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Muscle Physiology 

Physiol-06B13/00B5/98A3 Briefly describe the structure of a mammalian skeletal muscle fibre and 
explain how its structure is related to its contractile function.   

1. Skeletal muscle fibres are specialized cells within a muscle, which are arranged in parallel 
between tendinous ends.  
 

2. Structure: 
a. Macroscopic: muscle belly consists of multiple parallel muscle fibres. Innervated by Aα 

motor nerves. Each nerve can innervate multiple fibres. 
Nerve ending + muscle fibres  motor unit. 

 

b. Microscopic: muscle fibre is 10-100µm diameter and spans the length of the muscle 
belly.  

i. Multiple myofibrils in parallel 
ii. Nuclei (multiple) 

iii. Cytoplasm: 
1. Mitochondria: place of oxidative phosphorylation, aerobic metabolism 
2. Sarcoplasmic reticulum: storage of Ca2+  
3. T-tubules: specialized conductive extensions of sarcolemma invaginating 

into myofibrils. 
4. Glycogen: energy storage 
5. Myoglobin: O2 storage 

iv. Cell membrane (sarcolemma)  conductive membrane 
c. Molecular: 

i. Sarcomere – functional unit consisting of: 
1. Myosin: heavy protein (520000 Da) with long tail and two heads.  
2. Actin: light protein (42000 Da) arranged in double strands 
3. Troponin: globular protein with 3 sub-units: 

a. I-inhibits myosin ATPase 
b. C-binds Ca2+  
c. T-binds tropomyosin 

4. Tropomyosin: 2 α-helical chains, prevents myosin-actin interaction 
ii. Microscopic landmarks: 

1. M line: joining of myosin tails 
2. A band: thick myosin 
3. Z line: joining of actin filaments, border of sarcomere 
4. I band: thin actin 
5. H band: myosin without actin (reduces during contraction). 

 
3. Function:  

a. Contraction: the sliding-filament theory states that the sliding of actin over myosin 
towards the sarcomere centre, causes shortening of the contractile apparatus  
myofibril contraction. 

i. Action potential (from motor endplate DP)  propagation along T-tubules 
ii. Voltage stimulation  opening L-type Ca2+ channels 
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iii. Charge movement  opening of Ca2+ channels in sarcoplasmic reticulum 

(ryanodine receptor activation)  ↑ cytoplasmic Ca2+  
iv. Ca2+ binds troponin-C  change in troponin-tropomyosin complex 
v. Uncovering of myosin binding site on actin  myosin head pulls actin via energy 

from ATP hydrolysis (myosin ATPase)  contraction 
vi. SERCA (sarcoplasmic reticulum Ca-ATPase) pumps Ca2+ back into SR  

relaxation 
b. Types: 

i. Isotonic – contraction of sarcomere causes ↓ length and muscle shortening. 
Important for voluntary movement. 

ii. Isometric – contraction of sarcomere causes ↑tension at same length. 
Important for posture. 

 
4. Types muscle fibre: 

Type Slow fatigue resistant Fast fatigue resistant Fast fatigable 

Colour Red Red White 

Other names Type I Type IIa Type IIb 

Onset Slow Moderate Fast 

Duration Long 100ms Medium Shirt 7.5-10ms 

Fatigue No Yes Yes 

Functions Posture (back) Intermediate Fine hand 

Diametre Small Moderate Large 

Myoglobin High Moderate Low 

Mitochondrial High Moderate Low 

Glycolytic capacity Low Moderate High 

Ca2+ pump Slow Moderate Fast 
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Physiol-04B14/00A4 Briefly describe the difference between a single twitch and a tetanic contraction 
in a skeletal muscle fibre. Include in your answer the physiological basis for the development of a 
tetanic contraction.   

1. Skeletal muscle consists of muscle fibres which contract in response to electrical excitation. The 
structure and function of these fibres explains why there is a difference in contraction in 
response to single twitch, and multiple twitches of high frequency (tetanic). 
 

2. Excitation-contraction: the sliding-filament theory states that the sliding of actin over myosin 
towards the sarcomere centre, causes shortening of the contractile apparatus  myofibril 
contraction.  

a. Action potential (from motor endplate DP)  propagation along T-tubules 
b. Voltage stimulation  opening L-type Ca2+ channels 
c. Charge movement  opening of Ca2+ channels in sarcoplasmic reticulum (ryanodine 

receptor activation)  ↑ cytoplasmic Ca2+  
d. Ca2+ binds troponin-C  change in troponin-tropomyosin complex 
e. Uncovering of myosin binding site on actin  myosin head pulls actin via energy from 

ATP hydrolysis (myosin ATPase)  contraction 
f. SERCA (sarcoplasmic reticulum Ca-ATPase) pumps Ca2+ back into SR  uncoupling of 

actin-myosin  relaxation. 
 

 

3. Single Twitch: the contractile response to a single stimulus.  
a. Characterised by a single contraction and relaxation response. 
b. Twitch lasts 10-100ms depending on fibre type 
c. Repeated single twitches are of the same force and duration 

 
4. Summation: the contractile response to repeated stimuli with some relaxation. Characterised by 

additive contractions if repeat stimulation occurs before the muscle fibres has completely 
relaxed (summation). 
 

5. Tetanic contraction: the contractile response to repeated stimuli above a certain frequency 
characterised by absence of relaxation.  

a. Above critical frequency, repeat action potentials trigger ongoing contractile response of 
the muscle before 

b. Tetanic contraction (up to 4x tension developed in single stimulus) 
c. Critical frequency = frequency required to produce tetanus, depends on duration of 

twitch contraction: 
i. Slow fatigue resistant (gastrocnemius): 

1. Twitch duration 100ms 
2. Critical frequency >10Hz 

ii. Fast fatigable: hand muscles: 
1. Contraction duration 10ms 
2. Critical frequency >100Hz 

 
6. Physiology of tetanus: the muscle contractile response is directly related to [Ca2+] in the muscle 

fibre cytoplasm.  
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a. Contractile response is prolonged and delayed compared to the action potential (unlike 

cardiac muscle), hence no refractory period for skeletal muscle contraction  repeat AP 
of high frequency generates contractile response. 

b. Each AP  ↑Ca2+ mobilisation form the sarcoplasmic reticulum  ↑Ca2+ after each ↑ 
myosin binding sites for cross-bridge formation with actin  ↑ tension developed 

c. Tetanic response fades when: 
i. Cessation of muscle APs  ↓Ca2+  

ii. Fatigue due to ATP depletion (ATP consumption much higher during tetanic 
contraction). 
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Physiol-01A2 Briefly describe the effect of resting muscle length and load conditions on the tension 
generated by a skeletal muscle. How do these factors affect the velocity of shortening? 

1. Skeletal muscle consists of functional units called the sarcomere. The interaction of the protein 
filaments actin and myosin of the sarcomere, accounts for development of skeletal muscle 
tension and is explained by the sliding filament theory. 
 

a. Electrical excitation promotes release of Ca2+ from the sarcoplasmic reticulum 
b. Ca2+ binds with troponin-C  complex with tropomyosin which uncovers a myosin 

binding site on actin 
c. Myosin and actin form cross-bridges 
d. ATP-hydrolysis by myosin ATPase  energy for pulling of actin towards centre of 

sarcomere  mechanism contraction 
 

2. Muscle length vs. tension: according to the sliding filament theory, the amount of contraction 
(‘sliding’) is directly proportional to the number of cross bridges formed between actin and 
myosin. 

a. Maximised at sarcomere length 2.2µm (c)  optimal length  co-incides with resting 
length of muscle 

b. ↑ length (d, e) ↓ overlap between actin and myosin  ↓ cross-bridges  ↓ active 
tension 

c. ↓ length (a, b): actin filaments overlap  ↓ cross bridges 
 

3. Load vs. tension: the addition of load onto a muscle before contraction creates ‘passive tension’. 
a. ↑ load  passive tension  muscle stretch  ↑ length of sarcomere  ↓ overlap  

↓ cross bridges  ↓ active tension from contraction. 
b. Total tension = active + passive tension 

 
4. Load vs. velocity of contraction: Inverse relationship. 

a. Velocity maximal at resting length, and declines with muscle stretching due to load.  
b. Velocity zero when load equals maximal tension at resting length.  
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1993 Briefly discuss the role of calcium in the coupling of electrical and mechanical events in skeletal 
muscle.  

1. Calcium is an important extracellular cation necessary for the process of excitation contraction in 
skeletal muscle function. It’s release and transfer across cell membranes is necessary for the 
important components of contraction: electrical excitation, contraction and relaxation. 
 

2. Motor nerve action potential: 
a. AP transmitted to nerve terminal  opens Ca channels in prejunctional membrane  

Ca2+ influx.  
b. Ca2+ mediates release of ACh from vesicles into the NMJ by facilitating exocytosis  200 

vesicles containing 300000 molecules each. 
 

3. Myocyte action potential: 
a. ACh binding to α-subunit of nicotinic receptor  opens ligand-gated ion channels  

↑conductance Na, K, Mg and Ca  RMP changes from -90mV  -55mV  threshold 
potential  propagation of myocyte action potential down electrical conducting system 
(T-tubules).  
 

4. Contraction: 
a. Action potential  opens voltage-gated dihydropyridine channels  opening of non-

voltage gated Ca2+ channels (ryanodine receptor channels) in the sarcoplasmic reticulum 
b. SR releases Ca2+ into the myocyte cytoplasm 
c. Ca2+ binds troponin C  conformation change troponin  breaks troponin-I blockage of 

actin  moves tropomyosin  uncovers actin binding sites on myosin. 
d. Myosin head binds actin  ATP hydrolysed  bending of myosin head to move actin 

filaments.  
Ca2+ concentration dictates length of binding of actin-myosin cross bridges 

 
5. Relaxation: 

a. Ca2+ actively pumped back into sarcoplasmic reticulum by SERCA (Ca-ATPase pump) 
b. Ca2+ released from troponin C  cessation of actin-myosin bridges 
c. Troponin I binds tropomyosin and it covers the actin binding sites 

Ca2+ movement required for relaxation and is an energy consuming process. 
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Physiol-05B14 Describe the processes of excitation and contraction within smooth muscle cells.  

1. Smooth muscle has unique anatomical, structural and functional differences compared to 
skeletal muscle. 
 
Property Difference 

Anatomical Innervated by autonomic nervous system  Type C fibres 
Joined by gap junctions 

Structural One nucleus per cell 
No striations – disordered actin and myosin amongst protein scaffolding  allows 
80% contractile response 
No troponin 

Physiological Nil RMP  wandering membrane potential and resting tone 
Autorhythmicity 
Requires extracellular Ca for excitation-contraction (SR poorly developed) 
Delayed contractile response 200-500ms due to ↓ATPase activity of myosin head 
Latch bridge sustained contraction with minimal ↑energy consumption 
No tension-length relationship  plasticity 

2. Excitation: 
a. Wandering baseline membrane potential from -40 to -60mV  resting tone 
b. Depolarisation occurs: 

i. Spontaneously 
ii. Autonomic nervous excitation:  ACh binds muscurinic receptors (GqPCR)  ↑IP3 

 release Ca2+ from sarcoplasmic reticulum 
iii. Stretch 
iv. Hormonal control 

c. Depolarisation – when membrane potential  reaches threshold -35mV  myocyte action 
potential propagates throughout the smooth muscle  contraction 
 

3. Excitation-contraction coupling: 
a. Action potential  

i.  opens voltage-gated Ca2+ channels  influx Ca2+ from ECF 
ii.  opens Ca2+ channels from Sarcoplasmic Reticulum (minor effect) 

b. Ca2+ binds with calmodulin (cytoplasmic protein) to form complex 
c. Ca2+-calmodulin activates MLCK (myosin-light chain kinase) 
d. MLCK  phosphorylates myosin ATPase: 

i. Initiates actin-myosin cross-bridge formation 
ii. Actin slides over myosin  contraction 

e. MLCP  dephosphorylates myosin-ATPase 
i. Uncoupling of actin-myosin cross-bridge 

ii. ↓Ca2+ and uncoupling of Ca2+-calmodulin 
iii. Actin-myosin bridging can still remain after dephosphorylation of MLC due to 

formation of ‘latch-bridges-  prolonged contraction.   
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MAKE-UP: Compare and contrast skeletal, cardiac and smooth muscle. 

  
Property Skeletal Cardiac Smooth 

Anatomical 

Location Voluntary muscle groups Heart Involuntary muscle groups 

Innervation Aα motor fibres Vagus 
Cardiac sympathetic 

Type B,C autonomic fibres 

Structural 

Nuclei multinucleated single Single 

Communication None – motor units, parallel 
fibres 

IC discs (gap junctions), 
series 

Gap junctions, series 

Actin-myosin Striated 
Ordered sarcomeres 

Striated 
Less ordered 

Smooth 
Disordered actin-myosin 

Excitation 

RMP -70mV -90mV Wandering: -40 to -60mV 

Source NMJ SA node Autorhythmicity 

Spread NMJ  myocyte EPP  AP 
Spreads via T-tubules 

Pacemaker cells  AP 
spread via conducting 
system 

AP spreads via gap junctions 

Action potential Open fast Na+ channels Open fast Na+ and slower 
Ca2+ channels  
prolonged 

Na+/Ca2+  

Excitation-contraction 

Role Ca2+  AP  releases Ca2+ via 
ryanodine receptor from 
Sarcoplasmic reticulum. 
 
AP directly releases Ca2+ 
from SR 
 

AP  opens voltage gated 
Ca2+ channels  ↑ Ca2+  
triggers further released 
from sarcoplasmic 
reticulum 
Ca2+-triggered Ca2+ release 
 

AP  opens voltage gated 
Ca2+ channels 

Cross-bridge ↑ Ca2+ binds troponin-C  
troponin-tropomyosin 
complex  uncover actin-
myosin cross-links 

↑ Ca2+ binds troponin-C 
 troponin-tropomyosin 
complex  uncover actin-
myosin cross-links 

↑ Ca2+  binds calmodulin 
 activates MLCK  
phosphorylation myosin  
actin-myosin cross-links 

Relaxation ATP-dependent Ca2+ pump 
back into SR (SERCA)  
relaxation 

ATP-dependent Ca2+ pump 
back into SR (SERCA)  
relaxation 

Ca2+ diffusion out of 
cytoplasm. 
Prolonged latch-bridge 
mechanism in absence of 
Ca2+  

Functional 

Latency Short    

Duration 
contraction 

Short (10-100ms) Similar to AP  Longer / tonic 

Duration AP Short (5-10ms) Long 150-300ms Slow wave potentials 

Refractory period None Prolonged 200 ms 
absolute, 50ms relative 

None 

Contractile 
potential 

30% 30% 80% 
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MAKE-UP: Outline a monosynaptic reflex and discuss structure-function relationships. Compare to 
the inverse stretch reflex. 

1. Muscle spindle anatomy: a collection of multiple intrafusal muscle fibres enclosed as a unit 
within a connective tissue capsule. The spindles are arrange din parallel with extrafusal muscle 
fibres. 

 

a. Intrafusal muscle fibres:  
i. Nuclear bag – dynamic and static response 

ii. Nuclear chain – static response 
b. Afferent innervation: 

i. Type Aα (Ia) primary afferents – annulospiral endings  to static nuclear bag and 
chain fibres 

ii. Type Aβ (II) secondary afferents – to dynamic nuclear bag 
c. Efferent innervation: 

i. Type Aγ efferents to both dynamic bag and chain fibres. 
 

2. Stretch reflex: 

 
The patellar stretch reflex is an important example of a monosynaptic reflex system. The purpose of 
the reflex system is to regulate muscle length. It consists of the following elements: 

a. Sense organ – intrafusal muscle spindles on nuclear bag and chain fibres which respond to 
stretch of quadriceps muscle. 

b. Afferent nerve – Type I (dynamic) and IIa (static) afferent nerve fibres to dorsal root 
c. Synapse directly with Aα efferent nerve  (spinal cord)  
d. Efferent nerve – from ventral root 
e. Effector – extrafusal muscle spindle contraction of quadriceps results in muscle shortening. 

This acts to maintain muscle length in response to initial rapid stretch.  
f. Neurotransmitter – glutamate 
g. Reciprocal reflex inhibition – the reflex arc also inhibits the antagonist muscle efferents and 

hence causes their relaxation 

3. Modulation:  
a. Aγ efferent nerves contract the ends of the intrafusal motor fibres to ↑ sensitivity to 

stretch  graded contraction. They are controlled by the extra-pyramidal system and 
supply each end of the intrafusal muscle fibres.  

b. α-γ linkage: 
i. ↑ α-efferent discharge  ↑ γ-efferent discharge  shortening of the spindle 

as the muscle contractions  sensitivity of the spindle to change in stretch is 
maintained as contraction occurs.  

 
4. Inverse stretch reflex: stimulated by excessive and abnormal contraction or stretch and act a 

feedback inhibition to regulate the force of muscle contraction. This helps prevent damage to 
the muscle due to over-vigorous contraction. 
 

a. Anatomy:  
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i. Golgi tendon apparatus: netlike collection of nerve endings located within 

tendons.  Located in series with extrafusal muscle fibres (unlike intrafusal 
muscle spindles) 

ii. Afferent innervation: Type Aα (Ib) sensory fibres stimulated by strong 
contraction or stretch. 

iii. Synapse: spinal cord with inhibitory interneurons 
iv. Efferent innervation: inhibition of Aα somatic motor fibres to weaken muscle 

relaxation and maintain length. 

 


