Lab Set 5: Physiology of Muscle Contraction
5

I Introduction

During these experiments you will examine the mechanical aspects of the contraction of a typical skeletal muscle, the frog’s gastrocnemius muscle.  Specifically, you will use a Force transducer hooked up to the PowerLab to examine a) how the membrane properties of muscle cells and the organization of the muscle tissue are similar to and different from those of nerve, b) the contraction time, ½ relaxation time, and tension of an individual skeletal muscle contraction, c) how the duration of a muscle action potential relates to the duration of a muscle contraction and the implications this relationship has for the development of tension in an intact muscle.  

II Physiology Background
A. Twitch: For the purposes of this lab, a muscle twitch is defined as a single contraction of a muscle tissue resulting from a single stimulus or a single compound neural action potential. When a skeletal muscle is stimulated directly or by a nervous impulse, the mechanical events which follow constitute a single twitch.  Generally, nerve impulses arrive at muscle fibers in volleys and not singly. 
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B. Cellular Mechanisms of the Twitch and its control:

1. Development of tension: results from the coordinated shortening of sarcomeres along the length of a muscle fiber.  Note the orientation of actin and myosin in the figure to the right.  During a contraction, cross-bridges from the thick myosin filaments swing out and pull actin attached to z-line proteins at each end of the sarcomere toward the middle of the sarcomere (also see figs. 9-8, 9-9 in text).

2. Cross-Bridge cycling (see fig 9-8, 9-9, 9-12 in the textbook):

a) In a sarcomere of a relaxed muscle fiber the energized myosin cross-bridge (yes it is energized in the muscle’s relaxed state) is unable to bind to functional sites on actin filaments because these sites are covered by a filamentous protein known as tropomyosin.

b) During contraction, actin sites are revealed (see below for mechanism) and energized cross-bridges swing out (conformational change) from the thick myosin filament and bind these sites.
c) Binding of the cross-bridge to the actin causes a) another conformational change in the cross-bridge causing it to pull the actin toward the center of the sarcomere and b) the release of ADP and inorganic phosphate that until this step remained bound to the energized cross-bridge.
d) At this point the myosin head is strongly bound to its binding site.  Binding of ATP to the myosin head causes the head to detach from its binding site on actin (an example of allosteric modulation).

e) Upon release from actin, the myosin cross-bridge hydrolyses ATP and undergoes the resultant conformational change that energizes it for another cycle.
3. Controlling contraction:

a) An action potential (or more) arrives at the pre-synaptic terminal of the neuromuscular junction.

b) Neurotransmitter (ACh) is released via the mechanisms discussed in lecture.

c) Binding of ACh to nicotinic receptors at the end-plate causes an end-plate potential, which evokes an action potential.

d) The action potential travels deep into the muscle fiber where it activates foot proteins: the depolarization modulates the plasma membrane’s DHP receptor (voltage sensor), and by doing so alters the shape of  the sarcoplasmic reticulum’s ryanodine receptor thereby opening Ca++ channels in the sarcoplasmic reticulum (see fig 9-16 in the textbook).
e) The release of Ca++ from SR stores elevates cytosolic Ca++, Ca++ binds to a functional site on the globular protein troponin.

f) The binding of Ca++ allosterically modulates troponin and since troponin is bound to tropomyosin, this shape change moves tropomyosin, thereby uncovering actin’s binding sites for myosin heads.

g) Cross-bridge cycling can now occur.

h) Contraction is terminated when cytosolic Ca++ levels are brought down to baseline by the action of Ca++-ATPases.
C. All-or-none Nature of Muscle fiber AP vs. Graded response of whole muscle:   As with neurons, individual muscle fibers respond to threshold stimulation in an all-or-none manner.  However, we are looking at a whole muscle where each cell is differentially affected by an extracellular stimulus, depending a) the fiber’s diameter, b) the distance of the fiber from the surface of the tissue, and c) the distance and orientation of the stimulating electrodes relative to the muscle fiber.  Thus, as with the amplitude of the compound action potential of the sciatic nerve, the contraction of the gastrocnemeous muscle will vary in strength depending on how many cells within the tissue are excited to threshold; as more fibers are stimulated to reach threshold, the stronger the contraction will become.  ***voice of experience: don’t confuse your muscle recording with an action potential… you are now using a force transducer to record tension.  ***

D. Recruitment: In vivo, recruitment is defined as the activation of an increasing number of motor units in order to develop increasing amounts of tension.  Remember, a motor unit consists of a motor neuron and all of the muscle fibers that it innervates.  In lab we observe a phenomenon similar to recruitment by increasing the strength of our stimulus and causing more muscle fibers to fire, thereby increasing the tension developed by the entire muscle.
E. Length-Tension Relationship:  The length of a muscle is an important factor as students often set up the muscle at first with no stretch on it and they can't record a response.  Your TA will cover the terms of equilibrium, resting/optimal, and supra-optimal lengths.  You will need to define these terms in your lab report and outline the cellular basis of each (see pg 288 text).
F. Charging of the muscle cell membrane, strength duration relationship, & summation of stimuli. Just as we saw in the nerve experiments, plasma membranes take time to charge and discharge (change their voltage in [image: image2.wmf]Z
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response to an applied stimulus.  (Refer to the figure below from lab 4 for reinforcement of this concept).  Thus, as with nerve, weaker (above threshold) stimuli applied for a long period may evoke a response similar to a stronger stimulus applied for a shorter period of time.  Likewise, because the muscle membrane requires time to discharge applying pairs of stimuli in short succession can lead to a summation of charge built up on the membrane and thus such pairs may lead to a twitch (via a muscle AP) where individual stimuli would not.  Keep in mind that whereas the variable response in nerve was an observable AP, here the variable response is the development of tension. 

G. Summation of twitch tension and tetany.  The stimuli that we apply, the APs that they produce, and the refractory periods resulting from these APs together take up periods of time lasting, at the most, a couple of ms.  In contrast, the tension developed during a muscle twitch can last hundreds of ms. Thus, multiple muscle APs can be evoked in the muscle as it develops tension and/or as that tension decays.  In one set of experiments you will apply pairs of stimuli far enough apart that they won’t summate electrically, but close enough together that the tension from the twitches they evoke will sum together, as in the figure below.  In a subsequent experiment, you will apply trains of stimuli, which again will be spaced far enough apart that they won’t summate electrically at the membrane.  However, depending on the interval between stimuli, the tension of subsequent contractions may partially summate (if each twitch following the first is evoked as the tension of the prior twitch is still decaying) or completely summate to a full tetany (if each twitch after the first is evoked at the peak of the preceding twitch; see figure below).
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Plot of twitch tension against time.  Stars indicate points where stimuli were applied.  Note that if stimuli were applied before tension decayed, the tension from the second twitch added to the first.

H. Fatigue. First, understand that fatigue is not well understood.  For the purposes of lab we will identify fatigue as a failure of a muscle undergoing tetany to fail to maintain maximal tension.   In vivo, fatigue is influenced by emotional/psychological factors (e.g., will to continue working a muscle), as well as poorly understood cellular mechanisms such as the build up of lactic acid.  One factor the certainly DOESN”T contribute to fatigue is lack of ATP.  Numerous studies in representatives from all vertebrate families show that even in the most fatigued muscles, ATP levels remain sufficient for normal cross-bridge-cycling.
III Preparing for Recording
A. Calibrate the Transducer

1. The force transducer generates an electrical signal (voltage) directly proportional to the force pulling on its leaves.  Thus, we could easily record changes in the mV value of our trace in response to muscle contraction.  However doing so is pretty meaningless since force is measured in Newtons.  Is this a problem?  Of course not!! We simply need to calibrate the transducer so that we can convert its mV signal to Newtons.
2. Start the PowerLab Chart program by double-clicking on “Muscle Settings”

3. Connect a weigh pan to the transducer with an s-hook

4. Bring your baseline to 0 mV

5. Add 50 g mass and record the voltage you observe

6. Every 50 g of mass exerts a force of 491.5 N on the transducer at sea level (9.83 mN/g); thus, the voltage change that you observed is corresponds to 491.5 N.  Given that the relationship between applied force and the voltage output of the transducer are directly related to each other you can use your calibration to determine the actual force exerted by the muscle based on the voltage produced by the transducer.

B. Prepare and attach the muscle

1. Keep the muscle moist with saline solution.  It is absolutely necessary that all tissues be kept moist.
2. Remove the skin from one of the legs as in lab 4
3. Locate the gastrocnemius muscle and note its attachment to the Achilles tendon and the tibia.  Free the Achilles tendon from the “heel” by inserting the blades of a small pair of scissors between the tendon and the leg/ankle bones.  Keep the blades roughly parallel to the thick part of the tendon. Cut through the region of the tendon distal to the upper leg and to the thick portion of the tendon.
4. Use a slip knot or similar knot to tie a piece of green string to the achiles tendon between the thickened end and the muscle. 
5. Support the muscle with the green string while you use scissors to free it from its attachments along the length of the tibia, but not at its connection at the knee joint.  
6. Cut away the tibia and the remaining muscles below the knee joint.  Clear away the thigh muscles from the femur.  Cut the leg off of the frog by cutting the femur across at about its middle.
7. Mark a point on the Achiles tendon with a separate loop of green string.  Measure and record the equilibrium length of the muscle as the distance between this loop and the attachment of the muscle at the knee joint.  You will need this value to examine the length tension relationship.
8. Fasten the femur securely in the femur clamp so that 1) the long axis of the femur and the long axis of the clamp are oriented in the same direction, 2) the muscle hangs vertically, but doesn’t wrap around the end of the femur when supported vertically, and 3) the femur is inserted far enough into the clamp that at most a mm of femur is extending beyond the jaws of the clamp.  
9. Attach the muscle to the PowerLab force-transducer by tying the green thread to the extended leaves of the force transducer. Adjust the height of the transducer until the string just becomes taut.  Do not excessively stretch the muscle.
10. Use the controls on the Gould to bring the baseline back to 0 mV (even if your baseline isn’t reading 0, no big; simply measure the difference between your baseline and the twitch-tension voltage).
IV Exercises 
Exercise 1: Determining Threshold and Maximal Stimuli, Measuring Twitch Parameters
Purpose: A) As with the nerve experiments, one of your goals in this first procedure is to determine the response of the muscle  to various stimuli so that you can employ a relatively constant stimulus protocol during the remaining experiments. B) Additionally, you will produce individual twitches from which you can examine fundamental parameters such as tension, contraction time and ½ relaxation time.
Theory: Just as with the corresponding nerve experiment, during this experiment you will employ stimuli of constant duration and variable amplitude as you evoke varying responses from the muscle preparation.  Stimulus duration is held constant herein because, as noted above, the duration of a stimulus affects the extent to which the stimulus charges the cell membranes.

Procedure:
1. Check to make sure that the Chart Program is set to record at 10(div)/sec and at a range of 200 mV.  
2. Set the stimulator to pulse, duration of the stimulus to 0.2 msec and its strength (ampl) to 0.2 volt.  
3. Apply each stimulus 3 times, waiting a few seconds between pulses.  Increase the voltage until the muscle just responds.  The amplitude of this stimulus represents threshold.  Record this value on your data sheet.
4. Record several contractions with gradually increasing voltage until the strength of the contraction stops increasing (i.e., you’ve obtained a maximal contraction).  The smallest stimulus strength that produces a maximum contraction is the maximal stimulus.  Record this value on your data sheet.
5. Scroll back through the recording of twitches, to find a nicely recorded maximal twitch.  From this twitch use the cross-hairs to help you measure and record a) twitch strength (remember to use your calibration to convert your mV reading to Newtons), b) contraction time, and c) ½ relaxation time.
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Data and Questions

1. Record the data and generate the plots requested during the preceding procedure.

2. Outline why the amplitude of the muscle twitch increases as the stimulus voltage increases above threshold.

3. Does the variable amplitude of the muscle twitch violate the “all-or-none” principle outlined in your text books treatment of muscle action potentials?  Why or why not?

4. Based on the muscle’s contraction time, what is the maximum frequency of stimulation you would need to apply to the muscle in order to attain a state of complete tetany?  That is, one in which the muscle is not allowed to relax at all between contractions.

5. In less than 100 words, compare and contrast what you are recording during a muscle twitch vs a nerve AP.  That is what is plotted in each recording? How do these variables reflect the functioning of each tissue?

Exercise 2: Stimulus strength-duration relationship.
Purpose:  Examine the similarities and differences of muscle and neural cell membranes in terms of their response to applied electrical stimuli.  As with the corresponding nerve exercise you will examine the relationship between the strength of the stimulus and its duration, in terms of the degree to which it brings muscle fibers to threshold (a handy measure of how well a stimulus is depolarizing the membrane).  To do so, you will test how increasing stimulus duration affect the threshold voltage required to evoke a muscle twitch.  

Theory: As seen with the nerve experiment, electrical stimuli depolarize muscle cells by adding positive charges to the inner surface of the cell membrane (i.e., by charging the cell membrane).  As noted above, this charging process takes time.  Remember that strong (intense) stimuli add charge very quickly, while weaker stimuli do so more slowly.

Procedure:

6. Determine threshold again as in Exercise 1 beginning with stimulus duration set at 0.2 ms.  
7. Then re-determine threshold voltage with the stimulus duration to 0.5 msec, 1 msec, 5 msec, 10 msec, and 20 msec. Record each threshold voltage.
Data and Questions:
1. Plot a strength-duration curve (Threshold V against stimulus duration) with Excel

2. Why does a lower strength stimulus produce the same action potential response (as a higher strength stimulus) when the stimulus duration is increased?
3. Based on the strength-duration curve what is the minimum voltage that will produce a response?  What is the minimum duration that will evoke a response?
Exercise 3: Summation of Sub-threshold Stimuli
Purpose: In this experiment you will attempt to bring your muscle cell membranes to threshold by summating two sub-threshold stimuli. Again, consider the similarities and differences between muscle and nerve as excitable tissues.
Theory: Interestingly, the following blurb was copied directly from the nerve exercise.  What might this imply?  Not only does the cell membrane take time to charge, it also takes time to discharge (repolarize).  As a result, the voltage change caused by an electrical stimulus (or during any other graded potential) will decay over a period of time.  If another stimulus is applied before the first has decayed completely, then the two stimuli can add together.  This is similar to what happens when graded potentials summate over space and/or time.
Procedure: 
1. Set the stimulus duration to 0.2 ms.  

2. Lower the stimulus voltage until muscle twitch is first absent.  

3. In the stimulator control panel, select “Set Number of Pulses”, then set the value to “2”; set the interval to 2 msec (500 Hz) ; set the duration and strength (amplitude/intensity) of the second stimulus equal to that of the first.  Click “OK”. 

4. Apply a pair of pulses by pressing “Start”.  You might see a pair of radio-frequency stimulus artifacts, ignore them. 

5. Now, decrease the length of the interval in 0.1 msec intervals.  At some short interval, you should see that the pair of stimuli generates a small muscle twitch.  Continue to decrease the interval and see if you get a larger twitch.  Congratulations, as with the nerve experiments you’ve affected temporal summation of charge at the membrane!!!
Data and Questions:
1. In your data sheet, record whether or not a muscle twitch was observed at each stimulus interval, and the amplitude of the twitch, if one occurred.  

2. Draw a plot of the two stimuli (voltage against time) as they were received by the cell membranes at a) intervals too long to affect summation, b) intervals just short enough to allow enough summation for a few muscle fibers to reach threshold, and c) at intervals so short that many muscle fibers were activated. 

3. In 200 words or less, based on the data from this exercise and from exercise 2, compare and contrast the response of muscle fiber membrane and axonal membranes (lab 4) to applied electrical stimuli.

Exercise 4: Summation of twitch tension

Purpose: To examine the capacity of a muscle to develop tension via the summation of multiple twitches spread out over time.  Moreover, to emphasize that the mechanical development and decay of tension requires substantially more time than do the electrical events of the muscle action potential.
Theory: Please refer to pgs. 286 – 288.  After the experiment, use this info to answer question # 3 below.
Procedure:

1. Record a single contraction using a near-maximal stimulus.  
2. Keep the stimulator set to deliver double pulses and set the interval to 1 s. 
3. Decrease the interval in 50 ms increments and note whether or not the tension from the two twitches summate.  

4. Once the twitches begin to summate, record the amplitude of the summed twitch at each interval, down to 50 ms.  Don’t forget to convert your values from mV to Newtons.
Data and Questions
1. Record the data requested above

2. Explain the basis of this type of summation.  What is summing? How is this possible?

3. Why does the mechanical development and decay of tension take so much longer than does the time course of the action potential?
Exercise 5: Effects of Multiple Stimuli: Tetanus
Purpose and Theory: Essentially the same as those in Exercise 4.
Procedure:
1. Set the stimulus to a near maximal value (@ 0.2 ms duration). 

2. Set the stimulus interval at 1 s, and then evoke a series of contractions to repetitive stimuli for about 5 seconds

3. Repeat this procedure with the stimulus interval set to 0.8 s, 0.6 s, 0.4 s, 0.2 s, 0.1 s, 0.05 s, and your observed contraction time for a single twitch. The lower frequencies will produce a kind of summation referred to as an incomplete tetanus.  The higher frequencies will produce a smooth sustained contraction referred to as tetanus. 
Data and Questions:

1. From the recordings determine the minimum stimulus frequency to produce a complete tetanus and the maximum tension of the tetanus.
2. Include a sample of a tetanus recording in your data report with labels.

3. How did the maximum titanic tension developed during stimulation at 0.05 s and 0.2 s intervals compare with that developed when stimuli were applied at the interval set by the single-twitch contraction time?  Explain these similarities/differences.

Exercise 6. Fatigue

Purpose: To observe the phenomenon of fatigue and examine potential explanations of this phenomenon in terms of cellular function.

Theory: See Physiology background above.
Procedure: Evoke a maximal tetanus at 20 Hz until the amplitude of the sustained contraction decays to about 1/3 of its initial amplitude.

Data and questions:

1. Include a sample of a fatigue recording in your data report with labels.

2. Provide potential cellular/molecular causes for the muscle fatigue.

Exercise 7: Length Tension Relationship

Purpose: A) To examine the relationship between a muscle’s length (directly related to load) and its capacity to develop tension. B) To explain this relationship in terms of the contractile machinery within skeletal muscle cells.

Theory: See pg 288 in your text.

Procedure:

1. Allow the muscle at least 5 minutes to recover from the fatigue experiment if performing this experiment during the same lab period.

2. Slow your chart speed down to 0.5/s.

3. If you didn’t measure the equilibrium length of the muscle before attaching it to the recording setup, do so after this experiment is complete.

4. Making sure that the muscle has only a little tension on it from the transducer, evoke a maximal twitch.

5. Stretch the muscle 1 mm (easily approximated as a ¼ turn of the marked ring on the mulsce-clamp-stand) and evoke another twitch.
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Repeat this procedure until the tendon or green string break (unless it appears that you will break the transducer).

7. Your recording should look something like this: 
8. measure twitch tension for each twitch beginning at the elevated baseline immediately preceding the twitch.  Don’t forget to convert your values to Newtons
Data and Questions:

1. Include your recording of the length tension experiment (compressed to fit on one page).
2. Plot twitch tension against muscle length.
3. Explain in terms of sliding-filament theory (text pg. 288) the relation between muscle length and tension development.
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