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Session Learning Objectives

oy

SLO1. Explain how muscle contracts, outlining how sliding of actin filaments in sarcomeres is driven by ATP-
dependent cycling of myosin motor proteins.

SLO 2. Explain excitation-contraction coupling and relaxation in skeletal muscle by identifying the roles of t-
tubules, calcium channels (Cavl.1 and the ryanodine receptor), thin filament regulators (troponin and
tropomyosin), and ATP-dependent calcium pumps.

SLO3. Compare twitch contractions for slow/type 1 and fast/type 2 skeletal muscle fibers and explain the
molecular bases for the differences in behavior. Define isometric and isotonic contractions.

SLOA4. Explain how smooth, graded contractions of a skeletal muscle are produced by changes in stimulus
intensity and the size principle of motor unit recruitment.

SLO5. Understand the differences in excitation-contraction coupling between skeletal, cardiac, and smooth
muscle. Describe the two-stage phospho-regulatory cascade that initiates smooth muscle contraction.

SLO6. Compare and contrast how skeletal, cardiac, and smooth muscle are controlled by the nervous system.
Define single-unit vs. multi-unit smooth muscle types.
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Skeletal muscle @

(hierarchical organization)
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Molecular motors

—

Myosin VI

Motor Track & direction Examples of cellular function
Kinesin 1 microtubules, to plus end vesicle transport in neurons
Kinesin 2 microtubules, to plus end axoneme assembly

Kinesin 5 (“Eg5”) microtubules, to plus end mitotic spindle assembly
Kinesin 14 (“Ncd”) microtubules, to minus end meiotic spindle assembly
Dynein, Axonemal microtubules, to minus end beating of cilia, flagella

Dynein, Cytoplasmic microtubules, to minus end vesicle transport
Myosin I F-actin, to plus end muscle contraction
Myosin V F-actin, to plus end vesicle transport
Myosin VI F-actin, to minus end stereocilia (ear) development
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Sarcomeres
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Sarcomeres

Titin
(elastic filament)

Myosin

(thin filament) (thick filament)

e Active contractile elements: interacting thick & thin filaments convert ATP into mechanical
work, defined as force acting through distance

e Passive elastic elements: titin filaments (etc) only become tense when stretched, essentially
behave like rubber bands
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Myosin’s chemo-mechanical cycle

eLever-arm rotation is coupled to ATP
hydrolysis

1. Binding of ATP detaches myosin

from actin
) . ' Myosin's
2. Hydrolysis of ATP cocks the myosin "chemo-mechanical’
head cycle

3. Binding of myosin-ADP to actin

4. Power stroke and release of ADP
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Sarcomeres
No Ca? Ca*
.Calcium Stimulates Contraction TropomyOSin blocks Troponin binds Caz+, pU“|ng
myosin:actin interaction tropomyosin out of the way

1. Calcium binds to troponin which
pulls tropomyosin out of the way

2. Myosin can interaction with the
thin filament (actin)

3. Repeated power strokes contract
the sarcomere
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Rigor mortis

oonset ~3 hrs post mortem

eRigor mortis: postmortem, muscles © t
get stiff and difficult to manipulate / \
opeaks after ~12 hrs | s
othen dissipates over ~3 days

Myosin's

"chemo-mechanical”
cycle

Lack of ATP binding prevents the m
detachment of myosin from actin
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Meat tenderness

o After slaughter, carcasses are typically hung from
their hind legs — this causes stretch in some muscles
(e.g., in loin), while others remain unstretched (e.g.,
rump).

e As rigor mortis develops, muscles with less stretch
become tougher due to greater overlap between
thick and thin filaments. Conversely, muscles that
are more stretched produce more tender, more
palatable meat.

e This is a major reason why tenderloin is the most
tender cut of beef.

e Hanging carcasses from pelvic bone increases stretch
of rump muscles, making them more tender (but this
method produces a tougher loin).

Yurii Zushchyk, stock.adobe.com
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Skeletal muscle @

(excitation-contraction coupling)
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Neuron
2. Activation of nAChR in the motor end
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tropomyosin out of the way. Myosin
binds to actin and the muscle contracts

6. SERCA pumps Ca%* back into SR,
sequestering Ca%*and the muscle relaxes.

Motor end plate
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Skeletal muscle @

(excitation-contraction coupling)

eDirect coupling Motor

Neuron
ovoltage-dependent conformational changes in
Cavl.1 channels directly push RyR open rction @

potentlal

T-tubule
e Calcium-induced calcium release (CICR) \ @ p

ocalcium in cytosol binds RyR and promotes opening
(positive feedback)

Motor end plate

Sarcoplasmic
reticulum (SR)

*SERCA (sarcoplasmic endoplasmic reticulum
calcium ATPase)

oContinuously pumps calcium into sarcoplasmic
reticulum using energy from ATP

Troponin Tropomyosin

Actln (thm filament)

Myosin (thick filament)
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Skeletal muscle @
(motor units)

e Motor unit: An alpha motor neuron and
the group of muscle fibers it innervates.

oQuantal elements of muscle action.

eSmall motor axons
OFirst motor units activated.
OWeaker contractile forces.
OAllow force to be finely graded.

* As more units are recruited, the alpha
motor neurons with progressively larger
axons are activated. These units
generate progressively larger amounts
of force. stelll Large

motor unit motor unit

Bland, 2023
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Skeletal muscle @

(motor units)

*Smaller motoneurons have fewer .
parallel ion channels and thus higher 5
electrical resistance (R). ;

2

*Synaptic input current (I, ) will generate

bigger EPSPs in the smaller
motoneurons (by Ohm’s Law, E=IR),
bringing them to threshold for action
potentials sooner than larger
motoneurons.

%3%\\\%\?\
Small s
motor unit motor unit

eSmaller motoneurons innervate fewer
muscle fibers so they elicit less force.
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Skeletal muscle @
(fiber types)

@
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Skeletal muscle @

(types of muscle contractions)

Isotonic: muscle shortens against a  Isometric: muscle does not shorten, but
constant tension ~ generates tension against a non-moving
~ load
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Skeletal muscle @

(force production)

e Total force = active + passive ©)

e Active force scales with the amount of overlap

e Repetitive stimulation increases force output Passive

oforce can only increase ~3-fold by this ‘temporal summation’
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Skeletal muscle
(excitation-contraction coupling)

oy

e Depolarization of a skeletal muscle cell is initiated via neuronal signaling
OMotor neurons release ACh at the NMJ to activate nAChR and promote depolarization

e T-tubules allow action potentials to travel deep into muscle fiber
OElectrical signals (which are fast) carried very close to the contractile machinery

*\/oltage sensors are directly connected to Ca?* floodgates
OFloodgates open essentially immediately upon arrival of action potential

e Sarcomeres are surrounded by well-developed sarcoplasmic reticulum
oQuickly flooded with Ca?* when floodgates open

e Ca2+ sensors are located directly on thin filaments
oMpyosin binding sites uncovered essentially immediately upon arrival of Ca?*

e Myosin cross-bridges and ATP fuel are always ready
OBuilt for speed

Journal of Technology-Integrated Lessons and Teaching, 3(1)

Single action potential
can trigger, at once,
much of the contractile
machinery in the fiber
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Cardiac muscle @
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Cardiac muscle @

(intercellular electrical conduction)
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Cardiac muscle @

(excitation-contraction coupling)

oy

e Depolarization of a cardiac muscle cell is initiated via gap junctions
OWave of electrical activity propagates over heart, beginning at pacemaker cells

e T-tubules allow action potentials to travel deep into muscle fiber
OElectrical signals (which are fast) carried very close to the contractile machinery

*\/oltage sensors are close, but not directly connected to Ca2+ floodgates
OFloodgates open essentially immediately upon arrival of action potential

Electrical connection
through gap junctions
allow all connected to
cells to fire almost
simultaneously.

e Sarcomeres are surrounded by well-developed sarcoplasmic reticulum
oQuickly flooded with Ca2+ when floodgates open

e Ca2+ sensors are located directly on thin filaments
OoMyosin binding sites uncovered essentially immediately upon arrival of Ca2+

e Myosin cross-bridges and ATP fuel are always ready
OBuilt for speed
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Smooth muscle @

(‘latch’ mechanism)

eDe-phosphorylation
slows the detachment
of myOSin from actin de-Phos / detached

eFacilitates long-term
control of tension with
minimal energy cost (a
‘latch’ effect).

de-Phos / latched
(stably attached)
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Smooth muscle @

(excitation-contraction coupling)

oy

*No T-tubules, electrical excitation travels only on fiber surface

e Less sarcoplasmic reticulum, reduced Ca?* stores

OFull contraction requires (slow) diffusion of Ca2+ from the outside deep into

the cell
Advantage that
e Ca?*sensors not attached to thin filaments (or to myosin cross- facilitates long-term
bridges) control of luminal pressure
S _ _ with minimal energy cost
oContraction initiated by a Ca2+-dependent, 2-stage signaling cascade (a ‘latch’ effect).

e Cross-bridges inactive until Ca’*-dependent phosphorylation of
myosin

oSpeed is not critical
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Smooth muscle @

(innervation types)

j\/’\/’ ”%oth

Smooth
muscle cell Gap junctio/ muscle cell

Multiunit: capable of sustained “tonic” Single-unit: waves of electrical activity generate
contraction (e.g., vasculature) “phasic” contractions (e.g., peristalsis in Gl
e Electrical isolation of cells allows finer tract)

motor control e Gap junctions permit coordinated contraction
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Contrasting cAMP effects

Happy cAMPers ~ Sleepy cAMPers
eStriated and cardiac muscle eSmooth muscle (bronchioles and
*B-receptors increase cAMP levels which vasculature)

activate PKA ~ *[-receptors increase cCAMP levels which
eLeads to muscle contraction (happy) activate PKA

e Leads to muscle relaxation (sleepy)
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