Bio& 241 A&P 1
Unit 3 / Lecture 2

Functions of the Muscular System

R WD

Produce body movements
Stabilize body positions

Regulate organ volume

Move substances within the body
Produce heat (thermogenesis)
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Properties of Muscle Tissue

Electrical excitability

(electrical impulses called action potentials)
Contractility

a. Isometric contraction: No shortening of muscle
b. Isotonic contraction: Shortening of muscle
Extensibility (stretch without being damaged)
Elasticity (return to its original shape)

Three Types of Muscle Tissue that
comprise the Muscular System

1. Skeletal muscle: creates the
movement associated with bones
and joints.

2. Smooth muscle: associated with
hollow organs, blood vessels,
and ducts.

3. Cardiac muscle: found within
the heart where it creates the
pumping action of the heart.



Organization of Skeletal Muscles
at the gross level
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Organization of Skeletal Muscles
at the gross level
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Organization of Skeletal Muscles
at the gross level
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Characteristics of Skeletal Muscle

1. Long cylindrical fibers that are multi-nucleated

2. Striated, composed of sarcomeres

3. Abundant sarcoplasmic reticulum for Ca 2+
storage

4. Contains transverse tubules

5. No gap junctions between cells

6. No autorhythmicity, voluntary nervous control

7. Fast speed of contraction

8. Acetylcholine regulation

9. Limited regeneration via satellite cells
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Organization of Skeletal Muscles
at the microscopic level

Satellite cell

Mitochondrion
Sarcolemma
Thick filament
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Myofibril

Sarcolemma: cytoplasmic membrane plus endomysium

Organization of Skeletal Muscles
at the microscopic level
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Organization of Skeletal Muscles
at the microscopic level

A band

Organization of Skeletal Muscles
at the microscopic level:
Contractile Proteins

Thick filament

oty e ‘.-: = -.: -
Myasin tail f Myosin heads
(crossbridges)

(a) One thick filament and a myosin molecule

Actin Troponin Tropomyosin

Myosin binding site (covered by tropomyosin)

(b) Portion of a thin filament
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Organization of Skeletal Muscles
at the microscopic level

Organization of Skeletal Muscles
at the microscopic level
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Characteristics of Cardiac Muscle

Branched cylindrical fibers with one centrally-
located nucleus

Intercalated discs join neighboring fibers, contain
gap junctions

Striated, composed of sarcomeres

Some sarcoplasmic reticulum for Ca 2+ storage
Contains transverse tubules aligned with z-disc
Autorhythmicity, involuntary nervous control
Moderate speed of contraction

Acetylcholine, norepinephrine regulation

No regeneration

Organization of Cardiac Muscles
at the microscopic level

Strigtions
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Organization of Cardiac Muscles
at the microscopic level

CARDIAC MUSCLE CELLS
WITH INTERCALATED DISKS

The intercalated (arrows) discs
are specialized cell junctions
between CMF's. They are
located At Z lines and carry out
important functions for the cell.
The disc contains gap junctions
which permit the rapid
conduction of chemical and
electrical activities between
CMTF’s. The disc also
represents the location of firm
adhesions between CMF’s.
This allows these cells to “pull
together” during a contraction.

Characteristics of Smooth Muscle

Spindle-shaped fibers with single nucleus
Not striated, not composed of sarcomeres

Only scant sarcoplasmic reticulum for Ca 2+
storage

Contains no transverse tubules

Gap junctions between cells in visceral organs
Autorhythmicity, involuntary nervous control
Slow speed of contraction

Acetylcholine, norepinephrine regulation
Considerable regeneration via spericytes
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Histology of Smooth Muscle

Sarcolemma

Intermediate
filament

Dense body

MNucleus

Relaxed Contracted
(a) Details of a smooth muscle fiber
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Histology of Smooth Muscle
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{a) Visceral (single-unit) {b) Multiunit smooth
smooth muscle tissue muscle tissue
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Histology of Smooth Muscle

Histology of Smooth Muscle
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Histology of Smooth Muscle

Sequence of Events in Skeletal Muscle Contraction

1. Action potential (electrical stimulation) from somatic
(motor) nerve stimulates skeletal muscle fibers (cells) at
neuromuscular junction

2. ““AP” causes the opening of Na+ channels on the
sarcolemma thus causing a wave of depolarization to
travel from the neuromuscular junction.

3. Depolarization event is communicated deep into the
sarcoplasm via t-tubules.

4. Depolarization of sarcoplasmic reticulum causes the
opening of Ca2+ channels and the subsequent release of
calcium from sarcoplasmic reticulum

5. Calcium binds to troponin, troponin molecules change
shape causing tropomyosin to move off of crossbridge

binding sites on actin
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Sequence of Events in Skeletal Muscle Contraction

6. Myosin crossbridges bind to crossbridge binding sites
on actin

7. ATPase acts on ATP in the binding site on the myosin
to convert it into ADP + Pi + ENERGY

8. Released Kkinetic energy causes a ‘“power-stroke”
which causes actin to slide over myosin (i.e. a
contraction occurs)

9. Sarcolemma repolarizes due to the opening of
potassium channels.

10. Calcium channels close and an active transport
pump carries calcium back to sarcoplamic
reticulum, troponin returns to pre-calcium shape,
and ATP reforms to release the actin-myosin
bond

Sequence of Events in Skeletal Muscle Contraction

1. Action potential (electrical stimulation) from somatic
(motor) nerve stimulates skeletal muscle fibers (cells) at
neuromuscular junction

2. “AP” causes the opening of Na+ channels on the
sarcolemma thus causing a wave of depolarization to
travel from the neuromuscular junction.

3. Depolarization event is communicated deep into the
sarcoplasm via t-tubules.

4. Depolarization of sarcoplasmic reticulum causes the
opening of Ca2+ channels and the subsequent release of
calcium from sarcoplasmic reticulum

5. Calcium binds to troponin, troponin molecules change

shape causing tropomyosin to move off of crossbridge binding
sites on actin
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Neuromuscular junction

Myelin sheath surrounding
axon of somatic motor neuron

Schwann cell

Synaptic end bulb
Axon terminal

f i Nucleus of muscle fiber
Sarcolemma ,

Neuromuscular junction
Sarcoplasm

Muscle myofibril

Synaptic vesicle
containing
acetylcholine
(ACh)

Sarcolemma

Synaptic cleft I(\Ierva impul:

Ise
action potential)
Motor end plate

= = Acetylcholine (ACh)
€ Synaptic vesicle
releases ACh by 5 sty Synaptic vesicle
exacytosis : © ACh broken down to
Synaptic cleft acetyl + choline
©® Binding of ACh to Motor end plate
its receptor opens

the channel © Production of muscle

action potential

2 o
(c) Binding of acetylcholine to ACh receptors in the motor end plate
@ John Wilsy & Sons, Inc.

Neuromuscular junction,
microscopic view
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Sequence of Events in Skeletal Muscle Contraction

1. Action potential (electrical stimulation) from somatic
(motor) nerve stimulates skeletal muscle fibers (cells) at
neuromuscular junction

2. AP” causes the opening of Na+ channels on the
sarcolemma thus causing a wave of depolarization to
travel from the neuromuscular junction.

3. Depolarization event is communicated deep into the
sarcoplasm via t-tubules.

4. Depolarization of sarcoplasmic reticulum causes the
opening of Ca2+ channels and the subsequent release of
calcium from sarcoplasmic reticulum

5. Calcium binds to troponin, troponin molecules change

shape causing tropomyosin to move off of crossbridge binding
sites on actin

Sarcolemma membrane states
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Key:

Depolarizing

+30 | phase

Repolarizing Reversal of F<e§(|ng membrane potential: Voltage-gated
phase polarization Na® channels are in the resting state and
voltage-gated K™ channels are closed

Stimulus causes depolarization to threshald

Voltage-gated Na* channel

Membrane potential in millivolts (mV)

activation gates are open Absolute
B refractory

55 B e . ——Threshold Voltage-gated K™ channels are period

. open; Na' channels are
T Resting inactivating
Stimulus After-h I h pm;glnl:‘r;ne Voltage-gated K™ channels are Relative

SRERERSIERE phose still open; Na* channels are in } refractory

' ' ! the resting state period

Time in milliseconds {msec)

& John Wiley & Sons, Ine
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Action Potentials on the Sarcolemma

1. Resting state: Extracellular Ma’ channel  K' channel
Voltage-gated Na® fluid .
channels are in resting L
state and voltage-gated MSSSseseasasa iy BRIRI2RRITD
K* channels are closed. i ! i { ! 2. Depolarizing phase:
: ) ‘. Depolarization to threshold
W 338 . (about =55 mV) opens Ma™
4. Repolarization continues: ?rrl:aenlplﬁlofvcg‘;ilnaqnﬁ?s;eesr
of K reatores the resting depolarizes the membrane
membrane potential, Na* channel untl its polarity is reversed

inactivation gates are opening +30
and K* channels are closing. o

: 2 " i
3. Repolarizing phase: o M J
More slowly, depolarization also opens [

voltage-gated K channels, which permit MV {
outflow of K. At the same time ha' /
channel inactivation gates are closing. =70

Adaptad from Baeckaer at al., The Warld of the Call, Third Edition, Figura 22,18, p. 732 (Manlo
Park, ©A: Benjamin'Cummings, 1956). ©1556 The Banjamin/Cummings Publishing Company
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Sequence of Events in Skeletal Muscle Contraction

1. Action potential (electrical stimulation) from somatic
(motor) nerve stimulates skeletal muscle fibers (cells) at
neuromuscular junction

2. “AP” causes the opening of Na+ channels on the
sarcolemma thus causing a wave of depolarization to
travel from the neuromuscular junction.

3. Depolarization event is communicated deep into the
sarcoplasm via t-tubules.

4. Depolarization of sarcoplasmic reticulum causes the
opening of Ca2+ channels and the subsequent release of
calcium from sarcoplasmic reticulum

5. Calcium binds to troponin, troponin molecules change

shape causing tropomyosin to move off of crossbridge binding
sites on actin
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Organization of Skeletal Muscles
at the microscopic level

Sarcolemma

(‘"\
Myofibril

Sarcoplasm

Satellite cell

Triad

(b) Muscle fiber PR . | i —

Terminal I T tubule!

Mitochondrion
Sarcolemma
Thick filament
Thin filament

Myofibril

(c) Several myofibrils Myofibrils  Sarcoplasmic
reticulum

Sequence of Events in Skeletal Muscle Contraction

1. Action potential (electrical stimulation) from somatic
(motor) nerve stimulates skeletal muscle fibers (cells) at
neuromuscular junction

2. “AP” causes the opening of Na+ channels on the
sarcolemma thus causing a wave of depolarization to
travel from the neuromuscular junction.

3. Depolarization event is communicated deep into the
sarcoplasm via t-tubules.

4. Depolarization of sarcoplasmic reticulum causes the
opening of Ca2+ channels and the subsequent release of
calcium from sarcoplasmic reticulum

5. Calcium binds to troponin, troponin molecules change

shape causing tropomyosin to move off of crossbridge
binding sites on actin
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Calcium Troponin-Tropomyosin

.
Interaction
—STrco\emma/ T tubules \ ;:::,i:zlf SR Muscle action potential -

P

;' Ca™ release
* channels open *

A s ) L : - - 22 =
Thin filament m
Myosin-binding Myosin
Troponin site on actin |

Key:
@ =Ca® Ca?* binds to troponin, which changes the
Troponin holds tropomyosin in position ® =Ca® aclive shape of the troponin-tropomyosin complex
1o block myosin-binding sites on actin. transport pumps and uncovers the myasin-binding sites on actin.
< =Ca* release
(a) Relaxation channels (b) Contraction
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Sequence of Events in Skeletal Muscle Contraction

6. Myosin crossbridges bind to crossbridge binding sites
on actin

7. ATPase acts on ATP in the binding site on the myosin
to convert it into ADP + Pi + ENERGY

8. Released kinetic energy causes a ‘“‘power-stroke”
which causes actin to slide over myosin (i.e. a
contraction occurs)

9. Sarcolemma repolarizes due to the opening of
potassium channels.

10. Calcium channels close and an active transport
pump carries calcium back to sarcoplasmic
reticulum, troponin return to pre-calcium shape,
and ATP reforms to release the actin-myosin
bond

18
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Actin-Myosin Interaction

o Myosin heads bind to
actin, forming
crossbridges

) Myosin heads
hydrolyze ATP and
become reoriente
and energized

Contraction cycle continues if
ATP is available and Ca* level
in the sarcoplasm is high

X @
© Myosin heads rotate
y toward center of the

sarcorere (pawer
stroke)

o As myosin heads bini
ATP, the crossbridges
detach from actin

© John Wilay & Sons, Ing.

Organization of Skeletal Muscles
at the microscopic level

F H‘i-s'.t?_lo Lab Part 7: Slide 46

I band

A band
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Results of actin-myosin interaction

2 Sarcomeres

H zone I band A band
L . L
T 1T T 1

I I Thick filament |
Z disc Thin filament Z disc M line Z disc

(a) Relaxed muscle

(b) Partially contracted muscle

(c) Maximally contracted muscle
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Sequence of Events in Skeletal Muscle Contraction

6. Myosin crossbridges bind to crossbridge binding sites
on actin

7. ATPase acts on ATP in the binding site on the myosin
to convert it into ADP + Pi + ENERGY

8. Released Kinetic energy causes a “power-stroke”
which causes actin to slide over myosin (i.e. a
contraction occurs)

9. Sarcolemma repolarizes due to the opening of
potassium channels.

10. Calcium channels close and an active transport
pump carries calcium back to sarcoplasmic
reticulum, troponin return to pre-calcium shape,
and ATP reforms to release the actin-myosin
bond
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Action Potentials on the Sarcolemma

Voltage-gated Na®
channels are in restin.

state and voltage-gated
K* channels are closed.

Na'—O

4. Repolarization continues:

K restores the resting
membrane potential, Na* channel
inactivation gates are opening +30
and K- channels are closing. 0|

3. Repolarizing phase:
More slowly, depolarization also opens

voltage-gated K’ channeis, which permit MV

outflow of K'. At the same time Na'
channel inactivation gates are closing.

Adaptad from Baeckaer at al., The Warld of the Call, Third Edition, Figura 22,18, p. 732 (Manlo
Park, ©A: Benjamin'Cummings, 1956). ©1556 The Banjamin/Cummings Publishing Company
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—70)|

Resting state: Extracellular Ma’ channel  K' channel
fluid

2. Depolarizing phase:
Depolarization to threshold
(about —55 mV) opens Ma®
channel activation gates.
The inflow of Na® further
depolarizes the membrane
until its polarity is reversed.

Time =—

Sarcolemma membrane states
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Key:

Resting membrane potential: Voltage-gated
Na* channels are in the resting state and
voltage-gated K channels are closed

Stimulus causes depolarization to threshold

Voltage-gated Na* channel

activation gates are open Absolute
. refractory

Voltage-gated K~ channels are | period

open; Na' channels are

inactivating

Voltage-gated K* channels are | Relative

still open; Na* channels are in refractory

the resting state period
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Sequence of Events in Skeletal Muscle Contraction

6. Myosin crossbridges bind to crossbridge binding sites
on actin

7. ATPase acts on ATP in the binding site on the myosin
to convert it into ADP + Pi + ENERGY

8. Released Kkinetic energy causes a ‘“power-stroke”
which causes actin to slide over myosin (i.e. a
contraction occurs)

9. Sarcolemma repolarizes due to the opening of
Potassium channels.

10. Calcium channels close and an active transport
pump carries calcium back to sarcoplasmic
reticulum, troponin return to pre-calcium shape,
and ATP reforms to release the actin-myosin
bond

Return of Calcium into the
Sarcoplasmic Reticulum

@ Nerve impulse arrives at

axon terminal of m Nerve Impulse
Pesiron anc iagers raiease Muscle
of acstylcholine (ACh} action potential

" Synapiicvesicle . =

{ filled with ACH n/ < -"l [ T tubule ."1 ‘ \

© ACh diffuses across— |5
synaptic cleft, binds

| o Musdle AP’ Irave\lmg along |

to its receptors in the” T tubule ~ release
I“Z‘;L pepen e [ T S AR e e | T
| s, _reticulum (SR) membrane, = % | ||

S5t (ap).ACN receptor \J . = which allows calcium lons to /) \_/
Acatylcholinesterase in >/ o flpod into the sarcoplasm, ©
synaptic cleft destrays ey it s >
ACh so another muscle > 2 1
acticn potential does not Bie s SR ,
arise unless more ACh is ® o —Ca?r 2
released from motor neurcn. e °

© Ca® binds to troponin on
the thin filament, exposing
© Contaction: power strokes. the binding sites for myosin.
use ATP; myosin heads bind T =

AT o e e ST tsseradee
thin filaments are pulled towar 3 2
center of sarcomere. Ca active

, © _transport pumps .
) Troponin—tropomyosin /® ®\*

complex slides back. o N Jo o

into position where it ————_ (4

blocks the myosin o ca release channels °

binding sites on actin. > in SR close and Ca o,

2 active transport pumps ©
-use ATP to restore law =~

", level of calcium ions, in - .

= ” sarcoplgsm. - A

\;-C@h 5 ®\, ¢

© Muscle relaxes.
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