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 Contraction of Skeletal Muscles  

 The Role of Calcium Ions 

 The contraction of skeletal muscles involves the binding of myosin heads to actin 

molecules on the myosin binding site. This interaction happens only in the presence 

of large amounts of calcium ions. 

 Under the condition of low Ca+2 concentration, the troponin-tropomyosin complex 

physically covers the binding site on actin and prevents the interaction between the 

myosin heads and actin.  

 The presence of high Ca+2 concentration inhibits the effect of troponin-tropomyosin 

complex. The exact mechanism of this inhibition is not known, but it is suggested 

that 4 Ca+2 bind to one molecule of troponin C which produces conformational 

changes that results in the displacement of tropomyosin away from the active sites 

on thin filaments.  

 This action uncovers the active sites of the actin, thus allowing these active sites to 

attract the myosin cross-bridge heads and cause contraction to proceed.  

 

 Interaction of the Activated Actin Filaments and the Myosin Heads 

 Prior to attachment, the myosin head is energized by splitting an ATP molecule at 

its ATP-ase site. Mg+2 is required in this process for the attachment of the ATP 

molecule to the ATP-ase site.  

 The attachment of a head to an active site causes the head to bend toward the arm 

and to drag the actin filament along with it. This bending of the head is called the 

power stroke.  

 Immediately after bending, the head releases ADP and Pi from their site. The head 

then automatically breaks away from the active site by consuming another ATP 

molecule.  

 Following detachment, the head of 

myosin is reenergized by splitting 

another ATP molecule and returns to 

its extended direction. It then binds 

with a new active site farther down 

along the actin filament; the head then 

bends again to cause a new power 

stroke, and the actin filaments move 

another step.  
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 The heads of the cross-bridges bend back and forth and step by step walk along the 

actin filaments pulling the ends of the two active filaments toward the center of 

the myosin filaments. This cycle continues as long as there is high concentration of 

calcium ions.  
 This mechanism results in more overlap between thick and thin filaments by pulling 

thin filaments inside. This theory is known as “sliding theory” or “walk-along” 

theory.  

 According to this theory, after many cycles of (binding, power stroke, detachment, 

then binding again), a shortening of the sarcomere will be induced in the muscle by 

sliding thin filaments toward the sarcomere center.  

 Note! ATP is necessary for the detachment of cross bridges from actin. Inadequate 

supplies of ATP cause muscles to stiff because of the inability of cross bridges to 

detach from actin after bending. This phenomenon is called rigor mortis; it is 

defined as stiffness of skeletal muscles after 3- 4 hours of death.  

 

 Requirement of Energy for Contraction  

 When a muscle contracts, work is performed and energy is required. Large 

amounts of ATP are cleaved to ADP during the contraction process which is 

important for: 

a) Sodium-potassium pump: it maintains a low concentration of K+ and a high 

concentration of Na+ outside the cell to maintain an appropriate ionic 

environment for propagation of action potentials.  

b) Calcium pumps: it pumps calcium ions into the sarcoplasmic reticulum to reduce 

calcium concentration inside the muscle after the contraction is over.  

c) Energization of the myosin head which is necessary for the power stroke.  

d) Detachment of the myosin head from actin.  

 The amount of stored ATP inside the muscle is enough to maintain contraction for 

a few seconds only, therefore ATP must be replenished constantly. There are three 

other sources of energy for muscle contraction:  

1)  Phosphocreatine: a macro-energetic molecule that carries a high-energy 

phosphate bond similar to the bonds of ATP. Phosphocreatine is instantly cleaved, 

and its released energy causes bonding of a new phosphate ion to ADP to produce 

ATP. This is done by an enzyme called creatine kinase. The amount of ATP 

replenished by phosphocreatine is enough to maintain contraction for a few 

minutes (according to the book, combined energy of stored ATP and 

phosphocreatine produces maximal muscle contraction for only 5 to 8 seconds).  
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2) Glycolysis of glycogen stored in the muscle cell: it replenishes both ATP and 

phosphocreatine and occurs in the cytosol. It is a fast process that does not need 

O2 and can cause accumulation of lactic acid.  

3) Oxidative phosphorylation: it utilizes the products of glycolysis and takes place in 

the mitochondria. It is a slow process that releases more ATP than glycolysis and 

needs a constant supply of O2. The source of this constant supply of O2 is 

myoglobin.  

 

 Types of Skeletal Muscles  

 There are two types of muscle fiber: fast muscle fibers (white) and slow muscle 

fibers (red). 

 Each muscle of the body is composed of a mixture of fast and slow muscle fibers.  

 Muscles that react rapidly are composed mainly of fast fibers and muscles that 

respond slowly but with prolonged contraction are composed mainly of slow fibers.  

a) Fast fibers (White Muscles): 

 Contract rapidly; generate energy mainly by glycolysis.  

 Oxidative phosphorylation is secondary; less number of mitochondria.  

 Does not need constant supply of oxygen; less myoglobin.  

 White in color because of deficit of red myoglobin.  

 Cause muscle fatigue due to accumulation of lactic acid. 

 Less extensive blood supply.  

 Large in size, extensive sarcoplasmic reticulum.  

 Used in 100-meter run (fast - short distances).  

b) Slow fibers (Red Muscles): 

 Contract slowly and for a long duration; generate energy mainly by oxidative 

phosphorylation. 

 High levels of oxidative metabolism; higher number of mitochondria. 

 Needs constant supply of oxygen; high amount of myoglobin. 

 Red in color because of high amount of red myoglobin + extensive blood supply.  

 Does not cause muscle fatigue. 

 Small in size.  

 Used in marathons (slow - long distances).  

 Is it possible to increase the number of fast/slow fibers on purpose? The answer is 

yes! During childhood, people who train in fast sports can increase the number of 

their fast fibers and people who train in slow sports can increase the number of 

their slow fibers.  
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 Muscle Mechanics 

 By now, we are familiar with the type of contraction that causes shortening of the 

muscle. This type of contraction is called isotonic contraction.  

 However, there is another type of contraction that involves interaction between 

the thick and thin filaments without causing shortening of the muscle. This type of 

contraction is called isometric contraction.  

 Isotonic contraction occurs when the force of the muscle contraction is greater 

than the load and the tension on the muscle remains constant during the 

contraction; when the muscle contracts, it shortens and moves the load (Change in 

length, no change in tension).  

 Isometric contraction occurs when the load is greater than the force of the muscle 

contraction; the muscle creates tension when it contracts, but the overall length of 

the muscle does not change (Change in tension, no change in length).  

 

 Isometric contraction can be measured by specific transducers that can detect 

changes in tension of the muscle. The following figure represents changes in 

tension while manipulating the length of the sarcomere and stimulating the 

myofibril by adding Ca+2. During this experiment, the heads of the myofibril are 

fixed (so that the length does not change). 

! Please note that the length referred to in the following statements is the length of 

the sarcomere (one thick filament and two thin filaments)  

 Stimulating a myofibril after stretching the heads of its sarcomere till there is no 

overlap between the filaments (length is 3.8nm) will result in no change in tension 

(no interaction between the thick and thin filaments).  

 If we decrease the length, we will start having some overlap and the heads of 

myosin will start to attach to the thin filaments and tension will be recorded. The 

tension will increase as we decrease the length 

till we reach the optimal (resting) length "2.2 

nm" where maximum active tension is 

recorded. At the optimal length, thin filaments 

are overlapping with half of the thick filaments.  

 If we decrease the length till 1.8 nm, the thin 

filaments of one side will start overlapping with 

the thick filaments of the other side, there will 

be less interaction so the tension will decrease. 
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 Types of Tension  

 The following graph represents three types of tension: passive tension, active 

tension and total tension which is the sum of both passive and active tension.   

 Stretching a muscle without stimulation will result in a type of tension called passive 

tension. Passive tension is due to the elastic property of the muscle. An example of 

this would be the pull one feels in their hamstrings while touching their toes.  

 Active tension is the tension that can be produced by the stimulation process only. If 

we stretch a muscle beyond 2.2nm (optimal length) 

the active tension will decrease.  

 The total tension is the tension produced by both 

stretching and stimulation of the muscle.  

 The total tension increases by stretching while the 

active tension decreases (if beyond 2.2nm).  

 Active tension can be calculated using the following 

equation: 

Active Tension = Total Tension – Passive Tension 

 Velocity of Contraction  

 Skeletal muscles contract with maximum velocity when they are not loaded.  

 By loading the muscle, the velocity of contraction decreases as the load increases.  

 When the load has been increased to equal the maximum force that the muscle can 

exert, the velocity of contraction will be zero and no contraction will result (no 

shortening) but still we have interactions between the thick and thin filaments so 

change in tension will be recorded (Isometric contraction) 

 When there is no load on the muscle (the force of contraction 

is greater than the load), the highest velocity of contraction 

will be recorded (Isotonic contraction) 

 In our body, we have a combination of isometric and isotonic 

contractions (shortening and changing the tension).  

 

 Muscle Twitches (Isotonic Contraction) 

 As discussed before, in isotonic contraction the muscle shortens while the tension 

remains constant (Change in tension is almost zero). 

 When a nerve of a nerve-muscle preparation is electrically stimulated, the muscle 

will respond by contraction followed by relaxation, so there are two periods:                    

a contraction period (shortening of the muscle) and a relaxation period.  

 The whole recordings from the beginning of stimulation until the end of muscle 

relaxation is known as a simple muscle twitch. 
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 A device that calculates the speed of contraction 

(distance/time) was used to obtain the following 

graph which represents a simple muscle twitch. At 

the beginning of stimulation, the stylus of the 

device will raise due to contraction then it will go 

down by relaxation. 

 Stimulation of the muscle always occurs in a period 

called the latent period. 

 In the latent period we stimulated the muscle but still there is no change in length; 

it’s the time during which the impulse is traveling along the sarcolemma and down 

the t-tubules to the sarcoplasmic reticulum, calcium ions are being released but not 

in enough concentrations to cause contraction.  

 When the concentration of calcium ions is high enough (to uncover the active sites), 

contraction will occur. Any period before this increase in calcium concentration is 

part of the latent period. 

 The contraction period is followed by the relaxation period which is powered by 

ATP. During the relaxation period calcium pumps actively transport calcium ions 

back into the sarcoplasmic reticulum, reducing the calcium level around the actin 

and myosin filaments and allowing the muscle to relax. 

 The simple muscle twitch can take less time in muscles composed of fast fibers such 

as the ocular muscle and longer time in muscles composed of slow fibers such the 

soleus muscle. As mentioned before, these muscles not only differ in their speed of 

contraction but also in their color and composition.  

 

 Now if we want to stimulate the muscle twice (co-stimulation), the second stimulus 

should take place in the latent period.  

 Remember that a second action potential 

(stimulus) can be generated only after the 

first one has finished and the membrane is at 

resting potential.  

 Please note that the contractile activity 

viewed in the following graph happens inside 

the muscle fiber while the action potentials 

happen in the neuromuscular junction.  

 Stimulating a muscle twice before the first twitch has ended (not in the latent 

period) will result in summation of twitches before the muscle is relaxed which is 

called wave or frequency summation.  
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 Having continuous stimulation will cause the contractile activity to increase without 

any relaxation which is known as tetanization. 

 

 The Staircase Effect (Treppe)  

 The simple muscle twitch has certain amplitude.  

 After several contractions, the amplitude of simple muscle twitches increases which 

increases the strength of contraction. 

This is known as Treppe or staircase 

effect.  

 This effect is probably due to an 

increase in Ca+2 concentration inside 

the cytosol with each muscle 

stimulation and inability of 

sarcoplasmic reticulum to recapture Ca+2 immediately. 

! Note: The staircase effect (treppe) increases the amplitude of simple muscle 

twitches, it does not cause summation of twitches.  

 Remember that high concentration of calcium ions also causes uncovering of more 

active sites which produces sufficient contraction till we have tetanization. This 

happens in our body and that is the concept of warm ups before exercising. 

 Prolonged and strong contraction of a muscle leads to the well-known state of 

muscle fatigue (the decrease in the graph after tetanization). 

 

 Muscle Fatigue  

 Muscle fatigue is characterized by the muscle not responding to the stimulus, it is 

caused by depletion of ACH neurotransmitters in the neuron of the neuromuscular 

junction. 

 Muscle fatigue can also be caused by other conditions such as accumulation of lactic 

acids (glycolysis). The muscle can still contract but with pain caused by the low PH. 

This is not real fatigue because the muscle is still contracting so it is still responding 

to the stimulus.  

 In the fatigue phase there is no direct relaxation. It is somehow similar to 

tetanization but with a lower contraction power, the muscle continues to have weak 

contractions till it reaches the relaxation period.  
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 Summation of Simple Muscle Twitches: 

  There are two types of muscle summation: frequency summation (wave 

summation) and motor summation.  

 By now we are familiar with the concept of frequency summation, it happens when 

a muscle is stimulated by more than one stimulus and the time between 2 

successive stimuli is less than the duration of simple muscle twitch. This may result 

in summing of the successive contractions. When the frequency of stimulation is 

more increased and the muscle responds by contraction without any relaxation, we 

can say that the muscle is in tetanization. 

 

 Motor unit summation (multiple fibers 

summation) is achieved by increasing the 

number of motor units contracting 

simultaneously.  

 The muscle consists of a number of muscle 

fibers. Not all these muscle fibers are 

innervated by the same nerve fiber. However, 

each muscle fiber is innervated by one neuron 

only (except for about 2% of the fibers).  

 If only few nerve fibers in a nerve that 

innervates a muscle are stimulated, this will 

induce shortening only in the muscle fibers are 

innervated by the stimulated nerve fibers. When the number of nerve fibers 

stimulated increases, this will recruit more motor units in contraction. 

 The increase in contraction will result in an increase in the amplitude of simple 

muscle twitch. In human body this summation is important for gradation of forces 

during contraction. 

 


