopsy procedure, at least from the perspective of the Bergstrom needle, is a very crude method of sampling muscle tissue from human subjects.  A local anesthetic injection (lidocaine with epinephrine) is made into the skin and underlying connective tissue over the intended site of muscle sampling.  After a few minutes, an incision is made into the skin, extending down and through the outer fascia of the muscle.  Typically, the muscle of interest is the vastus lateralis for cycling exercise, and medial gastrocnemius for running.
The biopsy needle is then manually inserted into the incision, through the cut in the muscle fascia, and forcefully plunged into the muscle.  Suction is applied to the needle while the window near the distal end of the needle is opened.  At this point, the inner guillotine of the needle is closed (forced down) to cut the muscle sample extending into the needle opening, and the needle and sample are rapidly removed.  Pressure is applied directly over the biopsy site to minimize bleeding.
The biopsy procedure is limited based on sampling errors.  The typical size of a biopsy sample is about 250 mg, encompassing 150-200 muscle fibers.  Research on whole muscle has shown that between 4 to 8 biopsy samples are needed to acquire sufficient fiber numbers to represent the total fiber type expression of the muscle.  Unfortunately, no research has been done to assess the sample errors for biochemical properties of the muscle, such as muscle glycogen, metabolite contractions, or enzyme activities.  However, based on the known differences in metabolic capacities of muscle fibers between the different motor units, one would hypothesize that similar sapling errors to what has been shown from histology would occur for insufficient biopsy sampling.
The large number of biopsies needed to more accurately reflect metabolic capacities of the entire muscle raises concerns over the ethics of this procedure in human subjects research.
1. 
5. What features/functions of the central and peripheral nervous system could contribute to the muscle fatigue of short term intense exercise, and why? (20 points)
There is a growing body of research evidence to support a greater role than previously acknowledged for the CNS and peripheral nervous system in the fatigue experienced during almost all forms of exercise.  The point here is that central causes of fatigue are not viewed to be more important, or that peripheral contributions are being down-played.  Rather, the prior bias in exercise physiology and basic sciences physiology for the near total explanation of fatigue based on muscle electrochemical or metabolic conditions is now viewed to be in error.  While metabolic and other muscle-based contributions to fatigue remain operative, these are now needed to be viewed in the context of a broader and more diverse input scheme, with greater CNS and peripheral NS components.
For example, it is logical that cognitive processes are involved in the decision to end exercise, and this fact has been well expressed by Ben Levine.  However, fatigue occurs well before the decision to end exercise, and also occurs during cognitive efforts to sustain or increase exercise intensity.  As we have discussed in class, this is best seen in data from the Wingate test, where fatigue occurs near instantaneously, based on the definition of fatigue being a decrease in muscle force production.  Clearly, there are factors at the sub-conscious level that also constrain exercise capacities and performance.
It is logical to conclude that during intense exercise, there are direct connections within the brain that transfer information of the central processing effort of large motor unit recruitment tasks to perceive effort.   There is also evidence of diverse afferent feedback from joints, muscles, and large arteries for conditions coinciding with more intense muscle contraction.  In the last 10 years, research of thermoregulation and exercise performance has also reinforced the role of hyperthermia in CNS processing of exercise performance and fatigue.  Of course, the difficulty in all of this is that we cannot decipher precise roles of a functioning CNS in human subjects’ research based on our current methodologies.  We can also not ask a rat how he or she feels about exercise, or to volitionally run or jump to ascertain interventions conducive to studying fatigue mechanisms.  Perhaps this explains some of the past bias in peripheral metabolic biases in understanding fatigue.  We can take muscles out of animals and prepare them in-vitro to study decreases in force as we change conditions such as temperature, pH, substrate provision, electrolyte imbalances, etc.  However, we do not know enough about CNS function to mimic suitable in-vivo or in-vitro methods to identify important components to the fatigue process.
6. What are some of the proteins of muscle that change in response to an exercise training stimulus, and how do these changes improve muscle contractile function? (15 points)
There are a diverse number of muscle proteins that respond to exercise stress acutely, as well as chronically with exercise training.  We have looked at the tremendous plasticity of myosin ATPase and the myosin heavy chain.  Other proteins also respond within the contractile protein apparatus, such that all contractile proteins must be increased to support hypertrophy.  In addition, proteins of the Ca++ regulation of muscle contraction, such as Ca++ transport proteins, and metabolite transporters such as the monocarboxylate transporter proteins, GLUT4 proteins, etc, also increase in density.
How these proteins change muscle contraction, is exercise intensity and adaptation specific.  Juel has argued for the importance of the monocarboxylate transporter to transport lactate and protons from contracting muscle to allow continued lactate production and glycolytic flux.  The proton efflux s also important for cellular pH balance and regulation, and accounts for the transfer of cellular to system acidosis and the operation of the bicarbonate-ventilation buffer system.

The muscle protein dependence on hypertrophy and increased muscular strength are obvious.
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