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Answers and Comments 
Bioeng 599F Final Examination

12 December, 2000

Room K069 

There are 10 questions and 10 pages total

Different weights as noted for a total of 100 points

1.  12 points

The  list gives processes from depolarization of the motor nerve cell body to force production in the muscles in the motor unit, but they are not in correct sequential and causal order now.  Number the following processes in their correct order of occurrence.  

(    5  )  Diffusion of acetycholine in the synaptic cleft

(    9  )  Ca2+ binds to troponin-C

(    11  )  Actomyosin interacts leading to force and/or shortening

(    6  )  Binding of acetylcholine to its receptor in muscle membrane

(    3  )  Fusion of transmitter vesicles with presynaptic membrane

(    1  )  Action potential in the motor neuron

(    7  )  Increase in muscle cell Na+ conductance from resting level

(    10  )  Ca2+ is removed from the cytosol by SR Ca++  ATPase pump

(    2  )  Increase in Ca2+  concentration in axon terminal at neuromuscular junction

(    4  )  Exocytosis of acetylcholine

(    8  )  Increase in muscle cell K+ conductance from resting level

We gave credit to exchanging 10 and 11; however please note that the SR pumps Ca++ as soon as Ca++ level rises in the cell.  In a single twitch, force peaks after the Ca++ peaks.  We realize that most in the class were thinking differently with Ca++ reuptake being the last event causing relaxation.
2.  4 points

Indicate whether action potential conduction velocity would increase or decrease in response to each of the following changes in properties of a nerve axon:

Increased diameter    INCREASED
Increased specific membrane resistance (Rm)   INCREASED
Increased specific membrane capacitance (Cm)  DECREASED
Increased internal longitudinal resistance (ri)   DECREASED
3.  6 points

A result of the application of each drug is described in the study of muscle and nerve membrane and channel properties.  From this information, determine the likely type of membrane channel that has been at least partially blocked by each drug.

a. Tetraethylammonium ion (TEA+):  Prolongation of muscle cell membrane depolarization during an action potential.

K+ channels are  blocked, so outward current is diminished slowing repolarization.
b. Tetrodotoxin (TTX):  Inability to elicit an axonal action potential.

Blocks the Na+ channel, so positive feedback explosive rise in membrane potential does not occur.
c. Curare:  Reduction of the muscle fiber end-plate potential.

Blocks the ACh receptor so ACh cannot lead to local changes in Na+ and K+ channels.  Block of Ca++ channels that induce ACh release also accepted.
4.  3 points
Indicate whether the following statements are true (T) or false (F).  Circle correct answer.

T / F:       Two acetylcholine (ACh) molecules are required to open each ACh receptor channel
T / F:         A miniature End Plate Potential (MEPP) results from the release of one pre-synaptic vesicle containing ACh.

T / F:         Stepping muscle fiber membrane voltage from –90 mV to –20 mV will open ACh receptor channels

5.   8 points

For each solute on the left indicate the mode or mechanism of transport of that solute across  muscle cell membrane from the column on the right.  

More than one mechanism may apply and not all mechanisms need be used.

Molecule or ion
Mode or mechanism of transport

Na+                       ( 2,  4 , allow 6 but no points off if not mentioned      )
1. Diffusion through phospholipid.

CO2                      (     1      ) 
2.  ATP coupled pump

Glucose                (   6, 3     )
3.  passive carrier transporter

Amino acid           (    6      )
4.  voltage-sensitive channel

Oxygen                 (      1    )
5.  endocytosis or exocytosis

K+                          (  2,  4   )
6.  Na+-coupled transport

Water                    (   1, 3 but no points off  if 3 not given  )


Fatty acid              (    1      )
#5 not designed for use, but ok for water

6.  12 points

Potential drugs A, B and C were applied separately in effective concentrations in an intact limb of anesthetized animals.   The nerve was stimulated by direct electrical pulses which recruited all motor units under control conditions.  The anesthesia used did not block any component in the motor unit function.  Experiments monitored  Ca++ concentration (by a fluorescent intracellular indicator) and muscle force, both measured in the whole muscle.  

List possible sites of drug action.  If there is more than one possible site, describe one additional piece of information which would identify more specifically the site of action, and briefly explain your reasoning.

Two points for at least one  valid mechanism.  Two points for more sites of action and describing an additional piece of information to further discern site of action.  For the additional piece of information we looked for statement about testing mechanisms in isolation.

A very common loss of points was due to omission of a consideration of additional information that would be useful to make distinctions among possibilities listed.

Drug A:  Ca++ kinetics and magnitude are not changed but the force of contraction is diminished.  

Ans: Basically the result of E-C coupling in normal but events in the myofibrill subsequent to SR Ca++ release must be altered by the drug action in some way that cannot be determined from this information alone.   Drug A could interfere with Ca++ binding or to subsequent troponin effects or act directly on the myosin or some combination decreasing numbers of cross bridge binding or decreasing their duty cycle.   One example: measurement of actomyosin ATPase would test the last possibility.  The force-pCa curve with and  without drug would confirm the site of action is on the myofibril
Drug B: Ca++ transient and the force of contraction are prolonged but not decreased in amplitude.

Ans: Basically Ca++ levels are prolonged, leading to prolonged contraction.  Drug B might reduce the SERCA pump activity so that intracellular Ca++ is maintained (because it is not transported back to storage sites) ; it might also decrease the activity of the Na/Ca exchanger which normally operates to extrude Ca++  from the cell.   K+ channel blockage will  give this effect as well as continuous ACh effects, such as blocking acetyl cholinesterase.  One example: measure effect of drug B on isolated SR ATPase and Ca++ pump kinetics.  Another is to measure the K+ currents and ACh receptor occupancy.
Drug C: Ca++ transient and force are reduced in magnitude with similar time courses.

Ans. This molecule has many possible actions and the experimenter must remember that the signal is measured in the whole muscle, that is, the average of all cells.  Drug C might act on the muscle cell to inhibit Ca++  release, meaning that it could act at the SERCA membrane (dihydropyridine receptor) or in the t-tubule membrane (ryanodine receptor) affecting all cells similarly.  Drug C might act at the level of the motor neuron to inhibit some of the motor units, such that a lower fraction of the cells are activated with each nerve stimulation.  [But because the kinetics are similar the drug probably is not affecting selective types of motor units (neither fast nor slow)].  Finally effects of reduced ACh release or binding or increased acetylcholinesterase are also possible.  Additional information on purely nerve or muscle properties is needed.  One example would be to measure the electromyogram in the intact limb.  Another example is study Ca++ release from isolated SR membrane.
7.  15 points (part A, 10 points; part B,  5 points)
[image: image6.wmf] The diagram below shows two compartments with solutions of CaCl2 at equilibrium for the two concentrations given

The compartments are separated by a membrane that is permeable only to Ca++ and is impermeable to Cl- and water.  

A.  Show the relationship between the electrical potential and chemical gradient which were setup by Ca++ diffusion across the membrane.  From these derive an equation relating the electrical potential as a function of chemical concentrations across the membrane at equilibrium.

Hint:One orf more of the following physical constants may be needed.  Show the details of your work and units to justify partial credit.

Avogadro’s number = 6.023 x 1023
Diffusion constant for Ca++  in dilute aqueous solution =   8 x 106 cm2 sec-1
Faraday’s Constant = 9.649 x 104 Coulombs mol-1
Gas Constant (R) = 8.314 J K-1 mol-1
1 Joule = 1 Volt Coulomb

Temperature = 20° C = 293 K

Part A:Nernst derivation

Choose a sign convention.  Here the high relative to low concentration side is set to positive.

The work done  (dwork) in transporting  n cations against a concentration gradient is given as:


[image: image1.wmf]
The work done  by n cations to set up the potential gradient across the membrane:


[image: image2.wmf]
Note that at equilibrium as defined in this problem the chemical work equals and is balanced by the electrical work. 

a. dworkchemical + dworkelectrical = 0. 

b. Thus the RHT of both equations are set equal to each other with opposite sign.

c. 
[image: image3.wmf]
d. which results in a voltage of the high concentration side relative to the low:
e. 
[image: image4.wmf]
This is the Nernst equation which describes the equilibrium relationship, the diffusion potentials so defined set the driving forces for each ion whose distribution of concentrations across a membrane   permeable to that ion is assymetric.
B.  Calculate the actual voltage across the membrane in the diagram above for the concentrations of solute given at 20° C.

Place for answers is on the next sheet.

Answer for question 7 goes here:

The formula is:

f. [image: image8.wmf]
Insert the values for the constants, temperature, valence for Ca++ and concentrations:

[image: image9.wmf]
Check the units:

g. 
[image: image5.wmf]
Compute the actual value:

[image: image10.wmf]
8.   16 points ( for A and B, 3 points each; for C.1 and C.2, 5 points each)
Energy balance was discussed with the model equation given below.  


[image: image19..pict]
Consider a sustained voluntary contraction at one third of maximal sustainable isometric force for 90 sec.  One simulation of this situation is displayed below, showing only the time course of PCr changes, for resting muscle until 120 sec, for the contraction until 210 sec and recovery thereafter.

[image: image11..pict]
h. Explain the PCr decrease.  (use the terms in the model to explain; do not just give a restatement of observed facts)

i. The creatine kinase reaction buffers ATP. Thus, dATP/dt is approximately zero. For this to occur during stimulation, when the ATPase constant k increases, the term dPCr/dt must add a negative contribution to the overall balance. Thus, as PCr goes down, dPCr/dt becomes negative and counterbalance the ATPase rate.
j. What information is needed (parameters in the model) to predict, for a contraction lasting 5 to 10 minutes, whether PCr would reach a steady state > 0 mM, or would continue its decline toward 0 mM?  Indicate the information required with minimal explanation.

One needs to know the absolute magnitudes of the ATPase and OxPhos terms.  If ATPase > OxPhos a steady state cannot occur.  The requirement for the existence of a steady state is that OxPhos ≥ ATPase.
c.  On the diagram above draw and label curves for PCr vs. time showing the approximate changes expected for a different muscle type in which


•1   The only difference was a doubling of the mitochondrial density (equivalent to doubling of mitochondrial enzyme Vmax values).  Explain your reasoning in a few sentences.

ANS.  The difference means that for an increase of the control signal, ADP in the model, the output of the ATP synthesis (mitochondrial OxPhos) will increase in proportion to the enzyme activity.  Thus the OxPhos term in the model equation will be larger.  The consequences will be less of a PCr decrease due to concomitant OxPhos and more rapid recovery.  This result is diagramed above in a simulation run with the OxPhos Vmax increased 2x.


• 2 The only difference was a doubling of the total cellular ATPase rate during contraction.   Explain your reasoning in a few sentences.

ANS:  A change in the contractile ATPase rate (assuming no change in the basal rate at rest) will affect only the slope of PCr breakdown during the 90 sec.  The primary effect will be a greater decrease in PCr because the OxPhos  term on the RHS will be similar.  The slope of PCr decline is greater with higher ATPase.  Secondarily there will be a slight increase in the OxPhos term during the activity because the magnitude of the signal, ADP, will be slightly higher, and the initial rate of recovery will also ATPase increased 2x with the initial OxPhos rate.
9.  12 points (7 points for a and  5 points for b)
The following is a diagram of the structures involved in a knee jerk reflex arc. 


[image: image7.wmf]
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Note a mistake in the table:

Stretch receptor nerve is Ia and Golgi tendon organ nerve is Ib.
a. Identify which numbered structures in the diagram correspond to the list of names on the right.

The diagram contains both the tendon force sensor and the muscle spindle length sensor.  The knee jerk reflex is composed of the length receptor and the muscle alpha motor neuron.  The tendon component need not be considered except in the identifications above, and if it were simultaneously active it would tend to inhibit the reflex action.
b.  For this knee jerk reflex action answer the following 5 questions.

What is the sensor(s) in this reflex?  Muscle spindle, sensing length and thus stretch in the knee jerk reflex.   The middle region of the muscle spindle is the sensor and this leads to activity in the sensory nerve #7
What property of the system does the sensor detect?  Muscle length is detected in the knee jerk reflex.  Length of the spindle  #4 is the physical input which is mechanically in parallel with the rest of the muscle; thus length of the muscle.
What is the effector (output)?   The muscle is the effector and the output is transient shortening  and force development of the muscle. Alpha motor neuron, #1 above is activated
Is the brain necessary for the operation of this reflex?  Yes or No (circle one)

The components of this reflex  reside completely in the spinal cord.  Necessary is the key word because higher input can activate or inhibit the reflex, but cannot prevent it entirely.
How long is the signal delayed at the synapse in the spinal cord? 

50s, 1ms, 50 ms or 1 s (circle the most appropriate time)

10.  12 points

[image: image12..pict]For the axonal action potential shown in the diagram below, briefly describe the changes in the “states” of the Na+ and K+ channels which account for the potential as the time-course of Vm proceeds from A-> B-> C-> D.

Phase A:

Resting state.  Na+ channel state is closed and not inactivated.  K+ channels also closed.  Small Na and K leaks, also but not necessary for full credit.
Phase B:

Threshold, depolarization and explosive rise in Vm due to Na+ channel opening.  K channels largely still closed.
Phase C:

Repolarization due to Na+ channel inactivation (less inward Na current) and to K+ channel opening (more outward K current).
Phase D:

K+ channels remain open and hyperpolarize the cell until they return to their closed resting state.  Na channels remain closed and gradually loose inactivation.
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