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STRIATED MUSCLE PHYSIOLOGY 

 

 

Reference: Physiology, Bern & Levy, 7th Ed.  Chap. 12, 13  

   

Learning Objectives:   

 

You should be able to:  

1. Describe the physical and functional characteristics of skeletal, cardiac and smooth muscle 

and how they differ from each other.  

2. Draw and label a skeletal muscle sarcomere at two different stages of myofilament overlap 

(including identifying the key proteins).  

3. Describe the steps in skeletal muscle E-C coupling from activation at the neuromuscular 

junction to contraction and relaxation of skeletal muscle. 

4. Explain how chemical and mechanical steps in the crossbridge cycle results in shortening of 

the muscle.  

5. Draw the length-tension diagram for muscle and explain why the curves are that shape.   

6. Draw the Force-Velocity curve for muscle and explain why it is that shape.  

7. Describe the differences between isometric & isotonic muscle contraction. 

8. Explain the differences in EC-coupling between cardiac and skeletal muscle.  

 



 Striated Muscle Physiology 

Seth L. Robia, Ph.D. Page 2 

 

 

SKELETAL MUSCLE 

 

1. THREE TYPES OF MUSCLE  

 

A. Skeletal Muscle   

• voluntary control  

• striated (striped)   

• large, long independently operating cells; each cell connected to a motor-nerve 

• ends are attached to bones (usually)  

    

B.  Cardiac Muscle.    

• involuntary control  

• also striated (striped)   

• smaller cells; electrically & mechanically coupled to each other (syncytium)  

• ends are attached to other cardiac myocytes; imbedded in extracellular matrix   

• will be discussed in great depth in cardiovascular section 

 

C. Smooth Muscle   

• involuntary or voluntary control 

• tremendous variation throughout the body 

• most common muscle type in the body  

• is not striated (less rigidly organized)   

• smaller cells, but can be electrically & mechanically coupled (or not).  

• usually surround a cavity (stomach, intestines, blood vessels, bladder) 
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II.  SKELETAL MUSCLE STRUCTURE  

   

• Muscle Fiber - myocytes; cellular unit; these can be very long (whole length of muscle), 

but are activated with high fidelity a motor neuron which activates it. 

• Myofibril - bundle of myofilaments within a fiber that are wrapped by sarcoplasmic 

reticulum (SR) and have adjacent mitochondria (below). 

• Sarcomere - functional unit in the fiber (Z-line to Z-line); contains thick filaments 

(mainly myosin) which extend over the A-band (anisotropic), and thin filaments (mainly 

actin) that extend from the Z-line to the center of the sarcomere; the thick & thin 

filaments physically interact to produce force and muscle shortening.   

• Transverse Tubules - (T-Tubules).  Continuations of the sarcolemma (muscle plasma 

membrane); this network allows the propagation of the action potential transversely into 

the interior of the fiber; t-tubules are larger in cardiac muscle.  

• Sarcoplasmic Reticulum - (SR) - specialized endoplasmic reticulum in myocytes; entirely 

intracellular sacs which sequester and release Ca2+ upon command (e.g. to elicit a muscle 

contraction).  SR volume is larger in skeletal muscle.    

• Triad (skeletal) or Dyad (cardiac) - structural coupling between T-tubules and SR; this 

is where the action potential signal is transduced to SR Ca2+ release.   

• Mitochondria - supply large amounts of energy (1% of myocyte volume in fast  

 twitch skeletal muscle, ~ 30% in cardiac myocytes).  

 

 

 

 

 

Skeletal muscle is composed of bundles of muscle fibers 

called a fasciculus. A muscle fiber represents an individual 

muscle cell and contains bundles of myofibrils. The 

striations are due to the arrangement of thick and thin 

filaments. 
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III.  Overview of Skeletal Muscle E-C Coupling   

 

• Motor neuron - release of acetylcholine causes depolarization of muscle membrane. 

• Muscle - action potential is conducted via T-tubules deep into fiber center. 

• T-Tubular - T-tubular Ca2+ channels do not conduct Ca2+ but rather trigger opening of SR 

ryanodine receptors in the triad via charge movement and protein-protein interactions. 

• Ca2+ is released via ryanodine receptor to myoplasm. 

• Ca2+ binds to troponin (TnC) on thin filament. 

• Troponin conformational changes as a chain of events through TnC, TnI, TnT and 

Tropomyosin allowing myosin-actin interaction.  

• Myosin – crossbridges are formed in the form of acto-myosin complexes.  

• Energy from ATP is used to change shape of myosin and produce tension or shortening in 

the power stroke.  

• ATP binds to acto-myosin causing crossbridges to detach.  If there is still activator Ca2+ 

bound to TnC, then new cross-bridges may be formed and the cycle continues. 

• Ca2+ is pumped back into the lumen of the SR. 

• As [Ca2+] declines in the muscle cell, Ca2+ dissociates from TnC, so crossbridges cannot re-form; the 

muscle relaxes (and Ca2+ is back into the SR).   

  

 

 

Skeletal muscle is a voluntary muscle controlled by the 

central nervous system, with efferent signals (i.e., action 

potentials) passing through a motor neuron to muscle fibers. 

Each motor neuron may innervate many muscle fibers 

within a muscle, although each muscle fiber is innervated by 

only one motor neuron (A). B, Scanning electron 

micrograph showing innervation of several muscle fibers by 

a single motor neuron. 
 

Stimulation of a skeletal muscle fiber initiates an action potential 

in the muscle that travels down the T tubule and induces release 

of Ca++ from the terminal cisternae of the SR (A). The rise in 

intracellular [Ca++] causes a contraction. As Ca++ is pumped back 

into the SR by Ca++-ATPase (SERCA), relaxation occurs. B, 

Time courses of the action potential, myoplasmic Ca++ transient, 

and force of the twitch contraction. 
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IV.   Mechanisms of Striated Muscle E-C Coupling  

 

Within the T-tubule of skeletal muscle, Ca2+ channels 

(dihydropyridine receptors or DHPR) are clustered at the 

triad junctions where they make physical contact with the 

ryanodine receptors (RyR) on the SR membrane. 

  

  

  

 

 

 

 

E-C Coupling at the triad - How the T-tubular AP causes Ca 

release from the SR is fundamentally different between skeletal and 

cardiac muscle. 

  

Skeletal Muscle – Ca2+ channels in the T-tubular membrane 

physically "link" to the RyR. Depolarization of T-tubule changes 

the Ca2+ channel (like channel gating), but this channel doesn't need 

to actually open.  The conformational change causes opening of the 

SR Ca2+ release channel (RyR). Repolarization moves the T-tubular 

channel back & shuts off SR Ca2+ release.  N.B. No Ca2+ influx 

needs to occur in voltage-dependent Ca2+-release (VDCR).  

  

 

 

Electron micrograph of a triad illustrating the "feet" 

between the T tubule and the SR, which are thought to 

be the ryanodine receptors (RYRs) in the SR. B, Each 

RYR in the SR is associated with four dihydropyridine 

receptors (DHPRs) in the T tubule. 
 

Molecular structure and relationships between the 

dihydropyridine receptor (DHPR) in the T-tubule 

membrane and the RYR in the SR membrane. Triadin is 

an associated SR protein that may participate in the 

interaction of RYR and DHPR. Calsequestrin is a low-

affinity Ca++-binding protein that helps accumulate Ca++ 

in the terminal cisternae. 
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Cardiac Muscle - different DHPR & RyR isoforms are present 

in heart.  In the heart Ca2+ influx via this Ca2+ channel is 

absolutely required to trigger SR Ca2+ release; thus Ca2+ entry 

is essential in the Ca2+-induced Ca2+-release process in 

cardiac muscle. Ca2+-induced Ca2+ release is graded: more 

Ca2+ influx triggers more SR Ca2+ release.  

 

 

 

 

 

 

  
In cardiac muscle, the force of contraction is 

proportional to the magnitude of the Ca2+ 

transient. 
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Ca2+ binding to TnC triggers contraction 

 

• at rest, the complex of {TnC, TnT, TnI & Tropomyosin} 

blocks myosin from interacting with actin.  When Ca2+ 

binds to TnC, the complex rolls deeper into the actin 

groove exposing the sites for myosin binding.  This can 

be thought of as a de-repression of the myosin binding 

site on actin. 

 

• thin filament: proteins include actin, troponin (made up 

of TnC, TnI & TnT) and tropomyosin. 

 

• thick filament: myosin molecule includes myosin heavy 

chain (myosin or MHC) plus 2 myosin light chains 

(MLC). Myosin tails make up the body of the thick filament, while the heads (S1) are the 

crossbridges. Titin connects the end of the thick filament to the z-line. 

 

• higher [Ca2+]i increases the activation of myofilaments and force. 

 

• in skeletal muscle the amount of SR Ca2+ released 

almost fully activates myofilaments. 

 

• in cardiac muscle contraction strength is varied by 

varying the amount of Ca2+-dependent activation 

(more about that in Cardiovascular) 

 

 Muscle relaxation 

 

• The SR CaATPase starts pumping Ca2+ back into the 

SR as soon as [Ca2+] rises in the myoplasm, but it 

takes some time (remember, pumps transport slower 

than channels).  This allows the myofilaments to 

continue interacting (i.e. contraction). The SR 

CaATPase accounts for most of the protein in the SR. 

As soon as the Ca2+ is removed from TnC, 

crossbridges will stop forming and the muscle 

relaxes. 

 

 Crossbridge cycle 

 

• myosin (M) binds ATP which is hydrolyzed to form 

myosin•ADP•Pi.  The products remain on myosin, 

which is therefore in a high-energy state.  Myosin in this state can still weakly bind to actin.  

The strong binding state is regulated by the action of the regulatory system formed by the 

complex (TnC, TnI, TnT, tropomyosin). 

 

The contractile force of skeletal muscle increases in a Ca++-

dependent manner as a result of binding of Ca++ to troponin C 

and the subsequent movement of tropomyosin away from 

myosin binding sites on the underlying actin molecules. 
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• Ca2+ binds to TnC which ultimately leads to the movement of tropomyosin which allows for 

strong binding of myosin. 

• Product release of ATP hydrolysis (Pi followed by ADP) results in the power stroke of the 

crossbridge and force development; shortening while developing force = mechanical work; 

this is also the end state when there is no ATP in the cell (rigor mortis; muscles very stiff). 

 

• ATP binds (high affinity, rapid reaction) causing myosin to release from actin (detaching 

crossbridges).  The muscle relaxes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Cross-bridge cycle. State a, In the relaxed state, ATP is partially hydrolyzed (M · ADP · Pi). State b, In the presence of 

elevated myoplasmic Ca++, myosin binds to actin. State c, Hydrolysis of ATP is completed and causes a conformational 

change in the myosin molecule that pulls the actin filament toward the center of the sarcomere. State d, A new ATP binds to 

myosin and causes release of the cross-bridge. Partial hydrolysis of the newly bound ATP recocks the myosin head, which is 

now ready to bind again and again. If myoplasmic [Ca++] is still elevated, the cycle repeats. If myoplasmic [Ca++] is low, 

relaxation results. 
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V.   LENGTH-TENSION RELATIONSHIP  

At any given muscle length or sarcomere length a muscle can develop a maximum isometric 

tension (or stress) or a maximum rate of shortening (Vmax).  However when we change muscle 

length, these values change.  An explanation for this feature derives from the sliding filament 

arrangement in striated muscle   

  

  

Sarcomere Length = 2.0 - 2.2 µm. 

• Overlap of thick and thin filaments is optimal and maximum tension can be 

developed.  There are the maximum possible functional crossbridges. 

 

Sarcomere Length > 2.2 µm. 

• Overlap of thick and thin filaments decreases as the thin filaments are pulled further 

from the center of the sarcomere.  Eventually there is no overlap and no tension. 

 

Sarcomere Length = 1.6 to 2.0 µm. 

• The thin filaments are running into each other increasing resistance and probably 

blocking some potential crossbridges. 

 

Sarcomere Lengths < 1.6 µm. 

• Now the thick filaments are hitting the Z lines and are also working against tension 

development.  So tension falls even more steeply and nearly zero. 

  

 

 

 

 

Length-tension relationship in skeletal muscle. A, Experimental setup in which maximal isometric tetanic tension is 

measured at various muscle lengths. B, How active tension was calculated at various muscle lengths (i.e., by subtracting 

passive tension from total tension at each muscle length). C, Plot of active tension as a function of muscle length, with the 

predicted overlap of thick and thin filaments at selected points. 
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VI.   OTHER MECHANISMS THAT VARY FORCE IN SKELETAL MUSCLE  

 

There is high fidelity of response in the motoneuron to muscle twitch.  That is one neuron AP 

always produces one muscle AP and twitch.  The size of the twitch is also nearly constant.  How 

do we change the strength of contraction?  

  

A.   Recruitment of other Motor Units.  

Motor unit - one motor neuron and all the muscle fibers it innervates (motor unit sizes vary). 

Thus we can vary how many fibers in a given muscle are working by changing the number of 

motor units that are active (i.e. ↑ # motor neurons). 

 

B.   Summation and Tetanus.  

 

The action potential in skeletal muscle is much shorter than the twitch, so if another action 

potential is generated before the first twitch is over, the tension can summate (↑ frequency of a 

given motor neuron) because Ca2+ is still bound to TnC. Therefore, if the frequency of 

stimulation is increased, one can get an incomplete (or unfused) tetanus; at still higher frequency, 

one gets to the limiting case, a complete or fused tetanus.  Note that cardiac muscle cannot use 

summation or tetanus, so it varies intracellular Ca2+ and contractile protein response to Ca2+ to 

modulate force.  

 

 

 

 

Increasing the frequency of electrical stimulation of skeletal muscle results in an increase in the force of 

contraction. This is attributable to prolongation of the intracellular Ca++ transient and is termed tetany. 

Incomplete tetany results from initiation of another intracellular Ca++ transient before the muscle has completely 

relaxed. Thus, there is a summation of twitch forces. 
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VII.   FORCE-VELOCITY RELATIONSHIP  

 

There is an inverse relationship between the load that is lifted and the velocity of muscle 

shortening in an isotonic contraction (force-velocity relationship).  Let's consider this for a single 

muscle fiber.  

 

• Maximal isometric force depends on sarcomere length (as above). At the maximal 

isometric force (at a given sarcomere length) shortening velocity is zero; this is the 

right end of curve. 

 

• At zero load the muscle can shorten as fast as a single crossbridge can cycle.  This is 

the left end of curve, (Vo).  As the load (or force) goes up, the velocity goes down.  

 

• Since Work = Force × Distance, so the work done by the muscle can be calculated.  

Note that the rate of work production (Power) is then Force x Velocity; there is an 

optimum load at which the power is at its maximum (as in the engine of your car!). 

 

However, muscles can either generate force without shortening (isometrically) or with shortening 

against a load (isotonically).  So what determines which occurs?   

 

Let's take an example where you want to lift a book off the desk.  The steps are: 

 

1. The muscle is activated and develops force (e.g. by recruiting an appropriate amount 

of motor units…).  During this phase the muscle length is constant (isometric).  

2. When the force developed in the muscle equals the load (book weight) then the 

muscle can begin to lift the load (i.e. shorten). 

3. As the load is lifted (shortening) the force and load stay constant (isotonic). 

4. if the book is too heavy for you to lift, the whole contraction is isometric and you 

Force-velocity relationship of skeletal muscle. The experimental setup is shown on the right. The initial 

muscle length was kept constant, but the amount of weight that the muscle had to lift during tetanic 

stimulation varied. Muscle-shortening velocity while lifting these various amounts of weight was measured. 
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develop less force than the load. 

5. in real situations the load may vary with time (e.g. for cardiac muscle as the heart is 

ejecting blood) and you can vary the velocity of shortening (e.g. throwing a baseball). 

 

  

VIII.   TYPES OF SKELETAL MUSCLE  

 

Tetanic contractions require tremendous amounts of energy.  This requires large amounts of 

oxygen if the muscle is to stay aerobic.  Some muscles that do a lot of pseudo tetanic contraction 

(e.g., postural muscles) exert tonic tension and have a high capacity for aerobic metabolism. 

Some muscles are used more for phasic (or twitch activity).  These muscles can afford to “go 

anaerobic” and build up an oxygen debt which can be repaid after a burst of activity.  

 

The table below indicates some major differences between major types of skeletal muscle.  

 

SKELETAL MUSCLE TYPES 

 

Motor unit classification   Slow Oxidative (I)   Fast Glycolytic (IIB)  

 

Nerve 

   Size/velocity     small/fast    large/ very fast  

 

Muscle 

   # of fibers in motor unit    few    many  

   diameter      moderate   large  

   Color     red    white  

   Myoglobin      high    low 

   Mito/Ox-Phos    high    low  

   Glycolysis     low    high 

   Glycogen     low    medium 

   Fatigue     resistant   easily 

   Myosin-ATPase    slow    fast 

   SR Ca-ATPase    slow    fast 

 

Additional differences between fast and slow muscles include the following: 

1. The motor neuron in slow muscle is more easily excited than that in fast muscle, and so slow 

muscles are typically recruited first. As stated previously, the high oxidative capacity of slow 

muscle, coupled with the low myosin ATPase activity, helps reduce the susceptibility to fatigue 

in slow muscle. 

2. The neuromuscular junction of fast muscle differs from that in slow muscle in terms of 

acetylcholine vesicle content, the amount of acetylcholine released, the density of nicotinic 

acetylcholine receptors, the acetylcholine esterase activity, and Na channel density, all of which 

endow the fast muscle with a higher safety factor for initiation of an action potential. During 

repetitive stimulation, however, the safety factor in fast muscle drops quickly (faster than that 

seen in slow muscle). 

3. The SR is more highly developed in fast muscle than in slow muscle, with higher levels of 
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RYR, SERCA, lumenal Ca, and a higher DHPR/RYR ratio, all of which promote the 

development of a larger, faster intracellular Ca transient in fast muscle, which is important for 

quick, forceful contraction. 

 
Figure 12.17: Slow-Twitch Muscles Exhibit Tetany at a Lower Stimulation Frequency Than Do 

Fast-Twitch Muscles. 

A, Fast-twitch motor unit in the gastrocnemius muscle. B, Slow-twitch motor unit in the 

gastrocnemius muscle. C, Slow-twitch muscle unit in the soleus muscle. The motor units were 

stimulated at the frequencies indicated on the left. The calibration bar for tension (in grams) 

generated during concentration is indicated by the vertical brackets under the curves. Note the 

large force generated by the fast-twitch motor unit (A). 
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Figure 12.18: An Oxygen Debt Is Incurred by the 

Exercising of Muscle When the Rate of Energy 

Expenditure Exceeds the Rate of Energy 

Production by Oxidative Metabolism. 

Upper panel, Energy expenditure during strenuous 

exercise.  

Lower panel, Energy expenditure during 

endurance exercise.  
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Figure 12.19 
A series of brief tetanic stimulations of 

skeletal muscle result in a rapid decrease 

in force (tetanic stress, exemplified by the 

“Whole muscle” line in plot) that is 

attributable to fatigue of fast-twitch (type 

II) motor units in the muscle. Under these 

conditions, however, slow-twitch (type I) 

motor units are resistant to fatigue. 

 

This decay represents the rapid and almost 

total failure of the fast motor units. The 

decline in force/stress is paralleled by 

depletion of glycogen and creatine 

phosphate stores and the accumulation of 

lactic acid. Of importance is that the 

decline in force/stress occurs when the ATP pool is not greatly reduced, so that the muscle fibers 

do not go into rigor.  

 

In contrast, the slow motor units are able to meet the energy demands of fibers under this 

condition, and they do not exhibit significant fatigue, even after many hours. Evidently, some 

factor associated with energy metabolism can inhibit contraction (e.g., in the fast fibers), but this 

factor has not been clearly identified. 

 

 

Figure 12.20: Effects of Growth on the Mechanical Output 

of a Muscle Cell. 

Typically, skeletal muscle cell growth involves either 

lengthening (adding more sarcomeres to the ends of the 

muscle fibers) or increasing muscle fiber diameter 

(hypertrophy as a result of the addition of more 

myofilaments/myofibrils in parallel within the muscle 

fiber). The formation of new muscle fibers is called muscle 

hyperplasia, and it is infrequent in skeletal muscle. 

 


