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ANATOMY
REVIEW:
SKELETAL
MUSCLE
TISSUE

Skeletal muscles are assodated with
movements of the body. These
movements are the result of

unique characteristics of

skeletal muscle cells.
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Epimysium (lascia)

Sarcolemma {and external lamina)
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Mitochondria

Plasma membrane

Sarcoplasmic
reticulum (SR)

Actin filament

Myosin filament

Myofibrils

http://www.physioweb.org/muscular/sk_muscle.html
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Parallel fiber arrangements

Pennate fiber arrangements ‘
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Strap
(sartorius)

A.Parallel =77

Fusiform
(biceps brachii)

Flat

Circular (external oblique)
(orbicularis oris)

Convergent
(pectoralis major)

Bipennate

(gastrocnemius) ,
Unipennate Multipennate
(semimembranosus) (deltoid)

Biomechanical basis of human movement,chp3
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SKELETAL MUSCLE

Muscle fasciculus

Muscle fiber

Myofibril
G-Actin molecules
@
augg J

Myofilaments

F-Actin filament
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filament
1
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Myosin molecule

Light

Textbook of medical physiology,guyton,chp6
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Sarcomere

Z disc M line Z disc
(a) Myofibril

Thin filament
Thick filament
M line

Titin fila

E Sarcomere .|
Zoneof T  Zoneof
overlap ) H zone I overlap
<«—— |band * A band e | band ——>»
(b) Filaments

www.wikis.engrade.com,muscle structure and contraction
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http://

.faculty.mjc.edu/C

(@ Acetylcholine (ACH) is released from the
axon terminal of a motor neuron and binds
to receptors in the motor end plate. This binding
elicits an end-plate potential, which triggers an

Axon terminal action potential in the muscle cell.
Synaptic cett Neuromuscular junction —
/ —  —  — —

>@ Action potential

propagates along the T tubule

sarcolemma and down

T tubules Sarcoplasmic
reticulum (SR)

Ca®* is actively ACh —
® transported back recegtors: oy

into lumen of SR 0. 8P g 3

following the —

action potential

(@) Tropomyosin blocks e
myosin-binding sites
(muscle fiber relaxes) (3 The action potential
triggers Ca?* release
from SR

(@ ca? binds to troponin,
exposing myosin-binding sites

(®) Crossbridge cycle begins
(muscle fiber contracts)

© 2011 Pearson Education, Inc.

%20101/Chapter%20Notes/Fall%202011/chapter_12%20Fall%202011.htm
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ATP is hydrolyzed

(8 Cocking of the
@ Unbinding of myosin myosin head
and actin (myosin in
high-energy form)
New ATP
binds to
myosin head
(1) Binding of
myosin to actin
(@) Rigor (myosin in Y
low-energy form) Inorganic
phosphate
ADP is (@ Power stroke
released ¢ . -
Actin gets
pulled toward
middle of

sarcomere —— —————

http://droualb.faculty.mjc.edu/C

0101/Chapter%:

02011/chapter_12%20Fall%202011.htm
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Tension (force of contraction) (g)

Relaxed muscle

Force
transducer

Latent
period

Contraction
phase

Relaxation phase

Time (msec)

Stimulus

B0 Peseson EUERON, e

Contracted muscle

Stimulator Strip chart recorder

Tension (g)

Time (msec)



oy

Relaxed muscle

Contracted muscle

Degree of
shortening (mm)

Length
transducer

Tension (g)

Time (msec)

Stimulator Strip chart recorder

(b) Isotonic muscle contraction

http:// faculty. mjc.edu/C

Is/Physiology%20101/Chapter%20Notes/Fall%202011/chapter_12%20Fall%202011.htm
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Figure 34-1 A typical muscle consists of many thousands

of muscle fibers working in parallel and organized into a

smaller number of motor units. A motor unit consists of a —

motor neuron and the muscle fibers that it innervates, illustrated USRS

here by motor neuron A 1. The motor neurons innervating
one muscle are usually clustered into an elongated motor
nucleus that may extend over one to four segments within the
ventral spinal cord. The axons from a motor nucleus exit the
spinal cord in several ventral roots and peripheral nerves but
are collected into one nerve bundle near the target muscle. In
the figure, motor nucleus A includes all those motor neurons /\

innervating muscle A; muscle B is innervated by motor neurons
lying in motor nucleus B. The extensively hranched dendrit;éé
of one motor neuron tend to intermir

Motor Motor
nucleus A nucleus B

J“’ - W Tendon

Aponeurosis

neurons from other nuclei.

Muscle
fibers

Muscle A
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Table 34-1 Innervation Numbers in Human Skeletal Muscles

SAEITE Muscle Innervation
Muscle motor .
fibers number

axons
Biceps brachii 774 580,000 750
Brachioradialis 333 >129,200 >410
Cricothyroid 112 18,550 155
Gastrocnemius (medial) 579 1,042,000 1,800
Interossei dorsales (1) 119 40,500 340
Lumbricales (1) 96 10,269 107
Masseter 1,452 929,000 640
Opponens pollicis 133 79,000 595
Platysma 1,096 27,100 25
Posterior cricoarytenoid 140 16,200 116
cricoarytenoid
Rectus lateralis 4,150 22,000 5
Temporalis 1,331 1,247,000 936
Tensor tympani 146 1,100 8
Tibialis anterior 445 272,850 613

Transverse arytenoid 139 34,470 247




Jo& Jauily Z 9 > 39 (I 9> w19 59 W

N
A : :
Fast twitch Slow twitch
LOO mN I 5 mN
—
40 ms 40 ms
100
500 [
100 Hz 100 Hz
400 - 75 }
B Z
E 300 60 e
@ © 50
] L ‘g
& 200 P
L 56 25
100
L "5 t
4] 0
| | —_—
200 ms 400 ms

Figure 34-2 The force exerted by a motor unit varies with the rate of the action potentials.

A. Traces show the forces exerted by fast- and slow-twitch motor units in response to a single action potential (top trace)
and a series of action potentials (set of four traces below). The time to the peak twitch force, or contraction time, is briefer
in the fast-twitch unit. The rates of the action potentials used to evoke the tetanic contractions ranged from 17 to 100Hz

in the slow-twitch unit to 46 to 100Hz in the fast-twitch unit. The peak force for the 100 Hz tetanus is greater in the fast
twitch unit. Note the different force scales for the two sets of traces.
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Figure 34-2 The force exerted by a motor unit varies with the rate of the action potentials.

B. Relation between peak force and the rate of action potentials for fast- and slow-twitch motor units. The absolute force
(left plot) is greater for the fast-twitch motor unit at all frequencies. At lower stimulus rates (right plot) the force evoked in
the slow-twitch motor unit summed to a greater relative force (longer contraction time) than in the fast-twitch motor unit
(briefer contraction time).
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Figure 34-3 Distributions of motor unit properties.
A. Distribution of twitch torques for 528 motor units in the tibialis anterior muscle.
B. Distribution of twitch contraction times for 528 motor units in the-tibia lis anterior muscle.
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A Action potentials in two motor units

Unit1

Muscle
?)t(:)uon l 10,5 mv  C Recruitment of 64 motor units in one muscle
tentials

Unit2 — I “"'

100 -
//\ 12'5 »
Forcs
e
25s
B Force produced by the two units
10 -

12.5 mN

Average
force

Twitch force of motor unit (mN)

I —

0.2 2.0 20
Recruitment threshold (N)

B. Average twitch forces for motor units 1 and 2 as extracted
with an averaging procedure during the voluntary contraction.
C. The plot shows the forces at which 64 motor units in a hand
muscle of one person were recruited (recruitment threshold)
during a voluntary contraction versus the twitch forces of the
motor units.
Figure 34-4 Motor units that exert low forces are recruited before those that exert greater forces.
A. Action potentials in two motor units were recorded concurrently with a single intramuscular electrode while the subject
gradually increased muscle force. Motor unit 1 began discharging action potentials near the beginning of the voluntary
contraction, and its discharge rate increased during the contraction. Motor unit 2 began discharging action potentials near the
end of the contraction.

10 mN

Average
force
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Figure 34-5 The response of a motor
neuron to synaptic input depends on
its size.

Two motor neurons of different

sizes have the same resting membrane
potential (V;.) and receive the same
excitatory synaptic current (I5,,,) from a
spinal interneuron. Because the small motor
neuron has a smaller surface area, it has
fewer parallel ion channels and therefore
a higher resistance (Rp;g). According
to Ohm's law (V= IR), Iy, in the small
neuron produces a large excitatory
postsynaptic potential (EPSP) that reaches
threshold, resulting in the discharge

of an action potential. The small motor
neuron has a small-diameter axon that
conducts the action potential at a low
velocity (vs;oy) to fewer muscle fibers.
In contrast, the large motor neuron has

a larger surface area, which results in a
lower transmembrane resistance (R;ow)
and a smaller EPSP that does not reach
threshold in response to Ig,,-

Spinal
interneuron

Large-diameter

Small-diameter O R,
> motor neuron

motor neuron A
high

Action
potential 0

Valow Veguy

EPSP  Threshold
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Figure 34-6 Muscle force can be adjusted by varying
the number of active motor units and their discharge
rate.

A gradual increase and then a decrease in the force (blue
line) exerted by the knee extensor muscles involved the
concurrent activation of four (out of many) motor units.
The muscle force was changed by varying both the
number of motor units that were active and the rate at
which the motor neurons discharged action potentials.
Motor unit 1 was activated when muscle force reached
20% of maximum. Initially the motor neuron discharged
action potentials at a rate of 9 Hz. As force increased,
the discharge rate increased up to 15 Hz, when both the
force and discharge rate declined, and the motor unit
was inactivated at 14% of maximal force. Motor units 2,
3, and 4 were activated at greater forces but discharge
rate was modulated similarly.
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Figure 34-7 Effects of monoaminergic input on motor neurons.

#X. Membrane currents and potentials in spinal motor neurons of adult cats that were either deeply anesthetized
(low monoaminergic drive) or decerebrate (moderate monoaminergic drive). When monoaminergic input is Monoaminergic input
absent or low, a brief excitatory input produces an equally brief synaptic current during voltage clamp (upper

Low
record). This current is not sufficient to bring/{he membrane potential of the cell to threshold for discharging —— High
action potentials (lower record).

. . . - Moncaminergic input
During high levels of monoaminergic input 0 pomheinits

the same brief excitatory input activates a b
persistent inward current in the dendrites,
which amplifies the synaptic current and
generates a long-lasting tail current (upper
record). This persistent inward current
causes a high discharge rate during the Sustained firing

input and the tail current sustains the

Amplification Sustainad tail current

Current {nA)
L%
=)
T

. . S 50}

discharge after the input ceases (lower E

record). A brief inhibition will return the % -60

cell to the resting state. & |
9 = =70 kil

B. With high levels of monoaminergic input
the persistent inward current produces a 1s
much higher discharge rate for a given
amount of current.

w
o

- . . 100

C. When the entire motor pool innervating a «
. . - I . =

muscle is considered, the monoamine- = " F

induced increase in the rate of motor neuron ; &

discharge produces a much larger force for % 20k - x

. . . o

a given amount of input and maximal force € 3

. . . . 8 Current U

is achieved with less input to the motor &

neuron pool v ' g ' r 1
pool. 5 10 0.0 0.5 1.0

Time {s) Net input to motar neuron pool
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Figure 34-8 The sarcomere is the basic functional unit of muscle.
A. This section of a muscle fiber shows its anatomical organization. Several myofibrils lie side-by-side in a fiber, and each
myofibril is made up of sarcomeres arranged end-to-end and separated by Z disks (see part B). The myofibrils are
surrounded by an activation system that includes the transverse tubules, terminal cisternae, and sarcoplasmic reticulum .
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Figure 34-8 The sarcomere is the basic functional unit of muscle.
B. Sarcomeres are connected to one another and to the muscle fiber membrane by the cytoskeletal lattice. The cytoskeleton
influences the length of the contractile thick and thin filaments, maintains the alignment of these filaments within a
sarcomere, connects adjacent myofibrils, and transmits force to the extracellular matrix of connective tissue through
costameres. One consequence of this organization is that the force exerted by the contractile elements in a sarcomere can be
transmitted along and across sarcomeres (through desmin and skelemin), within and between sarcomeres (through nebulin
and titin). And to the costameres. The Z disk is a focal point for many of these connections.
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Figure 34-8 The sarcomere is the basic functional unit of muscle.

C. The thick and thin filaments consist of various contractile proteins. The thin filament includes polymerized actin along
with the regulatory proteins tropomyosin and troponin. The thick filament is an array of myosin molecules; each molecule
includes a stem that terminates in a double globular head, which extends away from the filament..
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Figure 34-9 The cross bridge cycle. e ATSP i —_—
Several nonactivating states are AOPrelease AM' TP AMATE
followed by several activating states 1 SRR
triggered by Ca?*. The cycle begins 7 . , »/s . 4
at the top (step 1) with the binding & S AMADP MeATP v 1m0
of adenosine triphosphate (ATP) to Isornetic Setiveting | o g
the myosin head. The myosin head el B 3| ceaage r_"%_
detaches from actin (step 2), ATP e = e - e
is hydrolyzed to phosphate (P; and B :
ADP (step 3), and the myosin becomes ;\ ﬁ;k““"
weakly bound to actin (step 4). The B attachment

AM-ADP-P; 4— A~M-ADP-P,

stmke Ca® regulated
strong attachment

binding of Ca?* to troponin causes
tropomyosin to slide over actin and
enables the two myosin heads to close
(step 5). This results in the release of P; — s =
and the extension of the myosin neck, R
the power stroke of the cross bridge cycle

(step 6). Each cross bridge exerts a force S
of about 2 pN during a structural change ook Sl =
(step 7) and the release of adenosine diphosphate (ADP) (step 8). =

(-, strong binding; ~.weak binding; M/, cross bridge force of myosin; and M/*, force-bearing state of myosin.).
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Figure 34-10 Contractile force varies with the change in sarcomere length and velocity.

A. Change in length. At an intermediate sarcomere length, L,, the amount of overlap between actin and myosin is optimal
and the relative force is maximal. When the sarcomere is stretched beyond the length at which the thick and thin filaments
overlap (length a), cross bridges cannot form and no force is exerted. As sarcomere length decreases and the overlap of the
thick and thin filaments increases (between lengths a and b), the force increases because the number of cross bridges
increases. With further reductions in length (between lengths c and e) the extreme overlap of the thin filaments with each
other occludes potential attachment sites and the force decreases.
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Figure 34-10 Contractile force varies with the change in
sarcomere length and velocity.

B. Rate of change. Contractile force varies with the rate of
change in sarcomere length. Relative to the force that a
sarcomere can exert during an isometric contraction (zero
velocity), the peak force declines as the rate of shortening
increases. At the maximal shortening velocity (V,ax) muscle
force reaches a minimum. In contrast, when the sarcomere
is lengthened while being activated, the peak force increases
to values greater than those during an isometric contraction. ol

100 +

Relative force

Shortening causes the myosin heads to spend more time 0 Vinax

near the end of their power stroke, where they produce less Lengthening Shortening
Velocity

contractile force, and more time detaching, recocking, and
reattaching, during which they produce no force. When the
muscle is actively lengthened the myosin heads spend more
time stretched beyond their angle of attachment and little
time unattached because they do not need to be recocked
after being pulled away from the actin in this manner.
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Figure 34-12 Muscle dimensions influence the peak force and maximal shortening velocity.

A. Muscle force at various muscle lengths for two muscles with similar fiber lengths but different numbers of muscle fibers
(different cross-sectional area). The muscle with twice as many fibers exerts greater force.

B. Muscle force at various muscle lengths for two muscles with the same cross-sectional area but different fiber lengths.
The muscle with longer fibers (about twice as long as those of the other muscle) has an increased range of motion (left plot).
It also has a greater maximal shortening velocity and exerts greater force at a given absolute velocity (right plot).
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Torque,,, = Fon X Aoy Torquey,,, = Fuae X e
Figure 34-13 Muscle torque varies over a joint's range of
motion.
A muscle exerts a torque about a joint that is the product
of its contractile force (F) and its moment arm at the joint 4 i
! r

r

(d). The moment arm is the shortest perpendicular distance
from the line of pull of the muscle to the joint's center of
rotation. Because the moment arm changes when the joint
rotates, muscle torque varies with angular displacement about R dy, e < F':‘“T
the joint. The net torque about a joint, which determines the ’

mechanical action, is the difference in the torques exerted by Tseg ol
opposing muscles, such as extensors (ext) and flexors (flex).

Similarly, a force applied to the limb (F;,q4) Will exert a \_/

torque about the joint that depends on F,44 and its distance Torque Torquey, - Torque,.

from the joint (ds.y).

Torquelcc: = Njoad d;-:u

net =



Extensor Flexor
- © Torqueg,.,
Torque,,, ”
. Inertia .
Torque,,, = inertia x angular acceleration

Figure 34-14 Muscle torque must overcome inertia when a
movement is started and stopped.

A. According to Newton's law of acceleration (force = mass x
acceleration), force is required to change the velocity of a mass.
Muscles exert a torque to accelerate the inertial mass of the
skeletal segment around a joint. For angular motion, Newton's law
is written as torque= rotational inertia x angular acceleration.

B. The angular velocity for movement of a limb from one position
to another has a bell-shaped profile reflecting Newton's law of
acceleration. Acceleration in one direction is followed by
acceleration in the opposite direction-the flexor and extensor
muscles are activated in succession. The records here show the
activation profiles and associated muscle torques for an elbow
flexion movement. Because contractile force decays relatively
slowly, the flexor muscle is usually activated a second time to
counter the prolonged acceleration generated by the extensor
muscle and to stop the limb exactly on target.
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Figure 34-15 A single muscle can
influence the motion about many
joints.

A. Muscles that cross one joint can
accelerate an adjacent body seg-
ment. For example, at the beginning
of the swing phase while running,
the hip flexor muscles are activatad
to accelerate the thigh forward (red
arrow). This action causes the lower
leg to rotate backward (blue arrow)
and the knee joint to flex. To control
the knee joint flexion during the first
part of the swing phase, the knee
extensor muscles are activated and
undergo a lengthening contraction to
accelerate the lower leg forward {red
arrow) while it continues to rotate
backward {blue arrow}.

B. Many muscles cross more than
one joint to exert an effect on more
than one body segment. For exam-
ple, the hamstring muscles of the
leg accelerate the hip in the direction
of extension and the knee in the
direction of flexion (red arrows), At
the end of the swing phase during
running, the hamstring muscles are
activated and undergo lengthening
contractions to control the forward
rotation of the leg {hip flexion and
knee extension). This strategy is
more economical than activating indi-
vidual muscles at the hip and knee
joints to control the forward rotation
of the leg.

g Direction of force exerted by muscle
——— Direction of rotation of limb segment
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Figure 34-16 An initial phase of negative work enhances
subsequent positive work performed by the muscle. {Repro-
duced, with permission, from Finni, Komi, and Lepola 2000 and
from Gregor et al. 1988.)

A.The force in the Achilles tendon and patellar tendon vary dur-
ing the ground-contact phase of two-legged hopping. The feet
contact the ground at touchdown (TD) and leave the ground at
toe-off (TO). For approximately the first half of the movement
the guadriceps and triceps surag muscles lengthen, parforming
negative work (negative velocity). The muscles perform positive
work when they shorten (positive velocity).

B.The force exerted by the soleus muscle of a cat running at
moderate eneed varies from the instant the paw touches the

ground (TD) until it leaves the ground (TO). The force exerted by
the muscle during the shortening contraction is greater than the
peak forces measured when the muscle contracts maximally
against various constant loads (isotonic loading). Negative veloc-
ity reflects a lengthening contraction in the soleus muscle. The
power produced by the soleus muscle of the cat during running
is greater than that produced in an isolated-muscle experiment
(dashed line). The phase of negative power corresponds to

the lengthening contraction just after the paw is placed on the
ground (TD}, when the muscle performs negative work.
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B,=0.2[N-s/rad], K,;=30[N/rad], z,=0.04[s], m=0.03[m],
F_. (shoulder)=800[N], F, (elbow)=700[N], F,. (double joint)=1000[N]
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