Motor unit

Unit of muscle activity

Few hundred
motoneurons/muscle i

Innervation number A motor neuron

innervates one set of
muscle fibers.

Force depends on
1. Recruitment
2. AP frequency
3. Fiber properties
4. Muscle structure and
composition

Muscle
fibers

A pool consists of
many motor neurons,
each of which
innervates a motor
unit with the muscle.
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Properties of motor units
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Physical activity can alter motor unit
properties

« Strength training vs Endurance training
— faster myosin
— more contractile proteins
— higher capillary density
— more mitocondria
* No change in composition!

A Twitch torques
30 4
B Twitch contraction times




Recruitment order
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Isotonic and isometric contractions

« constant-length contractions to maintain static body postures
» stretch-shorten cycle to enhance work capacity

A ISOMETRIC B ISOTONIC

Inactive Active Inactive Active

ar
i

__— Muscle fiber —_
— —-
A constant
length
A constant o
load /
il Tension Tension
1 low high h

g 1 g |

Velocity



Posture and balance

A Bringing center of mass back over base of support

1 Surface moves 2 Body sways 2 Recovery y POSture (e'g' uprlght Stance)
ek g requires two actions:
D L .
% (1) maintaining support against
\} gravity (keeping the center of
/ mass at some height)
T~
L (2) maintaining balance (keeping
the downward projection of the
center of mass within the base
of support)
. « Body sway is actively
- Sway Stepping for sapport counteracted by the posture
control system.
[ e anticipatory postural
adjustments during voluntary
movements

-

B Extending base of support to capture center of mass

1 Disturbance 2 Responses
T



Sensory input

Vestibular
Equilibrium
Spatial awareness
Rotation
Linear acceleration

Visual
Sight
Spatial orientation

Somatosensory
Prioprioceptive
Tactile

Input Integration

Cerebellum
Integration of
information and
regulation of
posture, movement
and balance

Cerebral Cortex
Higher order
memory and

intelligence input

Brainstem
~— Integration and
sorting of

information

—

e

Motor Output

Vestibulo-ocular
reflex

Eye Movement
Control

Posture
adjustements and
reflexes

Posture control system

Balance

Balance
sensation



A Muscle spindle

Intrafusal
muscle
fibers

Capsule

Sensory
endings

Afferent
axons

Efferent
axons

Gamma motor——

neuron endings
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Muscle spindle

B Intrafusal fibers of the muscle spindle

Dynamic nuclear

bag fiber ~_

II sensory
fiber

Ia sensory
fiber

Static nuclear
bag fiber

. Nuclear
chain fibers

Static gamma
motor neuron

Dynamic gamma
motor neuron

pps pps

pps

Stretch

C Response of Ta sensory fiber to selective
activation of gamma motor neurons

P"\ tDvnamic response
_ __ __ t>Steady state response

- Stretch alone

Stimulate static gamma motor neurons

Stimulate dynamic gamma motor neurons

02s



Gamma motor neurons

A Sustained stretch of muscle
A Alpha-gamma co-activation reinforces alpha motor activity

| |
\ || Muscle
\ spindle
[ _
( '| % @. Ia fiber
disch
. AR ischarge |
/ : J S ARNNNNNARRE o
\ | ortica
motor
\ | | ( /\' command
Ll — ?:( Tension — VAN
) -
f
Weight Pul + +
Alpha Gamma
motor motor
neuron + T neuron
Ia sensory

fiber

B Stimulation of alpha motor neurons only

LV
Muscle

Spindle
A+

F

\ [ '
3 / f
Contraction
+
Load —h@

Length

Ia fiber response is “filled in”

z Contraction

« fusimotor system




Tendon organ

at the junction between
skeletal muscle fibers and
tendon

stretching straightens the
collagen fibers, thus
compresses Ib nerve endings

most sensitive to changes in
muscle tension

Ib axon —

Collagen fiber

= — Muscle
fibers

— Capsule




Extensor reflex

Monosynaptic pathways (stretch reflex)

* muscle spindle
« |a afferent
« excite synergists

I sfferent — \ I inhibitory (monosynaptic)

I"x interneuron ] o .

Alpha motor e Inhibit antagor“StS

neuron

| e counteracts the stretch

/ A\ » brain stem facilitates the
Spindle /?A 0o\ stretch reflexes of extensor
W/ | "-.l muscles
A~ Antagonist « support posture

I! Homonymous muscle

Synergist




Ia interneurons

A Ia inhibitory interneuron

Corticospinal B
pathway
doetgci;ndihg _ Ia inhibitory
T interneuron .
pathways % » collaterals from cortical neurons
I aferent — /E during voluntary movements
/" « Dbalance of excitatory and inhibitory
I Inputs
AN VAN  supraspinal centers can reduce
reciprocal inhibition
« enable co-contraction for joint
Extensor _ .
/ml.jscle Stab|l|zat|0n

Muscle ~__
spindle

Flexor —__
muscle 7



Renshaw cells

__.ljéscending

Renshaw cell .-\ pathways Ia inhibitory
> interneuron

(mterne%
f
| )

|

|
&/ = * negative feedback
___’[,_--- Motor
\ ’

« stabilize the firing rate of the motor
neurons
\\: 4" « regulate the strength of inhibition
« synaptic input from descending
pathways to distribute inhibition

B Renshaw cell

~ Extensor
-~ muscle

Flexor —__
muscle




Ib inhibitory interneuron

Ib afferent,
A

\ "

Joint afferent \
Cutaneous Ly
afferent

Descending
pathways

* multiple imputs
» descending control
@3%:” /: « protective function
#' W innibitory « precise spinal control of muscle force

interneuron

/k\ « state-dependent reflex reversal

neuron

Cutaneous
receptor
1

i Resting Locomotion

Extensor Ib afferent T Ib afferent
muscle N —

| |
Fl | ) o | ) B
// — mi;;?:rle \ \ Ib inhibitory ! -
~ _ | interneuron \
' Golgi To extensor L )\ To extensor -
tendon _ ' muscle .
muscle 47 . _,x/ — T

organ —




Flexion reflex

A Polysynaptic pathways (flexion reflex)

Cutaneous afferent
fiber from nociceptor (A8)

e

y )
wmki;/J\\fé/

Activated
motor
neurons

Extensor —
muscle i

i1 "~ Flexor—"
/) muscle

T

Stimulated leg ./ Opposite leg
withdraws || IEI supports

flexion and crossed-extension

withdraw the limb from
noxious stimuli

extensive divergence



Basic motor patterns

Locomotor pattern generator

Descending
signals
Drugs
* locomotion is repetitive and
@( . stereotyped
%& ot | =" naens — man * basic motor pattern for
Flox ' stepping is generated in the
—— spinal cord
e ) « central pattern generators
Afferent
signals

Meonatal rat preparation

_\_
=
P
b
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oy
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y
oy




The brain stem and motor cortex
control locomotion

Visual ———— g
__ signal - """--..'\

Motor _ ' |

cortex (_\ - i - ) _ {: _!

/ I | e~ ~———— /)
| ' / \ ]

O\ | |

,
b
\ -

Spinocerebellar
pathways

Afferent
signals

. —
Brain stem Adjustment -

MRF EE'EL—-—— Activation =——_
T Visual guidance”= ——a—
l—______--*' \C" locomotor

- ~ system \\;
xtension
Slow walk Fast walk Trot Gallop .
Left , ° Limb
hind limb _ / N I NN movernent
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Right ! |
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The vestibular apparatus

Superior

and inferior

vestibular Endolymphatic
ganglia Superior  sac

of Scarpa saccular

ramus
Superior and inferior Greater SEEG
vestibular nerves | saccular

receptor organs:

Anterior
vertical

Facial nerve Semicircular canals

Postenar {head rotation)

Cochlear nerve vertical

Spiral Horizontal

ganglion
of cochlea

Utricle l Otolith organs
Saccule l (linear motion)

Cochlea



The ampulla of a semicircular canal

v —\\1 Ampulla Cupula Ampullary

{3/ N

- Semicircular
canal
Left hornizontal
semicircular
canal
B
Angular
Angular acceleration
acceleration
Cupula
displaced —— Endolymph
flow
Hair bundles —
deflected
SEensary
fibers fire




Hair cells in the vestibular
labyrinth

! y

“Hairs” of
hair cell

Neurotrans-/ -, More )
mitter at ko neuro- W Less
synapse trans- \ neuro-
\o mitter s trans-
()

mitter
Sensory -50- -50 {Receptor potential -50 1
neuron S s =
2E-T0 @ E —701 2t IO SR EEEE
g = s = s =
- Action potentials 23 25
28 f 28
© (o] - — - o — = ]
o ~70- & ~70- ® =704
T I T I T I T I T T I T I T I T
l 01234567 l l 01234567

Time (sec) Time (sec)

I T I T I
01234567
\ Time (sec)

(a) No bending of hairs (b) Bending of hairs in one direction (c) Bending of hairs in other direction

© 2011 Pearson Education, Inc.



Az Otolith Organs

Otoconia \
Otolithic
membrane

Utricle

Hair cells
depolarize,

Hair cells
hyperpolarize,



Vestibular nuclei

Extraocular
muscles

\ O OculomotorI nuclear
= <) complex
s

\j\ g" Trochlear
r nucleus ° Gaze COHtI’Ol
B

semicircular canals — superior and

T / asc’\:rl;Fin - = T
, wes° medial vestibular nuclei —
SVN Q. | . oculomotor centers / spinal cord

Abducens
nucleus

SVN

Semicircular ‘

Ny o~ O N » Postural reflexes
Ui \ (. L semicircular canals / otolith organs
\ | — lateral vestibular nucleus
Sacae: \ (Dieters) — spinal cord
Lateral
vestibulospinal
To cerebellum tract
MLF descending ZL:>
fibers
To_ cervical =L:"é To extensor
fo?‘;lgﬂs(t:r?:gm\i;—i; ,?/motor neurons

of head position



Vestibular nuclei

Extraocular

m

uscles

‘. Oculomotor nuclear
P B complex

{ -n\ /| Trochlear
\_ ( nucleus
e m Ea MLF
ascending
fibers
- Abducens
z nucleus
&r‘-’,,j)
Semicircular Ny \ . SVN
canals: ampullae FL
Qv LVN
‘
Utricle: .\
maculae v
Saccule: ‘
maculae g
Lateral
vestibulospinal
To cerebellum tract
MLF descending
fibers
To cervical ] = To extensor
spinal cord\<:—i; i?/motor neurons
for adjustment 7

of head position

« Complex balance control

otolith organs — descending
(inferior) vestibular nucleus —
cerebellum / reticular formation /
contralateral vestibular nuclei /
spinal cord

« All vestibular nuclel project to
the thalamus, then to the
vestibular somatosensory
cortex: areas 2 and 3a




Typical defects observed in cerebellar

A Delayed movement

diseases

B Range of movement errors

N4

C Patterned movement errors

T



Gross features of the cerebellum

Caudate
nucleus

Putamen

A Dorsal view

Internal
capsule

Thalamus

Vermis

Cerebellar
peduncles:

Superior

Primary fissure \

Hemisphere

Middle

Dentate
nucleus

Inferior

Interposed nuclei:
Emboliform nucleus

Globose nucleus :
Fastigial Tonsil

nucleus

B Ventral view
Flocculonodular lobe:

Nodulus
Flocculus

Cerebellar peduncles:
Superior
Middle

Inferior

Posterolateral
fissure

C Midsagittal section

Midbrain 4% A%
Centralis Il, Ill —2£«
Lingula | //
Pons

Culmen
IV, V

Primary
fissure

Declive

Folium
Vila

Tuber
Vilb

Pyramis
Vil

Uvula IX

Nodulus X

Posterolateral
fissure

Medulla

D Motor and cognitive functional regions

Spinocerebellum
(vermis and
intermediate
hemispheres)
i ——
Vestibulocerebellum 4

(flocculonodular node)

(I

— “,s_-)\t
<D
ag\k,}\”‘:m// (]

Cerebrocerebellum .
(lateral hemispheres)



Cerebellar cortex anatomy

granular layer

— cerebellar glomeruli:

— granule cells
Mgt - — Golgi interneurons

e — > \ — mossy fibers

& \ Purkinje cell layer

— Purkinje cells

molecular layer

— fan-like dendrites of
Purkinje cells

— climbing fibers
— stellate and basket cells
— parallel fibers

Stellatecell
Basket cell

Granule cell




Cerebellar cortex imputs

parallel fiber climbing fiber:
Granvig == Event detection
I\/Iolecular
purkinie layer Low rate
cell X Purkinje  Powerful influence
A\ —Hayer o _
AN : 1 climbing fiber to
A __Granular J
e layer 1-10 Purkinje cell
!‘@-:“( ..
o, 1 Purkinje from 1
sz climbing fiber

mossy/parallel fiber:
Stimulus information
High rate
~ /T 2 \’t Weak influence

_ ‘deep,Cerabellar|nuclei \ Inferior olive » 1granule cell from
Splnalﬁ/ 1 v few mossy fiber to
cord + many Purkinje cell

ain stem



Parallel Pathways

Comparation of excitatory and V by

inhibi‘ror'y signals fPiE_r;llel\
*+  mossy fiber — deep nuclei “é’f'/‘\ i
mossy fiber — granule cell — Y, ]{’ cell

“ﬁ \$‘>f Basket/
—\ stellate
cells

Purkinje cell — deep nuclei

» climbing fiber — deep nuclei

g . . . . A _f,aGraan
climbing fiber — Purkinje cell — S ARy e
deep nuclei ‘ “ Climbing
fiber
granule cell — Purkinje cell Mossy
fiber
» granule cell » basket/stellate cell . AL
— Purkinje cell <@R)
Deep
Inhibitory loops elne
- granule cell —» Golgi cell — granule
cell :
Infericr olivary

* Inferior olive — deep nuclei — nucleus cell
inferior olive



Cerebrocerebellum Spinocerebellum

I t Association
S cortex

Somatosensory  Somatosensory
receptors (limbs}, receptors (trunk), auditory
motor cortex

and visual information

Spinocerebellar paths (and
vestibulocerebellar and

Vestibulocerebellum

Somatosensor
receptors (neck], labyrinths,
and visual information

T U
~ e U

Vestibulocerebellar paths
(and spinocerebellar and

pontocerebellar paths) / pontocerebellar paths)

Pontine Spinocerebellar Spinocerebellar Vestibular
nuclei  and pontine nuclei nuclei
nuclei
/J_h\/—-ﬂx/

Y
Ventrolateral Red nucleus Vestibular
thalamus reticular nuclei  nuclei

Motor, prefrontal,  Interneurons (spinal
Output premotor, and cord), inferior olive, ~ {spinal cord and
parietal cortices other brain stem nuclei  brain stem)

Moter and interneurons

u

Vestibular
nuclei

Functional
regions of the
cerebellum

to thalamus and red nucleus

corticopontine
ibers

superior cerebellar
peduncle

cerebellum

pons

pontine —_

x dentate
mossy fibers i |

mnterposed

inferior cerebellar
pcdunclc

“>— proprioceptive
information from
spinocerebellar tract
(mossy fibers)

climbing fibers
from inferior olive



Primary and
premotor
cortex

Cerebral control of
balance

Vestibulocerebellum

» Input: vestibular organ/nuclei, visual,
somatosensory/proprioceptive

¢ OUTPUT: 7 ; Fast;gxal Vermis

nucleus

g= ——— Thalamus
(ventrolateral
nucleus)

- n.VQST.med —> n.III.IV.VI. vlFIgcculonoduIar \: s v
obe v ) v‘etg ary
- n.vest.lat — spinal cord (axial i \"‘;‘/ e
muscles and limb extensors) QY ues
T

Limb
extensors
(antigravity
muscles)

Axial and proximal
(antigravity muscles)



Cerebral control of
balance

Spinocerebellum - vermis

Input: vestibular, visual, auditory,
somatosensory/proprioceptive

Deep nucleus: n. fastigii

Output:

- MRF/n.vest.lat — spinal cord
(axial muscles and limb extensors)

- n.est.med - nIIT.IV.VI.

- Thalamus — motor ctx

Loop: cerebellum — IO — cerebellum

Flocculonodular \

Primary and
premotor

2
= (

+

———Thalamus
(ventrolateral
nucleus)

“Fastigial ~ Vermis
nucleus

lobe _— Medullary
reticular

formation

T~ Lateral
vestibular
nucleus

Limb
extensors
(antigravity
muscles)

Axial and proximal
(antigravity muscles)



Cerebellar control of limb
and axial muscles

Spinocerebellum - intermediate
hemispheres
Input: somatosensory/proprioceptive
(and motor ctx)
Deep nucleus: n. interpositus

Output: MRF/n.ruber — spinal cord
(distal muscles of the limbs and digits)

Loop: cerebellum — n.ruber —» IO —
cerebellum

Interposed
nuclei

Red nucleus

Purkinje cell

Olivocerebellar
Inferior olivary — fibers

nucleus

Rubrospinal
tract

Primary and
premotor
cortex

Thalamus
(ventrolateral

nucleus)
Dentate
nucleus
— ~Red nucleus
Cerebrocerebellum . —' &

Interposed
nuclei

Spinocerebellum

&7

Pyramidal
decussation

Rubrospinal
tract

Corticospinal

To limb muscle



Primary and
premotor
cortex

Cerebellar control of limb
and axial muscles

Cerebrocerebellum - lateral
hemispheres

- Input: motor and associative ctx —
pontine nuclei
Dentate

- Deep nucleus: n. dentatus ok _
*  Output: thalamus — motor ctx :

 Loop: cerebellum — ctx - IO —
cerebellum

Thalamus
(ventrolateral
nucleus)

~Red nucleus

Cerebrocerebellum . —' &

Interposed
nuclei

Spinocerebellum

&7

Pyramidal
decussation

Rubrospinal
tract

Corticospinal

To limb muscle



Voluntary behavior

* initiated internally

* involve choices between alternatives, including the choice not to act
* organized to achieve some goal

« improve with experience (learning)

Organized in a hierarchical series of operations:

Stimulus | — Perception | —= Cognition | —= Action — = | Response
Intention | —= Extrinsic — Intrinsic — Kinetics — | Response
kinematics kinematics P

) i
— - — — — P

The execution itself is serial in nature (sensorymotor transformation)
1. general description of the movement

2. calculation of specific details

3. patterns of motor neuron activity



=g Motor cortex

C— T ‘
Z
/
— 2
9
0

Wrist —

Elbow ——

\f%ii M1, primary motor cortex; (F1)
\f i PMd, dorsal premotor cortex; (F2)
- SMA, supplementary motor area; (F3)
S P PMyv, ventral premotor cortex. (F4-5)

Pre-SMA, pre-supplementary motor area; (F6)
Pre-PMd, pre-dorsal premotor cortex; (F7)

Media Lateral

A Human B Macaque monkey
motor dortex.  sonsony cortex mitor ares (£3
motor e o ' "6l ~

——
Ay

Premaotor

-
-——— ——— Cingulate

cortex _____parietal
/ cortex motor areas
7o



The pyramidal tract

Pyramidal tract

« Pyramidal cells from
— primary motor cortex (80%)

the central sulcus — supplementary motor and dorsal and ventral
premotor areas

pre-supplementary motor and pre-dorsal premotor areas
only indirectly

— primary somatosensory cortex
— rostral parts of the superior and inferior parietal
lobules
« Axon endings on

— spinal interneurons (many in primates, and all in
other mammals)

— spinal motor neurons (only in primates, mainly
distal muscles, only from primary motor ctx)
=corticomotoneurons

Anterior bank of

rubrospinal, reticulospinal, and
vestibulospinal tracts



Motor planning

parietal cortex: representations of peripersonal space (and
motion) based on sensory information

Premotor/primary motor ctx: formulate specific motor plans
pre-SMA may controls (initiates) the execution




Feedforfard and feedback control

A Feedforward control

Desired

\Sta)
Motor
command \_
Feedforward Actuator - “=------__,-@

e 1‘“‘——;____ —
_ controller (muscle) — -
Desired state

B Feedback control

Desired
\Sta)
Motor
command \__ )
+— BMor | peedforward Actuator S ‘”/37
—— . s e T—— = !
Comparator_@ controller (muscle) —
A
Input processing Sensor
(filtering, = (muscle =
Sensed state amplification) spindle)




Internal models

Desired

Inverse model
behavior

i@ & Forward model Predicted \‘I

behavior %
|

\ /ll / Motor g /
"'\__7,.,- - comman N
~_ / \ > ;/@ -— \\,/

Efference copy

\Actua behavior
.-\\“ﬂ—n_,k______ __ @
_H_H

The inverse model determines the motor commands that will produce a
behavioral goal

The forward model simulates the interaction of the motor system and
the world predict behaviors.



Motor control of voluntary movements

Motor
Task Optimal commands
feedback v o
selection  noli .
control policy * Efference "
. copy
' '
' '
" Y 3
' ensory
" Opnmal feedback
beesecccccnacncccnnnns state
estimation
(b)
1) Controlled plant
Basal ganglia S e 0 o) S 0 o e 4 -
¥ ¥ y Spinal cord !
1
{ PF PP i idPMi ivPMi ISMA! i AS J I I
SR IIREER! ! - '
P = ! I
; : ! 1
¢ ilidPMi ivPMi iSMA] PA5 | i S1E i M1 f—r—3 1 :
) ' H : |
' ' ] l
E : 4 - r) E ! | !
i 1 2 ' 1 . 1
— — . 1
3 I, - I
({- PP | idPM As i st .!" WT 3 . / |
t i : |
Cerebellum ik e e i o s i -
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Basal ganglia

External segment | Bagg)
Internal segment [ ganglia

M ~
\) (
| N
VR
A =1 C
Thalamus \/) /N >
I /b Caudate nucleus
= \ Putamen
N e Globus pallidus:

Subthalamic
nucleus

e § a6 \)& 4 \1

Substantia nigra

outames n. caudatus
N ~— '

35333 - s, — &+ —— thalamus

externa et.

Interna

n. sub-. o, _
thalamicus ( i -
substantia -" J
nigra W



Basal ganglia functional domains

MOTOR LOOPS

Body movement loop

Primary motor, premotor,
supplementary motor
cortex

Frontal
cortex

Motor, premotor,
somatosensory
cortex

Striatum  Cortical input

E

J
Lateral

globus pallidus,
internal segment

<

Pallidum

-

= B
‘\\,/

Ventral lateral »
and ventral
anterior nuclei

Thalamus

Cortical
\ largets

NON-MOTOR LOOPS

Prefrontal loop

Dorsolateral

prefrontal

e Cortical
DN \, largets

"«@L}}!-- Na

Dorsolateral
prefrontal cortex

fi Anterior 1
caudate y

"Globus pallldus,
internal segment;
substantia nigra
. pars reticulata |
: 2 6 5
Mediodorsal

and ventral
anterior nuclei

Limbic loop

Anterior cingulate, }

orbital frontal
cortex

N 2 Cortical
\ l.\rgcls

k /\\v

Amygdala,
hippocampus,
orbitofrontal,

anterior cingulate,
temporal cortex

e

_V__

Ventral
pallidum

V

Mediodorsal
nucleus

 Prefrontal

— problem solving using
verbal skills

— mediation of empathic
and socially appropriate
behaviour

e Limbic

— also receives input from

the hippocampus,

amygdala, and
entorhinal cortices

— motivated behaviour
« Motor

— action selection
— reinforcement learning



The basal ganglia-thalamocortical circuitry

* Imput: striatum

- Output: GP pars interna + SN
pars reticulata

N N e . .
L B * Direct loop: Ctx — Put — GBi
/” NAR — Thal - Ctx
£ \QGPE\ J * Indirect loop: Ctx — Put —
i Py l / GBe —» STN - GBi — Thal —
Cee” —1— Ctx
- Hyperdirect loop: Ctx —
Ak STN - GBi — Thal — Ctx

A - Dopaminel



N\ The medium spiny
o— —! neurons in the

Cortex

o— /H striatum have

- extrinsic and
intrinsic inputs.
nnnnnn | = |




