ChemE 355/599: Biological Frameworks for Engineers
                               Handed out on 11-8-04; due on 11-10-04


The frog: an exquisitely designed muscle machine 


Up to now, most scientific information has come to you in the form of textbooks, websites, and articles intended for general audiences.  These sources have the advantage of being relatively easy to understand.  However, they don't give many details about the specific experiments and analyses that underlie our current understanding of how cells and organisms work.  These details can often be found only in the technical literature: the original journal articles in which scientists describe their experimental procedures, results, conclusions, etc.  Scientific literature has some important advantages of its own, including currency, accuracy, and completeness.

We say that the literature has currency because it generally includes the most up-to-date scientific information available at the time of publication.  Textbooks and other sources are usually slow to incorporate new data, especially if the new data don't tell a clear, logical "story."


Scientific literature also tends to have greater accuracy than secondary and tertiary sources, which frequently distort the literature on which they are based.  Often you must return to the original literature to reach a firm conclusion on a controversial issue (if a firm conclusion is possible at all).


Finally, the literature describes the details of scientists' procedures and data with greater completeness than any other source.  If you wanted to replicate one of my experiments (or give it a new twist), you would want to read the journal where I first published my study because that would be your best way of finding out exactly what I did. 

Because of the above issues, the ability to read and interpret the scientific literature is essential for anyone pursuing a career in the sciences.  In this class, you will get a brief taste of this literature by reading and discussing an article about the design of frog muscles.

ASSIGNMENT


Read “Built for jumping: the design of the frog muscular system” by G. J. Lutz and L. C. Rome (Science 263: 370-2, 1994).  Don’t worry if you don’t understand everything; the study guide below will focus your attention on the most important aspects.  In class, you’ll discuss the paper first within your usual discussion groups and then with the rest of the class.

STUDY  GUIDE

General background


• Recall that muscle cells contain high concentrations of two overlapping proteins, actin (thin filaments) and myosin (thick filaments).  Also recall that a sarcomere is the structural unit of muscle cell; it consists of a set of actin and myosin filaments, as well as some other proteins.  (Consult the figure from the October 25th in-class handout.)  When a muscle cell exerts force, the heads of the myosin filaments pull on the actin.  The actin and myosin do not shorten, but the degree of overlap between them increases so that each sarcomere (and thus the muscle cell as a whole) shortens.


• The Lutz & Rome article describes some rather complicated experiments on frog muscles.  We will focus on two aspects of the paper: the length-tension curve and the force-velocity curve.


• A length-tension curve shows how muscle force or tension (plotted on the y axis) varies as a function of sarcomere length (plotted on the x axis).  A good example is shown at

www.bris.ac.uk/Depts/Physiology/ugteach/ugindex/m1_index/nm_tension/page2.htm (see Figure 4).  This web page also explains why the length-tension curve looks the way it does.  The basic idea is that, to achieve maximum force, all the myosin heads need to be able to attach to and pull on actin.  If the sarcomere is too long (see Figure 5 at the same URL; myosin is orange-red and actin is gray), the myosin and actin do not overlap much; consequently, few myosin heads can reach actin and not much force can be generated.  On the other hand, if the sarcomere is too short (see Figures 7 and 8), the actin and myosin are smooshed together so that they can’t operate effectively and, again, not much force can be generated.  The optimal sarcomere length (Figure 6), at which maximum force occurs, is somewhere between these two extremes.


• A force-velocity curve shows the relationship between muscle force and shortening velocity.  This is basically an inverse relationship: when a muscle pulls a light load, it doesn’t exert much force but can pull the load over a long distance in a short period of time (high velocity).  Conversely, if the load is heavy, a high force is needed but velocity will be low.  

Important abbreviations used in this article

• EMG
 
Electromyogram (a record of electrical activity in the muscle) 

• ML

Muscle Lengths

• SL

Sarcomere Length (usually is in the range of 1.5-2.5 (m)

• SM 

Semimembranosus (a “hamstring” muscle)

• V 

shortening Velocity of the muscle fibers (can be reported as ML/s)

• Vmax 

maximum shortening Velocity

• W

Watts (a unit of power)

Paragraph 1 (Abstract)

• According to Lutz & Rome, what three conditions must be met for frog muscles to generate their maximum mechanical power?

Paragraph 4 (begins, “For the muscles of the frog to generate…”)


• Note the three conditions listed for maximum generation of power.  These correspond to those listed in the abstract.  Condition (ii) concerns the force-velocity curve; we’ll say more about that below.  Condition (iii) concerns the ability of the nervous system to activate the muscles, which we won’t discuss in detail.


• The (9) at the end of this paragraph refers to an informative note at the end of the paper rather than a reference.  When you come across other numbers in parentheses, it’s worth checking to see whether they lead to a note or a reference (or both).

Paragraph 5

• The authors state that "maximal jumps" were studied.  Do they define what they mean by a "maximal jump"?  What percentage of all jumps were considered maximal?  Do these considerations weaken the conclusions of the paper?

Figure 1


• Figures 1A and 1B show measurements made on intact frogs as they jumped; Figures 1C and 1D show the researchers’ attempts to mimic the natural jumping conditions in experiments with isolated muscle tissue.


• Figure 1A shows an electromyogram during a jump.  We won’t analyze this in detail, but be aware that the muscle cells depolarize when activated by the nervous system.  These depolarizations can be detected as changes in voltage – hence the large voltage spikes in Figure 1A.


• Figure 1B shows changes in the length of the semimembranosus (SM) muscle – not individual sarcomeres, the whole muscle -- during a jump.

Paragraphs 8-9


• These paragraphs explain how the researchers calculated the changes in sarcomere length (SL) that occurred during the jumps.  How did they deduce changes in SL from changes in the length of the whole muscle?

Paragraph 10 and Figure 2A


• In Figure 2A, the solid line extending from about 1.25 (m to 3.65 (m represents a “classic” length-tension curve derived from earlier studies.  The open and solid circles represent new “fixed-end tetani” experiments in which the ends of the muscles were fixed (held in place) and the muscles were stimulated to exert as much force as possible at each SL.

• What is the central point of Fig. 2A?

Paragraph 11 and Figure 2B


• Note that Figure 2B includes two curves.  The force-velocity curve is the one that connects the open circles.  The y intercept corresponds to the situation where the muscle is pulling against a load too heavy to be moved (i.e., V = 0).  As the load gets lighter, the V increases.


• The solid circles in Figure 2B form what is called a power-velocity curve.  (The y axis for this curve is shown on the right-hand side of the figure.)  The figure’s caption says, “The power curve was calculated from the force-velocity fit.”  This was done by recognizing that

 Power = Work / Time

and that

Work = Force * Distance.

Substituting (Force * Distance) for Work in the first equation yields

Power = Force * Distance / Time

which can be rewritten as

Power = Force * Velocity.

In other words, if you know the force and velocity, you can calculate the power.  Now look again at the force-velocity curve.  Each point has a force (the y coordinate) and a velocity (the x coordinate) associated with it.  If you multiply each point’s force by its velocity, you get the power associated with that point.  If you then re-plot each point as power versus velocity, voila -- you’ve got a power-velocity curve!

• According to Figure 2B, at what fraction of Vmax is power output at its maximum?  At what fraction of Vmax does the SM actually contract during jumping?

Final thoughts


• Based on Figures 2A and 2B, would you say that frogs are designed well for the purpose of jumping?


• For you Van Halen fans, a musical summary of this paper is available at http://faculty.washington.edu/crowther/Misc/Songs/maxjump.shtml.
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