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Cerebellum

10 % of the total brain volume
but contains more than one-half of its neurons



Cerebellum

contains highly regular, repeating
units with the same basic microcircuit

different regions receive inputs from
different parts of the brain and project
to different motor systems

similarity (architecture, physiology)
suggests similar computational
operations



Talk outline

1. Cerebellar disorders
- functions inferred from symptoms
- eye-arm movement coordination with prism glasses

2. Electric fish and prediction of sensory consequences
- anatomy and physiology of the weakly electric fish

- cerebellar circuitry

- cerebellum-like structures

- electric fish and prediction of sensory consequences

3. Sensory prediction and forward model
- sensory prediction in the monkeys
- forward model and the cerebellum
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Cerebellum controls movement

Classical view :
Cerebellum participates in the control of movement.

The cerebellum ensures that movements are well timed and highly
coordinated.

Inferred from cerebellar damage in humans :
Disorders result in disruptions of normal movement.

Goal of cerebellar research :
How to the connections and physiology of cerebellum define the role
in motor control.




Symptoms of cerebellar disorders

Hypotonia :
diminished resistance to passive limb displacement

Astasia-abasia :
inability to maintain steady limb or body posture across multiple
joints - inability to maintain upright stance against gravity

Ataxia :
abnormal execution of multi-joint voluntary movements, lack of
coordination

Action tremor :
tremor at the end of movement




Symptoms of cerebellar disorders

Patient with cerebellar ataxia
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Derived functions of the cerebellum

Initiation and control of voluntary movements

Timing of movement/muscle action

Moment-to-moment corrections of errors

Compensating for lesions of the cerebral cortex

Motor learning and adaptive adjustments




sensory and motor inputs are integrated to
generate appropriate activation of muscle
and joint combinations



Prism glasses

* experimental paradigm to study the
learning of a synergy between vision and
motor output

* adaptation of the eye-hand coordination
when wearing prism goggles

[experiment]



Prism glasses

* humans usually fixate a target and throw in the direction of the gaze
* relationship between the direction of the gaze and arm movement is adjustable



Throwing while looking through prisms

FIRST THROW o . . .
AFTERPRISMS —« The initial throw in the direction of gaze

J misses target to the side by an amount
e e proportional to the diopter of the prism

FIRST THROW o (in our case 30 %)

WITH PRISMS
c ° * subject gradually increase angle
j‘o | | % © O (TARGETATO) betv_veen gaze and trow to land on target
' ' Tt again
-50cm 50 .
* after glasses are removed, gaze is on
traget, but the widened angle btw. gaze
o and throw persists; this 'negative after-
" o mﬂ effect’ diminished with repeated throws
O PRISMS
B @ AFTER

-25cm L
[Martin et al. 1996 Brain]



Throwing while looking through prisms

Fe=32 AC=50 AC=88 * The initial throw in the direction of gaze
misses target to the side by an amount
proportional to the diopter of the prism
(in our case 30 %)

 subject gradually increase angle
between gaze and trow to land on target
again

* after glasses are removed, gaze is on
traget, but the widened angle btw. gaze
and throw persists; this 'negative after-
effect’ diminished with repeated throws

HORIZONTAL DISPLACEMENT (cm)

' BEFORE PRISMS ; AFTER
TME —

—-3.9+-39.0°¢™5% 5.4 429.0%™*
[Martin et al. 1996 Brain]
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Cerebellar patients : throwing while looking prisms

T  patients with cerebellar disorders show
) slow or no adaptation of the eye-hand
* example on the left : patient with right
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[Martin et al. 1996 Brain]
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African weakly electric mormyrid fish

* possess electroreceptors on their skin  additionally has specialized organ
that are sensitive to weak, low- (typically located in the tail) that
frequency electrical fields in the generates a weak electrical field known

environment as an electric organ discharge (EOD)



African weakly electric mormyrid fish

electric organ

electroreceptors electroreceptors (active electrolocation)
(passive electrolocation) (active electrolocation)
. Activ_e and passive electrolocation are - electric organ discharge (EOD) used to
mediated by separate classes of sense environment and communicate
electroreceptors (like whisking in rodents)

* 2-4 /s in resting-, 10-30 /s in moving fish



Electric organ discharge : usage

* Active and passive electrolocation are mediated by separate classes of electroreceptors; 3
receptor classes in total

electrolocation electrocommunication electorsensing

1)mormyromast : active 2)Knollenorgan :_detecting
electrolocation EOD of other fish

3)ampullary : can measure
weak electric fields that all
animals generate in water



Challenge for the fish

* problem : passive (ampullary)
electroreceptors are

\)v\ _________ y strongly affected by the fish's

..:...E.:'::E:.."'.."""::..“-'n _ Own EOD pulse

- o 0
---------------
--------

ooooooooo

* possible solution : external
electric organ :
electroreceptors electroreceptors (active electrolocation) and Self_generated IanIt can be
(passive electrolocation) (active electrolocation) distinguished based on
additional information about

own movement and behavior
electro- electric
receptor organ - -
firing rate discharge * implementation : convergence
(3000) of two distinct input streams —
'm peripheral electrosensory input
Ry 50 ms and information about own

movement and behavior



Challenge for the fish and others species

* every motor act will elicit sensory inputs
JV‘ _________ p (called reafference)
oGy § " « reafference can be disruptive because it
N can interfere with sensing of external
| stimulus sources
electric organ
electroreceptors electroreceptors (active electrolocation) ° problem can be solved with Signa|s from

ooooooooo

(passive electrolocation) (active electrolocation) .
the motor command center to appropriate
sensory receiving areas that nullify the

re-- effect of the unwanted reafference
comparison < afferénce sensory feedback ¢ these signals are called efference
A Copy A copies/corollary discharges

* appropriate summation (negative image)
of efference copy and reafference could
reduce reafference effect

motor instruction 1 > motor act * requires implementation of an adaptive
: filter which removes predictable features
of the sensory input

efference copy

self . external world



Microcircuit organization of the cerebellar cortex

cerebellar cortex : five types of
neurons organized in three layers

e granular layer : input layer, vast
number of granule cells and
Golgi interneurons; mossy

/ / Pavor ™" fibers terminate in this layer
A

Molecular
layer

Stellate cell

=, e
2 — 4 { )QV * Purkinje cell layer : output layer
' \i7 of the cerebellar cortex; input
matte from parallel fibers, Stellate and
Basket cells and climbing fibers

* molecular layer : inhibitiory
neurons; axons of granule cells
- parallel fibers




Synaptic organization of the cerebellar microcircuit

Parallel

fiber \

Two afferent fiber systems encode information
differently

Purkinje
cell

* 1. mossy fibers : from cells in spinal cord

stellate and brain stem, carry sensory information

S about periphery and cerebral cortex

i ;/Serﬁnule

+ —_— » 2. climbing fibers : originate in inferior

e olivary nucleus and convey sensory
fr information from periphery and cerebral
ey cortex
/ Deep ’
cerebellar

neurons

LI

nucleus cell




Differences in the two input streams

Parallel

fiber \

4
\

Basket/

stellate
cells

Golgi
cell

Mossy
fiber

e

cerebellar
neurons

i

; IV

!

\\4\" Purkmje

1. mossy fibers

Climbing
fiber

-

Inferior olivary
nucleus cell

convergence (mossy fiber
to granule cell) and
divergence (parallel fiber
run across long distances)
of signal flow

produce brief, small
excitatory events — simple
spikes; inputs from many
needed to have substantial
effect on PC firing rate

encodes magnitude and
duration of peripheral
stimuli or behaviors

2. climbing fibers

* specific connectivity :
arranged topographically
btw. inferior olive, PCs in
parasagittal strips, deep
nuclear neurons

e powerful influence on PC
activity — complex spike

* seems specialized for
event detection;
synchronous activation
signal important event



Cerebellum-like structures

dorsal octavolateral nucleus
(fish: sharks, rays, and skates)

Parallel fibers
) (DGR)

\{/To midbrain

X
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Electroreceptor
afferents

dorsal cochlear nucleus
(mammals, auditory system)
Parallel fibers
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- S— oy 73 Y £
' SN RR NI

Auditory
afferents

o e >

Mormyrid ELL

Parallel fibers

;  (EGp)

afferents
Teleost cerebellum
Parallel fibers
— e
T T
: ¥3
% 3 ,"j
EET.
A
‘ \/
") ——
e
Climbing
fiber

b -t :j—-r
S W H
I SNIRRN.
VAL

U To PE, torus

—_—
—A

/ N
RRR

Electroreceptor

Gymnotid ELL

Parallel fibers

(EGp)

i

=5—} -

”“'c" —— -

\V/ To PE, torus

—_—

N

11
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Mammalian cerebellum

Parallel fibers

1

Climbing

fiber

[Sawtell 2017 Annu. Rev. Physiol.]

* presence of two input streams is
the defining feature of the
cerebellum(-like) structures from
fish to mammals

* For all of the circuits shown,
signals conveyed by parallel fibers
can be used to predict signals
from the sensory periphery or from
climbing fibers

electrosensory lobe (ELL)



Cerebellum-like structures

EOD motor command
associated efferent copy

4\-
7_ ‘T Granule layer

Maolecular layer

Principal cell layer

NN

afferent activity
(input from sensory surface:
electroreceptors)

[Sawtell and Bell 2013, Cerebellum-like structures]

Granule cells:
convery efference copy that is
associated with the motor
command that causes the EOD

Principal cells:
also receive afferent activity :
sensory input from
electroreceptors



Electric fish experiment: Bell 1982 J Neurophysiol

—D DELAY

Zcommand signal C

[Bell 1982 J Neurophysiol]

Fish is curarized : curare blocks
effect of motorneurons on electric
organ (inhibitor of NnAChRS)

— no discharge

command signal (C) of
electromotorneurons recorded
(occurrence rate 2-4 /s)

this signal is used to trigger
artificial electric pulses (S) in the
water (delay ~1.5 ms) mimicking
aspects of the EOD

extracellular recordings from ELL

fish in wax block perfused by
water



Electric fish: effect of Commmand-Stimulus pairings

A C
EEL Oy EERSNE S A)Command alone evokes no
response
C+S
B B)Command-stimulus pairing: initial
response
C C +S (5MIN) C)Command-stimulus paring: reduced

ﬂ ,.J_'__JJ|rlj response after 5 min of pairing
response
D C
ﬂw D)Effect of command alone

0 100 "~ 200 immediately after 7 min of pairing

[Bell 1982 J Neurophysiol]



Electric fish: effect of Commmand-Stimulus pairings

C+S
B F c*:,_rvh_j

C + S (5MIN)
C C +S (5MIN) G

[Bell 1982 J Neurophysiol] W\q{w‘fﬂﬁ

E)Command alone : 7 min after
stimulus off

F)Command-stimulus paring: inverted
electrical stimulation, initial
response

G)Command-stimulus paring: reduced
response after 5 min of pairing
response

H)Effect of command alone

l) Command after 15 min of stimulus
off



Firing rate

Electric fish experiment: circuit implementation

Granule cell responses
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[Sawtell 2017 Annu. Rev. Physiol.]

Sensory input (reafferance) should
be suppressed

Desired output : no response to
reafferance

Animal can use efference copies
to create negative image of
sensory input

granule cell responses must be

varied and prolonged
[Kennedy et al. 2014 Nat Neursci]

Requires plastic synapses :

anti-hebbian plasticity rule

- correlations between pre- and
postsynaptic activity should
decrease synaptic strength



Electric fish experiment: varying stimulus delay

DELAY C+8S - effect of varying stimulus delay

(msec)

e |eft column :
20 r"rnl. by command and stimulus were paired
for 3-4 min
40 F‘“PHL! e lA) mﬁ . .
¥ * right column :
effect of the command alone
60 V“r“nrn-blk ﬂw'l m .

80 ‘J-M g are * in effect, tests the learning curve

} which implements the formation of
the negative image




Formation of negative images in 3 cerebellum-like structures

Mormyrid
ELL
EOD
Command alone
before
{9 min of C+8 pairing) COIFI;IIT:nd

stimulus

/
\ e
/

Command alone
after

2 min

0 160 msec
EOD
Command

ELL

Tail bend
alone before

Tail bend
plus
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Tail bend
alone after

20 0 +20 0 -20
Tail Displacement (degs)

Elasmobranch
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Ex In
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Sensory system activated during movement

o
* Movement involves visual, vestibular and
proprioceptive inputs

Vision

* How can the brain distinguish between
consequences of our own self-generated actions
(sensory re-afference) and stimulation that is
externally produced (sensory ex-afference) ?

Vestibular System

(inner ear)

Vision, vestibular system

and proprioceptive inputs

converge onto the

brainstem

Propricception [experiment]

(joint & muscle
movement receptors)



Prediction of sensory consequences : two input streams

Through p dorsal spinocerebellar tract
superior CEREBELLUM : :
cerebellar * conveys somatosensory information
peduncle A Through inferior f | d ioint t
Cuneo-cerebellar ) cerebellar rom muscie ana joint receptors
fibres.. peduncle * sensory feedback about
Accessory consequences of movement (active of
cuneate nu. LY - paSSIV)
r & bt o W — reafference signal

Wentral Meuron 2

spinocerebellar—{ 2
tract

—> efference copy/corollary discharge

. ventral spinocerebellar tract
’,“E"m“ * active only during active movement
* cells receive same inputs as spinal
motor neurons

both provide information from hind limbs



Monkey experiment: sensory processing in cerebellum

Passive Aclive behavioral paradigm
head motion head motion ° passive versus active movement in
. monkeys

* passive movement : unexpected
vestibular stimulation (exafference)

* active movement : voluntary action
evoked vestibular input (vestibular
reafference)

Pontine reticular Fastigial
formation

recording

* tungsten electrode in fastigial
nucleus (postural control)

* unimodel neurons : only responsive
to vestibular stimulation
Medullary reticular

formation * bimodal neurons : responsive to

Reticulospinal

g passive vestibular and
proprioceptive stimulation

Fastigial nucleus

nucleus

f— Vestibular
apparatus

Vestibular
nuclei Vestibulospinal

tract



Cells responsive to passive but not active movement
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 cells (unimodal and bimodal) were
strongly modulated during passive
head and body motion



Experimental evidence in mammals for negative image
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Experimental evidence in mammals for negative image

body

* supports the notion that the
cerebellum computes a prediction of

sensory consequences which is
100 % | compared to the sensory

......... v - V neadveld consequences of the actual
movement

§ Passive Active

= head motion head motion * cells in fastigial nucleus encode

8 L unexpected movements of head and
E

c
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Cerebellum possibly implements a forward model

Command

%
Efference Copy

Sy, = g E—
- : »

BELLUM

b
| i
| | §

Predicted
Forward Action
Model
Sensory
Systemn

Re-afference
Observed Action

Mismaich

* cerebellum computes a
prediction of sensory
consequences which is
compared to the sensory
consequences of the actual
movement

usefulness

e comparison can be used to

compute error that in turn
guides updating of the
motor program

* computation of sensory

prediction errors enables
brain to distinguish between
self-generated and
externally produced actions



Forward model requirements

CEREBELLUM
redicted
Fowad | Action
g_) Model
E Mismatch
LLl
. ..... ] SeOY
Command Sysem | Re-afference

Observed Action

* two distinct input streams :
- mossy and climbing fibers

 adaptive filter requires to adjust prediction during
learning, or due to changes in environment :
- parallel fiber — Purkinje cell synapse

- mossy fiber — deep cerebellar nuclei synapse

Parallel

fiber \ ﬂ\g\\‘ /

19/
{
\ cell

Basket/
stellate
cells

Golgi
cell

i Granule
4 ~ cell
+ X T]

Mossy
fiber

cerebellar
ﬂﬁ

neurons
. plastic synapses

'/ Purkinje

Climbing
fiber

Inferlor olivary
nucleus cell



Talk outline

1. Cerebellar disorders
- functions inferred from symptoms
- eye-arm movement coordination with prism glasses

2. Electric fish and prediction of sensory consequences

- anatomy and physiology of the weakly electric fish v

- cerebellar circuitry N L
electroreceptors electroreceptors (active electrolocation)

= Cerebe”um'like Structures (passive electrolocation) (active electrolocation)
- electric fish and prediction of sensory consequences

CEREBELLUM
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3. Movement prediction and forward model
- sensory prediction in the monkeys
- forward model and the cerebellum

Command

L

4. Experiments implemented in the lab to unravel cerebellar function
- whisker virtual reality
- learning and adaptation in complex locomotion task




Cerebellar cortex molecular and Purkinje layer network in vivo

Parallel
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Rodent navigating through tunnel

Aim: study effect of sensorimotor mismatch during locomotion in rodent cerebellum.

Vian = =V

W walking



Locomotion with side-walls generates sensory feedback

Sensorimotor mismatch can be introduced by altering observed whisker feedback.

Are the different signals present in the cerebellum and where is the possible
comparison between expected and received sensory feedback computed ?

Predicted
Efference Whisker
Co Feedback
py Forward

V

walking

Vian = ~V,

walking



Whisker virtual reality

The virtual reality setting allows to externally control the perceived whisker feedback

whisker

V

walking

real-time
VR system

Vian = ~V,

walking



Whisker virtual reality

closed loop configuration :

» walls move at the walking speed
whisker
Vian = _Vwalking
* provided tactile feedback matches expected
, , feedback from locomotion

open loop configuration :

real-time
VR system

* walls move at a different speed than the walking
speed
+ —v

walking

* sensorimotor mismatch : tactile feedback speed
does not correspond to locomotion speed

V,

wall



Whisker virtual reality





Introducing transient sensorimotor mismatch

peed

d/RunS
o
o)

Wall Spee

o

Im

* mice are motivated to run 1 m long laps through water rewards

* Our hypothesis : animals will accelerate in response to wall speed decrease



Mice run readily 1m laps for water reward

Lap START Lap END

o> 5

mmmm Control

0.20 A
0.15 A
0.10 A

0.05 A

Mean Speed (m/s)

0.00

010 Oj2 0j4 0i6 0j8 110
Distance (m)
Mean speed over 280 control laps



Locomotion is modulated by whisker feedback

Lap START Lap END
>
O = voma O -
Q -
-~
-~
_ -~
0.40 ~
= Zontrol

0.35 A s Mismatch

Speed (m/s)

Mean Speed (m/s)
o
N
o

0.15
0.10 \ &(‘9
< 2
. & &
0.05 ~ < RS
N
0.00

OiO 0j2 014 0j6 0j8 1i0
Distance (m)
Mean speed over 280 control laps, 165
mismatch laps



Two-photon calcium imaging from Purkinje cells

whisker ~
motor — 2-photon

imaging

G
‘?s

i

A A * .
climbing fiber ~ parallel fiber

input input

real-time
VR system

Questions :
1. Do we find neural correlates for efferent copy and re-afference ?
2. At which stage would a comparison between the two take place ?

3. What is the cellular signature of the sensorimotor mismatch in the
cerebellar cortex ?




Cerebellum and locomotion

Cerebellum ensures that movements are well timed and highly
coordinated.

During walking :

— Cerebellum is essential for on-the-fly corrections of posture
and gait

— cerebellar dysfunction leads to balance problems and walking
abnormalities

Questions :
— What are the cellular underpinnings of motor coordination ?

— What is the influence of activity in the cerebellar cortex on motor
behavior ?




Cerebellar cortex molecular and Purkinje layer network in vivo
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Erasmus lader

Erasmus Ladder™ (Noldus)




Erasmus ladder: behavioral paradigm

] Non-perturbed Sessions /:K

4 baseline locomotion

 animal is made to cross
>

ﬁ@ horizontal ladder
RNegigigigigigigigizigicigicizilli . pressure sensors on
rungs/bars allows to extract
i & 8 10 12 14 18 18 20 22 24 26 30 32 34 te |ng pattern
B —f —f —f— % —E— % Stepp

2

28 34

control

F—F—% % - & e — e — & —E— %

1 3 5 7 a 1 13 15 17 19 21 23 25 27 29 a 33 35 a7

starr— 2 [ - I - TN = [ 2T 2T 2 }—=w

block block block



Erasmus lader: behavioral paradigm

Perturbed Sessions ]
— — locomotion adaptation
* > * mice are challenged with the
introduction of an obstacle

* obstacle was introduced by
elevating one of the rungs, was
B L B e B i 3ol preceded by a tone 200 ms

control ' ' prior to occurrence
& s 2 % lr—'r{= > > & 2 >

3 5 7 8 11 13 15 17 19 21 23 25 27 29 3 33 35 a7

12
E—g & & & & & &

obstacle

block




Erasmus ladder: cerebellar inhibition knock-mice

Step length2 Step length4
- t:;tﬁ - [ L7- by2
] ] Fm 1 control

1234 1234

Regular steps (%)

session number

* locomotion learning is impaired in Purkinje cell inhibition knock-out mice
(L7-Ay2) [Veloz et al. Brain Struct Funct 2015]



Erasmus ladder: cerebellar inhibition knock-mice

unperturbed sessions perturbed sessions

X S Step length2 Step length4 Step length 2 Step Iength4
o — _ =

D

5 - | HH
I LT' ﬂY2 g) . — 5 M“‘l"{
1 control Q@ —— ;

ad 1234 1234 5678

session number session number

* locomotion learning and adaptation is impaired in Purkinje cell inhibition
knock-out mice (L7-Ay2) [Veloz et al. Brain Struct Funct 2015]



Task to study coordination on cellular level

Erasmus Ladder

[Veloz et al. Brain Struct Funct 2015]



Task to study coordination on cellular level

1) Acquisition of a 2) Adaptation to sudden 3) permanent changes
of the motor plan

complex motor task environmental change in an irregular
environment



Questions

(1.) Which activity patterns occur in the interneuron network in vivo ?
(2.) What is the spatial spread of inhibition ?

(3.) How is the activity in the interneuron network linked to motor behavior?

— What is the link between microcircuit connectivity, activity regimes
and the role in motor behavior ?



Experimental methods and setup

headpiece chronie

window

high-speed

camera . . .

] e calcium imaging from

LEDs \ = MLIs

* electrophysiological
recordings from MLIs

* |obule IV/V in Vermis

* mice : reporter GCaMP6f-
Tigre x promoter PV-Cre

[ rotary
\encoder/ _
MLI ... molecular layer interneurons

PC ... Purkinje cells



Mouse walking on treadmill with bars (rungs)

[videO]



Extraction of paw trajectories with DeepLabCut

time 5.0081 sec
frame 1001 / 5998 N

‘ [Mathis et al. Nat Neurosci 2018]




Evolution of paw trajectoris over learning sessions

number of rungs crossed

stride speed histogram L _
with single stride

p<0.001
1.0} @ 1.0f . 3
g) c 1.Ie§rn. c o.sl e >
= o session > O 1
c_g 6 0.5 —— 12. learn. = % 0.6l 3
c © p<0.001 session et 8 2l a
o =
S 0.2}
0.0+ T
' | | | | - 0.0 . . ; : . .
~100 0 100 200 2 4 6 8 10 12
paw speed (cm/s) learning session

example : FrontLeft paw



Interneurons exhibit locomotion related activity

67 ROIs

wheel
speed (cm/s)

ROI'ID
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Experiments accompanied by neural network modelling

Ca-imaging experiments Interneuron network model




Linking individual paw movement with neural activity

paw trajectories/speed
stride length/precision

time 5.0091 sec

®®
frame 1001 ‘* = = .
- P‘

ROI ID

wheel
speed (cm/s)

activity of interneuron
population
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Linking activity to motor behavior and learning

Interneuron activity Interneuron network model

motor behavior
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