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Cerebellar mechanisms for orienting toward
the location where a target is : 
lessons from perturbing the output of 

the midline cerebellum

Laurent Goffart, PhD

CNRS

Institut de Neurosciences de la Timone
Marseille, France
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A set of coordinated and organized muscle contractions / relaxations that lead to orient
rapidly one (several) sensory organ(s) 
toward the location of a detected object,
regardless of whether the object is moving or not.

 in foveate animals : orient the fovea toward the right place at the right time. 

Orienting reaction

Across the vertebrates, many morphological differences are observed in the :
- sensory organs (retina, cochlea, olfactory bulb, etc.),
- motor plants (extra-ocular and neck muscles, morphology, architecture etc.),
- nervous system connecting them.

In spite of this diversity, some invariants (within and between species) appear in the 
temporal and spatial structure of the orienting action.

Temporal invariant : the orienting reaction is always extremely rapid (step-like), 
regardless of the motor plant (eye, head, body).

Spatial invariant : the spatial properties of the orienting reaction fit with the 
spatial extent of the environment with a relatively restricted variability.

Morphological
diversity

Functional
invariants&

Orienting movement of the body
in the goldfish

Torres et al. Brain Res. Bull. 2005
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Orienting movement of the body
in the frog

Grobstein 1990

Kostyk & Grobstein 1982

Result of first reaction : 
orient the field of sensorimotor interactions

toward the target

turn
jump

jump + turn

Orienting movement of the head
in the salamander

Werner & Himstedt
Zool. Jb. Physiol. 1985

Schülert & Dicke J. Exp Biol 2002
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Knudsen, Blasdel & Konishi JCP 1979

Orienting movement of the head
in the barn owl
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Orienting gaze shifts
in the cat (head free, open loop)

Leftward Rightward

modified from Goffart & Pélisson JNP 1994
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McCluskey & Cullen JNP 2007

Gaze

Head

Eye

Trunk

Target

Orienting gaze shifts
in the monkey (head free)
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Eye saccades 
in the human subject

Collewijn et al JP 1988

Target eccentricity (deg)

Quinet & Goffart JNP 2009
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Stanford, Freedman & Sparks JNP 1996

Amplitude

Max. velocity
H position

H. velocity

Time (ms)

Variability in movement execution

In spite of the diversity of sensory organs, motor devices and nervous systems

and variable execution (velocity, eye-head-body coupling)

Spatial position of stimulus

Spatial endpoint
of movement

The congruence 
also holds when 

the target is moving 
(interceptive saccades

and pursuit)

Spatial invariant

What are the (neuro)biological foundations of this relationship ? 
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The medio-posterior cerebellum (MPC) and 
the control of spatial congruence

Dysfunction of MPC leads to gaze dysmetria : 
the spatial congruence between : 

- the location of a visual event
- the endpoint of gaze shifts towards it

is altered.

position mismatch

visual input

Eye and head
motor commands

Brain MPC

world

Goal

Gaze endpoints

caudal Fastigial Nuclei
(Fastigial Oculomotor Regions)

Lobules VIc-VII

Saccade-related activity

Pursuit-related activity

The medio-posterior cerebellum

Ohtsuka & Noda  JNP 1991

Kleine, Guan & Büttner  JNP 2003

Saccade-related activity in the caudal fastigial nucleus
(head-restrained monkey)

1. Burst of action potentials for all saccades regardless of the amplitude and direction

2. Sustained firing rate during intersaccadic intervals 

Deep
Superior

Colliculus

Thalamus Caudal Fastigial Nuclei

Lobules VIc-VII

Pontine Nuclei,
NRTP, 
cMAO

Neck proprioception

Vestibular input

NPH

Extra-ocular muscle 
proprioception

context,
target

eye head

The medio-posterior cerebellum

Cortical Eye Fields
(LIP, FEF, SEF…)

Visual
cortical
areas

Motoneurons
(ABD)

Premotor
Neurons

(EBNh, IBNh)
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context,
target

eye head

Methodological approach : perturbation

Deep
Superior

Colliculus

Thalamus

Lobules VIc-VII

Pontine Nuclei,
NRTP, 
cMAO

Neck proprioception

Vestibular input

NPH

Extra-ocular muscle 
proprioception

Caudal Fastigial Nuclei
Electrical or 

pharmacological
perturbation

Cortical Eye Fields
(LIP, FEF, SEF…)

Visual
cortical
areas

Motoneurons
(ABD)

Premotor
Neurons

(EBNh, IBNh)

Take-home message :
the MPC regulates (at least) two balances

rightward 
saccade

leftward 
saccade

modified from Goffart & Pélisson JNP 1998

!
Gaze moves

away from target

Muscimol injection in the left cFN (0.3 µl; 1µg/µl, cat I)

Control

Dysmetric gaze shifts in the cat

!
Gaze moves

away from target

Muscimol injection in the left cFN (0.3 µl; 1µg/µl, cat I)

Control Muscimol (left cFN)

modified from Goffart & Pélisson JNP 1998

Dysmetric gaze shifts in the cat
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! No response

Muscimol injection in the left cFN (0.3 µl; 1µg/µl, cat I)

modified from Goffart & Pélisson JNP 1998

Dysmetric gaze shifts in the cat

Control Muscimol (left cFN)

Muscimol injection in the left cFN (0.3 µl; 1µg/µl, cat I)

modified from Goffart & Pélisson JNP 1998

Dysmetric gaze shifts in the cat

Control Muscimol (left cFN)

Ipsilesional movements

Constant
hor. error 

Kh

leftward
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~20 deg !!!

Gaze dysmetria
Muscimol injection in the left cFN (0.3 µl; 1µg/µl, cat G)

modified from Goffart & Pélisson JNP 1998
(see also Goffart & Pélisson JNP 1994 ; JP 1997)

Ipsilesional movements

Constant
hor. error 

Kh

Horizontal target eccentricity (deg)

H
or

iz
on

ta
l 

ga
ze

 a
m

pl
it

ud
e 

(d
eg

)

misdirected

Muscimol injection in the left cFN (0.3 µl; 1µg/µl, cat G)

Gaze dysmetria

leftward

modified from Goffart & Pélisson JNP 1998
(see also Goffart & Pélisson JNP 1994 ; JP 1997)
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Ipsilesional movements Contralesional movements

Hor. error =
f(eccentricity) 

rightward

Increased variability ( gain = f (latency) )

Horizontal target eccentricity (deg)
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Horizontal target eccentricity (deg)

Muscimol injection in the left cFN (0.3 µl; 1µg/µl, cat G)

Gaze dysmetria

modified from Goffart & Pélisson JNP 1998
(see also Goffart & Pélisson JNP 1994 ; JP 1997)

leftward

modified from Goffart, Pélisson & Guillaume JNP 1998

Ipsilesional HYPERmetria Contralesional HYPOmetria

Dysmetria affects both eye and head movements
Muscimol injection in the left cFN (0.3 µl; 1µg/µl, cat G)

Eye velocity

No sign of movement execution disorder

Head velocity Eye-head coupling

IPSI CONTRA IPSI CONTRA IPSI CONTRA

Muscimol injection in the left cFN (0.3 µl; 1µg/µl, cat G)

modified from Goffart, Pélisson & Guillaume JNP 1998

Control (pre-injection)
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Deficit in head orientation
Muscimol (right cFN)

- Gaze dysmetria due to 
dysmetric eye + head

- Eye/head velocity unchanged
- Eye/head coupling unchanged

Goffart et al JNP 1998

Cat

ControlMuscimol (left cFN) Muscimol (right cFN)Muscimol (right cFN)

Goffart, Chen & Sparks  JNP 2004

Ipsilesional saccades : horizontal component is hypermetric (too large)

Contralesional saccades : horizontal component is hypometric (too small)

like in the head-unrestrained cat

target LEDs @ 145 cm : 0.25° visual angle, mesopic conditions, 0.4 µl (1µg/µl)

Observations in the monkey

modified from Goffart, Chen & Sparks  JNP 2004

a

a

b

b

Hor. Error saccade a > Hor. Error saccade b > Hor. Error saccade c

c

c

Hor. 
Position (°)

Vert. 
Position (°)

Hor. 
Position (°)

Vert. 
Position (°)

Horizontal error is not constant
unlike in the head-unrestrained cat
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Vertical saccades

4.1°

Hor. error. = f (target eccentricity)
f (saccade duration)   

modified from Goffart, Chen & Sparks  JNP 2004

Hor. 
Position (°)

Vert. 
Position (°)

Hor. 
Position (°)

Vert. 
Position (°)

Horizontal error is not constant
unlike in the head-unrestrained cat

Impaired planning or execution ?
(pre- or intra-saccadic disorder ?)

Duration of inactivation ~ 2-3 hours :
This long-lasting perturbation does not allow deficits that are presaccadic
to be distinguished from those occurring during saccade execution

Lobules
VIc-VII
(vermis)

caudal
Fastigial
nucleus

- -- -

Purkinje
cells

Nuclear
cells

Muscimol
(gaba-A)

Inhibition of cFN activity
with electrical microstimulation

caudal
Fastigial
nucleus

- -- -
STIM

Purkinje
cells

Nuclear
cells

Purkinje cells inhibit cFN neurons with Gaba-A as a neurotransmitter.
By stimulating their axons, one should be able to mimic, with a 
microstimulation train, the effects of muscimol on saccade accuracy.

Lobules
VIc-VII
(vermis)

STIM

Microstimulation (100Hz)

Horizontal position (deg) Horizontal position (deg)
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Inhibition of cFN

Control
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Stimulation
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Muscimol injection

Right cFN (rebound saccades removed)

Goffart & Quinet in preparation
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Time window of the perturbation
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left caudal Fastigial Nucleus

INTRA

Time window of the perturbation
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left caudal Fastigial Nucleus

PRE INTRA

Time window of the perturbation
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left caudal Fastigial Nucleus

PRE

Increasing the number of pre-saccadic pulses
does not change the magnitude of hypermetria 

INTRA

Time window of the perturbation
left caudal Fastigial Nucleus

Goffart & Quinet in preparation

PRE INTRA
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Time window of the perturbation
left caudal Fastigial Nucleus

Goffart & Quinet in preparation

PRE INTRA

Time window of the perturbation
left caudal Fastigial Nucleus

Goffart & Quinet in preparation

PRE INTRA

Time window of the perturbation
left caudal Fastigial Nucleus

PRE

Goffart & Quinet in preparation

Muscimol (right cFN)

Horizontal position (deg)
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Horizontal dysmetria is due to the 
unilateral suppression of the saccade-related burst

Control
Muscimol

32

24

16

8

0

-8

-16

-24

-32
-32 -24 -16 -8 0 8 16 24 32

modified from Kleine, Guan & Büttner  JNP 2003
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Fastigio-reticular projections and 
the cerebellar regulation of saccade amplitude

Deep
Superior

Colliculus

Thalamus Caudal Fastigial Nuclei

Lobules VIc-VII

Pontine Nuclei,
NRTP, 
cMAO

Neck proprioception

Vestibular input

NPH

Extra-ocular muscle 
proprioception

Motoneurons
(ABD)

Premotor
Neurons

(EBNh, IBNh)

Cortical Eye Fields
(LIP, FEF, SEF…)

Visual
cortical
areas

contra
cFN

ipsi
cFN

EBNIBN

MN agonist

Dynamic balance

EBN IBN

For every saccade (horizontal, oblique or vertical), 
the left and right cFN regulate the balance of activity 

between excitatory input (EBNs) and inhibitory input (IBNs)

Bilateral hypothesis

Goffart, Chen & Sparks, JNP 2004

Ipsilesional  hypermetria

contra
cFN

ipsi
cFN

EBNIBN

MN agonist

EBN IBN

muscimol
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Muscimol

Control

Time (ms)
0 50 100 150-50

less
inhibition

Bilateral hypothesis

Contralesional  hypometria

contra
cFN

ipsi
cFN

EBNIBN

MN agonist

EBN IBN

muscimol

modified from Goffart, Chen & Sparks  JNP 2004

increased
inhibition

less
activation

Bilateral hypothesis
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Ohtsuka & Noda  JNP 1991

Kleine, Guan & Büttner  JNP 2003

What about the sustained activity in cFN ?

ControlMuscimol (left cFN) Muscimol (right cFN)Muscimol (right cFN)

Goffart, Chen & Sparks JNP 2004

Fixation offset : ipsilesional shift in the scatter of eye position during fixation

Ipsilesional fixation offset
like in the head-unrestrained cat

Horizontal eye position (°) Horizontal eye position (°)
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Control Muscimol

right cFN

Monkey B

time spent at P (X,Y) 
total time

% %

% =

Fixation offset
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Monkey B

Control Muscimol

right cFN
Bin width 0.375°
(N > 5 fixational saccades)

Horizontal eye position (°) Horizontal eye position (°)

Direction of fixational saccades
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Deep
Superior

Colliculus

Thalamus Caudal Fastigial Nuclei

Lobules VIc-VII

Pontine Nuclei,
NRTP, 
cMAO

Neck proprioception

Vestibular input

NPH

Extra-ocular muscle 
proprioception

Fastigio-reticular projections and 
the cerebellar regulation of fixation

Motoneurons
(ABD)

Premotor
Neurons

(EBNh, IBNh)

Cortical Eye Fields
(LIP, FEF, SEF…)

Visual
cortical
areas

In the monkey, a spatial deficit similar to that observed in the cat, is observed when one tests
microsaccades generated when a visual target is being fixated.

This distinction could merely result from differences in the extent of fastigio-tectal projections. 
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Behavioral and neuro-anatomical differences

2°

5°

10°

20°

30°
40°

-60°
-40°

50° -20°

0°

20°

40°

60°

rostral

caudal

lateral medial

Fastigio-tectal
projections

Rhesus macaque Cat

Fastigio-tectal
projections

Experimental prediction : fixation offset 
after muscimol injection in the rostral SC

Ipsilesional fixation offset
Saccades to peripheral targets are accurate No asymmetry in the amplitude of 

fixational saccades

Goffart, Hafed & Krauzlis JN 2012

Ipsilesional fixation offset
Saccades to peripheral targets are accurate

Experimental prediction : fixation offset 
after muscimol injection in the rostral SC
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Ipsilesional 
hypermetria

Contralesional 
hypometria

Guerrasio, Quinet, Büttner & Goffart JNP 2010

Amplitude of fixational saccades
after muscimol injection in the caudal FN

Asymmetry (in contrast to muscimol in the SC) 

Summary & conclusions

The medio-posterior cerebellum is involved, via the caudal fastigial nuclei, 
in mechanisms that ensure a spatial congruence between :
- the location of a visual target (foveal or peripheral, stationary or moving) and
- the impact of saccades toward this location (fixation or saccade).

The bursts emitted by saccade-related neurons in the two cFN regulate the balance between the excitatory and inhibitory input 
to the abducens motoneurons
 this influence is visible in the ipsipulsion of eye saccades regardless of whether they are :

- ipsilateral, contralateral or vertical (Goffart et al. JNP 2004),
- fixational (Guerrasio et al. JNP 2010)
- generated during head-unrestrained gaze shifts (Quinet & Goffart JNP 2007) 

contra
cFN

ipsi
cFN

EBNIBN

MN agonist

EBN IBN

Summary & conclusions

The medio-posterior cerebellum is involved, via the caudal fastigial nuclei, 
in mechanisms that ensure a spatial congruence between :
- the location of a visual target (foveal or peripheral, stationary or moving) and
- the impact of saccades toward this location (fixation or saccade).

The bursts emitted by saccade-related neurons in the two cFN regulate the balance between the excitatory and inhibitory input 
to the abducens motoneurons
 this influence is visible in the ipsipulsion of eye saccades regardless of whether they are :

- ipsilateral, contralateral or vertical (Goffart et al. JNP 2004),
- fixational (Guerrasio et al. JNP 2010)
- generated during head-unrestrained gaze shifts (Quinet & Goffart JNP 2007) 

The sustained firing rate emitted by the saccade-related neurons in the two cFN regulate the balance of activity between 
the left and right rostral SC
 this influence is visible in the offset during fixation, regardless of whether it is made :

- with the head restrained (Goffart et al. JNP 2004; Guerrasio et al. JNP 2010)
- with the head unrestrained (Quinet & Goffart JNP 2005) 

Summary & conclusions

The medio-posterior cerebellum is involved, via the caudal fastigial nuclei, 
in mechanisms that ensure a spatial congruence between :
- the location of a visual target (foveal or peripheral, stationary or moving) and
- the impact of saccades toward this location (fixation or saccade).

The bursts emitted by saccade-related neurons in the two cFN regulate the balance between the excitatory and inhibitory input 
to the abducens motoneurons
 this influence is visible in the ipsipulsion of eye saccades regardless of whether they are :

- ipsilateral, contralateral or vertical (Goffart et al. JNP 2004),
- fixational (Guerrasio et al. JNP 2010)
- generated during head-unrestrained gaze shifts (Quinet & Goffart JNP 2007) 

The sustained firing rate emitted by the saccade-related neurons in the two cFN regulate the balance of activity between 
the left and right rostral SC
 this influence is visible in the offset during fixation, regardless of whether it is made :

- with the head restrained (Goffart et al. JNP 2004; Guerrasio et al. JNP 2010)
- with the head unrestrained (Quinet & Goffart JNP 2005) 

The modulated firing rate of smooth pursuit-related neurons in the two cFN also contribute to this SC balance
 this influence is visible in the offset and gain changes during pursuit

- with the head restrained (Robinson et al. JNP 1997  Krauzlis et al. JNP 2000)
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In the monkey, gaze dysmetria is due to 
dysmetric eye saccades

Quinet & Goffart JNP 2005

Quinet & Goffart JNP 2007

unlike in the head-unrestrained cat (dysmetric eye and head movements)

- Gaze dysmetria due to 
dysmetric eye + head

- Eye/head velocity unchanged
- Eye/head coupling unchanged

Goffart et al JNP 1998

- Gaze dysmetria due to dysmetric eye
- Eye velocity changed, head velocity unchanged
- Eye/head coupling changed

Cat Primate

Robinson et al. JCN 1994 (anatomy)
Quinet & Goffart JNP 2005, 2007 (inactivation & eye-head)

Quinet & Goffart JNP 2009 (microstimulation)
Fuchs et al JNP 2010 (unit recordings)

- Gaze dysmetria due to 
dysmetric eye + head

- Eye/head velocity unchanged
- Eye/head coupling unchanged

Goffart et al JNP 1998

Cat Primate

- Gaze dysmetria due to dysmetric head ?
- Head velocity changed, eye unchanged ?
- Eye/head coupling changed ?

Rodent, Amphibian

?

- Gaze dysmetria due to dysmetric eye
- Eye velocity changed, head velocity unchanged
- Eye/head coupling changed

Robinson et al. JCN 1994 (anatomy)
Quinet & Goffart JNP 2005, 2007 (inactivation & eye-head)

Quinet & Goffart JNP 2009 (microstimulation)
Fuchs et al JNP 2010 (unit recordings)

International Review of Neurobiology 41: 489-513, 1997

In the cat, the influence of the midline cerebellum concerns the generation of eye and head movements.

In the primate, it is restricted to the oculomotor system (system that transports the fovea). 

More general hypothesis : 

The medio-posterior cerebellum would compensate for intra- and inter-specific morphological variability
- in the sensory organs used to detect events in the environment (afferents) and 
- in the motor plants (efferents) used to acquire them.

The prefered sensory system corresponds to the system associated with the largest neural mass.

Experiments in other vertebrate species (e.g., amphibian, rodent) will permit to verify the possibility of a deficit 
in orienting head movements.

Final conclusion



20/05/2022

17

Acknowledgments

Experiments in the caudal Fastigial Nucleus

Denis Pélisson, PhD

Alain Guillaume, PhD

Julie Quinet, PhD

Experiments in the deep Superior Colliculus

David L. Sparks, PhD

Longtang L. Chen, PhD

Lorenzo Guerrasio, PhD

Ulrich Büttner, MD PhD

Ziad M. Hafed, PhD

Rich J. Krauzlis, PhD

Head-free monkeyHead-free cat Head-restrained monkey


