Intro to sensorimotor systems:
spinal cord + cerebellum
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The neural control of movement:
“easy” in biological agents and yet still very hard to
engineer in Al or robotics!

Simone Biles All Around 2021 GK U.S Classic Boston Dynamics



The neural control of movement: sensorimotor system

(A)

®) MOVEMENTS, WHETHER VOLUNTARY

—aMotor or involuntary, are produced by spatial and

i temporal patterns of muscular contractions
orchestrated by neural circuits in the brain and

spinal cord.
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* Neuroanatomy is a key to functional
understanding: upper sensorimotor areas, lower
motor areas

 The Motor Unit

* Brainstem & spinal cord are essential for reflexes

AT A e Cerebellum for smooth movements

by a single « motor neuron

/\\‘
J— *:’7&‘




The neural control of movement: sensorimotor system

| DESCENDING SYSTEMS
Lipper motor HEMRONS

Motor cortex
directing voluntary movements

Brainstem centers

Rhythmic, stereotyped
movements and postural control

o

BASAL GANGLIA

< Initiation of intended movement and
suppression of unwanted movement

"
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CEREBELLUM

ft

Coordination of ongoing movement

o

@ |

SPINAL CORD AND
BRAINSTEM CIRCUITS

e

[ Skeletal muscles J

Four systems make essential
and distinct contributions to motor control:

« spinal cord (and brainstem circuits)

the cerebellum

Descending control centers in the cerebral
cortex and brainstem

* the basal ganglia



" DESCENDING SYSTEMS
Lipper motor nexrons

Motor cortex

Planning, initating, and
directing voluntary movements

Kandel et al, 2013, Principles of Neural Science, 5e

Somatosensory
cortex

The neural control of movement: sensorimotor system
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The neural control of movement: sensorimotor system

Upper motor neunons

Motor corbex
Planning, initiating, and

" DESCENDING SYSTEMS |

directing voluntary movements

Rhythmic, stereotyped "
movements and postural control
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Ramon y Cajal (1911)
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Reminder: reflex behavior in order to study a simple “circuit”

Sensory (afferent)

Myotatic reflex __axon

Muscle sensory

receptor Cross section of spinal cord

Extensor
muscle

Motor (efferent)
axons

Interneuron

N B
Hammer tap Sensory neuron synapses

stretches tendon, with and excites motor
which, in turn, ::> neuron in the spinal cord.
stretches sensory

receptors in leg
extensor muscle.

excites spinal interneuron.
J

Interneuron synapse
inhibits motor neuron
to flexor muscles.

CH1, FIGURE 1.7

Sensory neuron also >

Motor neuron conducts
action potential to
synapses on extensor
muscle fibers, causing
contraction.

EE Flexor muscle relaxes

because the activity of its
motor neurons has been
inhibited.

T

Leg
extends.

_d



Reminder: somatosensory feedback

afferent fiber:
Information is carried from
periphery to the CNS

efferent fiber:
carries information from the
CNS towards the periphery
(makes an effect in the p.)

Cerebrum

Ventral posterior nuclear
complex of thalamus

Gracile
nucleus Medial
Cuiiiaaits leminiscus
nucleus f;
Medulla
Dorsal root
ganglion cells
Mechanosensory
afferent ﬁber\
-, /_\/‘ Spinal cord
N

Receptor
endings Pain and temperature
afferent fiber

Primary somatic Somatic sensory
sensory cortex (SI)

Postcentral
gyrus

Ventral posterior
medial nucleus

Secondary somatic

sensory cortex :
(Sl 7. Ventral posterior

lateral nucleus
(VPL)

VP complex

Figure 8.7 Diagram of the somatic sensory portions of the thalamus and their cor-
tical targets in the postcentral gyrus. The ventral posterior nuclear complex com-
prises the VPM, which relays somatic sensory information carried by the trigeminal
system from the face, and the VPL, which relays somatic sensory information from
the rest of the body. Inset above shows organization of the primary somatosensory
cortex in the postcentral gyrus, shown here in a section cutting across the gyrus
from anterior to posterior. (After Brodal, 1992, and Jones et al., 1982.)



Upper motor neurons synapse onto
lower motor neurons (in humans)

-
Proprioception Motor
Touch
Vision
\
efferent fiber:
carries information from the
CNS towards the periphery
(makes an effect in the p.)
| Hausmann et al 2021

a Squirrel monkey b Capuchin

M1 CM cell

Spinalj ) GaMotor

interneuron neuron

Spinal cord

Fig. 2 | Direct and indirect pathways from the cortex to the muscles. Traced axons (dots) from the primary motor
cortex at the C8 level of the spinal cord. a | Such tracing has revealed that, in squirrel monkeys, neurons from the primary
motor cortex (M1) project via the pyramidal tracts (blue region) to spinal interneurons (located in the yellow region),
which in turn project to motor neurons (located in the red region). b | In capuchins, M1 sends direct projections to motor
neurons in addition to indirect projections through spinal interneurons. Presumably owing in part to this direct pathway,
capuchins are more dexterous than squirrel monkeys. CM, corticomotoneuronal. Adapted with permission from REF*%,

Copyright 1993 Society for Neuroscience. .
i v Bensmaia 2021

- lower motor neurons send their axons out of the brainstem and spinal
cord to innervate the skeletal muscles of the head and body, respectively



Spinal Cord Neuroanatomy Basics

Enomoto, M., Lascelles, B.D., & Gerar:
M.P. (2017). Journal of Feline
Medicine and Surgery, 19,1215 - 122%

(B) Medial
gastrocnemius

injecti

(A)

Dorsal
horn

Lower motor neurons

FIGURE 16.2 Distribution of lower motor neurons
in the ventral horn of the spinal cord. Motor neu-
rons were identified by injecting a refrograde tracer
into either the medial gastrocnemius or soleus muscle
of the cat, thus labeling neuronal cell bodies and re-
vealing their spatial distribution.

Soleus
injection
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Spinal Cord Neuroanatomy Basics

- lower motor neurons send their axons out of the brainstem and spinal
cord to innervate the skeletal muscles of the head and body, respectively
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Spinal Cord Neuroanatomy Basics m
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Genes regulate sub-types of motor neurons
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The Motor Unit

(A) Two types of lower motor neurons are found in the motor neuron pools of

the ventral horn:

» Large motor neurons are called a motor neurons; they innervate the
striated muscle fibers that actually generate the forces needed for
posture and movement.

/ * Interspersed among the a-motor neurons are smaller y motor
neurons, which innervate specialized muscle fibers that, in
combination with the nerve fibers that innervate them, are actually
sensory receptors arranged in parallel with the force-generating striated
muscle fibers.

Motor unit: All muscle fibers innervated by
a single motor neuron
(~ 3 —500 muscle fibers)

A extrafusal skeletal muscle fibers in mature
- | f Musdle fibers innervated mammals are innervated by only a single a
by a single a motor neuron
motor neuron!




The nerve - muscle synapse, or neuromuscular junction
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—— Motor neuron

Acetylcholine

Acetylcholine is the
neurotransmitter used at the
neuromuscular junction
—in other words, it is the
chemical that motor neurons

of the nervous system release
—Myelin End-plat . .
Schwann cell sheath e in order to activate muscles.
— Axon
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Presynaptic terminal / ~~
boutons 7 Kandel, Fig. 11.1



Transgenic mice to study neuroanatomy

Male pronucleus

DNA
PO A
‘ - :

I Cell
Holding needle

N\
X
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\\ Female pronucleus

l ™ Polar bodies

https://www.genome.gov/genetics-glossary/Transgenic
,‘ 70

Transgenic means that one or
more DNA sequences from
another species have been
introduced by artificial means.

Imaging Neuronal Subsets in Transgenic Mice Expressing
Multiple Spectral Variants of GFP

Thy1-YFPH
Joshua R Sanes, Harvard University [RGB an T TR 20 fendering



https://www.researchgate.net/profile/Hanqing-Xiong-2

Transgenic mice to study neuroanatomy: the neuro-muscular junction

Sternomastoid
muscle

iBiology.org

https://www.youtube.com/watch?v=rlqwQ3Qrzhs The role of neuronal identity in synaptic

Prof. Jeff Litchman competition
Narayanan Kasthuri & Jeff W. Lichtman



https://www.nature.com/articles/nature01836?foxtrotcallback=true#auth-Narayanan-Kasthuri
https://www.nature.com/articles/nature01836?foxtrotcallback=true#auth-Jeff_W_-Lichtman

Alpha Motor neurons & The Motor Unit

Because an action potential generated by a motor neuron
typically brings to contraction threshold all of the muscle
fibers the neuron contacts, the single a motor neuron and
its associated muscle fibers constitute the smallest unit of
force that can be activated by the muscle.

Sherrington was the first to recognize this fundamental
relationship between an a motor neuron and the muscle fibers it
innervates, for which he coined the term motor unit.




The Motor Unit: 3 different types

» fast fatigable
» fast fatigue resistant
e slow
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FIGURE 16.6 Force and fatigability of the three different
types of motor units. In each case, the response reflects
stimulation of a single a motor neuron. (A) Change in mus-
cle tension in response to a single action potential. (B) Ten-
sion in response to repetitive stimulation of each type of mo-
tor unit. (C) Response to repeated stimulation at a level that

initially evokes maximum tension. The ordinate represents
the force generated by each stimulus. Note the different

time scales in the three panels and the strikingly different
tensions generated and fatigue rates among motor units.

(After Burke et al., 1973.)



Motor neuron recruitment in the cat medial gastrocnemius
muscle under different behavioral conditions
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Purves, Figure 16.7
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Percent of motor neuron pool recruited

. Fast
fatigable

Fast
- fatigue-
resistant

> Slow

Henneman’s Size Principle: Weak input
drives smallest motor units (low threshold).
Then progressively larger ones recruited
with larger input to motor pool.



The number of active motor units and

their rate of firing both increase with voluntary force
24

NI
-]

p—
(o))

.
NI

Unit firing rate (Hz)

1 5 10 50 100 500 1000
Voluntary force (grams)

Purves, Figure 16.9



Force —

Effect of stimulation rate on muscle tension

(A) Single muscle twitches (5 Hz)

(B) Temporal summation (20 Hz)

N

(C) Unfused tetanus (80 Hz)

/o

(D) Fused tetanus (100 Hz)

Purves, Figure 16.8
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(A) Muscle spindle

Stretch reflex circuitry

Axon of
o motor
neuron

Important terminology:
- extrafusal muscle fibers =
the "working“ muscle fibers

- intrafusal muscle fibers =
-they "measure” muscle length

Intrafusal <
muscle
fibers

P - a~-motor neurons:
y motor innervate "working muscle fibers

neuron

Nuclear

bag fibers ‘\‘\

- y-motor neurons:
S i innervate intrafusal fibers
ubcapsular / . .
space o and modulate their ,pre-tension”

Nuclear

Capsule chain fiber

surrounding
spindle

SO - afferent axons: sensory axons
Group I conducting the signal towards the CNS

afferent axon

Purves, Figure 16.10



Stretch reflex circuitry

(B) :

o Motor neuron

Ia sensory neuron
Negative feedback loop involving

the intrafusal muscle and la sensors
(spindle receptor)

Muscle spindle

Homonymous
muscle

Synergist
Antagonist

Purves, Figure 16.10



Stretch reflex circuitry

Activate
la sensors

Activate
Alpha motor neurons
(antagonist inhibited)

Passive
stretch

Purves, Figure 16.10



The Spinal Cord Circuitry Underlying Muscle Stretch Reflexes

Each lower motor neuron innervates many
muscle fibers within a single muscle



The Spinal Cord Circuitry Underlying Muscle Stretch Reflexes

tacilitation
and inhibition

L) I*E?

Motor (efferent) Interneuron

axons Increase Epiﬂdlﬂ
afferent discharge

Sensory (afferent)
__-axon

[mmam

Muscle sensory

receptor Cross section of spmal cord

The stretch reflex operates as a
negative feedback loop to regulate
muscle length.

CH1, FIGURE 1.7 CH 16, FIGURE 10



Stretch reflex circuitry

'd ™
Descending Disturbance
facilitation (addition of The stretch reflex operates as a negative
and inhibition liquid to glass) feedback loop to regulate muscle length.,
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Purves, Figure 16.11

The role of y motor neurons
In regulating muscle spindle responses

(A) o Motor neuron activation without y

Intrafusal
muscle fibers

Stimulate

i )
Extrafusal
muscle flbers\ | |/ 111111111

Record
Stimulate o

motor neuron

Spindle afferent

/
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A AN

Contraction

Afferent
activity

Muscle
force




o. motor neurons,
and y-motor
neurons are usually
activated together!

... so that y-MN can
prevent passive
relaxation of
intrafusal fiber

Purves, Figure 16.11

The role of y motor neurons
In regulating muscle spindle responses

(B) a Motor neuron activation with y

Stimulate

Stimulate o
motor neuron

Stimulate

Stimulate y
motor neuron

[

Ia response “filled in”

A

Spindle afferent

Record

VAN

1
Contraction

Afferent
activity

Muscle
force




DAPI HBY ISL1 Limb Level

Studying motor neurons in vivo is very difficult: scientists
developed new assays to grow motor neurons in a dish

Induced Pluripotent Stem Cells
Generated from Patients with ALS Can
Be Differentiated into Motor Neurons

John T. Dimos,* Kit T. Rodolfa,">* Kathy K. Niakan,® Laurin M. Weisenthal,*
Hiroshi Mitsumoto,>* Wendy Chung,** Gist F. Croft,*® Genevieve Saphier,” Rudy Leibel,®
Robin Goland,” Hynek Wichterle,*® Christopher E. Henderson,*® Kevin Eggan®t




© The Nobél Foundation.
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Discovered four
transcription factors
(Oct4, Sox2, cMyc,

KIf4) that could make
adult cells pluripotent

New opportunities for bioengineering:
stem cells for growing cell-type specific neurons

. KLF4, SOX2, c-Myc, Nanog, Oct-3/4, LIN-28 |

i — > ﬂ o=
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New opportunities for bioengineering:
stem cells for growing cell-type specific neurons

a |ESC/iPSC |Embryoid bodies |Adherent cells

[Day O |Day 4 [Day 10 |Day 25 Day 29 | [Day 32
ESC medium NIM medium RA + HAg Neurobasal medium Embryoid bodies  Fixed and
BDNF + GDNF + CNTF dissociated into stained
single cells
) NS L
{ TR\
J | > )
o
TuJ1/HB9 TuJ1/GFAP/DNA

Dimos et al 2008

Tud1/HBY/DNA

-~

IPSC-based drug discovery is a
promising technology for developing
novel therapeutics for
neurodegenerative diseases lacking
useful disease models, such as
amyotrophic lateral sclerosis (ALS).



The mammalian cycle of locomotion is organized by
central pattern generators in the spinal cord.

(A)

< | ) rl
1
S i N A e

Extensors ‘:"'wm

central pattern generators are fully capable of controlling the L

timing and coordination of such complex patterns of movement, and B e I T

of adjusting them 1n response to altered circumstances. Time —




The mammalian cycle of locomotion is organized by
central pattern generators in the spinal cord.

- Following transection of the spinal cord at the

thoracic level, a cat’s hindlimbs will still make coordinated
locomotor movements if the animal is supported and
placed on a moving treadmill

—> this suggests a reflex-like response to treadmill
movement ...

- Can even walk after cutting dorsal root (no sensory
inputs) if apply L-DOPA (although the speed of walking is
slowed and the movements are less coordinated than
under normal conditions)




The mammalian cycle of locomotion is organized by
central pattern generators in the spinal cord

(D)

Reciprocal
inhibition
(V1, V2b)

Purves, Figure 16.15

Flexor
module

Extensor
module

O Excitatory neuron
@ Inhibitatory neuron

O o-Motor neuron

Flexor
muscles

Extensor
muscles

Note reciprocal inhibition
of antagonistic muscles at
multiple sites (interneurons,
Motor neurons)!



Gregoire Courtine

R. van den Brand*, J. Heutschi*, Q. Barraud, J. DlGlovanna K. Bartholdi, M. Huerlimann,

~L. Friedli, |. Vollenweider, E.M. Moraud S. Duis, N. Dominici, S. Micera, P. Musnenko G.
Courtine, Restoring voluntary control of locomotion after paralyzing spinal cord
injury, Science (2012).
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The neurons that restore walking after paralysis
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Part 2:
the cerebellum
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The neural control of movement: sensorimotor system

b

[ DESCENDING SYSTEMS

Lipper motor Reumons

Motor cortex
Planning, initiating, and
directing voluntary movements

Brainstem centers

Rhythmic, stereotyped
movements and postural control

-

“

BASAL CANGLIA
Initiation of intended movement and

-

suppression of unwanted movement

“

CEREBELLUM
Coordination of ongoing movement

g

[

Sensorimotor integration and

Local circuit neurons
central pattern generation

SPINAL CORD AND
BRAINSTEM CIRCUITS

T

|

|

Loper motor neurons

e

[

Skeletal muscles
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Four systems make essential
and distinct contributions to motor control:

» spinal cord (and brainstem circuits)

* the cerebellum

Descending control centers in the cerebral
cortex and brainstem

the basal ganglia



Cerebellar damage impairs motor learning & control in humans

(A) (B)

L

FIGURE 19.16 lllustration of appendicular ataxia with cerebellar damage.




Cerebellar damage impairs motor learning & control in humans
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The cerebellum: systems perspective

DESCENDING SYSTEMS
Upper motor neurons

SPINAL CORD AND
BRAINSTEM CIRCUITS
e

Cerebral cortex
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olive v
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De Zeeuw et al, 1998

Motor cortex BASAL CANGLIA
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The cerebellum: functional organization
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sensory FIGURE 19.3 Functional organization of the inputs to the
feedback cerebellum.




The cerebellum: functional organization

{A) Parallel fiber Purkinje cell
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Somatotopic maps of the body surface in the cerebellum
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Purves, Figure 19.5

Functional organization of cerebellar outputs

Cerebellar
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The cerebellum: functional organization
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Activity of Purkinje cells and cells of the deep cerebellar

Purves, Figure 19.12

nuclei reflect ongoing movements
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The cerebellum: a circuit for motor-error based learning
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Interactions from cortex to the cerebellum:
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Adapted from Scott, 2004

implications for motor learning
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cerebellar inactivation impairs motor adaptation & control in mice

Mathis Laboratory

of adaptive motor control

Mathis 2017




cerebellar inactivation impairs motor control in mice

Zhang et al, 2004 1
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https://www.sciencephoto.com/contributor/tde/
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cerebellar inactivation impairs motor control in mice
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The cerebellum: identified genetic mutations that cause damage

Motor Mutations in Mice

Chromosome

Mutation Inheritance affected Behavicral and morphological characteristics

regler (1) Autosomal recessive 5 Reeling ataxia of gait, dystonic postures, and tremors.
Systematic malposition of neuron classes in the forebrain
and cerebelium. Small cerebellum, reduced number of
granule cells.

weaaver (wv) Autosomal recessive 7 Ataxia, hypotonia, and tremor. Cerebellar coriex reduced in
volume. Most cells of external granular layer degenerate
prior to migration.

leaner (fgla) Autosomal recessive 8 Ataxia and hypotonia. Degeneration of granule cells,
particularly in the anterior and nodular lobes of the
cerebellum. Degeneration of a few Purkinje cells.

lurcher (ir) Autosomal & Homozygote dies. Heterozygote is ataxic with hesitant,

semi-dominant lurching gait and has seizures. Cerebellum half nomal size;

Purkinje cells degenerate; granule cells reduced in number.

nenvous (nn) Autosomal recessive 8 Hyperactivity and ataxia. Ninety percent of Purkinje cells die
between 3 and 6 weeks of age.

Purkinje cell Autosomal recessive 13 Moderate ataxia. All Purkinje cells degenerate between the

degenearation fifteenth embryonic day and third month of age.
{(pcd)

staggerer(sg)  Autosomal recessive 9 Apaxia with tremors. Dendritic arbors of Purkinje cells are
simple (few spines). No synapses of Purkinje cells with
paralle! fibers. Granule cells eventually degenerate.

Adapted from Caviness and Rakic, 1978.
Fis. 3A-D. Low nower licht microeranhs of the left cerebellar hemisphere cut parasagittallv at 240 um from the medial beginning of the
A 23-day-old control, B 23-day-old mutant, C 300-day-old control, D 300-day-old Anterograde transsynaptic degeneration in the deep cerebellar nuclei of Purkinje cell

mutant. Notice the severe cerebellar atrophy in the 300-day-old mutant. degeneration (pcd) mutant mice

*Published 2004


https://www.semanticscholar.org/author/L.-Triarhou/7026671
https://www.semanticscholar.org/author/L.-Triarhou/7026671
https://www.semanticscholar.org/author/J.-Norton/48068660
https://www.semanticscholar.org/author/B.-Ghetti/31786047

The cerebellum: an evolving understanding of it's role in the brain

PF-'-P('Z‘ LTD PF-Pt(I':I LTD
s the is the
NSy 0 b
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Marr-Albus-Ito : learning Ieamlng,
: plasticity is

Questioning the Cerebellar Doctrine
ElisaGalliano*! Chris |I.De Zeeuw*'



https://www.sciencedirect.com/science/article/pii/B9780444633569000030?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/B9780444633569000030?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/B9780444633569000030?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/B9780444633569000030?via%3Dihub#!

Why do we have a brain?

Daniel Wolpert - Movement expert

https://www.ted.com/talks/daniel wolpert the real reason for brains?language=en



https://www.ted.com/speakers/daniel_wolpert?language=en
https://www.ted.com/speakers/daniel_wolpert?language=en
https://www.ted.com/speakers/daniel_wolpert?language=en
https://www.ted.com/speakers/daniel_wolpert?language=en
https://www.ted.com/talks/daniel_wolpert_the_real_reason_for_brains?language=en

Take homes:

* Neuroanatomy from cortex to spinal cord

* Four systems make essential and distinct contributions to motor control

» Spinal cord: dorsal, ventral, rostral caudal = proximal vs. distal innervation: also
“home” to central pattern generator circuit

* Motor pools and genetic diversity of motor neuron types

* neuro-muscular junction: acetylcholine

* Alpha, gamma motor neurons

* The motor Unit! one alpha MN—> the muscle fibers it innervates. Three types!

Consider how this whole system is involved in lifting a glass of water ... (could you draw
and explain this?)

* The cerebellum receives input from regions of the cerebral cortex that plan and
initiate complex and highly skilled movements; it also receives input from sensory
systems that monitor the course of movements.

* Cerebellar damage or genetic mutations cause ataxia, other movement disorders

* Purkinje neuron is principle output neuron of the cerebellum

* Motor errors are a critical role for this circuit: from learning to rapid adaptation

* Organization of the cerebellar circuit: the 4 big ones: granule cell, Purkinje cell,
parallel fibers, basket cell

* Many open questions still remain!
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