The motor system

To move things 1s all that mankind can do...

whether in whispering a syllable or in felling a forest
C. Sherrington 1920




* Principles

« Components: Muscles, Spinal cord and
spinal tracts, Subcortical areas, Cortical
fields.

 |_earning and plasticity



Three main types of movements

o Reflex
* Rhythmic

* Voluntary




« Reflex: involuntary coordinated patterns of muscle
contraction and relaxation elicited by peripheral
stimuli (~40ms)

Noxious stimuli excites ipsilateral flexor,
and excites contralateral extensor

Stretch reflex: contraction of same and
synergist and relaxation of anatgonist




Rhythmic: Chewing, swallowing, and scratching,
quadrupedal locomotion.

» The spinal cord and brain stem.
 Triggered by peripheral stimuli that activate the underlying
circuits.



CPG: central pattern generators
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Voluntary movements: principles

Goal directed

Reaching (~120 ms




Feedback control (error correction)

A Feedback control, command specifies desired state

Desired state

Error
Reference signal
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[~command)

Controller
(e, filtering,
amplification)

+

Comparatar

Actuator
leg. muscle)

(ie, subtraction)

Feedback

Input processing
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(eg. muscle
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signal

Vision
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2. Delay (phase lag)



Feed-forward (open loop)

B Feed-forward control: command specifies response

Fead-foraard
controller
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1. Very hard computationally



Feedback control (error correction)

Feedforward (open loop)

Notice onset of muscles




Improve with practice

Co-contraction of muscles

Internal models: a neural representation of the relationship
between the hand and the environment (how the arm would

respond to the neural command).

Muscle activity

— EMG activity
— EMG correlations
== = Behavioral error

Learning trials

A




Inverse and forward internal models

An Iinternal model is used either:

- to predict the movement consequences of a motor commands
(forward model).

- to determine the motor commands needed to achieve a desired movement
trajectory (inverse model).

Forward Model } Sredicted arm

trajectory

(efference) copy of motor command

( 1 [ )
Desired arm AIVELSS ode! Arm motor il Arm )

trajectory command trajectory




Motor programs and Invariants
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Motor equivalence

(Donald Hebb, 1950)




The motor program- trajectories and kinematics

Suggests planning in reference to the hand

rather than joints and muscles (linear vs. nonlinear)




Pre-planning In vectors

Acceleration

30

Is there online visual feedback? o
No - scaling of acceleration and speed  paths

Invariant time (Isochrony)
Velocity




Kinematic transformation: to transform a target position into a
command to the skeletal system to move the hand i.e. to convert
between coordinate systems;

Dynamic transformation: relate motor commands to the motion of
the system; in the reaching task here considered, the forces applied
changed the system without changing the kinematics.




Building blocks — segmentation - primitives

Isogony (equal angles)
Isochrony (duration independent of length)
2/3 power law: speed as a function of curvature




Designing a complex trajectory with
limitations

 Antagonistic muscles

 Equilibrium point trajectory

)
@' )/ triceps biceps
A \ (relaxed)  (relaxed)

origin

origin

triceps
#~- (contracted)
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Stable behavioral gestures

Graziano MS



Reaction time .,
and information — e S M

>=40ms for reflex
>=120ms for voluntary
100ms for each bit of information
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Overcoming noise: optimization principles

* Minimum jerk (smooth acceleration)

« Minimum signal-dependent noise

« Optimal control: minimize only what is relevant,
and ignore other variables.



|_ateralization

Wilder G. Penfield together with Herbert Jasper, treated epileptic
patients by destroying neurons.

Before that, he applied stimulation to different brain areas to probe the
epileptic loci.
One main finding was that each hemisphere controls (efferent nerves)

and gets sensory inputs (afferent nerves) from the contralateral side of
the body.
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Decoupling can help, sometimes

‘I: —1 ‘I | \
— — — ‘E ]
Roger W. Sperry (1913-94, Nobel), ~

Athlete scholarship!!! | died from Kuru. M X/]
& Michael S. Gazzaniga

Observed split-brain patients (removed
corpus-callosum) and found that each

hemisphere is a conscious system in its ‘ BE EE
own right, even in conflicting mental | fm 1L Ol 1)

processes. ; ,
Object in the left visual field, will not be [\j fj
vocally named, but can be handled with

the hand CONTROL PATIENT

Franz et al. (1996), Psychol. Sci. 7:306-310



Hierarchical
organization

Cortex
Basal-ganglia, cerebellun
Brain stem

Spinal tracts

Spinal cord

Muscles



Muscles

1. smooth muscles
2. cardiac muscles
3. skeletal muscles




Sarcolemma

Terminal  Transwerse  Sarcoplasmic
cistern tubules reticulum (muscle fiper membrane)

Filaments -
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Sarcomere: functional unit
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Troponin

Thick

The “engine”
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Relative tension

Force depends on length
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Force depends also on velocity

Force "ol

Force
[Fa
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The force of a single muscle fiber is a function of

e Stimulation rate

« Stimulation pattern
* The muscle length
* The velocity of contraction

* The fiber type

* The fiber organization
 The duration of exercise -

fatigue

A Successive isometric twitches TWitCh
I N a SO S e Nl
15 pps
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C Unfused tetanus Unfused tetan us
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D Fused tetanus Fused tetanus




Motor unit;
motor neuron and the muscle fibers It innervates
( one to many )

Motor Motor
nuecleus A nucleus B

Muscle B j“ o
' ,— T
- endon
f‘ B

ApOneurasis

Muscle A

Aponeurosis



3 types of motor unit:

Slow Fast fatigue-resistant
A Twitch

B Unfused tetanic force

C Fatigability
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A Muscle spindle

Muscle proprioceptive organs

Intrafusal
muscle
Alpha motor axon fibers il

Capsule
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A Muscle spindle

i —
o P
{1
1]
]
P
e —I—]
I
-1
Intrafusal F— e
1
muscle i
fibers ﬁﬂ —
—A-
Capsule T ——1
‘A=
Sensory : ;-"'—=-
endings '.-E

Afferent '»‘“":__-
axons ’5?""‘:
?-_ f"'__-"_..-'_—-.
Efferant = ""'E‘f"r =
axons "]-. /
Gamma -
motor A
endings

3)))))3
MMM

ST

B Intrafusal fibers of the muscle spindle

Dynamic nuclear

bag fibarm.\k

Static nuclear
bag fiber

Muclear
chain fiber

Static

Dynamic

The muscle spindles are sensitive to changes in length
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Active range can be dynamically modulated
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Golgi tendon organs are sensitive to the tension
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Reflexes and actions

Charles S. Sherrington (1857-1952, Nobel, English
Neurophysiologist)

Together with John Langley, supported the “localization of
function” theory for the brain.

Mapped dorsal and ventral roots; opposing muscles, reciprocal
Innervations.

“reflexes are the simplest expressions of the interactive action of
the nervous system”

John C. Eccles (1902-1997, Nobel, Australian Nueorphysiologist):
using the stretch reflex as a model, he studied synaptic excitation
and inhibition.

Consists of only two neurons: a sensory neuron (the muscle spindle fiber) and
the motor neuron. The sensory neuron synapses onto the motor neuron in

the spinal cord. When Eccles passed a current into the sensory neuron in

the quadriceps, the motor neuron innervating the quadriceps produced a

small excitatory postsynaptic potential (EPSP). When he passed the same
current through the hamstring, the opposing muscle to the quadriceps, he saw
an inhibitory postsynaptic potential (IPSP) in the quadriceps motor neuron.

Bernard Katz (1911-2003, Nobel): neurotransmitter release in
synapses is quantal (Ach in motor nerve -> muscles)

Elicitation of a Stretch Reflex

Rap occurs here

The rap on the knee tendon
stretches the spindles of the
thigh muscle and elicits a
burst of firing in their
afferent neurons.

Rap occurs here

The burst of firing in the spindle
afferent neurons triggers a burst of
firing in the thigh muscle motor
neurons, which causes the thigh
muscle to contract.

All of the muscle spindles in a muscle are activated during a stretch reflex, but only a single muscle
spindle is depicted here.

Copyright ® 2005 Allyn an

d Bacon
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Spinal cord, Brain stem and
spinal tracts



Spinal cord

Motor nuclei Shart propriospinal Long propriospinal
ntemeurons internaurons

f
1. Local interneurons W )?
- - S limkb
2. Propriospinal (across segments) 'K N0 5ae
3. Projection (to upper centers) ’
4. Motor neurons ql bl
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oblongata  Z=3s

enlargement

Thoracic
vertebra

Course of afferent fibers lLocation of motor nuclei
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Brain stem pathways

Medial pathways (vestibulospinal, reticulospinal,tectospinal), terminates in
ventromedial (axial) for postural control.
Lateral pathways (rubrospinal) terminates in dorsolateral.

A Medial brain stem pathways B Lateral brain stem pathways

Red nucleus
(magnoceliular part)

lectospinal
raCl

Reticulospinal
tract

Rubrospinal
tract



The corticospinal tract

A Ventral corticospinal tract B Lateral corticospinal tract

o—|nternal capsule — Internal capsule

Reticular and
westibular
nucler

Red nucleus
(magnocallular part)

Rubrospinal
ract

Medial
brain stem
pathways

Pyramidal
daecussation

Lateral
corticospinal
tract

Wentral
corticospinal
tract



Modulation by task and descending pathways




Cortex
and control of
voluntary movement




Somato-topical organization

A

Premotor
conex

Macaque monkey
Supplementary Prirmary
motar area maotor cortex

Corpus l Central
callosum stilcus

Central
sulcus - 5mm

Human

Supplementary
MOLOr area ,

Premator
cortex

Prefrontal
Cortex

Primary

motar cortex

Primary somatic

SENsOry cortex

Medial

Lateral



Stimulation in M1

Electrical and magnetic stimulation

A B

Posterios
Biceps brachii

Lowest intensity

Motor cortex

Twitch in single muscle/joint

o Sumulate
maotor
cortex

Cervical sping

Large (Betz) cells in lamina V.~ =

Stimulate
c:r_w:u:nl
Spine
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Many locations -> same muscle AT
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Cortical Inputs

A Inputs to primary motor cortex B Inputs to premotor areas

. A
Cingulate sulcus pa— .

Prefrontal
cortex




Coding of force in M1

Evarts, 68

Experimental setup Records of behavior and cell activity

Recording
microelectrade in
wrist area of right
mctor ccrmx\\

electrode
in pyramidal
tract

*
Paotentiometer
[wrist angle)

Restraint
' Weight

(Mexor load)

Extensor load
puills this way

Flexion

Flexor load
pulls here

Lever position

Extension

A Mo load
Flexors

BTN b

4

PTN active == I
before movement I
|

B Flexor load |
Flexors
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N\

\FTN active with
agonist musche

PTM activity increases
with increased load
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|
I
PTN ;
: \ No PTH activity:
flexion movemant
results from relasation
of antagonist



Neurons can be context-dependent

EMG of muscle
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Coding of external direction
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Kinematics vs. dynamics

Extrinsic variables (end-point velocity/ position):
Relative to torso
Relative to eye
Relative to shoulder
Intrinsic coordinates:
Muscles shortening velocity
Muscles tension

Joints’ velocity, torque, power.



The population vector

If:

O Many cells “care” about direction
of movement

O Cells are tuned “cosine like”
with a preferred direction

O Preferred directions are
uniformly distributed MD ~ PV — ZiN_lwi C.
Then: )

The actual movement can be estimated in
Cartesian coordinates by a linear
combination of weighting the preferred
directions with the actual firing rate




What can we do with it? Neural prostheses

Transmission of Computation of
neural activity 3D movement
via telemetry trajectory

Implanted
microelectrode

Visual and
tactile feedback

\ bt . ; 7
Real-time interface to control ' 1T
arobotic prostheticarm [ - | | ¢

A~ = i <

~18

< Y
3D arm trajectory

Schwartz AB



Premotor areas
Premotor dorsal (PMd), premotor ventral (PMv),
supplementary motor area (SMA), cingulate (CMA)

A Macaq

callosum

— Multi-joint representationﬂ
— Complex, meaningful

— Sensorimotor transformations

— Preparatory (set) activity

— Bimanual coordination (SMA)

— Sequence learning (SMA)

— Self-initiation (PMv, SMA) vs. cue-driven (PMd)
— Language, theory of mind




Instruction left Instruction right

Preparatory A\ O Gil.';?aff
neurons are active
before the movement
1z - §
-g . .-..1.:_..._.._..._‘.'“_'_ 5

Instruction Trigger Instruction Trigger
stimulus stimulus stimulus stimulus



Representation of plan and execution

Spikes/s
PR R

M1 25 PMv

20

-
o

Number of Cells

o

-
o

-04-03-02-01 0 01 02 03 04 -03-02-01 0 01 02 03 04
Time (s) Time (s)

Cycle 1 Cycle 2 Cycl_e 3 Cyle 4 Cycle 5
" O 0 O O Q

PMy (

Illusion task trajectories. Top row is five cycles from M1 units. Bottom
row is from the PMv. The hand trajectory is blue, cursor trajectory is

green, and neural trajectory is red. Each displayed trajectory is the mean
across five repetitions Andy Schwartz



Cue-driven vs. self-initiated

Pr mary MOoLor cortex '-"r[!l"IUr_l'_I!' dreg S..[J_:_:lk?rT'll'!"lli;l"',' motor area

15t key touch

15t kery touch

15t kery touch

Visual
cue
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Prehension: reaching and grasping

ilLiil
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motor cortex

74 MDP
/ MIP
Premotor AP po
__~areas / =

VF / Dorsal Reaching

q.\‘ PMV / '///, 2 7 E S

; / "/ /

: Grasping
- 2 /V )/ p“mary

visual
/ / ~ cornex

/

" '

Neurons are context-specific (fire for a specific movement)



Mirror neurons




Learning and Plasticity

Pretraining Training Postiraining
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Maps: by lesions and skill learning
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The basal Ganglia




Doparmine

Caudate nucleus
Indirect

Direct

pathway pathway

facilitates inhibits
maovement

movement
!

i
!
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Putamen

Thalamus

Corpus
callosum
Lateral Caudate nucleus
ventricle
Putamen
Thalamus :
Globus pallidus:
' : External segment | |
nterna Internal segment [
capsule
Subthalamic
Claustrum nucleus
Substantia nigra |

Amygdala



Cortico loops




Action - Selection

Direct pathway: facilitates movement.
Indirect pathway: inhibits movement.

Cerebral cortex

Fine motor skills

(speech,
hand-finger control)

Basal ganglia

| ; \ ) | Eating and drinking

Protective reflexes l 1 -
Locomotion generator \ P Brainstem

Protective reflexes

Swallowing CPG g‘ﬁz"ﬁ"’;g
Respiratory CPG Selection Swallowing
Locomotor CPGs Sequence- Eye movements
Postural networks timing
Chewing CPG

Expression of emotions
Saccadic motor map
Reaching

TRENDS in Neurosclences



Parkinson
and Dopamine

Loss of dopaminergic input
leads to increase in the indirect
and decrease in the direct
pathway => increase GPi =>
inhibition =? Hypokinesia

armal
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movermnent
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Treatment: pallidotomy or DBS

arkinson disease + surgical therapies
GPi lesion

TH lesion

Putamen mnes Putamen
SMNe e
Thalamus Thalamus
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The cerebellum

« 10% of volume, >50% of
neurons “ jpp—

+ High regularity —a basic .. \A%\—r
circuit module, but with Y N
different inputs and ‘ ‘
outputs AR RS
 Lesions result in damage “ Ak TS il
of spatial accuracy and /\kv
temporal coordination of e !

movement



Error correction

 Evaluating disparities between action and intention
(as perceived from sensory information).

B Primary and
premotor
cortex

A Inputs B Outputs

Spinal and Spinocerebelum
trigeminal inputs

Corticopontine
INpUts

Vermis
Thalamus
(ventrolateral
nucleus)

Intermediate
hemisphere

Cerabrocerebellum

(lateral hemisphere)
Fast lgrai D

nuclei
Dentate  'MHer MUEE

osed
nuclaus -
nucler

Dentate
nucleus
Red nucleus

(magnocellular)

Lateral
Interposed
nuclei

Vestibulo-
cerebellum

Pyramidal
decussation

Visual and auditory inputs To maotor To lateral To medial To
T and premotor nding  descending  vestibular
a5tk rinputs ; = |
m Vestibular inputs cortices systems systems nucle
e e e e
Maotor Motor Balance
planning execution and aye

maovermeant

To limb muscle



Adaptation

and \
motor learning
via sensory o
feedback X




Coordination and timing

« Timing: the ability to produce consistent intervals
between movements based on an internal
representation of time.

e Coordination: motor commands to one effector
depend on the predicted state of another effector.
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rony.paz@weizmann.ac.il

http://www.weizmann.ac.il/neurobiology/labs/rony/



