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=PEL Learning Goals B Neuro-X

To know and understand the motor system
To know different motor behavior (reflexes, motor performance, motor learning)

To know factors that impact on motor behavior, e.g., effort, reward
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=PFL Motor B Neuro-X

Why Is the motor system important?

Special feature of the human motor system?



=PFL Motor B Neuro-X

o Observable behavior is directly related to activity in the motor system.

o  Without the motor system, one could experience sensation, thinking,

reasoning, reading etc, but we would not be able to communicate the
thoughts and abillities.

o Dexterity very uniqgue human feature
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o Observable behavior is directly related to activity in the motor
system.

o Without the motor system, one could experience sensation,
thinking, reasoning, reading etc., but we would not be able to
communicate the thoughts and abilities.

o Dexterity very unigue human feature



cPEL Anatomy of the motor system B Neuro-X

o Central Nervous system parts
= Motor cortex, basal ganglia, cerebellum, brain stem,
spinal cord
= + prefrontal, parietal cortex

o Peripheral parts
= Efferent
v' peripheral nerves (efferent)
v muscles
= Afferent
v’ peripheral nerves (afferent)
v" muscle spindles etc
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Functions of the motor system

B Neuro-X

O

O
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Reflexes
Mono-
Polysynaptic

Motor behavior
Simple
Complex

Motor learning
Short-/longterm
Motivation, Effort, Reward

Interactions with other systems (motor-language)



“P=L Anatomy of the motor system B Neuro-X
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=pEL Primary motor cortex organisation B Neuro-X

Homuncular organization

Primary motor
cortex

Gl

Top view of cerebral cortex
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Secondary motor cortex organization

B Neuro-X

» Four Areas of the Secondary Motor Cortex

Supplementary Cingulate
motor area motor areas

Primary
motor cortex

Copyright © 2001 by Allyn & Bacon

» Cortical Input and Output Pathways

Areas of secondary

Posterior parietal
motor cortex association cortex

Auditory
cortex

Copytight © 2001 by Allyn & Bacon



=PEL Motor network — cortico-subcortical-cortical B Neuro-X

Copyright ® The McGraw-Hill Comp Inc. Permission required for reproduction or display.
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(a) Midsagittal section
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Motor network B Neuro-X

» The Two Divisions of the Dorsolateral Motor Pathway

Dorsolateral Corticospinal Tract

Copyright © 2001 by Allyn & Bacon

Cortico-spinal tract:

Origins: primary motor cortex (Ml), premotor cortex,
supplemental motor cortex, anterior paracentral
gyrus, parietal lobe and cingulate gyrus

Termination in spinal cord

Control of peripheral muscles

Cortico-bulbar tract:

control over facial muscles;

control over muscles of mastication
control over external eye muscles:
control of tongue

control over swallowing reflexes



Assessment of the motor network - humans

=PrL

7’

Structural assessment:
- CT, MRI, tUS based
- Volume, e.g., Cortical thickness
- Fractional anisotropy
- Lesions/degeneration vs. structural growth

- Section
- Structural connectomics/dysconnectomics

.

Functional assessment:
- CT, MRI, M/EEG, TMS, tUS, NIRS, PET, SPECT based
- Focal activation, deactivation
- Network activation/deactivation
- Network interactions
- Transmitter-related activity (Dopa PET, MRS, paired-pulse TMS)
- Resting state activity vs. Task-related activity

Functional-structural assessment:
- Interaction between structural ‘architecture’ and functional use of the

architecture
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Motor network — functional connectome




Motor network — structural connectome

Huber 1971

Jeurissen et al. 201¢
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Motor network — structural connectome




Motor network — structural connectome

Projection Commissural

Association Cerebellum

Brain parcellation Tractography

Connectome

Jeurissen et al. 201¢
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Motor network — structural connectome

PMv
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Schulz et al., Stroke (2012)
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Motor network — Cortical spinal tract

B Neuro-X

Pre-central gyrus

PMv
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=PEL Motor network — CST

B Neuro-X

Pre-central gyrus

PMv

I ‘
Cb( a
\/ \)_Cerebval peduncle
Midbrain

Medulla
Decussation
of pyramids |
| |
\ |
L Anterior
Lateral - I corticospinal
corticospinal | | tract
tract [‘ ‘
-’_LJ’/ Upper motor
To skeletal | { ‘ DeUron
muscles V)
! Spinal cord

Lower motor
neuron

Key

Upper motor neuron =3 Lower motor neuron

Transcranial Magnetic Stimulation
(for details Lecture NIBS)

Jpaired pulse' TMS (Kujirai et al., 1993) \
GABA-, Glutamate-, cholin-ergic (ziemann :
et al., 1998) K

Jresting state’; ,event-related‘ (Hummel et al.,
2009, Heise et al., 2010, 2013, 2014)
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Motor network — spinal connections B Neuro-X

Cervical spinal segments |

and roots

Thoracic spinal segments
and roots

Lumbal spinal segments
and roots

Sacral spinal segments

and roots

Coccygeal spinal segment

and root
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Kinany et al., Neuron (2019



=PrL B Neuro-X =

Motor behavior
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Motor behavior - reflexes

B Neuro-X

» Automatic Maintenance of Limb Position (Continued)

The unsxpactad fores (i, my cat Amld)
slicits an increass in fiing of tha biceps

Spinal cord

» Automatic Maintenance of Limb Position

apindle
in the.

he incraass in the firing of tha bicape
affarent

bicepa motor naurone. th
the amm in its original posstion.

e

neurons incraasss firing

Afferent neuron
axon (sensory)

Action .-+~

Finger(receiver)

Source
of heat

Efferent neuron
}‘ axon (motor)

" Muscle (effector)

Copyright © 2001 by Allyn & Bacon
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Motor behavior

B Neuro-X

Box 1 | Forward models

Complex movements

Desired state

Prediction of
current state

Signal indicating
> =P state change

still required to
achieve goal

Controller

/

Copy of motor
command

Forward
dynamic
model

State resulting from
motor command

L
-
hd

Visual feedback|" ~ .
-~

7 P |
¢ rerronta
’/ cortex \

- Specification
- » Selection

‘command

Yarrow et al., Nat Nsc Rev 2009



=PEL Motor learning B Neuro-X
Passage of
time and/or sleep
Memory formation Consolidation Memory Long-term
Training and within-session | == | (stabilization | —=3» | reactivation =3 memory
fast learning and offline and modification retention
learning)

Susceptibility

to interference
and/or performance
deterioration

During additional
practice, re-testing
and/or sleep

Censor et al.,, Nat Rev Nsc 2012
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Motor learning

Training

Memory formation

Consolidation

and within-session | == | (stabilization

fast learning

and offline

learning)

Susceptibility

to interference
and/or performance
deterioration

B Neuro-X
Memory Long-term
reactivation =3 |memory
and modification retention

During additional
practice, re-testing
and/or sleep

Censor et al.,, Nat Rev Nsc 2012
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Training

Memory formation

and within-session | =3

fast learning

Motor learning B Neuro-X
Passage of
time and/or sleep
Consolidation Memory Long-term
(stabilization | == | reactivation =3 |Mmemory
and offline and modification retention
learning)

Susceptibility

to interference
and/or performance
deterioration

During additional
practice, re-testing
and/or sleep

Censor et al.,, Nat Rev Nsc 2012



=PEL Motor learning B Neuro-X
Passage of
time and/or sleep
/Memory formation Consolidation Memory Long-term
Training and within-session | == | (stabilization | —=3» | reactivation =3 memory
fast learning and offline and modification retention
learning)

Susceptibility

to interference
and/or performance
deterioration

During additional
practice, re-testing
and/or sleep

Censor et al.,, Nat Rev Nsc 2012
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Memory formation Consolidation Memory Long-term
Training| == | and within-session | == | (stabilization ||==3» | reactivation =3 |Mmemory
fast learning and offline and modification retention
learning)
J
Susceptibility During additional
to interference practice, re-testing
and/or performance and/or sleep

deterioration

Censor et al.,, Nat Rev Nsc 2012
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Motor learning

Passage of
time and/or sleep

Training

Memory formation
and within-session | == | (stabilization | =3

fast learning

Consolidation

and offline

learning)

Susceptibility

to interference
and/or performance
deterioration

Memory
reactivation
and modification

During additional
practice, re-testing
and/or sleep

= [MEeMmory

Long-term

retention

Censor et al.,, Nat Rev Nsc 2012
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Memory formation Consolidation Memory Long-term
Training| == | and within-session | == | (stabilization reactivation =3 |Mmemory
fast learning and offline and modification retention
learning)
y, | |
Susceptibility During additional
to interference practice, re-testing
and/or performance and/or sleep

deterioration

Censor et al.,, Nat Rev Nsc 2012



Motor learning

B Neuro-X

3-5-2-4-2-3-5-4-3

* Well-established paradigm

(Draaisma et al., 2022; Maceira-Elvira et al., 2022; Walker et al.,

2003; Wessel et al., 2021; Zimerman et al., 2013)

Maceira-Elvira et al., Science Advances 2022



L Motor learning B Neuro-X

Bebe2edl=2aFelfed 3
R

20 min. training

Young Middle-aged Older
(18-30) (50 - 65) (> 65)
Participants 22 15 15 2 =52

Motor Motor Motor Motor Motor Follow-up|  |Follow- up
tralnlng training || training | | training |" | training testing testlng

Maceira-Elvira et al., Science Advances 2022
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30 a) Overnight improvements
<
x *

20

Score

b) Improvement on 1sttraining day
OKL

e - - Young -e-Middle- aged -+Older
D1 D2 D3 D4 D5 D10 D60 m,-r
Day

Maceira-Elvira et al., Science Advances 2022
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30 a) Overnight improvements
C:
x *
20
) (] N
o
O
7))

-Young -e-Middle-aged -+Older

D3

D4 D5 ' D10  'D60
Day

Maceira-Elvira et al., Science Advances 2022
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30 a) Overnight improvements
<
x *

20

Score

b) Improvement on 1sttraining day
OKL

e | - Young -e-Middle- aged -+Older
D1 D2 D3 D4 D5 D10 D60 m,-r
Day

Maceira-Elvira et al., Science Advances 2022




“PEL Motor learning B Neuro-X
Speed dynamics Accuracy dynamics
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Maceira-Elvira et al., Science Advances 2022




L Motor learning B Neuro-X

3-5-2-4-2.3-5-4-3
oo

Young Middle-aged Older
(18-30) (50 — 65) (> 65)
Participants 19 19 23 2 =61
20 min. training
+
stimulation Stimulation

« Right M1, region controlling left hand
* Double-blind, placebo-controlled

Motortrammg Motor f ralnlng Motortrammg Motortrammg Motortramm Folowup Followup
Sl|mu|ahon |muIa tion Stlmulatlon |mula tion Stlmula tion tesing g

Maceira-Elvira et al., Science Advances 2022
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Maceira-Elvira et al., Science Advances 2022
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Motor Learning: Interregional interactions in the motor system

v v v
SMA Pramotorkortex M1
\ ¢ J
Thalamus
Striatum Pons
Globus pallidus Cerebellum

nach Doyon et al, 2003. Neuropsychologia, 41(3); 252-262
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Motor Learning: Interregional interactions in the motor system

Pre-Training 2 weeks post-training

>0.3 & <0.6
>0.0 & <0.3
>-0.3 & <0.0

4 weeks post-training

Ma et al, 2010. Brain Research, 1318; 64-76



Motor learning — theoretical framework B Neuro-X

3-5-2-4-2-3-5-4-3
o -

*C-SMB: Cognitive framework for

Sequential Motor Behavior (vemwey etal,, 2014)

 M1-S1-Cerebellum network (Laird etal, 2011)

» Spatial coordinates in premotor and
parietal (vokioi & Diedrichsen, 2019)

» Temporal coordinates in premotor

(Kornysheva & Diedrichsen, 2014)

» Spatial coordinates precede temporal

coordinates (Hikosaka et al., 1999)

Maceira-Elvira et al., Science Advances 2022



cPrL B Neuro-X

Motor learning —

modulated by behavioral aspects like effort, reward, reinforcement



cpEL Motor learning — re-enforcement B Neuro-X

a b Trial types

. Test (Pre/Post)

full visual feedback
no reinforcement

' Reinfoy

‘ variable visual feedback
reinforcement

4 vials 24 tials 8 lials

— 1 —
. Reinfoge
@ variable visual feedback
; no reinforcement
— —
.
Preparatory phase Task Intertrial interval
09-1.1s 7s 2s
c d
“Exp1 Vision;ype n=24 Example trials
Visiongy,  Visionyg, Vision,,, 6 blocks
) Swils Sl 18l 9liais Visiong,, Reinforr Vision, o, Reinfoy |
Reinfgee
Reinfrype Sinusoid  Pre. ﬁ Post Cursor b -
Reinfqy Reinf ESCUREEN U
WUExp 2 . N 100-
. Visiongge, Visionggs, Vision;qe, Visions;s, Visionass, Vision s, E
s
Reinfrype OFF =]
Reinfoy Lt
108 trials, intermingled g
B
%gxp 3 Visionyp, 2 blocks n=24 g
S
e

o

Time (s)

Reinf, Raplication:
Reinfrype OFF —’ Pre Past information-
Reinfoy ¢ thearetic analyses

Vassiliadis et al., 2024 Nature Human Behavior; Vassiliadis et al., under review
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® Reinfgy,

Motor learning — re-enforcement
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3 groups of subjects :

(A) Start: 0%, the better the performance the more money
= Reward: total 60$

(B) Start: 120$, the more errors the less money
= punishment: total 60%

(C) Fixed amount: 60%

Abe et al., Curr Biol 2011



“PFL Motor learning - reward

B Neuro-X

3 groups of subjects :

(A) Start: 0%, the better the performance the more money
=> Reward: total 60$

(B) Start: 120$, the more errors the less money
= punishment: total 60%

(C) Fixed amount: 60%

improvement .

'y
E
g
L
(=]
e
a
=
m
Q@
E
o
=
@
(=]
Y
worsening

=
1
]

i
Training session
o
*
=

-2.04 ® neutral training
S ® rewarded training
3.0 ® punished training

6 hr

24 hr

30 days

Bars indicate SEM

Reward modulates the success of learning

Abe et al., Curr Biol 2011
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Motor learning — extended model

B Neuro-X

Updated belief:

and environment

Sensory feedback

ﬂ}@ — New state]

Controller
gains
Tire Gy
Sensory system  (@——

Environment
disturbances

*Based on the model proposed by Shadmehr & Krakauer in 2008



=PEL Motor systems interactions with other cognitive systems B Neuro-X

Is the motor cortex involved in language processing?



=PEL Motor systems interactions with other cognitive systems B Neuro-X

B Representation of action related language
B Acquisition by Hebbian learning

Fig. 1: adapted and modified from Pulvermdiller, Nature Rev Neuroscience, 2005.
Pulvermduller, Hauk, Hummel, 2000, 2001, Hauk et al. 2008



=PEL Motor systems interactions with other cognitive systems B Neuro-X

Fig. 1: adapted and modified from Pulvermiiller, Nature Rev Neuroscience, 2005.

Liuzzi et al. Current Biology 2010



—PEL Take-home message B Neuro-X

Motor systems consists of

Cortical

Subcortical

Spinal

Peripheral parts

Can be evaluated non-invasively by neuroimaging and electrophysiological measures
Motor behavior

Simple (reflexes) to Complex (learning), modulated by reward, effort etc.

Implemented by network interactions

Can be modulated by behavioral or neuromodulation interventions




—PEL Take-home message B Neuro-X

Pathological conditions affecting the motor system

- Stroke (see next course)

- Spinal cord injury (see course G. Courtine)
- Parkinson (see course O. Blanke)

- Tourette Sd

- Dystonia

- Amyotrophic lateral sclerosis (ALS)

- Muscle dystrophies

- Spino-cerebellar degeneration



cpEL Thanks for your attention B Neuro-X

Questions?
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