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Corollary Discharge Signals in the Cerebellum

Abigail L. Person

ABSTRACT

The cerebellum is known to make movements fast, smooth, and accurate. Many hypotheses emphasize the role of
the cerebellum in computing learned predictions important for sensorimotor calibration and feedforward control of
movements. Hypotheses of the computations performed by the cerebellum in service of motor control borrow heavily
from control systems theory, with models that frequently invoke copies of motor commands, called corollary
discharge. This review describes evidence for corollary discharge inputs to the cerebellum and highlights the hy-
pothesized roles for this information in cerebellar motor-related computations. Insights into the role of corollary
discharge in motor control, described here, are intended to inform the exciting but still untested roles of corollary
discharge in cognition, perception, and thought control relevant in psychiatric disorders.
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ORIGIN OF A CONCEPT

A major effort in cerebellar research is understanding the
mechanistic basis of behavioral effects of cerebellar damage
and disease. In the motor domain, cerebellar dysfunction leads
to a prominent motor deficit called dysmetria, characterized by
persistent overshoot or undershoot of effectors (e.g., eyes,
limbs) that prompt repeated corrective responses, ultimately
resembling oscillations. These oscillatory symptoms relate
directly to control systems problems encountered in engi-
neering of feedback-controlled mechanisms, such as thermo-
stats, cruise controls, and assembly line workflow (1). Long
sensory feedback delays, such as a thermostat detecting
distant room temperature, produce oscillatory outputs
because the feedback acted on by the controller is out of date
(2,3). Analogous to these engineered systems, the brain ex-
periences delayed sensory feedback during movements, such
as the >100-ms delay of visually detecting the limb at a target;
thus, both engineers and the brain monitor output signals,
called corollary discharge (CD) signals or efference copies, to
perform computations that improve output stability through
predictive control (Figure 1).

Before discussing further the role of CD in cerebellar com-
putations, it is important to clarify the definition of the term and
its origins. In this short review, | will use the term CD to mean a
motor signal sent upstream—away from muscles—used syn-
onymously with the term efference copy (4). Some conceptual
frameworks have argued that the term CD should refer strictly to
sensory expectations referenced to motor commands and that
CD signals should not produce or affect movement directly (4,5).
These views are mainly valuable in certain brain regions, such as
cerebral cortex, where recurrent networks are so vast that
naming specific pathways as carrying CD is not always fruitful.
Within the context of the cerebellum, | will argue that broader
definitions of CD are convenient, as they permit interrogation of

the control systems theories of cerebellar function that invoke
CD-like signals. For instance, | would argue that collateral
pathways from premotor neurons along the efferent motor path
should be considered to constitute a form of CD, even though
their manipulation produces direct motor consequences. This
usage hews closely to the original work defining CD: CD signals
and the synonymous term efference copy were first studied
mechanistically in optokinetic circling induced by eye rotation in
either flies or fishes. Under normal conditions, self-generated
turning does not elicit optokinetic following. However, in the
face of eye rotation, self-generated movements elicited opto-
kinetic reflexes leading to circling behavior. The phenomenon
predicted a signal present in the brain that suppressed optoki-
netic following during self-generated movement that became
maladaptive in the face of eye rotation. Sperry (6) tested where
such a signal might originate in a type of puffer fish, reporting
that the maladaptive optokinetic phenomenon was abolished
with tectal lesions. Thus, Sperry localized a central signal in the
vertebrate brain that accounted for the phenomenon and pro-
posed that “a corollary discharge of motor patterns into the
sensorium may play an important role in the visual perception of
movement” (6). Here it was clear that the motor patterns could
be used to interpret sensory information; importantly, it was not
suggested that they represented the sensory information per se
or were defined by that purpose.

In which ways might CD information influence perception?
Motor output copies (i.e., CD) are hypothesized to interact with
reafferent signals such that mismatches in the total reafference
signal relative to the CD will result in a residual bias that feeds
back to the controller or interpreter (7). This idea had its roots in
observations stemming back centuries: it seemed obvious that
our brains take into account our own actions when interpreting
the world. For instance, when we move, we do not interpret the
world moving before us, but rather ourselves moving within it.
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Figure 1. How corollary discharge (CD) signals to
the cerebellum relate to motor control deficit hy-
potheses. (A) Schematic representation of dysmetric
reaching movement trajectories, characterized by
oscillatory movements around a target (dot), which
emerges with cerebellar (Cb) damage. (B) Compari-
son of slow feedback-error control systems, which
resemble dysmetric movements, with feedforward
control. Feedforward control uses predictive output
to drive movement, avoiding oscillation. (C) Hy-
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Interestingly, in the context of this review, in the 19th century,
Purkinje [of Purkinje neuron fame, among other achievements
(8)] is credited as among the first to propose a cancellation
mechanism between postulated CD and reafferent signals
(9,10). He further suggested that the two signals should be
oppositely signed and temporally adjusted for comparison (9).
While he could not have known that cerebellar Purkinje neu-
rons themselves would become a candidate player in such
cancellation, it is perhaps illuminating to recognize the extent
to which current concepts derive from early physiologists. As
discussed below, cerebellar studies have provided compelling
evidence for the cerebellum mediating motor-to-sensory
reference frame shifts.

SOURCES OF CD IN THE CEREBELLUM

Given the long-standing recognition of CD signaling as
potentially important to cerebellar computations (see below), it
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pothesized framework for cerebellar use of CD in
predictive forward model computations. Panel (C)
aligns computations in the first column with struc-
tures and circuitry, representing regions of the cere-
bellum that produce these signals. Starting at the
bottom left, following arrows: CD and sensory infor-
mation enter the cerebellum via mossy fibers. Infor-
mation is re-expressed in granule cells and scaled at
Purkinje neurons through associative plasticity
mechanisms under the control of climbing fibers.
Together, this plasticity is hypothesized to produce
Purkinje patterning that matches sensory or kine-
matic predictions. Purkinje neurons project to the
output structures of the cerebellum, the cerebellar
nuclei, which send axons out of the cerebellum to
influence downstream targets. One implementation
of feedforward control uses these codes, called for-
ward models, in conjunction with sensory feedback
to identify mismatches of expected from actual out-
comes to perform corrections, interpret sensory in-
formation, and learn. IO, inferior olive; MF, mossy
fiber.

Premotor
structures

is somewhat surprising that few empirical tests of the role of
this information have been done. Ideally, one could record
Purkinje neurons with and without CD information present to
identify the contribution of CD information to Purkinje signaling.
One challenge that has plagued progress into these questions
is simply identifying CD pathways to the cerebellum. Numerous
sources have been suggested, but owing in part to the chal-
lenges of definitions discussed above, many of these sources
of motor information, however compelling theoretically, are
referred to merely as feedback pathways, which sometimes
obscures their potential unique computational utility. Another
key challenge is the limitation of experimental tools available to
specifically inhibit axonal pathways, including pathways
conveying CD information. Insofar as some CD pathways are
constituted from collaterals of outgoing motor command
pathways, the limitations of terminal inhibition become promi-
nent. In particular, optogenetic collateral inhibition has been
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viewed with general skepticism (11) despite meeting some
success in published studies, including within the cerebellum
(12).

Setting these concerns aside, there are numerous putative
sources of motor information to the cerebellum. A number of
major candidates convey motor information tuned to multiple
effectors and derive from sources across the brain, including
cerebral cortex, via relay in the basilar pontine nuclei (13-16).
Other major brainstem sources of motor information are the
lateral reticular nucleus (17-21), conveying information on
cervical and limb musculature; the nucleus hypoglossis pre-
positus and nucleus reticularis tegmenti pontis, both encoding
parameters of oculomotor control (22-24); the magnocellular
red nucleus (25-27), involved in limb and facial movement; the
cerebellar nuclei (12,28-30), mediating control of diverse ef-
fectors; and the ventral/rostral spinocerebellar tract (31-36),
reporting activity of spinal motor neurons. Each of these pu-
tative sources of motor information could contribute to Pur-
kinje neuron signaling, most clearly in analogous motor
domains as the motor CD. Each source, however, could also
be challenged in a strict sense as a source of CD, owing to
potential for mixed sensorimotor signals (basilar pontine
nuclei), equivocal evidence for a commanding role in move-
ment (cerebellar nuclei), or whether they reflect proprioceptive
rather than command signals (lateral reticular nucleus), as
discussed in van Kan et al. (37). In the next three paragraphs, |
look at several potential sources more carefully, discussing the
considerations of whether each mossy fiber pathway should
be considered to convey CD information.

The pontine nuclei are an interesting test case in the defi-
nitional challenges of CD entering the cerebellum. They are
clearly a major route for motor information entering the cere-
bellum, relaying information from motor cortex, superior colli-
culus, and red nucleus among other areas, yet they themselves
do not form a substantial output pathway toward muscles.
They also receive massive inputs from nonmotor domains of
cerebral cortex (38,39). Furthermore, evidence exists for some
mixing of afferents within the basilar pontine nuclei. Within
motor cortex-recipient zones, axons from some sensory re-
gions are also present (40-45), but caudal zones receive
increasingly dense afferents from sensory cortex as well as
relays from nonmotor cortical regions (45). Additionally,
pontine neurons themselves integrate and filter their synaptic
inputs. As reviewed in Schwarz and Thier (45), pontine neurons
possess intrinsic properties that preclude strict relaying of
afferent input, including action potential accommodation,
strong afterhyperpolarization properties, lack of spontaneous
activity, high pass filtering properties, facilitating excitatory
postsynaptic potentials, and intrinsic inhibitory circuitry. Thus,
they proposed a functional role of pontine neurons in binding
information suitable for cerebellar computations. The extent
to which these characteristics transform motor cortical
information is not well understood, and future studies should
relate the extent of pontine information transformation to
ideas of CD in service of refining computational models that
use pure CD information. Despite these caveats, the
cerebellar cortex is hypothesized to use cortical and
collicular motor commands relayed through the pontine
nuclei to sculpt volitional movements, and such signals are
reasonably termed CD or efference copy in numerous
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models (5,46). Thus, with noted caveats, motor regions of
the pontine nuclei should be considered as sources of CD to
the cerebellum.

The cerebellar nuclei could be another source of CD to the
cerebellar cortex. Among many other behaviors, the cerebellar
nuclei are thought to drive conditioned eyelid closures, and
aberrant overactivity in the nuclei has been linked to dystonic
drive of muscle groups (47-49), demonstrating clear relation-
ships with motor commands. It has been known for some time
that the nuclei project back to the cerebellar cortex, but
recently it was confirmed that among the mossy fiber pro-
jections are collaterals of premotor output neurons (12,30,50).
The fact that collaterals of efferent neurons form mossy fibers
conforms to the idea that motor patterns should be fed to
areas computing internal models, a hypothesized role for
Purkinje cells. Nevertheless, it is not believed that cerebellar
premotor output neurons constitute the final common pathway
of motor neuronal patterning; thus, downstream targets of the
nuclei will transform cerebellar output toward the periphery
before reaching muscles. Thus, once again, the input to the
cerebellar cortex is unlikely to be a pure copy of motor
neuronal activity, but it could nevertheless be essential motor
information for predictive computations (51).

Brainstem cranial motor nuclei, their afferents, and spinal
cord are other key candidates for CD information to the cere-
bellum. For instance, eye position is conveyed via the nucleus
prepositus hypoglossi. This oculomotor structure contains
principal neurons that project densely to abducens motor
neurons. Among its diverse cell types, all appear to project to
the cerebellum. Thus, nucleus prepositus input to the cere-
bellar cortex likely includes CD information as well as other
computations made by nonprincipal neurons from this source
(22,23,52,58). The medial vestibular nucleus itself is another
key example of a cranial motor nucleus presynaptic to oculo-
motor nuclei that projects to the cerebellum. This projection
has been well documented, but its cerebellar inputs are un-
likely to derive from collaterals of premotor output neurons
based on mismatches between peak firing rates of precer-
ebellar neurons and output cells (54,55). The ventral spino-
cerebellar tract has been argued to carry CD information based
on physiological observations that antidromically identified
ventral spinocerebellar tract neurons show phasic modulation
during stimulation-induced locomotion in deafferented cats
(32,56).

Although this is a limited snapshot of the range of CD
sources to the cerebellum, taken together, it highlights themes
that motor information from across the brain with diverse
somatotopic tuning enters the cerebellum with varying degrees
of intermixed sensory information. While this sensory mixing
could in theory disqualify a given site as providing a source of
CD, in fact, such contamination of motor information with
sensory information seems to reflect the inherent organization
of the nervous system.

ROLES FOR CD IN THE CEREBELLUM

The cerebellum remains enigmatic in terms of its roles in
behavior. An undisputed theme, however, is its importance in
motor learning. The cerebellar cortex is proposed as a key site
of plasticity; thus, many hypotheses of cerebellar function
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focus on its specific computations. Each of its principal neu-
rons, the Purkinje cells, receives thousands of synapses from
granule cells, which form the input layer of the cerebellar cortex
(Figure 1). Granule cells receive mossy fiber inputs from
diverse regions across the brainstem, some of which are
described above carrying CD information. Other mossy fiber
sources carry sensory information, e.g., from structures such
as the external cuneate nucleus, or relay information from
association and frontal cortices via subregions of the basilar
pontine nuclei. Granule cells perform varying degrees of
afferent mixing depending on the density of specific mossy
fiber afferents in a region (16,57,58) and therefore relay
sensorimotor information to Purkinje neurons. Coincident
activation of granule cell axons (called parallel fibers) with a
second Purkinje cell afferent, called climbing fibers, induces
use-dependent changes in Purkinje firing rates that relate to
motor learning (59). Many hypotheses of cerebellar function
invoke this form of associative plasticity as a mechanism for
motor learning. Because CD is conveyed via mossy fibers and
therefore impinges on Purkinje neurons via parallel fibers, it is
believed that motor information can be used as a rapid
contextual cue on which Purkinje neurons can learn associa-
tive corrections. Moreover, as individual mossy fibers
conveying putative CD information ramify widely (60,61), Pur-
kinje neurons associated with a given effector, such as the eye,
may receive diversely tuned CD information, such as limb-
related signals, which may influence motor coordination
across body parts.

One of the ideas proposed for the role of CD information in
the brain that has clear psychiatric ramifications is its potential
role in interpreting the self from others (62-64). The cerebellum
and cerebellar-like structures have been a testing ground for
some of these ideas. For instance, excellent headway has
been made in understanding CD-based sensory interpretation
in cerebellar-like structures of electric fish; thus, these struc-
tures provide interesting data to compare with studies of cer-
ebellum. In the posterior lateral line lobule in electric fish,
cerebellar cortical circuit architecture is repeated but lacks a
climbing fiber system. This brain area is therefore referred to as
a cerebellar-like structure, acknowledging the differences from
cerebellum. In classic work on sensorimotor prediction in
electric fish, Bell et al. (65-67) uncovered signals in Purkinje-
like neurons that resemble negative images of sensory pre-
dictions. To show this, Bell recorded from principal neurons
(akin to Purkinje cells) in the posterior lateral line lobule and
paired electric organ activation (mimicking CD) with sensory
electroreceptor activation (mimicking sensory reafference).
Over time, this pairing reduced posterior lateral line lobule
responsiveness to sensory activation. In other words, the
pairing of effector activation with sensory activation led to a
cancellation of the sensory responsiveness. Active cancella-
tion was illustrated after pairing by omitting the sensory
stimulation, which revealed a negative image within the
Purkinje-like cell—such that when the sensory input was pre-
sent, the cell’s firing rate no longer changed. Thus, within the
principal cells, a type of cancellation mechanism was revealed.
More recent work in this system has revealed that negative
image computations enhance sensory detection of unex-
pected stimuli, including preylike stimuli (68,69). This finding is
in line with the variety of roles proposed for forward sensory
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reafference predictions based on motor commands, including
blanking or nulling potentially disruptive reafferent input, se-
lective enhancement of meaningful reafferent input, decoding
of reafferent latency as a measure of stimulus intensity, and
detection of novelty (65). Moreover, similar mechanisms have
been uncovered in cerebellar-like structures in mammals; work
in the dorsal cochlear nucleus has shown that Purkinje-like
cartwheel cells learn to cancel self-generated sounds (70).
Thus, in cerebellar-like structures in both fish and mammals,
clear evidence exists linking CD and sensory reafference pre-
diction, used to enhance sensory processing.

Whereas cerebellar-like structures reveal striking evidence
of sensory cancellation from CD, similar signals have not been
clearly observed in cerebellar Purkinje neurons. Rather,
tantalizing evidence for such a canceling computation has
been observed downstream of Purkinje neurons in the cere-
bellar nuclei. In a seminal study, Brooks et al. (71) made re-
cordings from the rostral fastigial nucleus (rFN) while monkeys
made rotational head movements. Ordinarily, a motor com-
mand to turn the head is naturally associated with vestibular
reafference. To dissociate these motor and vestibular reaffer-
ent signals, a variable torque motor was attached to the head,
such that the experimentalist was able to enhance, restrict, or
passively generate head movements and thereby manipulate
the vestibular feedback associated with movement. Before
training, rFN neurons were selectively engaged during passive
rotations yet showed little activity during active movements,
even though the vestibular feedback was identical. This
observation raised the question of what signals were present
during active movements that suppressed the self-generated
vestibular responses. To test this, they applied a load to the
head via the torque motor, such that when the monkey
voluntarily turned his head, the head would move only half as
much as before. In this way, the motor command was paired
with novel vestibular feedback. In early trials, rFN neurons
showed activity during active head turning, in contrast to the
unmanipulated state. This suggests that signals in the rFN
were tuned to match predicted sensory feedback from actual
sensory feedback, associated with a given motor command.
Indeed, as training proceeded and the monkey experienced
more head turns with altered vestibular feedback, the rFN
signals that were initially activated during head turning went
away, as if an internal model had learned to predict and cancel
self-generated vestibular signals.

An obvious question is whether Purkinje neurons could
perform this internal model computation. Indeed, many studies
have proposed that Purkinje neurons compute and encode
internal models, stemming from early models from Robinson
studying the oculomotor system (72). The essential idea is that
motor commands sent to effector organs such as the eye are
fed into the cerebellum where, through adaptive mechanisms,
a prediction of the future sensory/kinematic state of the
effector is made. This computation is known as a forward
model (5). Inverse models, which compute motor commands
necessary to achieve a goal represented in sensory inputs, and
hybrid forward-inverse models have also been proposed as a
computation by the cerebellum (46,73), all of which use CD
information in their computations. The utility of forward models
in other computations is diverse. For instance, they have been
proposed to serve as the basis of rapid feedback control of
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effectors, as they bypass the need for sensory reafference to
guide movements (5,74). Relatedly, they can predict current
state essential for updating the motor plan without relying on
slow sensory reafference. Additionally, they can be used in
conjunction with sensory feedback to produce online correc-
tions by rapidly identifying discrepancies between predicted
and actual motor output—an idea anticipated by early pioneers
of CD and cerebellar control of movement alike (7,72,74). Such
corrections can be fed back to the internal model as grist for
sensorimotor adaptation, maintaining accurate performance of
the body in the face of ever-changing levels of fatigue and
motivation (51,59,72,75,76). These ideas have been exten-
sively reviewed and nicely elaborated in a series of papers
[including (5,52,72,74,77)].

Evidence in support of these ideas has appeared in re-
cordings from Purkinje neurons in both oculomotor and limb
control studies (75,78). For instance, in recordings of Purkinje
neurons during adaptive changes in eye movements, several
groups have described eye velocity signals in Purkinje neu-
rons, a phenomenon that has been continually examined and
elaborated on for many years (75,79). Although these signals
are not the only computation of Purkinje neurons (80,81),
models suggest how CD information is used in their compu-
tation, and this will be the focus here. Velocity tuning in ocu-
lomotor vermis Purkinje neurons represents an internal model,
as eye velocity is not directly encoded by motor commands.
Instead, brainstem saccade generator circuitry generates
commands that activate extraocular muscles with burst-pause
sequences, overcoming eye inertia (82). Recordings of mossy
fibers made during saccadic eye movements showed activity
resembling motor patterns, and anatomical work described
above provides strong support for the idea that CD enters the
cerebellum via mossy fiber pathways (52,83-86). As a more
concrete example, Purkinje neurons have been shown to
encode linear combinations of head and eye velocity, even
though no mossy fiber pathways convey velocity information
specifically, indicating that this is a computation specific to the
Purkinje cell based on putative CD signals (83). This conjecture
is difficult to test mechanistically, owing to methodological
limitations. However, recent supporting evidence for this idea
stems from analysis of Purkinje whisker movement tuning in
mice. In an elegant experiment, it was found that kinematic
encoding of whisker movements was unaffected by local
anesthesia of the whisker pads, which would eliminate sensory
reafference, strongly suggesting that a CD signal for reflexive
whisking was sufficient to drive kinematic predictions in Pur-
kinje cells (87).

The above discussion focuses heavily on CD information
entering the cerebellum via mossy fibers to the cerebellar
cortex, neglecting the potential role for the cerebellar nuclei as
potential independent information processing centers. How-
ever, CD can target the cerebellar output nuclei as well, and
increasing evidence indicates that this input can be fairly se-
lective. Indeed, we and others have shown that some afferents
target the nuclei exclusively (and vice versa). Moreover, of the
two nuclear-selective afferents that have been described, both
are putative CD pathways. One is constituted from collaterals
of rubrospinal neurons and targets the cerebellar interposed
nucleus in mice almost exclusively (25-27). Another originates
in the median reticular formation in the rostrodorsal medulla
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and targets the lateral nucleus and parvocellular ventral part of
the posterior interposed (88). These CD afferents to the nuclei
represent deviations from control systems diagrams that use
CD in forward model computations alone. The roles for these
pathways are unknown but suggest that nuclear activity could
follow both command signals from the motor system and
predictive signals from Purkinje internal model computations
(25). Interestingly, given the clear hypotheses of Purkinje
neuronal suppression of predicted signals, nuclear neurons are
typically active during movements, even those that have been
conditioned, which would not be expected if the well-trained
system should suppress reafference or goal-based signals.
These observations therefore raise new questions for future
research on CD, testing its roles both in computing forward
models and in directly sculpting motor commands
(37,48,87,89-92).

CONCLUSIONS

Taken together, the sources of CD to the cerebellum constitute
a wide variety of motor-related information extending from
preprocessed relays of cortical efferents to sources within one
synapse of motor neurons. Psychiatric disease is often co-
morbid with soft motor signs, suggesting potential mechanistic
overlap. By examining the roles of CD in motor behaviors, we
hope to uncover general principles of how the brain handles
internally generated signals in service of perception and
behavior that may be informative in understanding cognitive
and emotional dysfunction.

ACKNOWLEDGMENTS AND DISCLOSURES

This work was supported by the National Institute of Neurological Disorders
and Stroke (Grant No. NS 084996-01).

The author reports no biomedical financial interests or potential conflicts
of interest.

ARTICLE INFORMATION

From the Department of Physiology and Biophysics, University of Colorado
School of Medicine, Anschutz Medical Campus, Aurora, Colorado.
Address correspondence to Abigail L. Person, Ph.D., Department of
Physiology and Biophysics, 12800 E 19th Ave, Mailstop 8307, University of
Colorado School of Medicine, Anschutz Medical Campus, Aurora, CO
80045; E-mail: abigail.person@ucdenver.edu.
Received Jan 21, 2019; revised Apr 9, 2019; accepted Apr 24, 2019.

REFERENCES

1. Miall RC, Weir DJ, Wolpert DM, Stein JF (1993): Is the cerebellum a
Smith Predictor? J Mot Behav 25:203-216.

2. Holmes G (2007): The Croonian Lectures on the clinical symptoms of
cerebellar disease and their interpretation. Lecture I. 1922. Cerebellum
6:142-147 [discussion: 141].

3. Ohyama T, Nores WL, Murphy M, Mauk MD (2003): What the cere-
bellum computes. Trends Neurosci 26:222-227.

4.  Sommer MA, Wurtz RH (2008): Brain circuits for the internal monitoring
of movements. Annu Rev Neurosci 31:317-338.

5. Wolpert DM, Miall RC (1996): Forward models for physiological motor
control. Neural Netw 9:1265-1279.

6. Sperry RW (1950): Neural basis of the spontaneous optokinetic
response produced by visual inversion. J Comp Physiol Psychol
43:482-489.

Biological Psychiatry: Cognitive Neuroscience and Neuroimaging September 2019; 4:813-819 www.sobp.org/BPCNNI 817


mailto:abigail.person@ucdenver.edu
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref1
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref1
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref2
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref2
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref2
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref3
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref3
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref4
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref4
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref5
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref5
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref6
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref6
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref6
http://www.sobp.org/BPCNNI

Biological
Psychiatry:
CNNI

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

818

von Holst E, Mittelstaedt H (1950): Das Reafferenzprinzip. Natur-
wissenschaften 37:464-476.

Cavero |, Guillon JM, Holzgrefe HH (2017): Reminiscing about Jan
Evangelista Purkinje: A pioneer of modern experimental physiology.
Adv Physiol Educ 41:528-538.

Grusser OJ (1995): On the history of the ideas of efference copy and
reafference. Clio Med 33:35-55, 1995.

Bridgeman B (2011): Visual stability. In: Liversedge S, Gilchrist I,
Everling S, editors. The Oxford Handbook of Eye Movements. Oxford:
Oxford University Press.

Mahn M, Prigge M, Ron S, Levy R, Yizhar O (2016): Biophysical
constraints of optogenetic inhibition at presynaptic terminals. Nat
Neurosci 19:554-556.

Gao Z, Proietti-Onori M, Lin Z, Ten Brinke MM, Boele HJ, Potters JW,
et al. (2016): Excitatory cerebellar nucleocortical circuit provides internal
amplification during associative conditioning. Neuron 89:645-657.
Brodal P (1978): The corticopontine projection in the rhesus monkey.
Origin and principles of organization. Brain 101:251-283.

Brodal A, Hoddevik GH (1978): The pontocerebellar projection of the
uvula in the cat. Exp Brain Res 32:105-116.

Glickstein M, May JG 3rd, Mercier BE (1985): Corticopontine projec-
tion in the macaque: The distribution of labelled cortical cells after
large injections of horseradish peroxidase in the pontine nuclei.
J Comp Neurol 235:343-359.

Huang CC, Sugino K, Shima Y, Guo C, Bai S, Mensh BD, et al. (2013):
Convergence of pontine and proprioceptive streams onto multimodal
cerebellar granule cells. eLife 2:e00400.

Azim E, Jiang J, Alstermark B, Jessell TM (2014): Skilled reaching relies
on a V2a propriospinal internal copy circuit. Nature 508:357-363.
Brodal P, Marsala J, Brodal A (1967): The cerebral cortical projection to
the lateral reticular nucleus in the cat, with special reference to the
sensorimotor cortical areas. Brain Res 6:252-274.

llert M, Lundberg A (1978): Collateral connections to the lateral
reticular nucleus from cervical propriospinal neurones projecting to
forelimb motoneurones in the cat. Neurosci Lett 7:167-172.
Wiesendanger R, Wiesendanger M (1987): Topography of the corti-
cofugal projection to the lateral reticular nucleus in the monkey.
J Comp Neurol 256:570-580.

Mukherjee D, Sokoloff G, Blumberg MS (2018): Corollary discharge in
precerebellar nuclei of sleeping infant rats. eLife 7.

McCrea RA, Horn AK (2006): Nucleus prepositus. Prog Brain Res
151:205-230.

Yingcharoen K, Rinvik E (1982): Branched projections from the nucleus
prepositus hypoglossi to the oculomotor nucleus and the cerebellum.
A retrograde fluorescent double-labeling study in the cat. Brain Res
246:133-136.

Thielert CD, Thier P (1993): Patterns of projections from the pontine
nuclei and the nucleus reticularis tegmenti pontis to the posterior
vermis in the rhesus monkey: A study using retrograde tracers.
J Comp Neurol 337:113-126.

Beitzel CS, Houck BD, Lewis SM, Person AL (2017): Rubrocerebellar
feedback loop isolates the interposed nucleus as an independent
processor of corollary discharge information in mice. J Neurosci
37:10085-10096.

Dietrichs E, Walberg F (1983): Cerebellar cortical afferents from the red
nucleus in the cat. Exp Brain Res 50:353-358.

Huisman AM, Kuypers HG, Condé F, Keizer K (1983): Collaterals of
rubrospinal neurons to the cerebellum in rat. A retrograde fluorescent
double labeling study. Brain Res 264:181-196.

Tolbert DL, Bantli H, Bloedel JR (1978): Multiple branching of cere-
bellar efferent projections in cats. Exp Brain Res 31:305-316.
McCrea RA, Bishop GA, Kitai ST (1978): Morphological and electro-
physiological characteristics of projection neurons in the nucleus
interpositus of the cat cerebellum. J Comp Neurol 181:397-419.
Houck BD, Person AL (2015): Cerebellar premotor output neurons
collateralize to innervate the cerebellar cortex. J Comp Neurol
523:2254-2271.

Alstermark B, Lindstrom S, Lundberg A, Sybirska E (1981): Integration
in descending motor pathways controlling the forelimb in the cat. 8.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

CD in the Cerebellum

Ascending projection to the lateral reticular nucleus from C3-C4 pro-
priospinal also projecting to forelimb motoneurones. Exp Brain Res
42:282-298.

Arshavsky YI, Berkinblit MB, Fukson OIl, Gelfand IM, Orlovsky GN
(1972): Origin of modulation in neurones of the ventral spinocerebellar
tract during locomotion. Brain Res 43:276-279.

Arshavsky YI, Gelfand IM, Orlovsky GN, Pavlova GA (1978): Messages
conveyed by spinocerebellar pathways during scratching in the cat. Il.
Activity of neurons of the ventral spinocerebellar tract. Brain Res
151:493-506.

Hirai N, Hongo T, Kudo N, Yamaguchi T (1976): Heterogeneous
composition of the spinocerebellar tract originating from the cervical
enlargement in the cat. Brain Res 109:387-391.

Matsushita M, Ikeda M (1987): Spinocerebellar projections from the
cervical enlargement in the cat, as studied by anterograde transport of
wheat germ agglutinin-horseradish peroxidase. J Comp Neurol
263:223-240.

Wiksten B (1985): Retrograde HRP study of neurons in the cervical
enlargement projecting to the cerebellum in the cat. Exp Brain Res
58:95-101.

van Kan PL, Houk JC, Gibson AR (1993): Output organization of in-
termediate cerebellum of the monkey. J Neurophysiol 69:57-73.
Guell X, Schmahmann JD, Gabrieli JD, Ghosh SS (2018): Functional
gradients of the cerebellum. eLife 7:€36652.

Schmahmann JD, Pandya DN (1997): Anatomic organization of the
basilar pontine projections from prefrontal cortices in Rhesus monkey.
J Neurosci 17:438-458.

Burne RA, Azizi SA, Mihailoff GA, Woodward DJ (1981): The tecto-
pontine projection the rat with comments on visual pathways to the
basilar pons. J Comp Neurol 202:287-307.

Leergaard TB, Bjaalie JG (2007): Topography of the complete corti-
copontine projection: From experiments to principal maps. Front
Neurosci 1:211-223.

Leergaard TB, Lyngstad KA, Thompson JH, Taeymans S, Vos BP, De
Schutter E, et al. (2000): Rat somatosensory cerebropontocerebellar
pathways: Spatial relationships of the somatotopic map of the primary
somatosensory cortex are preserved in a three-dimensional clustered
pontine map. J Comp Neurol 422:246-266.

Leergaard TB, Alloway KD, Pham TA, Bolstad |, Hoffer ZS,
Pettersen C, Bjaalie JG (2000): Three-dimensional topography of
corticopontine projections from rat barrel cortex: Correlations with
corticostriatal organization. J Neurosci 20:8474-8484.

Panto MR, Cicirata F, Angaut P, Parenti R, Serapide F (1995): The
projection from the primary motor and somatic sensory cortex to the
basilar pontine nuclei. A detailed electrophysiological and anatomical
study in the rat. J Hirnforsch 36:7-19.

Schwarz C, Thier P (1999): Binding of signals relevant for action: To-
wards a hypothesis of the functional role of the pontine nuclei. Trends
Neurosci 22:443-451.

Kawato M, Gomi H (1992): A computational model of four regions of
the cerebellum based on feedback-error learning. Biol Cybern 68:95-
108.

Garcia KS, Mauk MD (1998): Pharmacological analysis of cerebellar
contributions to the timing and expression of conditioned eyelid re-
sponses. Neuropharmacology 37:471-480.

Heiney SA, Kim J, Augustine GJ, Medina JF (2014): Precise control of
movement kinematics by optogenetic inhibition of Purkinje cell activ-
ity. J Neurosci 34:2321-2330.

LeDoux MS, Lorden JF (1998): Abnormal cerebellar output in the
genetically dystonic rat. Adv Neurol 78:63-78.

Houck BD, Person AL (2014): Cerebellar loops: A review of the
nucleocortical pathway. Cerebellum 13:378-385.

Khilkevich A, Zambrano J, Richards MM, Mauk MD (2018): Cerebellar
implementation of movement sequences through feedback. eLife 7:31.
Lisberger SG (2009): Internal models of eye movement in the floccular
complex of the monkey cerebellum. Neuroscience 162:763-776.
Ruigrok TJH (2003): Collateralization of climbing and mossy fibers
projecting to the nodulus and flocculus of the rat cerebellum. J Comp
Neurol 466:278-298.

Biological Psychiatry: Cognitive Neuroscience and Neuroimaging September 2019; 4:813-819 www.sobp.org/BPCNNI


http://refhub.elsevier.com/S2451-9022(19)30106-5/sref7
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref7
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref8
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref8
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref8
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref9
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref9
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref10
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref10
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref10
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref11
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref11
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref11
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref12
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref12
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref12
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref13
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref13
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref14
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref14
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref15
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref15
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref15
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref15
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref16
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref16
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref16
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref17
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref17
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref18
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref18
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref18
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref19
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref19
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref19
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref20
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref20
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref20
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref21
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref21
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref22
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref22
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref23
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref23
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref23
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref23
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref24
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref24
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref24
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref24
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref25
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref25
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref25
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref25
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref26
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref26
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref27
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref27
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref27
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref28
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref28
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref29
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref29
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref29
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref30
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref30
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref30
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref31
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref31
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref31
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref31
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref31
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref32
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref32
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref32
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref33
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref33
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref33
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref33
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref34
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref34
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref34
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref35
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref35
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref35
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref35
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref36
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref36
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref36
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref37
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref37
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref38
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref38
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref39
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref39
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref39
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref40
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref40
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref40
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref41
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref41
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref41
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref42
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref42
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref42
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref42
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref42
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref43
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref43
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref43
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref43
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref44
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref44
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref44
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref44
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref45
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref45
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref45
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref46
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref46
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref46
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref47
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref47
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref47
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref48
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref48
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref48
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref49
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref49
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref50
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref50
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref51
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref51
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref52
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref52
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref53
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref53
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref53
http://www.sobp.org/BPCNNI

CD in the Cerebellum

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Kolkman KE, McElvain LE, du Lac S (2011): Diverse precerebellar
neurons share similar intrinsic excitability. J Neurosci 31:16665-16674.
Sekirnjak C, du Lac S (2006): Physiological and anatomical properties
of mouse medial vestibular nucleus neurons projecting to the oculo-
motor nucleus. J Neurophysiol 95:3012-3023.

Lundberg A (1971): Function of the ventral spinocerebellar tract. A new
hypothesis. Exp Brain Res 12:317-330.

Gilmer JI, Person AL (2017): Morphological constraints on cerebellar
granule cell combinatorial diversity. J Neurosci 37:12153-12166.
Bengtsson F, Jorntell H (2009): Sensory transmission in cerebellar
granule cells relies on similarly coded mossy fiber inputs. Proc Natl
Acad Sci U S A 106:2389-2394.

Raymond JL, Lisberger SG, Mauk MD (1996): The cerebellum: A
neuronal learning machine? Science 272:1126-1131.

Biswas MS, Luo Y, Sarpong GA, Sugihara | (2019): Divergent pro-
jections of single pontocerebellar axons to multiple cerebellar lob-
ules in the mouse. J Comp Neurol 527:1966-1985.

Na J, Sugihara |, Shinoda Y (2019): The entire trajectories of single
pontocerebellar axons and their lobular and longitudinal terminal dis-
tribution patterns in multiple aldolase C-positive compartments of the
rat cerebellar cortex. J Comp Neurol 527:2488-2511.

Ford JM, Mathalon DH (2005): Corollary discharge dysfunction in
schizophrenia: Can it explain auditory hallucinations? Int J Psycho-
physiol 58:179-189.

Schneider DM, Nelson A, Mooney R (2014): A synaptic and circuit basis
for corollary discharge in the auditory cortex. Nature 513:189-194.
Blakemore SJ, Wolpert DM, Frith CD (1998): Central cancellation of
self-produced tickle sensation. Nat Neurosci 1:635-640.

Bell C (1989): Sensory coding and corollary discharge effects in
mormyrid electric fish. J Exp Biol 146:229-253.

Bell CC, Grant K (1992): Sensory processing and corollary discharge
effects in mormyromast regions of mormyrid electrosensory lobe. Il. Cell
types and corollary discharge plasticity. J Neurophysiol 68:859-875.
Bell CC, Grant K, Serrier J (1992): Sensory processing and corollary
discharge effects in the mormyromast regions of the mormyrid elec-
trosensory lobe. |. Field potentials, cellular activity in associated
structures. J Neurophysiol 68:843-858.

Enikolopov AG, Abbott LF, Sawtell NB (2018): Internally generated
predictions enhance neural and behavioral detection of sensory stimuli
in an electric fish. Neuron 99:135-146.e3.

Sawtell NB (2017): Neural mechanisms for predicting the sensory
consequences of behavior: Insights from electrosensory systems.
Annu Rev Physiol 79:381-399.

Singla S, Dempsey C, Warren R, Enikolopov AG, Sawtell NB (2017):
A cerebellum-like circuit in the auditory system cancels responses to
self-generated sounds. Nat Neurosci 20:943-950.

Brooks JX, Carriot J, Cullen KE (2015): Learning to expect the unex-
pected: Rapid updating in primate cerebellum during voluntary self-
motion. Nat Neurosci 18:1310-1317.

Shadmehr R, Smith MA, Krakauer JW (2010): Error correction, sensory
prediction, and adaptation in motor control. Annu Rev Neurosci 33:89-
108.

Shidara M, Kawano K, Gomi H, Kawato M (1993): Inverse-dynamics
model eye movement control by Purkinje cells in the cerebellum.
Nature 365:50-52.

75.

76.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Biological
Psychiatry:
CNNI

Wolpert DM, Miall RC, Kawato M (1998): Internal models in the cere-
bellum. Trends Cogn Sci 2:338-347.

Herzfeld DJ, Kojima Y, Soetedjo R, Shadmehr R (2015): Encoding of
action by the Purkinje cells of the cerebellum. Nature 526:439-442.
Prsa M, Dicke PW, Thier P (2010): The absence of eye muscle fatigue
indicates that the nervous system compensates for non-motor dis-
turbances of oculomotor function. J Neurosci 30:15834-15842.
Robinson DA (1981): The use of control systems analysis in the
neurophysiology of eye movements. Annu Rev Neurosci 4:463-5083.
Pasalar S, Roitman AV, Durfee WK, Ebner TJ (2006): Force field effects
on cerebellar Purkinje cell discharge with implications for internal
models. Nat Neurosci 9:1404-1411.

Lisberger SG, Fuchs AF (1978): Role of primate flocculus during rapid
behavioral modification of vestibuloocular reflex. I. Purkinje cell activity
during visually guided horizontal smooth-pursuit eye movements and
passive head rotation. J Neurophysiol 41:733-763.

Thier P, Dicke PW, Haas R, Barash S (2000): Encoding of movement
time by populations of cerebellar Purkinje cells. Nature 405:72-76.
Catz N, Dicke PW, Thier P (2008): Cerebellar-dependent motor
learning is based on pruning a Purkinje cell population response. Proc
Natl Acad Sci U S A 105:7309-7314.

Fuchs AF, Kaneko CR, Scudder CA (1985): Brainstem control of
saccadic eye movements. Annu Rev Neurosci 8:307-337.

Lisberger SG, Fuchs AF (1978): Role of primate flocculus during rapid
behavioral modification of vestibuloocular reflex. Il. Mossy fiber firing
patterns during horizontal head rotation and eye movement.
J Neurophysiol 41:764-777.

Kase M, Miller DC, Noda H (1980): Discharges of Purkinje cells and
mossy fibres in the cerebellar vermis of the monkey during saccadic
eye movements and fixation. J Physiol 300:539-555.

Miles FA, Fuller JH, Braitman DJ, Dow BM (1980): Long-term adaptive
changes in primate vestibuloocular reflex. Ill. Electrophysiological
observations in flocculus of normal monkeys. J Neurophysiol 43:1437-
1476.

Ohtsuka K, Noda H (1992): Burst discharges of mossy fibers in the
oculomotor vermis of macaque monkeys during saccadic eye move-
ments. Neurosci Res 15:102-114.

Brown ST, Raman IM (2018): Sensorimotor integration and amplifica-
tion of reflexive whisking by well-timed spiking in the cerebellar cor-
ticonuclear circuit. Neuron 99:564-575.e2.

Luo Y, Sugihara | (2014): Cerebellar afferents originating from the
medullary reticular formation that are different from mossy, climbing or
monoaminergic fibers in the rat. Brain Res 1566:31-46.

Fortier PA, Kalaska JF, Smith AM (1989): Cerebellar neuronal activity
related to whole-arm reaching movements in the monkey.
J Neurophysiol 62:198-211.

Fuchs AF, Robinson FR, Straube A (1993): Role of the caudal fastigial
nucleus in saccade generation. |. Neuronal discharge pattern.
J Neurophysiol 70:1723-1740.

Ten Brinke MM, Heiney SA, Wang X, Proietti-Onori M, Boele HJ,
Bakermans J, et al. (2017): Dynamic modulation of activity in cerebellar
nuclei neurons during pavlovian eyeblink conditioning in mice. eLife 6.
Thach WT (1970): Discharge of cerebellar neurons related to two
maintained postures and two prompt movements. |I. Nuclear cell
output. J Neurophysiol 33:527-536.

Biological Psychiatry: Cognitive Neuroscience and Neuroimaging September 2019; 4:813-819 www.sobp.org/BPCNNI 819


http://refhub.elsevier.com/S2451-9022(19)30106-5/sref54
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref54
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref55
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref55
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref55
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref56
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref56
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref57
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref57
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref58
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref58
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref58
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref59
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref59
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref60
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref60
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref60
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref61
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref61
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref61
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref61
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref62
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref62
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref62
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref63
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref63
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref64
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref64
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref65
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref65
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref66
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref66
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref66
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref67
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref67
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref67
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref67
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref68
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref68
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref68
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref69
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref69
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref69
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref70
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref70
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref70
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref71
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref71
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref71
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref72
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref72
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref72
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref73
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref73
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref73
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref74
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref74
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref75
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref75
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref76
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref76
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref76
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref77
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref77
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref78
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref78
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref78
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref79
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref79
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref79
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref79
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref80
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref80
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref81
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref81
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref81
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref82
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref82
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref83
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref83
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref83
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref83
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref84
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref84
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref84
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref85
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref85
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref85
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref85
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref86
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref86
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref86
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref87
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref87
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref87
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref88
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref88
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref88
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref89
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref89
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref89
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref90
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref90
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref90
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref91
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref91
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref91
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref92
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref92
http://refhub.elsevier.com/S2451-9022(19)30106-5/sref92
http://www.sobp.org/BPCNNI

	Corollary Discharge Signals in the Cerebellum
	Origin of a Concept
	Sources of CD in the Cerebellum
	Roles for CD in the Cerebellum
	Conclusions
	References


