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Motor system I.

From the muscle fibre to the spinal cord




Introduction: The function of the motor
system

» Stabilizing body in space
» Moving body in space
» Coordinating movement of body



Organization of the motor system

Basal

bpe|  Ganglia

>‘ Cerebellum

*Control of Reflexes
*Control of Posture
*Control of automated
movements (walking,

. Sensory Muscles
breathing) . receptors Contraction
*Control of “purposeful” ocerrenesucnens i
movements SRR HEACRE



Hierarchy of Motor Control

LEVEL FUNCTION |STRUCTURES

high strategy association areas of
neocortex, basal ganglia

middle tactics motor cortex, cerebellum

low execution brain stem, spinal cord




Principles of motor system

» Hierarchical Organization:

The higher-order areas can concern themselves with more global tasks regarding action,
such as deciding when to act, devising an appropriate sequence of actions, and coordinating
the activity of many limbs. (motor unit - spinal cord - brainstem - cortex)

» Functional Segregation:

The motor system is divided into a number of different areas that control different aspects
of movement

» Size Principle:When a signal is sent to the motor neurons to execute a
movement, motor neurons are not all recruited at the same time or at
random.

with increasing strength of input onto motor neurons, smaller motor neurons are
recruited and fire action potentials before larger motor neurons are recruited.



Principles of motor system

» Reflex principle: motor reflexes are the basic units of motor sytem
(spinal cord and brain stem )

» Final Common Pathway: a motor pathway consisting of the motor
neurons by which nerve impulses from many central sources pass to a

muscle or gland in the periphery.

» Proprioception: In order to make a desired movement (e.g., raising your
hand to ask a question), it is essential for the motor system to know the
starting position of the hand.

Raising one’s hand from a restin% position on a desk, compared to a resting position on top
of the head, results in the same final position of the arm, but these two movements require
different patterns of muscle activation.

The motor system has a set of sensory inputs (called proprioce tursf) that inform it of the
length of muscles and the forces being applied to them; it uses this information to calculate
joint position and other variables necessary to make the appropriate movement.



Principles of motor system

» Postural adjustments:

to compensate for changes in the body’s center of mass as we move our limbs, head, and
torso.

Without these automatic adjustments, the simple act of reaching for a cup would cause us
to fall, as the body’s center of mass shifts to a location in front of the body axis.

» Sensory feedback:

the motor system must use other sensory information in order to perform the movement
accurately.

By comparing desired activity with actual activity, sensory feedback allows for corrections

in movements as they take place, and it also allows modifications to motor programs so
that future movements are performed more accurately.



Types of muscles:

*Smooth muscles
*Cardiac muscles
*Skeletal muscle
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Skeletal Muscles

Striated (long and dark bands)
long cells with numerous nuclei
Long cells

covers bony skeleton

Voluntary control (but some

involuntary functions too)
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Muscle fiber:
Diameter: 50-100 um, length: 2-6 cm
Connection with the neural system:

end-plate



2. Anatomy of the Muscle

striated muscles are made of muscle fibers that have
two parts, outer and inner:

Quter fiber = extrafusal fiber
Inner fiber = intrafusal fiber

This represents
only one
muscle

fiber - a muscle
has many fibers

Wrapped around the intrafusal fiber is a sensory nerve that picks up the
sensation of stretch.



Outer fiber = extrafusal fiber
Inner fiber = intrafusal fiber

', Alpha motor
Gamma Motor neuron

Neuron

\
|
|
|
i
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Each muscle fiber has a gamma motor neuron that synapses on the intrafusal fiber. The
alpha motor neuron synapses on the extrafusal fibers. One alpha motor neuron can
stimulate numerous fibers. This is called the motor unit. The neural link between the
alpha motor neuron and the muscle fiber is called the neuromuscular junction.




The muscle fiber

Discrete cells — fibre (more
nucleus)

Torminal  Transverse SHCOPSMIC Sarcolemma

Average size: 50-100 ym diameter cln  Gbjes  mm  (fmuscefe menban
and 2-6 cm length
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Sarcolemma: membraine of the cell
(dOUble ||P|d Ia)’el‘, Contammg: Na’ K’ Cl and Mitochondrion
Cl channels)
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Myofibrils: containing the contractile

proteins ;
Myofibei |
I

Sarcoplasmatic reticulum; intracell
membrane system around the myofibrils

Mitochondrias



Sarcoplasmic Sarcolemma
reticulum (muscle fiber membrane)

Terminal  Transverse
cistern tubules

Myofibril

-~
Sarcomere Ss Zdisk

C
Tropomyosin  Troponin

Thin filament
(F-actin)

Thick filament
{myosin)




Sarcomere

Contractile machinery of the

muscle: sarcomeres and cross & e L
bridges ot

Each sarcomere contains [

contractile proteins: thin and thick | ==~

filaments; bounded by a Z disc R

Thin filaments: projects from the Z :t::i~
disc, actin monomers in a helix (F- =
actin)

Thin filament Tropomyosin  Troponin
(F-actin)

Thick filaments: float in the middle

of the sarcomere, tropomyosin
and troponin
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Sliding Filament Theory

| !
—— —*— The thick and thin
——+ —i— —— — filaments do not shorten.
—
Least overlap Thin filaments slide along
. R thick filaments towards the

A= A
a L1 center of the sarcomere.

I
|

=t =—1——= This pulls the Z discs
closer together, shortening

e _.( "1_.-—1—’— the length of the

sarcomere, the myofibril
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and the muscle fiber.

The A band is unaffected.
The | band gets narrower.



Excitation-Contraction Coupling

Actin Myosin
filament\ filament
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Troponin
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<« Actia filament moves —
toward M line.
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Neuro-muscular junction (NM))

- Axonal Terminals (Transmitter:
Acetylcholin)
- Presynaptic potentials leads to

The Neuromuscular Junction

Axon of molor neuron ———

ACh release o

- Postsynaptic Membrane (junctional \N
foldings) I

- ACh receptors open, cation o \
influx, membrane depolarization """ 5

- Endplate depolarization activates e O &
voltage-gated Na channels T 8 e g ‘49@
- Release of Cat++ from the GELEaNEE \\ ey
sarcoplasmatic reticulum (SR) into ,@ ﬂml; |ﬁ§ mL (o
muscle cell cytoplasm LT

- Rise in intracellular Ca++ induces
contraction

Veltage-gated calcium channe

Terminal

Action potential
propagation I
in musecla fibar



Motor unit: structure

» Each motor axon is connected to
multiple muscle fibers.

The Motor Unit

Branches of
motor neurons

» Each muscle fiber is connected to a
single axon.

» Motor axon * innervated muscle
fibers = Motor unit

» Twitch fibers — large neuromuscular
synapse which generates action
potential- synchronous contraction of
motor units (MUs).

&

Myofibrils

Muscle fiber

»Tonic fibers — simpler synapse -> no AP
-> graded contraction.



Types of the motor unit

* S (slow twitch)
* type | muscle fibers
* operating aerobically
* slow twitch time and slow |
relaxation rate ' _' |
* FR (fast twitch, resistant to fatigue) '
* type 2a muscle fibers
* fast twitch and fast relaxation rate
* aerobic metabolism and glycosis

* Lower forces, resistant to 11{1m”“ﬂr R
fatigueness x
* FF (fast twitch, fatigable) type e
* type 2b muscle fibersuse glycosis |
« High forces, fatigable ‘ L

* Size principle: sequential recruitment
S->FR->FF

Fast
Fatigrabls



Proprioceptiv control of the somatosensory
system

» Continous feedback needed about the muscles:

Flexio
Phase
Active contractions

» Golgi tendon organs and muscle spindles



Golgi tendon organ

=S =8 Muscle fibers Slender, encapsulated structures, | mm long
Innervated by ones Ib fibre
o oferens Streching of the organ results in firing (Ib
afferentation)
Capsule=—
/ ~Axon
- Collagen fiber
Tendon—




A Muscle spindle

)

2

Intrafusal
muscle
fibers

Capsule

Sensory
endings

Afferent
axons

Efferent
axons

Gamma
motor
endnngs

1))))))))
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Components of spindles:

Intrafusal muscle fibres
Large-diameter myelinated sensory
ending

Small-diameter myelinated motor
ending (gamma neurons)

Components of intrafusal fibres:

Nuclear bag fibres (dynamic and static)(2-3)
Nuclear chain fibres (5)

Sesory fibre endings: primary (la), secondary (Il)
Gamma neurons: static or dynamic



B Intrafusal fibers of the muscle spindie

Statc nuclear
bag fiber

Dynamic nuclear

bag fiber \

Stanc

Dynamic

/

Nuclear
chamn fiber

Nuclear Chain fibers.These fibers are so-
named because their nuclei are aligned in a
single row (chain) in the center of the
fiber. They signal information about the
static length of the muscle.

Static Nuclear Bag fibers. These fibers are
so-named because their nuclei are
collected in a bundle in the middle of the
fiber. Like the nuclear chain fiber, these
fibers signal information about the static
length of a muscle.

Dynamic Nuclear Bag fibers. These fibers
are anatomically similar to the static
nuclear bag fibers, but they signal primarily
information about the rate of change
(velocity) of muscle length.

A typical muscle spindle is composed of |
dynamic nuclear bag fiber, | static nuclear
bag fiber, and ~5 nuclear chain fibers.
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éi Extrfusal musc le
— fibers

Fusimetar ending:

Intrafusal musc ke
fibers

Secondary
ending

Primary ending
Capsuke

Fusirretar
endings

Extafusal muscle
fib=rs

Tendan

Organisation of
muscle spindles

* respond to change in
muscle length

* v-fibres from ventral horn

* Group la and Il fibres are
afferents to the spinal cord



austamned stretch
of muscle

ey

Alpha-gamma coactivation

A. Sustained tension elicits steady
@ firing in the la sensory fiber.

2 discharge AN ANNEREE

B. A characteristic pause occurs in

Weight

L
v

Stimulate alpha
motor Newron

% 1 the ongoing discharge of the la
fiber when the alpha motor
neuron alone is stimulated. The la
fiber stops firing because the

- HULLLLL — spindle is unloaded by the

k resulting contraction.
1

Loantraction

Q)

C. If a gamma motor neuron to the
spindle is also stimulated, the
spindle is not unloaded during the

la response is filled in

=
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contraction and the pause in

k discharge of the la fiber is filled in.
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Slimulate alpha
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motor newran
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Sensory fibres

la Primary 12-20 um myelinated Muscle length and
spindle rate of change of
endings length
b Golgi tendon 12-20 ym myelinated Muscle tension
organs
1 Secondary 6-12 um myelinated Muscle length (little
spindle rate sensitivity)
endings
1 Nonspindle 6-12 ym myelinated Deep pressure
endings
1] Free nerve 2-6 ym myelinated Pain, chemical
endings stimuli, and
temperature
(important for
physiological
response to
exercise)
A\ Free nerve 0.5-2 ym nonmyelinated Pain, chemical
endings stimuli, and

temperature




Afferents in the motor system

A. Afferensek

Rost- Atmér6, Eredés és Adekvit .
5 : . Funkciok, amelyekben részt vesz
osztaly vezetés sebesség receptor inger
D 12-20 um izomorsd, annulo- | izomrost megnylla- | miotatikus reflex (motoneuron-serkentés, an-
70-120 m/s spiralis receptor sa tagonista gatlas), kontrakcidhossz szabalyoza-
sa
| b. 12-20 um Golgi-féle inszerv izomrost feszulése tulfeszités elleni védelem (forditott miotatikus
70-120 m/s reflex), feszulés beéllitasa
1 5-12 um extenzor és flexor | izomrost nyGlasval- | miotatikus reflex, hosszbeallitas, agonista-an-
30-70 m/s izmok viragszerii re- | tozésai tagonista ellentét, keresztezett extenzorreflex
ceptorai
bér alacsony kuszo- | kismérték( bdrde- | flexorreflex, keresztezett extenzorreflex, ralépé-
bi mechanorecep- | formacié (tapintéds, | si és fogasi reflexek, jaras
torai nyomas)
I 2-5 um izombeli ismeretlen | izomdestrukcio (faj- | flexorreflex, keresztezett extenzorreflex, altala-
12-30 m/s receptor dalom?) ban védekezés a karos és fajdalmas hatasok
ellen; kozponti fajdalomérzés afferentacioja
bérbeli  mielinizalt | hémérséklet valto-
idegvégzbdések zasa; szoveti dest-
rukcib (gyors, fajda-
lomérzé rostok)
\Y 0,5-1 um bér nem mielinizalt | szoveti karosodas flexorreflex, keresztezett extenzorreflex. Fajda-
0.5-2 m/s szabad idegvégz6- lomérzé afferentacio lassi komponense
dései




Efferents

B. Efferensek

Frgets Atnéed, Eredés Célobjektum asthesl Utékisilés
osztaly vezetési sebesség tipus
Aa 12-30 um nagy alfa gyors munkaizomros- | fazisos hosszi
gyors 50-135 m/s motoneuron tok
Aa 12-30 um kisebb alfa mo- | lassG munkaizomrostok | ténusos rovid vagy nincs
lassu 20-135 m/s toneuron
Ay 4-8 um gamma moto- | intrafuzalis izomors6- | fazisos vagy t6- | ?
10-20 m/s neuron rostok nusos




Final Common Pathway = ““

» Motor unit — a lower motor neuron (ventral horn cell/
CN nucleus) + muscle fibers under its control
alpha motor neuron
axon (nerve)
synapse
muscle fibers

» Final common pathway — many motor units through
which all activities in the motor system must act



» Reciprocal Innervation of Antagonistic Muscles

The burst of firing in the sensory Excitatory
neurons excites excitatory spinal to interneuron
interneurons that excite

Inhibitory

biceps motor neurons. interneuron

The thumb tack
produces a burst of firing
in sensory neurons.

At the same time, the burst of firing
in the sensory neurons excites
inhibitory spinal interneurons that
inhibit triceps motor neurons.

The simultaneous contraction of the
biceps muscle and relaxation of the
triceps muscle causes a rapid flexion
of the elbow joint.



Spinal cord reflexes

A Reflex Arc Shows How Neuron Types Work Together. :
PO RIORE SN ARIRR RS RN EREE ) Involuntary: coordinated patterns-of

The afferent and efferent sensory cellbody  muscle contraction and relaxation
SR i elicited by peripheral stimuli

nerve. white matter

)
Sensory neuron center Myotactic (strech) reﬂex
/A’ >

Stimuivs a0 Autogeneric inhibition reflex
- iation Flexor reflex
_— ' Crossed-extensor reflex
Motor neurg gray
mafter

pinel cord (CNS)

O BENJAMINCUMNINGS

Motor cell body



Myotactic (strech) reflex

» A major role of the myotatic reflex is the maintenance of posture,
diagnostic value (knee-jerk)

» Example: waiter holding an empty tray, somebody puts on a glass of beer

. increased weight stretches the biceps muscle, which results in the
activation of the muscle spindle’s la afferents

2. la afferents: cell bodies in the dorsal root ganglia of the spinal cord, send
projections into the spinal cord,and make synapses directly on alpha motor
neurons that innervate the same muscle

3. activation of the la afferent causes a monosynaptic activation of the alpha
motor neuron that causes the muscle to contract

4. the stretch of the muscle is quickly counteracted, and the waiter is able to
maintain the tray

5. when the stretch reflex is activated, the opposing muscle group must be
inhibited to prevent it from working against the resulting contraction of the
homonymous muscle



Knee-jerk
(mono-synaptic)

myotatic
stretch




Flexor reflex

» Example:accidentally touching a hot stove or a sharp object, as we
withdraw our hand even before we consciously experience the sensation of
pain

. reflex initiated by cutaneous receptors and pain receptors

2. sharp object touching the foot causes the activation of Group lll afferents
of pain receptors and go up the cord.

3. branch of the afferent innervates an excitatory interneuron in the lumbar
region of the spinal cord; excites an alpha motor neuron that causes
contraction of the thigh flexor muscle

4. Group lll afferent also continues upward to the L2 vertebra, where another
branch innervates an excitatory interneuron at this level

5. This interneuron excites the alpha motor neurons that excite the hip
flexor muscle; withdrawal of the whole leg

6. Group lll afferents innervate inhibitory interneurons that in turn innervate
the alpha motor neurons controlling the antagonist muscle.



With-drawal
flexion
reflex

(d1-
synaptic)




Crossed extension retlex

» Further circuitry is needed to make the flexor reflex adaptive.

» the flexor reflex incorporates a crossed extension reflex to protect the
body from loosing the balance

I. Group lll afferent innervates an excitatory interneuron that sends its axon
across the midline into the contralateral spinal cord

2. excites the alpha motor neurons that innervate the extensor muscles of
the opposite leg



Retlexes
supporting
posture:

1. Crossed
extensor reflex




Reflexes supporting posture:
2. Golgi tendon reflex

T higher

centers

b afferent
fibar

Gaolyi tendon angan

Rectus fermaris
rmilscle




Renshaw cells

»-Axons of alpha motor neurons special-inhibitory-interneuron called the
Renshaw cell in the spinal cord

» inhibits the very same motor neuron that caused it to fire

» negative feedback loop is thought to stabilize the firing rate of motor
neurons



Organization of the motor system

Basal

Ganglia

Cerebellum

*Control of Reflexes
*Control of Posture
*Control of automated
movements (walking,
breathing)

*Control of “purposeful”

movements

receptors

Muscles
Contraction
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