Muscle Physiology

page 2 of 17
Rahul Davé

Summer 2004

MUSCLE STRUCTURE AND FUNCTION
Rahul Davé

Rdave2@uic.edu
(312) 996-7610

Rm. 206 CMW

1.  INTRODUCTION

2.  MUSCLE STRUCTURE
A.  Organism level

(1) Muscles function in a variety of organs and processes

(2) Muscles act in concert with each other, as well as other systems.

B.  Organ or “whole-muscle” level

(1) Gross anatomy of a muscle

(2) Coverings and groupings of muscle fibers: Epi-, endo-, and perimesium

C.  Tissue level

(1) 3 major muscle types: smooth, skeletal, and cardiac

(2) 3 skeletal muscle types: slow, intermediate, and fast contracting muscles
D.  Cell and Protein level

(1) Skeletal muscle sarcomere: bands & the proteins to which they correspond
(2) The smooth muscles have dense bodies
3.  MUSCLE CONTRACTION

A.  Skeletal and Cardiac Muscles

(1) The nerve-muscle interface: neuromuscular junction

(2) Excitation-contraction coupling

(3) The cross-bridge cycle

B.  Smooth muscles

(1) The nerve-muscle interface: neurovaricosities

(2) Mechanism of contraction

4.  MUSCLE BIOPHYSICS

A.  Preload and Afterload

B.  The Starling Relationship

(1) Force-length

(2) Force-velocity

5.  CLINICAL APPLICATIONS

A.  Exercise Physiology and Energy

(1) Adaptation to exercise

B.  List of muscle diseases (for fun)
(1) Metabolic disorders

(2) Diseases of muscle function

(3) Diseases of neuromuscular junction

(4) Neurological diseases
1. INTRODUCTION

We will discuss these objectives:
· Structure of muscle at the organism, organ, tissue, cell and protein levels

· Mechanism of muscle contraction, and the differences between smooth and striated muscles

· Mechanical properties of muscles that are important for understanding heart function

· Clinical perspectives: Exercise physiology and muscle diseases

Review: Fundamental Themes of Biology

· Levels of organization

· A note on vocabulary:

Unfamiliar words are often composed of recognizable parts. As you go through med school, learn these word parts. Keep a small medical dictionary with you to look up word parts.

Examples:

Myocyte is a muscle cell


Myo-
means muscle


-cyte
means cell

Sarcomeres are fundamental units of skeletal muscle contraction

Sarc-
means flesh

-mere
means part of, or segment

Good Physiology Textbooks
Physiology, by Berne & Levy, 5th edn (required text; very detailed)

STARS Physiology, by Linda Costanzo (excellent summary for med school)

Human Physiology, by Lauralee Sherwood (Well written with good figures; mostly for undergrads)

The physiology handouts in med school are well written -- use them in the Fall!

The figures in this handout are from the Sherwood text unless otherwise specified.

2. MUSCLE STRUCTURE

A. ORGANISMAL LEVEL
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Muscles function in a variety of organ systems and processes

Musculoskeletal
Motor movement; stabilization of posture

Digestive

Peristalsis moves food along the GI tract

Respiratory

Distribution of air to various alveoli

Vision


Eye movements; focusing (“accommodation”)

Cardiac

Heart pumping; venous return of blood

Vascular System
Surround arterioles to regulate blood flow

Wound healing
“Muscle-like” fibroblasts help in wound contraction

Secretion

“Muscle-like” epithelia participate in hormone secretion

Muscles contraction is an active process that requires a signal

Remember that contraction is an active, energy required process. Muscles do not actively stretch, but may be stretched due to the contraction of another muscle.
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Signal an be from the brain (ascending control) or part of a reflex circuit

Can involve autonomic (involuntary) system or be voluntary.

The same signal can go to multiple muscles to mediate a specific action. Example: withdrawal reflex. 

B. GROSS ANATOMY OF A MUSCLE

Muscles are organized into fibers and fasicles
Muscles are separated from each other by epimysium, aka fascia.

Muscle fascicles are separated by perimysium

Muscle fibers (individual cells) are separated by endomysium.
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Source: Dr. Kennedy, Dept of Physiology & Biophysics, UIC.

Muscles Are Intimately Associated With Nerves
Muscle is associated with nerves ... each muscle has a particular “innervation”

Motor Unit: “A motor nerve and all the muscle fibers it innervates”. 

C. TISSUE LEVEL

Three Types of Muscle: Smooth, Skeletal, and Cardiac
	SKELETAL MUSCLE
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	Striations (demarcates sarcomeres)

Nuclei are on cell periphery

Unbranched

Sarcomeres are visible

Used in voluntary contraction

[Skeletal muscle movie shown in class]


	SMOOTH MUSCLE
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	Involuntary contractions

No striations ... smooth appearance

Centrally-located nuclei

Functional synctitium

Involuntary contraction


Surrounds blood vessels



	CARDIAC MUSCLE
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http://biology.clc.uc.edu/fankhauser/Labs/Anatomy_
&_Physiology/A&P201/Muscle_Histology/cardiac_muscle_
100x_intercalated_PB082244.JPG (above)
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	Striated

Centrally located nuclei

“Branched” cells

Intercalated disk (circled)

Sarcomeres are visible

Functional synctitum

Found in the heart


Three Types of Skeletal Muscle Fibers And Their Properties

Basic Biochemical Pathways
Basic “currency” of energy in the cell is ATP ... everything you eat eventually becomes ATP.

There are two steps in conversion of sugars into ATP

1. Glycolysis: generates 2 ATP per glucose, occurs very quickly.

2. Oxidative Phosphorylation: generates 34-36 ATP per glucose, but occurs slowly.

Glycolysis without Oxidation ... muscles run out of energy quickly.

	Type
	Biochemical

fuel
	ATP consumption
	Fatigue Resistance
	Motor Unit Size
	Prototypical

Use

	Fast White
	Glycolysis
	High
	Low
	Large
	Power lift

	Fast Red
	Oxidative
	High
	Medium
	Medium
	Jogging

	Slow Red
	Oxidative
	Low
	High
	Small
	Postural


You can figure out properties from the name or prototypical use:

Oxidative phosphorylation requires oxygen, therefore hemoglobin.

Fast fibers consume a lot of energy

Multiple fibers are present in each muscle, but a single motor unit contains only one type of fiber.

Size principle: Small motor units (i.e., few fibers per motor neuron) are recruited first. These are more likely to be Slow Red. Large motor units are usually glycolytic. This mechanism allows you to use oxidative fibers first.

D. Cell and Protein Level: Sarcomeres
Skeletal Muscle Sarcomere
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When a muscle contracts, H & I bands shorten, A band doesn’t change length.

	Thick filament: Myosin + myosin heads

Thin filament: Actin


	I-band: Thin filament only

A-band
: Thick + Thin filaments

H-band
: Thick filament only

Z-disc: Boundaries of sarcomere.


Many proteins that regulate sarcomere contraction.

Tropomyosin blocks actin-myosin binding and troponins regulates tropomyosin

Many other proteins regulate sarcomere function
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SMOOTH MUSCLE STRUCTURE
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3. MUSCLE CONTRACTION MECHANISMS

A. SKELETAL & CARDIAC MUSCLES

The Nerve-Muscle Interface
Muscle contraction requires a stimulus
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	Top: Light micrograph of the neuromuscular junction. Each nerve synapses with multiple muscle end-plates.

Bottom: Electron micrograph of the neuromuscular junction. Note the synaptic vesicles and the close association between the nerve terminal and the muscle plasma membrane. The indentation in the plasma membrane represent T-tubules.

Source: Dr. Kennedy
Steps should be familiar from “Cell Communication” section:

1. Action potential is generated in cell body of neuron

2. AP travels along the axon to reach the presynaptic terminus

3. Synaptic vesicles contents are released. Synaptic vesicles contain neurotransmitter (e.g., acetylcholine) that diffuses to postsynaptic membrane.

In this case, the post-synaptic membrane is of the muscle cell, not the dendrite of another neuron.

4. Neurotransmitter will open ion channels that will cause the post-synaptic cell to depolarize

How does the muscle cell 

depolarization turn into muscle contraction? This process is called Excitation-Contraction (E-C) coupling.




Excitation-Contraction Coupling
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Steps:

1. Wave of depolarization travels from neuromuscular junction along the T-tubules.

2. The depolarization reaches the triad (skeletal) or dyad (cardiac), an area where the sarcoplasmic reticulum is in close proximity to T-tubules.

3. The depolarization opens up Ca2+-channels in the sarcoplasmic reticulum membrane

4. Ca2+ flows from the sarcoplasmic reticulum into the cytosol of the muscle cell, where it can initiate the cross-bridge cycle.

5. Ca2+ is rapidly removed by ATP-dependent Ca2+ pumps on the plasma membrane and sarcoplasmic reticulum membrane.

The Cross-Bridge Cycle
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Steps:

1. Ca2+ binds Troponin (Tn)-C

2. This causes a conformation change in Troponin that pulls Tropomyosin away from the myosin binding sites on actin

3. Myosin heads bind actin

4. Release of ADP + Pi allows for power stroke

5. ATP binding allows myosin head to detach

6. ATP hydrolysis allows myosin head to return to original conformation

Note: ATP hydrolysis and contraction are separate events.

B. SMOOTH MUSCLES

Neurovaricosities form the Nerve-Muscle Interface

No specific neuromuscular junctions. Smooth muscle of gut has its own nervous system, the enteric nervous system (“gut-brain”; deficiency causes Hirschsprung’s disease).
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Mechanism of Contraction I: EC Coupling

Binding of neurotransmitter to its receptor causes release of Ca2+ from sarcoplasmic reticulum by G-protein-dependent pathways.

Steps:

1. Neurotransmitter binds G-protein coupled receptor

2. G-protein inside the cell is activated and increases IP3

3. IP3 opens Ca2+ channels on the sarcoplasmic reticulum

4. Ca2+ will flow into the cytosol

Mechanism of Contraction II: The Cross-Bridge Cycle

Instead of the troponin-tropomyosin system, myosin light chain kinase is involved.

1. Ca2+ binds to calmodulin

2. Ca2+-CaM will bind and activate myosin light chain kinase (MLCK)

3. Myosin (specifically, its light chain) gets a phosphate

4. This allows the cross-bridge cycle to continue as above (steps 3-6 for skeletal muscle)
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Source: Berne & Levy, Fig 19.8

4. MUSCLE BIOPHYSICS AND ENERGETICS

A. PRELOAD AND AFTERLOAD
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The elastic component is in series with the contractile component.

Preload: Stretching the elastic component is energy-independent and passive (if you work out: “isometric exercises”). Think: “The load the muscle can take prior to movement”
Afterload: Stretching the contractile component is energy-dependent and active. Think: “The load the muscle can take after movement”.

Understanding the difference between these terms is critical for understanding and evaluating heart function. Clinicians will talk about “measures of preload/afterload”. More on this in the heart lectures.

B. THE STARLING RELATIONSHIPS

Force-Length Curves

If you flex your biceps (around your elbow) through 180o, it is easier to lift a weight through some angles compared to others.

Contractile Component

Frank Starling law: The maximum force generated by a muscle depends on its length

Put in modern (molecular terms): The force generated by the contractile component depends on number of cross-bridges formed. The idea is that each cross-bridge generates a given amount of force in each stroke.
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Optimal length, Lo, corresponds to 2 μm sarcomere length.

Too short: Too few actin sites; Also, sarcomeres physically are pushed against each other

Too long: Too few overlapping myosin sites.

Clinically: Chronic alcohol abuse can cause dilation of the heart. Cross-bridges become longer and total force generated by the heart can be greatly decreased. In severe cases, this can lead to heart failure.

Maximal force is achieved by arranging fibers in parallel (i.e., most number of cross-bridges per 1 cm of muscle). When you body-build, the muscle cells grow (hypertrophy) to accomodate more sarcomeres in parallel.

Force-Velocity Curves

You can move your arm much faster if you are empty-handed, compared to if you have a 5-lb dumbbell. In molecular terms, the cross-bridge cycling rate is decreased with load (unknown mechanism).
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Exercise Physiology

Adaptation takes time!!!

Learning: Co-ordination and optimization of motor units. E.g., typing

Endurance exercise: Increased oxidative metabolism of muscles with minimal hypertrophy. This is why marathon runners are slim (compared to body builders).

Strength training: Need to grow (hypertrophy) muscles to accomodate more sarcomeres in parallel. Also, bones and tendons become stronger.

List of Muscle Diseases

You’ll learn about all these and more in excruciating detail over the next two years! Know the 4 major causes of muscle dysfunction (see outline).

Lactic Acidosis – You’ve almost certainly experienced this. Sharp muscle “ache” immediately after high-intensity excersise. Under high contraction rates (e.g., sprinting) muscles use up ATP faster than it is generated by oxidative phosphorylation. The end point of glycolysis is lactic acid, which then builds up in the muscle. You’ll understand this better after the Carbohydrate metabolism lecture in Biochem.

Glycogen Storage Diseases  -- A genetic disease where muscles cannot convert starch (glycogen) into glucose. Thus, glucose is functionally unavailable as an energy source. Incurable at present.

Dilated Cardiomyopathy – Due to genetic or environmental causes (e.g., alcohol abuse; viruses), the heart will dilate. The heart sarcomeres are pushed into unfavorably long sarcomere lengths. Total force generated by the heart is decreased; if the maximal force output is greater than that to move blood, you will be in heart failure.

Muscular Dystrophy – Mutation in neuromuscular junction prevents transmission of signal to muscles. Clinically observed as muscle weakness.

Myesthenia Gravis – A different neuromuscular junction mutation causes muscle weakness. 

Malignant Hyperthermia – Mutation in the Ca2+ channel (ryanodine receptor) interferes with E-C coupling. Core body temperature rises very quickly and is lethal. Often precipitated by inhalant anesthetics. Drug therapy is available.

Hirschsprung’s Disease – Missing enteric nervous system. Gut of babies cannot contract, cannot pass first bowel movement. Colon is dilated because muscles don’t restrict its size. AKA aganglionic megacolon (lit. “no ganglia [cluster of neurons], large colon”). Rx with surgery.

Note that many neurologic diseases will cause problems in motor movement: Multiple Sclerosis and polio (destruction of motor neurons) are good examples. Also, patients with defects in brain function (Parkinson’s disease, strokes, etc.) may present with defects in the musculoskeletal system on clinical exam. No cure for most of these diseases. Polio vaccine is available and is widely used.

EXAM QUESTIONS
1. Complete the following statement: (property) are UNIQUELY characteristic of (muscle type).

a. Striations .... Skeletal muscle

b. Intercalated Discs ... Cardiac muscle

c. Sarcomeres ... Smooth muscle

d. Central nuclei ... Skeletal muscle

e. None of the above answers are correct

2. One motor neuron always innervates exactly one

a. muscle fiber

b. muscle

c. motor unit

d. fascicle

e. all of the above

3. Order the following fiber types in terms of recruitment, from FIRST to LAST

a. First
Slow Red --> Fast White --> Fast Red
Last

b. First
Fast Red --> Fast White --> Slow Red
Last

c. First
Fast White --> Slow Red --> Fast Red
Last

d. First
Fast Red --> Slow Red --> Fast White
Last

e. First
Slow Red --> Fast Red --> Fast White
Last

4. Which of the following skeletal muscle structures shorten during contraction?

a. Z

b. M

c. I

d. A

e. All of the above

5. The M-line contains which of the following proteins?

a. Myosin only

b. Actin only

c. Both myosin and actin

d. Neither myosin nor actin

6. Which of the following comparisons or contrasts between skeletal and smooth muscles is correct?

a. Skeletal muscles use actin-myosin interactions to contract, but smooth muscles don’t.

b. Skeletal muscles have regularly ordered sarcomeres, but smooth muscles don’t.

c. E-C coupling in skeletal muscles is Ca2+ dependent in skeletal muscles, but not in smooth muscles

d. Both smooth muscles and skeletal muscles have tropomyosin and troponins.

e. None of the above statements are correct

7. Which of the following is true of SKELETAL muscle contraction?

a. G-proteins activate an enzyme that generates IP3, which releases Ca2+ from the sarcoplasmic reticulum

b. Ca2+ release from the sarcoplasmic reticulum requires a depolarizing voltage

c. Calcium removal does not depend on ATP

d. The power stroke occurs with the release of ADP + Pi 

e. More than one of the above is true

8. You are doing experiments on muscle contraction in a petri dish. You allow 5 cross-bridge cycles to occur. Then you r eplace all the ATP with a form of ATP that can bind myosin but not be split to ADP + Pi. Which of the following would you expect?

a. The myosin head would be irreversibly bound to actin.

b. Rigor mortis would ensue

c. The myosin head would be stuck in the “cocked” conformation (i.e., immediately after power stroke), but not bound to actin.

d. Muscle contraction would continue to occur normally.

9. You contract your biceps muscle by 3 cm, return your arm to its original position, and repeat the contraction. The first time, you do so gently; the second time, you do so forcefully. What is different between the two contractions?

a. The force generated by each actin-myosin cross-bridge is smaller the first time compared to the second time.

b. Fewer muscle fibers are recruited the first time compared to the second time.

c. Fewer actin-myosin cross-bridges are formed the first time compared to the second time.

d. In the second time, the muscle has adapted by increasing its oxidative capacity.

e. All of the above answers contribute to the difference between the two contractions.

10. You are attempting to pull a 3000-lb stalled SUV, but are unable to do so. Your muscles are being (preloaded/afterloaded), and the (elastic/contractile) component is being stretched.

a. Preloaded; elastic

b. Afterloaded; contractile

c. Preloaded; contractile

d. Afterloaded; elastic

e. It is impossible to tell.
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“Sarcomeres” are not as orderly. No Z-discs, but have dense bodies instead. Actin-myosin relationship is similar, but regulatory proteins/mechanism is very different. No troponin or tropomyosin
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