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Based on past topic content, you have now studied the neuromuscular physiology 
comprising the development of motor patterns in the brain, the direction of these action 

potentials along spinal nerve tracts to synapse with muscle and motor unit specific A 
motor nerves, and the propagation of these action potentials towards all of the 
neuromuscular junctions that form each nerve’s multiple muscle fiber content of the 
motor unit.  The intensity of muscle contraction determines the number of motor units 
recruited, and the type of motor units recruited (SO vs. 
SO + FOG, vs. SO + FOG + FG).  Now that the 
molecular biology of the contractile proteins has been 
covered, in addition to the chemical events of action 
potential propagation through the neuromuscular 
junction, explanation can now be given to the molecular 
and energetic events of muscle contraction.  As a 
prelude to muscle energy metabolism, be very aware 
that muscle contraction represents the ATP demand of 
exercise, and as such sets in sequence the next 
section of this text, muscle energy metabolism. 

 
Depolarization of the muscle fiber sarcolemma of all the muscle fibers of the recruited 
motor units instigates muscle contraction.  The heterogenous distribution of muscle 
fibers of a given motor unit causes any contraction to result in a broad shortening of the 
entire muscle, even though only a fraction of the total muscle fibers may be involved in 
the contraction.  Of course, more complete contraction of the entire muscle comes from 
increased motor unit recruitment, and results in greater force development. 
 
So then, how does muscle contract, and how is ATP involved in this process?  The 
process will be summarized in 6 steps. 
 
1. The key to muscle contraction lies in the release of Ca2+ from the sarcoplasmic 
reticulum.  This event occurs in response to the action potential from the sarcolemma 
reaching the triad of the t-tubule and sarcoplasmic reticulum.  This action potential 
causes the activation of a calmodulin mediated second messenger response causing 
the release of Ca2+ from the sarcoplasmic reticulum into the cytosol of the muscle fiber.  
This Ca2+ release transiently increases the free Ca2+ concentration within the H-zone of 
each sarcomere, resulting in Ca2+ binding to TnC.  The binding of Ca2+ to troponin 
causes a conformational change in the troponin-tropomyosin-actin complex, resulting in 
the exposure of binding sites along the F-actin where the S1 units of the myosin 
molecules of meromyosin can interact (Figure 1). 
 
2. At this phase of muscle contraction, note that ATP has already been broken down to 
ADP + Pi.  Once Ca2+ has bound to toponin C and exposes the binding site for myosin 
S1 and actin, there is immediate interaction followed by instantaneous rotational 
movement of the S1 unit towards the central M-line region of the sarcomere. 
 
3. During the rotational movement of the S1 unit, which constitutes muscle contraction, 
ADP and Pi are dislodged from the S1 unit. 
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Figure 1. A schematic of the changing protein 
conformations and associations during muscle 

contraction and contraction cycling. 

 
4. The S1 unit and actin remain connected until an ATP molecule binds to the S1 unit.  
This binding disconnects the actin and S1 unit.  Simultaneously, the ATP is broken 
down to ADP and Pi, releasing the free energy to fuel the return of the S1 unit to a more 
vertical position. 
 
5. As long as the increased concentration of Ca2+ remains in the cytosol, this process, 
starting at 1, is repeated, and is referred to as contraction cycling. 
 
6. Removal of Ca2+ by an active transport process occurs when the sarcoplasmic 
reticulum is no longer receiving depolarizations.  This scenario would constitute muscle 
relaxation.  As some muscles can complete voluntary contraction and relaxation cycles 
as frequently as three times per second (2 Hz) (e.g. during sprint running), this scenario 

is fairly rapid, yet far slower than the duration of the A motor nerve action potential (3 
ms). 
 
Note that during muscle 
contraction, the I-band of the 
sarcomere decreases.  Also 
understand that more than 1 cycle 
of the S1 unit rotation occurs per 
contraction to account for complete 
shortening.  In addition, one single 
action potential induced contraction 
does not fully shorten the 
sarcomeres of the recruited motor 
units.  Sustained depolarization of 
the motor unit caused by high rates 
of action potential propagation 
stimulates continued contraction 
cycling and more complete 
shortening.  Such sustained 
contraction cycling could also 
occur without shortening, yet 
generate high muscle force, such 
as during isometric contractions. 
 
As summarized in Figures 1 and 2, removal of calcium from the cytosol and back into 
the sarcoplasmic reticulum causes the troponin-tropomyosin complex to return to cover 
the actin-myosin binding site.  This event causes the muscle to assume a relaxed state, 
with the next contraction awaiting a new depolarization of the sarcolemma, t-tubule 
system and triads and subsequent calcium release once again. 
 
The inability to replenish ATP prevents actin-myosin detachment, and induces a state of 
rigormortis. 
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Figure 2. A diagrammatic summary of the events leading to muscle contraction and 
relaxation. 

 

 
Figure 3. Illustration of the length-tension 
relationship for the proteins of the sarcomere. 

Length-Tension Relationship of Skeletal Muscle 
Due to the importance of the interactions between actin and the myosin S1 units and 
the anatomy of their association, it is logical to hypothesize that altering this anatomical 
arrangement may interfere with muscle contraction. 
 
More than forty years ago, European 
researchers studied isolate frog muscle 
by changing the length of the muscle 
by forced stretch.  The researchers 
measured how this stretch increased 
the length of the sarcomere, and 
effectively altered the extent of actin to 
myosin S1 unit interaction.  The 
resulting sarcomere length-tension 
curve of Figure 3 was developed 
revealing that indeed there is an 
optimal range of sarcomere length to 
induce the greatest twitch tension, with 
the entire length-tension curve 
representing an inverted “U” 
relationship.  Both the shortening and lengthening of skeletal muscle compromises the 
actin to myosin S1 unit interaction, resulting in decreases force development. 
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While these findings are tempting to interpret the benefit of stretching to human muscle, 
muscle in-vivo is almost always operating on the optimal length-tension relationship 
thanks to secure origins and insertions to bone.  As such, this length-tension 
relationship is more academic than suited to any application in sports and athletics. 
 

Glossary Words 
 
ATP is the abbreviation for adenosine triphosphate; the energy currency of the cell. 
 
calmodulin is one of several intracellular second messengers that amplifies a signal 
(neurotransmitter or hormone) resulting in alterations to intracellular functions. 
 
contraction cycling refers to the process of repeated actin-myosin interaction, ATP 
hydrolysis, and S1 unit movement causing muscle contraction. 
 
length-tension curve is the relationship between muscle length and subsequent 
tension during a muscle twitch in-vitro. 
 

 
 


