Muscular System 2003-04
Based on the lecture and text material, you should be able to do the following:
→
describe the microscopic structure of a striated muscle fibre

→
describe the functional roles of myofibrils, sarcoplasmic reticulum and T-tubules

→
give a detailed description of the sliding filament theory of muscle contraction

→
explain the events leading from the arrival of neurotransmitter at the endplate of a 
neuromuscular junction, through contraction and on to relaxation of a muscle fibre

→
explain what cross-bridge formation is

→
explain why thick and thin filaments do not slip backwards during muscle fibre contraction 
when the cross-bridges break and reform between the actin and myosin molecules

→
define muscle twitch and describe the events which occur during its three phases

→
given that action potentials in nerves and muscles are all-or-none events, explain how smooth 
graded contractions of muscles are produced

→
differentiate between isometric and isotonic contractions

→
describe the sources of ATP used during muscle contraction

→
list and describe the features which affect the force and speed of contraction of a muscle fibre

→
define muscle fatigue and possible causes of it

→
list the different types of muscles and their  characteristics

→
compare and contrast stretch, flexor and crossed extensor  reflexes

→
describe the mechanism of contraction in smooth muscles and compare that to striated muscle

**Note that the prefixes myo- and sarco- both refer to muscle

1. Microscopic Anatomy

A) Muscle fibers (single muscle cells):

(
are very long

(
organelle arrangement is similar to other cells except that:

(
they have several nuclei (multinucleate)

(
plasma membrane is called sarcolemma
(
cytoplasm is called sarcoplasm
(
endoplasmic reticulum (ER) is called  sarcoplasmic reticulum (SR)

(
sarcoplasm contains many, highly organized protein filaments

B) Myofibrils:

(
hundreds to thousands of long bundles per muscle fiber
(
run in parallel down the entire length of the cell

(
occupy ~ 80% of the volume of the cell

C) Striations:

(
on each myofibril, repeating bands of dark and light can be distinguished

(
dark bands are called A bands  

(
light bands are called I bands 

(
A and I bands are almost perfectly aligned with one another and are visible through the sarcolemma ( striated appearance of the skeletal muscle

D) Sarcomeres:

(
there is a dark line (Z line or Z disc) that  zigzags down the middle of the I band

(
the region between two successive Z lines is called a sarcomere (there are many successive sarcomeres in a single myofibril)

E) Myofilaments:

(
myofibrils are composed of two types of protein filaments:

I)
Thick filaments

(
~ 16nm in diameter 

(
composed mainly of myosin (golf club- shaped protein)

(
myosin tail is made of  (heavy( polypeptide chains

(
myosin has two globular heads which have additional light polypeptide chains

(
the head is the functional unit of the myosin molecule( b/c they link the  thick and thin filaments during contraction(cross bridges)

(
the heads have actin binding sites & ATP binding sites 

(
~200 myosin molecules bundle together  w/their tails lined up (parallel) to form the central part of the filament ( their heads protrude out from the central part at both ends (like a q-tip with long cotton ends

(
thick filaments surround thin filaments 3:1

II)
Thin filaments 

(
~ 7-8nm in diameter

(
composed mainly of actin in a helical structure

(
globular actin (G actin) has binding sites for myosin cross  bridges

(
regulatory proteins ( troponin and tropomyosin ( help control the interaction between thick and thin filaments

(
thin filaments surround thick filaments 6:1

a) 
Troponin 
(
3 polypeptide complex:

(
TnI ( inhibitory subunit that binds to actin during relaxed state of  muscle

(
TnT ( helps tropomyosin position itself properly on actin during  contraction 

(
TnC ( binds calcium ions

b) 
Tropomyosin
(
rod-shaped protein which wraps around the actin core of the thin filament to help stiffen it

(
in a relaxed muscle fiber, it blocks the active site of the actin so that a myosin head cannot bind

III)
Elastic filaments
(
made of the stretchy protein titin (aka  connectin)

(
attach thick filaments to the Z disc

(
thought to play a major role in the organization of the A bands and the   muscle cell as a whole 

(
the part of the titin that spans the I bands allows the muscle cell to spring back into shape after being stretched

F)
Integration of Bands and Filaments:

(
thick and thin filaments overlap each other to form the dark or A band

(
when a muscle cell is relaxed, they only overlap where the myosin heads are located (at the ends of the thick filament)

(
in the middle of the A band, the filaments do not overlap (there is only thick filament), therefore, this area appears slightly lighter ( this is called the H zone
(
in the light, or I band,  there is no overlap and only thin filaments are present 

(
the Z disc is a protein sheet that anchors thin filaments from adjacent sarcomeres across the entire cell ( binds neighbouring myofibrils together ( helps keep the A and I bands, from all myofibrils in the cell, aligned 

G) Sarcoplasmic Reticulum (SR) 

(
interconnected tubules of the SR run longitudinally around each myofibril and coalesce loosely, in the area where the A and I bands meet, to form the terminal cisternae 
(
major role of the SR is to store Ca2+ and release it into the cell when contraction is stimulated 

H) Transverse Tubules (T-tubules)

(
are continuous with the sarcolemma

(
penetrate deep into the cell and run between adjacent terminal cisternae 

(
transmit nerve impulses to every sarcomere (ensures simultaneous contraction 

2. Mechanism of Skeletal Muscle Fiber Contraction 

A) Neuromuscular Junction Events

(
somatic motor neurons innervate skeletal  muscles via a synapse called the    neuromuscular junction
(
when an action potential (AP) arrives at the    synapse, events are the same as those at all other synapses (i.e. in the nervous system)

(
the postsynaptic membrane is referred to as the motor end plate 
(
the EPSP is called an end plate potential       (EEP) 

(
the primary neurotransmitter (NT) is acetylcholine (ACh) 

B) Transmission of AP Along the Sarcolemma 

(
ACh binds to receptors on the motor end plate, causing a local depolarization 

(
if the stimulus is strong enough, the AP will    spread in all directions over the sarcolemma (via voltage-gated Na+ and  K+ channels) 

(
this is also an all-or-none phenomenon followed by a brief refractory period 

(
propagation of the AP occurs in the same manner as discussed in the nervous system 

C) Sliding Filament Theory

What is it?
(
during contraction, thick and thin filaments do not change their length, but slide past each other (overlapping further) 

(
as a result, individual sarcomeres shorten ( myofibrils shorten ( the entire cell shortens 

What causes the (sliding( of the filaments?
(
this concept is best understood if we break it down into steps:

1)
Muscle fibers are stimulated by the nervous system, causing an AP that propagates along the sarcolemma and down the T-tubules

2)
AP causes terminal cisternae of SR to release CA++  into the sarcoplasm where it binds with troponin

3)
Troponin undergoes a conformational change which physically moves the tropomyosin away from myosin binding sites on the actin  

4)
Cross bridges of myosin (heads) bind  to binding sites on actin and pull the thin filaments toward the center of the sarcomere 

(
this pulling is a result of the myosin head (cocking( (changing from its resting, high-energy shape to its bent, low-energy shape ( think of the motion of your finger when you gesture for someone to (come here()

**Remember the Z discs? **

(
Z discs (attached to thin filament) are pulled toward the thick filaments ( distance between successive Z discs decreases ( I bands shorten ( H zone disappears ( A bands move closer together but do NOT change in length

5)
ADP and Pi ( generated by the previous contraction cycle ( are   released from the myosin head

6)
Cross bridges detach and bind new ATP molecules

7)
ATP is hydrolyzed into ADP and Pi by ATPase, providing the energy required for the myosin molecule to completely return to its resting, high-energy position (cycle is back to where it started with the potential energy for its next sequence

Why don(t the thin filaments slide backward?
(
each cross bridge attaches and detaches several times during a contraction (imagine pulling a rope toward you hand-over-hand)

(
at any given time during a contraction, many myosin heads are bound to actin and many others are (cocking( for the next cycle


remember the arrangements  of filaments: 3:1 and 6:1

· as a result, the thin filaments do not slide backward (much the same way that the rope you are pulling on does not slide backward because one of your hands is on it at all times) 

When is the contraction over?
(
sliding continues as long as Ca2+ and ATP are present 

( 
when Ca2+ is pumped back into the SR (for storage and future use), troponin regains its shape and tropomyosin moves back over the binding sites on actin ( contraction is over ( muscle fiber relaxes

D) Excitation-Contraction Coupling

(
this is the sequence of events (as described above) from the transmission of an AP over the sarcolemma, to the sliding of the filaments 

(
these events occur during the latent period 

E) Summary of the Role of Calcium

(
when the muscle is relaxed, [Ca2+]i in the sarcoplasm are very low 

(
the hydrolysis of ATP (to provide cellular energy) yields inorganic phosphate, Pi (  if Ca2+ levels were high, they would combine with Pi to form calcium salts (like those found in bone matrix) ( calcified cells would die

(
therefore, [Ca++ ] is vigorously regulated

F) Rigor Mortis

(
after death, the calcium pumps on the SR run out of ATP and stop working ( Ca2+ leaks into the sarcoplasm 

(
cross bridges remain attached to actin (b/c there is no ATP to detach them) 

(
this results in muscle stiffness called rigor mortis 



(
peak rigidity is ~ 12 hrs after death, after which point actin and myosin begin to break down
3. Contraction of a Skeletal Muscle

Points to note: 

(
Each muscle fibre contracts in an all or none fashion

(
Muscles are composed of a large number of cells organized into motor units
(
Contraction of the whole muscle is different in that it can:

(
contract with varying degrees of force

(
contract for different periods of time

(
contract at different speeds

A) The Motor Unit


(
Definition:
A motor neuron and all the muscle fibers it innervates
(
Each muscle is innervated by at least 1 motor neuron ( hundreds of motor axons ( each axon forms a neuromuscular junction with a single muscle fibre

(
Motor neuron fires ( simultaneous contraction of all the muscle fibers in the motor unit

(
In muscles with many motor units, the individual muscle fibres associated with each motor neuron are not clustered together, but spread through out the muscle ( therefore, if only one motor unit is stimulated the entire muscle contracts very weakly

(
Fine motor control (eyes, finger) ( small motor units

(
Large, weight bearing muscles needing imprecise control ( larger motor units

B) Graded Muscle Responses

(
Definition
variations in the degree of muscle contraction required for proper control of muscle movement

(
These include:

(
Wave summation and tetanus (frequency of stimulation)

(
Multiple motor unit summation or recruitment (strength of stimulation)

(
Treppe or the staircase effect
1) Wave Summation and Tetanus
(
Muscle twitch ( response to a single brief stimulus (does not naturally occur)

(
2 identical stimuli in rapid succession 

(
Low frequency (2nd stimulus arrives after the muscle has relaxed from the 1st stimulus) ( strength of contraction is not affected

(
Higher frequency (2nd stimulus arrives before the muscle has relaxed from the 1st stimulus) ( contraction will be stronger = wave summation
(
( frequency of stimuli ( ( strength of contraction until a maximum contraction has been reached = tetanus

(
incomplete (unfused) tetanus ( the time between stimuli allows for some relaxation 

(
complete (fused) tetanus ( very high frequency, therefore no relaxation can occur

(
Importance of calcium ( Ca2+ from the 2nd stimulus is released into the sarcoplasm before the  Ca2+  from the 1st contraction has been pumped back into the SR  ( more troponin is bound to  Ca2+  ( more filaments in the muscle cell react 

(
when there is enough calcium released by the SR (i.e. high frequency of stimuli), all actin and myosin molecules participate contraction ( strongest contraction 

2) Multiple Motor Unit Summation or Recruitment
(
As with the nervous  system, a subthreshold stimulus will not cause any measurable muscle contraction 

(
A threshold stimulus is just strong enough to cause the first motor units to contract, then recruits other motor units to contract until the maximal stimulus causes all motor units to contract 

(
A supramaximal stimulus will cause no further increase in contraction strength 

(
Weak stimuli recruit only small motor units (more excitable) ( weak but precise movements 

(
Stronger stimuli recruit larger motor units ( stronger but less precise movements

3) Treppe
(
Stronger contraction with each successive, identical stimulus (when recorded present a staircase pattern)

(
Reflects the ( amount of  Ca2+  available in the sarcoplasm and more efficient enzyme activity as the muscle liberates heat 

(
Principal behind (warming-up( before physical activity

C) Muscle Metabolism

(
ATP is required for the movement and detachment of cross bridges and the operation of the calcium pumps

(
Very little ATP is stored in the muscle cells at a given time, however, 

(
When ATP is hydrolyzed for use, more ATP is formed immediately

(
ATP is formed in the muscle cells by:

(
Direct phosphorylation of ADP by creatine phosphate

(
Anaerobic glycolysis and lactic acid formation

(
Aerobic respiration

D) Force of Muscle Contraction

(
NOT  an all-or-none phenomenon, but a graded event 

(
four factors regulate the strength of contraction 

(
Number of recruited motor units

(
Relative size of the muscle

(
Series- elastic elements

(
Degree of muscle stretch (length-tension relation)

1) Number of recruited motor units

(
discussed above

(
force is directly proportional to the number of recruited motor units

2) Relative size of the muscle

(
larger = stronger due to ( muscle fibers(differences between muscles, not within muscles), ( myofibrils, ( myofilaments, ( cross bridges that can be formed

3) Series-elastic elements

(
noncontractile structures of the muscle (connective tissue wrappings and  tendons), that stretch and recoil

(
myofibrils contract, generating internal tension (force) ( stretching of the elastic elements which generates external tension  

(
these 2 forces together (internal and external tension) promote movement of body parts and locomotion

4) Degree of muscle stretch

(
muscles can generate greater forces when they are partially stretched just before contraction occurs  i.e. the actin and myosin molecules are just overlapping

(
if the muscle is stretched too far, no contraction can occur

i.e. the actin and myosin are not overlapping at all, so they cannot form cross bridges

(
if the myofilaments overlap too much, no further contraction can occur

i.e. the thin filaments interfere with each other and the thick filaments run into the Z disc ( sarcomeres cannot shorten any further




**
muscles in our bodies are prestretched  to optimal length by 
our tendons which attach to our bones 
(
when tendons are cut (damaged), the muscle shortens significantly

E) Velocity of Muscle Contraction 

(
Each step involved in the contraction of a muscle fiber takes time (from the propagation of the AP to the cycling of the cross bridges)

(
anything affecting the speed of these steps affects the speed of contraction including:

(
speed of impulse propagation down the axon

(
amount of slack in the elastic components (tension must be developed before contraction can occur

(
muscle fiber type ( they vary in speed of contraction and sources of ATP 

F) Effect of Exercise on Muscles

(
( number of capillaries supplying a muscle

(
( number of mitochondria

(
( myoglobin content of the muscle fibre

(
(number of myofibrils per muscle fibre

(
results in more efficient muscle metabolism, ( endurance, strength, and resistance to muscle fatigue 

(
disuse of muscles leads to atrophy ( muscle tissue breaks down, muscle fibers are replaced with fibrous connective tissue

	
	Slow oxidative fibers
	Fast oxidative fibers
	Fast glycolytic fibers

	Speed of contraction
	Slow
	Fast
	Fast

	Myosin ATPase
	tc \l3 "Myosin ATPaseSlow
	Fast
	Fast

	Source of ATP
	tc \l3 "Source of ATPOxidative Phosphory-lation
	Oxidative Phosphory-lation
	Glycolysis

	Myoglobin content
	tc \l3 "Myoglobin contentHigh
	High
	Low

	Glycogen stores
	tc \l3 "Glycogen storesLow
	Intermediate
	High

	Rate of fatigue
	tc \l3 "Rate of fatigueSlow
	Intermediate
	High

	Colour
	Red
	Pink
	White

	Mitochondria
	tc \l3 "MitochondriaMany
	Many
	Few

	Capillaries
	Many
	Many
	Few

	Fibre     Diameter
	Small
	Intermediate
	Large


Table:
Summary of the major structural and functional characteristics of the three types of skeletal muscle fibers

4. Reflex Activity

A)
Components of a Reflex Arc

Basic Reflexes:

(
Rapid, predictable motor response to a stimulus ( unlearned, unpremeditated, involuntary ( feedback control systems

(
Sometimes we are aware of them and they are a response to some environmental stimulus (pain)

(
Sometimes we are unaware of them and they act to produce homeostasis (blood pressure)

(
Components are the same as those of a control circuit:

(
Receptor

(
Sensory (afferent) neuron

(
Integrator

(
Motor (efferent) neuron

(
Effector

(
reflexes involving skeletal muscles are called somatic reflexes 

Learned or Acquired Reflexes

(
Reflexes modified by learning and conscious effort 

(
Voluntary (to a degree)

B) Spinal Reflexes

(
Somatic reflexes mediated by the spinal cord

(
Do not require involvement of the brain (but the brain is usually aware of the reflex)

(
Brain may facilitate or inhibit these reflexes

C) Reflexes Originating from Muscle

(
Most muscle exist in antagonizing pairs ( one more stretched while the other is more contracted (usually in balance)

(
To maintain position and for coordinated movement, the CNS must know the position of each muscle at all times 

D) Sensory Feedback from Muscles

(
two types of sensory structures found in muscle :

(
Golgi Tendon Organs ( simple stretch receptors (proprioceptors) in tendons  - sense and relay the degree of stretch on the tendon

(
Muscle Spindles ( composed of 3-10 highly modified muscle fibers (intrafusal fibers) 

Smooth Muscle

(
Smooth muscle is made of single, spindle‑shaped cells. It gets its name because no striations are visible in the muscle cells. 

(
Nonetheless, each smooth muscle cell contains thick (myosin) and thin (actin) filaments that slide against each other to produce contraction of the cell. 

(
The thick and thin filaments are anchored near the plasma membrane (with the help of intermediate filaments).

(
Smooth muscle (like cardiac muscle) does not depend on motor neurons to be stimulated (myogenic response). 

(
However, motor neurons (of the autonomic system) reach smooth muscle and can stimulate it ‑ or relax it ‑ depending on the neurotransmitter they release (e.g. noradrenaline or nitric oxide, NO).

Smooth muscle can also be made to contract:

(
By passive stretch

(
Example: stretch of vascular smooth muscle stimulates contraction.

(
By other substances released in the vicinity (paracrine stimulation).  

(
Example: release of histamine causes contraction of the smooth muscle lining our air passages (triggering an attack of asthma).

(
By hormones circulating in the blood (endocrine stimulation).

· Example: oxytocin reaching the uterus stimulates it to contract to begin childbirth.

(
The contraction of smooth muscle tends to be slower than that of striated muscle. It also is often sustained for long periods. This, too, is called tonus but the mechanism is not like that in skeletal muscle.

Mechanism of contraction:

(
Actin and Myosin organization: is much less regular than that found in striated muscle. The filaments form a criss‑crossed meshwork attached to the cell wall or internal points at oblique angles.  

(
Dense bodies (dense plaques): form the attachment site of and anchor actin filament meshworks. These structures  contain alpha actinin and are therefore analogous to the Z discs found in skeletal muscle and to adherens junctions. 

(
Intermediate filaments: Desmin and vimentin form a network throughout smooth muscle cells, providing them with structural support.

Contraction of smooth muscle is regulated as follows:

1) 
Calcium which binds to the protein calmodulin. 

2) 
Calcium‑calmodulin activates myosin‑light chain kinase (MLCK). 

3) 
This kinase in turn phosphorylates myosin molecules. 

4) 
Once of the myosin molecules are phosphorylated, they assemble into functional thick filaments. 

    

5)
MLC phosphorylation also leads to cross‑bridge formation between the myosin heads and the actin filaments, and hence, smooth muscle contraction.  

(
The mechanism of contraction can involve different signal transduction pathways, all of which converge to increase intracellular calcium. 

(
There are several signal transduction mechanisms that modulate intracellular calcium concentration and therefore the state of vascular tone.  Three different mechanisms will be described here: 

1) 
The phosphatidylinositol pathway. 


2) 
The other G-protein coupled pathways.

3) 
The nitric oxide‑cGMP pathway.  

(
The phosphatidylinositol pathway in smooth muscle is similar to that found in the heart.  

(
Norepinephrine, angiotensin II, and endothelin‑I (ET‑1) acting through Gq-protein coupled receptors activate phospholipase C (PL‑C) causing the formation of inositol triphosphate (IP3) from phosphatidylinositol (PIP2).  

(
The IP3 then causes the sarcoplasmic reticulum (SR) to release calcium. 

(
The formation of diacylglycerol (DAG) activates protein kinase C (PK‑C) which can also contribute to smooth muscle  contraction via protein phosphorylation. 

(
The other G‑protein coupled pathways either stimulate (via Gs protein) or inhibit (via Gi protein) adenylyl cyclase (AC) that catalyzes the formation of cAMP.  

(
In vascular smooth muscle for example, an increase in cAMP (stimulated by a beta‑agonist such as epinephrine or isoproterenol) causes relaxation.

(
The mechanism for this is cAMP inhibition of MLCK. ( This decreases MLC phosphorylation, ( thereby decreasing the interactions between actin and myosin.  

(
Therefore, drugs which increase cAMP (e.g., b2‑adrenoceptor agonists, phosphodiesterase inhibitors) cause vasodilation.

(
A third mechanism that is very important in regulating tone is the nitric oxide (NO)‑ cGMP system.  

(
Briefly, increases in NO activate guanylyl cyclase ( causing increased formation of cGMP.  

(
The precise mechanisms by which cGMP relaxes smooth muscle is unclear; however, cGMP can activate a cGMP‑dependent protein kinase, activate K+ channels, decrease IP3, and inhibit calcium entry into the smooth muscle cell.

