Movement and Motor systems Movement categories:

- Retlexive and rhythmic movements
- Voluntary movements

Reflexive and rhythmic movements are involuntary and produced
by stereotyped patterns of muscle contraction

Voluntary movements are goal-directed and improve with
practice as a result of feedback and anticipatory mechanisms

Anticipatory Feedback
Anticipatory control responses responses
Ball dropped Impact
T T T T T T
_ﬁ\_// Elbow angle (o

Wrist angle ()

Feedback control

Triceps

Flexor carpi
radialis

Extensor
carpi radialis

800
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Principles of organization of motor systems

Basal

ganglia The motor systems are organized hierarchically

. Spinal motor neurons execute movement

. The brain stem modulates the action
of spinal motor circuits

. The cerebral cortex modulates the action
of motor neurons in the brain stem

and spinal cord
The motor systems

have three levels
of control organized both
serially and in parallel

Spinal
INtEMeurans

. The cerebellum and basal ganglia influence
cortical and brain stem motor systems

. Sensory information related to movement is
processed in different systems that operate

et in parallel.

neurons

Movement

10.2



Motor neuron-muscle relationships

Gastrocnemius Soleus
injection injection

Spinal cord
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The motor neuron pools are organized in
the spinal cord in a somatotopic way: G
- Motor neurons innervating axial | \
musculature are located medially

- Motor neurons innervating distal
musculature are located laterally

S ——
g
g
2%y

o, motor neurons
organized in motor
neuron pools

Fusal y motor neurons (muscle spindle receptor)
Lower motor neurons

Extrafusal oo motor neurons (fibers generating muscle force)
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The motor unit

in spinal cord

— Motor neuron }

The motor unit:
Muscle fibers contacted by
a single o motor neuron

Muscle fibers innervated
by a single motor neuron

Motor neuron 1 Motor neuron 2

Muscle cells
s

Muscle fiber types are specialized
for fast or sustained contraction

Cross section of a skeletal muscle
' : -

e

Slowe-Bwitch < ¥
fibers

® S

o Fast-twitch
9 hibers
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Functional characteristics of three
different types of motor units

Twitch Unfused tetanic force Fatigability

Change in muscle tension
in response to a single motor

Tension in response to
repetitive stimulation
of the motor neurons

Response to repetitive
stimulation that evokes
maximum tension

neuron action potential
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Fast fﬂhgable fatigable
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Time (ms) Time (ms) Time {min)

The contractile force of a motor unit depends on:
- the force-generating capabilities of fiber type
- the number of fiber muscles innervated by the motor neuron
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The electrical properties of motor neurons
determine their responses to synaptic inputs

Small diameter
Motor neuron

Action
potential

Large diameter
Motor neuron
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Motor units are recruited in fixed order The size principle: Recruitment order based

on the size of motor unit

Al +2+3+4

Tension

0 20 40 60 80 100

The size principle and recruitment
order explain the availability of
motor units required to perform
different motor tasks

]‘ Time (ms)

Percent maximum f[orce

100 B
a0
| Fast
60 fatigable
40 Gallop
20 Bun Fast
— fatigue-
Walk resistant
" e L 2 A B Stand |- Slow
0 25 50 75 100

Percent of motor neuron pool recruited
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The regulation of muscle force

Recruitment of motor neurons according
to the size principle

2
Frequency of action potentials generated by

motor neurons and the temporal summation
of fiber muscle contractions

3 Asynchronous activation of motor neurons permits
a maintained contraction with reduced fatigue
of individual motor units
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Spinal reflexes

Reflexes controlling muscle length and tension

The stretch (myotatic) reflex circuitry

Inhibitory
interneuron

Passive
stretch

o motor neurons

Ia afferent ___

Muscle
spindle

Homonimous
muscle
Synergist

Antagonist e

Reciprocal
inhibition
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Role of y motor neurons on muscle spindle responses
(A} o Motor neuron activation without ¥ {B) & Motor neuron activation with y

The muscle spindle: Intrafusal

A muscle length receptor

Stimulate o
= motor neuron
B
& Stimulate o
: motor neuron
i
B
®
. Stimulate ¥
¥
N motor neuron
¥

Contraction Contraction
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The inverse myotatic reflex circuitry

Ib afferent Ib inhibitory

/ interneuron
Descending T ; S
pathways N
The Golgi tendon organ:
A muscle tension receptor
\ Muscle fibers
Motor Capsule
neurpn
Ib afferent
Flexor Extensor
muscle muscle - Axon
Golgi tendon N C,:Ouagen
organ fibrils
—~Tendon
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MUSCLE PASSIVELY STRETCHED

(1

Muscle stretched

Extrafusal |

Record

Spindle
afferent

Afferent
activity
Stretch

Muscle
length

(2)

Muscle stretched

MUSCLE ACTIVELY CONTRACTED

1 2,
L Muscle contracted 2

Muscle contracted

o
Record Record

Stimulate Stimulate
ot motor o motor
neuron neuron
; ) Spindle Golgi
gﬁ?& ' afferent tendon
Drgan Organ
afferent

E—

activity
Muscle
length
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The withdrawal (flexion and crossed-extension) reflex
A more complex polysynaptic reflex circuit

Cutaneous afferent fiber
from nociceptor (Ad)

R

Painful 9

stimulus g ?+ tt(ia,

Extensor
muscle

Flexor
muscle +

!

Stimulated leg Opposite leg
flexes to withdraw extends to support
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Rhythmic movements. Locomotion

The stepping pattern of a cat
during walk and trot, two
different locomotor cycles

)
t
LR

\ Walk
\-_-mmf"’j_ﬂ} LH
e R
A LT RF
LHRH LF RF
&
\\ Trot

i‘:f_\_mwﬂf% LH

/ a _ LF
AR RH
il A\ RF

— B

Limbs move
in sequence

LH-LF-RH-RF

Two opposite legs
on ground (LH, RF)
and off ground

(LF, RH)

Pattern generators are local circuits in the spinal cord that
coordinate rhythmic movements such as those related to locomotion

A hypothetical pattern
generator circuit

Pacemaker 1 4
neurons ———»

Inhibitory
interneuron

Flexor (F) Extensor (E)

o motor
neurons
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Movement and its central control

Organization of neural structures
involved in the control of movement

DESCENDING SYSTEMS *
Upper motor neurons

Cerebral motor cortex *
Planning, initiating, and THALAMUS
directing voluntary movements

Brainstem centers ‘
Basic navigational movements
and postural control

Local circuit neurons
Reflex coordination

SPINAL CORD AND
BRAINSTEM CIRCUITS
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Local control circuits at the spinal cord

Descending pathways

Local control at

the spinal cord «

of axial muscles

l

Posture

Local control at

the spinal cord <:I

of limb muscles

l

Manipulative tasks

V

Long-
distance
local circuit
neurons

Short- i
distance —>
local circuit -
neurons <L

| Motor nuclei
(to limb
muscles)

Motor nuclei
(to axial muscles)
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Motor control at the brainstem

(A} MEDIAL BRAINSTEM PATHWAYS

Brainstem

b

Lateral and medial
vestibular nuclei

Pontine and medullary
reticular formation

1

Vestibulospinal e

tracts

Reticulospinal tract

Colliculospinal tract

Cervical
spinal cord

(B) LATERAL BRAINSTEM PATHWAYS

Superior colliculus

Control of neck muscles.
Head orienting
movements

Eed nucleus

Rubrospinal

tract

Red nucleus

Control of proximal
muscles of the arms.
Manipulative tasks

Vestibular nuclei

Control of axial muscles
(medial tract) and proximal
arm muscles (lateral tract).

Balance and posture

Reticular formation

Control of axial and
proximal arm muscles.
Initiate adjustments to

stabilize posture during
ongoing movements
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Motor control at

the motor cortex Functional organization of the motor cortex

L : Somatotopic organization of motor cortex
Localization of primary motor

cortex and premotor area
in the human brain

Central suleus
P'rimary mul‘ur\
corlex . i

Lateral view

Medial premotor
Lateral cortex _
premotor Primary
cortex motor cortex

Medial view

Medial premotor
cortex

Primary
motor cortex

Throat

Corticobulbar tract
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Motor control at
the motor cortex

Primary motor cortex

Coding the initiation of
complex voluntary
movements.

Medial and lateral
premotor cortex

Coding the intention
to perform a movement.
Selection of movements

based on external or

internal events

LATERAL CORTICOSPINAL AMND
RUBROSPINAL TRACTS

Primary somatic
sensory cortex

Dorsal

colurmn ————s

nuchei

Primmary

mcrhor corfex

|

Medial and Lateral
premaolor corbex

CORTICORETICULOSPINAL AND
VENTRAL CORTICOSPINAL TRACT

Primary somatic
sensory cortex

Cerebrim

Brainstem

fract

Spinal cord

Primary
mator cortex

Medial and lateral
premotor cortéx
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An example of how cortical neurons can code
for the initiation of a movement.

The rate of action potential firing Neurons in the primary motor cortex
increase before the onset of fire most strongly for movements
contraction in the relevant muscles in a particular direction.

Onset of movement

Rate of firfing
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Modulation of movement by the basal ganglia

Functional circuits in the basal ganglia

Basal ganglia: - ©
Striate: caudate nucleus + putamen Hioda i " —
Globus pallidus

Related areas: Subthalamic nuclei
and substantia nigra
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Disinhibitory circuit in the basal ganglia

Transient Excitatory
excilalory inputs to C

- inputs from
/q_ cortex by A&

Striatum

VA/VL complex
of thalamus

When A is
atrest ...

A at rest

A is excited %

‘When A is
transiently

Striatum Globus pallidus VA /VL complex
of thalamus

Maotor cortex

To lower motor
NeuUrons

: e
Upper molor
neuron in cortex
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Modulation of movement by the cerebellum

Neurons and circuits of the cerebellum

Parallel fibre Purkinje cell

Stellate cell -

Golgi cell
Basket cell

~____Molecular layer

Purkinje cell o Purkinje cell layer

—— Granular layer

____White matter

Granule cell
Mossy fibre

Climbing fibre/" /
Purkinje cell axon

Cerebrocercbellum

Flowculus

Somatotopic maps
of body surface
in the cerebellum

Spinocerebellum

MNodulus 10.23



Diagrams of inputs and outputs

of the cerebellum Functional circuits in

the cerebellum

Midlmﬂ' Marallel / [ )
' fiber
: Middle cerebellar b-.l' £ Molecular
' peduncle X .k layer
' § do £
o~k 7 i

oF. 19 OF o
‘? ? 'r "r I //’?‘
A3 8 e ®
- -, g
' Fa t _-nl-l'r".délr
[ ..
L] Tp LA B 2
’ {l::;lrkmp : - Granule
1 - = cell
Inferior cerebellar 7 | BT
peduncle :
o Climbirg
Midline fiber Tl i?lnl?;:'r
premotor cortex '
N W
:
: [MMossy
L] -
: Deep fiber
' cerebellar
r nuclear cell
L §
E To thalamus
' (motar corlex ) |
. i
.

lTI

i ;i_: From || From pontine macle
g B | inferior || {cerebral cortex),
KLt e o e A SR T BT olive spinal cord, vestibular
R T - : I )
' M""Supermr cerebellar e

peduncle 10.24



Modulation of movement by the cerebellum

paralle!

fibers
//,—\I

Purkinje

Granule :
cell ;'7 | Climbing
| ¢ fiber
Mossy
fiber |
10 my
50 ms

Granule
cells
i
i
Mossy Clirmbing
fibers | | fibers
| |
| iy O
Spinocarebellar
and other
pracerabeliar
Neurons Inferior alive

Two types of inputs

T Deep
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NEurcns
) +

r
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Purkinja
cell axons

+

Thalamus, red nucleus,
vestibular nucleus, etc.

Outputs
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Modulation of movement by the cerebellum

- :

s Stellate
L}
Parallel + Basket
fibers cell
S S
Inhibitory
cortical
B side loop
Golgi Purkinje
1
ceilg ; Granule cell
; V cell
5 :..“.ﬁ; i 5
. Climbing
fiber
Mossy
fiber
Deep Main
cerebellar excitatory
neurcns loop
Precerebellar Inferior olivary Descending
nucleus cell nucleus cell motor
(spinocerebellar systems

pathways, brainstem
reticular nuclei,
pontine nuclei, etc.)
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