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Corollary discharge is an important brain function that allows animals to distinguish
external from self-generated signals, which is critical to sensorimotor coordination.
Since discovery of the concept of corollary discharge in 1950, neuroscientists have
sought to elucidate underlying neural circuits and mechanisms. Here, we review a
history of neurophysiological studies on corollary discharge and highlight significant
contributions from studies using African mormyrid weakly electric fish. Mormyrid fish
generate brief electric pulses to communicate with other fish and to sense their
surroundings. In addition, mormyrids can passively locate weak, external electric signals.
These three behaviors are mediated by different corollary discharge functions including
inhibition, enhancement, and predictive “negative image” generation. Owing to several
experimental advantages of mormyrids, investigations of these mechanisms have led
to important general principles that have proven applicable to a wide diversity of
animal species.

Keywords: efference copy, sensorimotor integration, electrosensory, electrolocation, communication, prediction,
comparative physiology

INTRODUCTION

When we move our eyes to shift our gaze, a drastic change happens in our retinal image, but
we still perceive a static visual scene. When we tickle ourselves, we hardly feel tickled. Thus, we
must discriminate between environmental change-driven sensory input (exafference) and self-
generated sensory input (reafference). These signals cannot be distinguished by sensory receptors.
Instead, exafferent and reafferent stimuli are distinguished within the central nervous system using
a corollary discharge or efference copy, which are internal copies of motor command signals that
influence central sensory processing.

The concepts of corollary discharge and efference copy were proposed by Sperry (1950) and von
Holst and Mittelstaedt (1950), respectively. Corollary discharge refers to any motor-related timing
signal that influences sensorimotor processing. Efference copy has a narrower sense, referring to a
subtractive signal for canceling predictable reafferent input. Since their discovery, neurobiologists
have sought to identify mechanisms using diverse animal species. Studies of mormyrid weakly
electric fish have contributed substantially to understanding the neural circuitry and mechanisms
underlying corollary discharge. These fish generate stereotyped electric pulses termed electric organ
discharges (EODs) from an electric organ located at the base of the tail. The EODs are used for two
different behaviors. One is electrocommunication, in which fishes communicate their identities
and behavioral states to each other (Hopkins, 1986a). The other is active electrolocation, in
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which fish can sense the environment by detecting distortions
in their self-generated EOD (von der Emde, 1999). In addition,
mormyrids can detect the external electric fields generated
by all aquatic organisms, which is referred to as low-
frequency passive electrolocation (Kalmijn, 1974). Importantly,
self-generated EODs have different implications for these
three behaviors (Figure 1). Reafferent inputs are noise for
communication and passive electrolocation, whereas they are
signal for active electrolocation. By contrast, exafferent input
is noise for active electrolocation. The sensory processing
related to these behaviors is performed by separate sensory
pathways, each having a different type of sensory receptor (Bell,
1989; Perks and Sawtell, 2019). In these dedicated sensory
pathways, corollary discharges differently modulate sensory
processing to extract behaviorally relevant information (Bell,
1989; Perks and Sawtell, 2019).

Mormyrids have several advantages for studying neural
mechanisms of corollary discharge. (1) In freely behaving
fish, the motor command signal from spinal electromotor
neurons is linked 1:1 with EOD output. (2) It is easy
to record this motor command signal as a fictive EOD
when the fish is immobilized and electrically silenced. (3)
This recording of command signals is not invasive. (4)
The recording site for motor commands is distant from
the brain, which allows for simultaneous electrophysiological
recording from the brain. (5) Stimuli that mimic reafferent
EOD input can be delivered with arbitrary waveform and
timing. Owing to these advantages, mormyrids have provided
novel general insights into corollary discharge mechanisms in
sensory processing.

There are numerous review papers describing mechanisms of
corollary discharge in various sensory modalities and animals
(e.g., Cullen, 2004; Poulet and Hedwig, 2007; Crapse and
Sommer, 2008; Requarth and Sawtell, 2011; Schneider and
Mooney, 2018; Straka et al., 2018). This review takes a historical
perspective, emphasizing the critical contributions of research
on mormyrids in advancing our understanding of corollary
discharge mechanisms in sensory processing.

EMERGING CONCEPTS OF COROLLARY
DISCHARGE AND EFFERENCE COPY

In 1950, corollary discharge and efference copy were proposed
independently by research groups in the United States and
Germany. von Holst and Mittelstaedt (1950), who were
German researchers, published a landmark paper titled Das
Reafferenzprinzip (The Reafference Principle). In that paper,
they discussed why stimuli that trigger reflexive behavior under
stationary conditions do not evoke such reflexes when those
stimuli are self-generated during voluntary behavior, referencing
the optokinetic response of blowflies, postural reflex of fish,
and bending reflex of millipedes. They proposed that an
“efference copy” acts to subtract self-generated sensory input,
or “reafference,” to distinguish from external sensory input, or
“exafference.” For example, the optokinetic response is a reflex
in which animals shift their gaze by moving their eyes or body
in response to rapid changes in visual input (Figure 2A). This
gaze shifting works to maintain visual field stability. A change
in visual input also occurs when an animal voluntarily moves,
but animals do not show optokinetic responses during voluntary
movement (Figure 2B). von Holst and Mittelstaedt performed
an experiment that rotated the fly’s head by 180 degrees about
its longitudinal axis, which reversed its visual flow horizontally.
They found that the head-rotated fly continuously circled after
starting a voluntary movement in either direction (Figure 2C).
This finding indicated that the optokinetic response was not
simply inhibited during voluntary movements. Instead, they
suggested the moving insect “expects” a specific visual stimulus
due to its own movement, which is “neutralized” by an efference
copy from the motor center. This could explain why the fly
continued circling when the head rotation caused inverted visual
flow, as the resulting reafferent sensory input would not be
compensated, but instead enhanced by the efference copy.
Sperry, who was a neuropsychologist in the United States,
first used the term “corollary discharge” (Sperry, 1950). Since
“corollary” means something that is a direct or natural
consequence of something else, Sperry used the term “corollary

Electrocommunication

Signal = Other fish's EOD
Noise = Own EOD

FIGURE 1 | Signal and noise are different among the three electrosensory-mediated behaviors. For electrocommunication, EODs generated from neighboring fish
(dashed blue lines) are signal while self-generated EODs (dashed red lines) are noise (left). For active electrolocation, self-generated EODs (blue) are signal while
EODs from other fish (red) are noise (middle). For passive electrolocation, low-frequency weak electric fields generated from aquatic animals (e.g., worm) are signal

(blue) while self-generated EODs (red) are noise (right).

Active electrolocation
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FIGURE 2 | Efference copy hypothesis from the optokinetic response in blowfly. (A) Optokinetic response. When the external world moves rightward (R), sensory
receptors tells the sensory center about this information. In turn, to stabilize the visual scene, the sensory center sends information about the rightward movement to
the motor center, which executes the effector to move toward the right to maintain a stable visual image. (B) Voluntary movement in a normal fly. When the fly
voluntarily moves leftward (L), rightward visual flow occurs. While the higher center provides the motor center with a command to move leftward, it also provides the
sensory center with an efference copy or corollary discharge about the leftward movement command. This efference copy or corollary discharge signal can nullify the
reafferent sensory signal, resulting in inhibition of the optokinetic response. (C) Voluntary movement in a head-rotated fly. When the 180° head-rotated fly moves
leftward, leftward visual flow occurs. While the higher center provides the motor center with a command to move leftward, it also provides the sensory center with an
efference copy or corollary discharge about the leftward movement command. However, since visual flow in the head-rotated fly is to the left rather than to the right,
the efference copy or corollary discharge cannot nullify the reafferent signal, and instead ampilifies it, resulting in continuous circling movements due to the
optokinetic response.

discharge” to refer to an internal signal that is the direct result of
a motor command. Similar to the experiment by von Holst and
Mittelstaedt, he focused on the optokinetic response of swellfish,
Sphaeroides spengleri. He rotated one eyeball of the fish by 180
degrees, which also reversed its visual flow horizontally, while
the other eyeball was covered with a foil blinder. He found
a similar circling behavior in the eye-rotated fish. Further, he
investigated the neural basis underlying this circling behavior by
ablating vestibular organs or brain regions, including the optic
tectum, forebrain, cerebellum, and/or inferior lobes. He found
that ablation of the portion of the optic tectum that received input
from the rotated eye abolished the circling behavior whereas

ablation of the other regions had no effect. From these results,
he predicted integration in the optic tectum between visual
signals from the eye and corollary discharge signals of motor
patterns that plays an important role in visual perception during
voluntary movement.

Since emerging concurrently and independently, the terms
corollary discharge and efference copy have often been used
interchangeably. However, some previous reviews have described
important differences between corollary discharge and efference
copy (Crapse and Sommer, 2008; Straka et al., 2018). Efference
copy, as its name suggests, is defined as a copy of an efferent
motor command sent to the sensory pathway. The efference copy
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contains a subtractive signal for canceling predictable sensory
input caused by an animal’s own behavior. In other words, if the
reafferent input is regarded as a “positive image,” the efference
copy is a “negative image” of the reafferent input. By contrast,
corollary discharge has a more general meaning: a motor-
related timing signal that influences sensorimotor processing.
A corollary discharge can have many different effects including
inhibition, facilitation, and modulation. Thus, the term corollary
discharge encompasses efference copies and additional effects of
motor-related signals on sensorimotor processing.

EARLY PHYSIOLOGICAL EVIDENCE OF
COROLLARY DISCHARGES

Although there is no consensus as to who obtained the first
physiological evidence of a corollary discharge, supporting data
began to be published around the end of the 1960s.

Possible Corollary Discharge Signals

The first evidence of a corollary discharge signal might have
been found in goldfish (Carassius auratus), in relation to eye
movement (Johnstone and Mark, 1969). Johnstone and Mark
(1969) focused on the tectal commissure, which connects the
left-right optic tecta, which directly receive inputs from retinal
ganglion cells. They found that neurons in the tectal commissure
showed two types of responses. One type of neuron exhibited
regular discharge in the dark that was inhibited by applying
light (Mark and Davidson, 1966). The other type had no
spontaneous activity but exhibited high-frequency spikes in
synchrony with flicking movements of the eyes (Johnstone and
Mark, 1969). The authors interpreted the latter type of activity as
a corollary discharge signal because: (1) stopping eye movements
by paralyzing eye muscles did not affect this activity, suggesting it
was not associated with sensory responses to eye movement; and
(2) removal of the tectal commissure did not affect spontaneous
eye movement, suggesting the commissure was not involved in
the motor control of eye movement.

Another possible corollary discharge signal was found in
the lateral-line system of the dogfish, Scyliorhinus canicula.
The lateral-line hair cells monitor water flow surrounding the
animal, which is drastically affected by self-generated sinuous
movement during swimming. These hair cells are innervated by
efferent fibers originating from the cerebellum (Hillman, 1969;
Paul and Roberts, 1977). Roberts and Russell found that these
efferent fibers were active when the fish was swimming, both
spontaneously and when stimulated, whereas the fibers were
silent when the fish was moved by the observer (Roberts and
Russell, 1972). Because these efferent fibers provide inhibitory
inputs to the hair cells, this system prevents the hair cells from
being over-stimulated by self-generated movement.

Suppression of Sensory Processing by

Own Behavior

Around the same time, suppressive effects of behavior on sensory
processing were found in various sensory modalities and taxa,
suggesting a role for corollary discharges. To our knowledge, the

first evidence for corollary discharge inhibition was found in the
electrosensory system of a mormyrid, as we discuss in detail in
a later section (Bennett and Steinbach, 1969). Here, we review
motor-related suppression effects in other sensory modalities
reported in the 1970s.

Motor-related suppression in the visual system was found
in a study of visual responses in optic fibers of crayfish
(Procambarus clarkii) (Wiersma and Yamaguchi, 1967). Wiersma
and Yamaguchi found optic fiber neurons that responded to
moving visual stimuli but were unresponsive during active
or passive (experimenter-induced) eye movements. Inhibition
of visual responses during active eye movement might have
been mediated by a corollary discharge (Figure 3A). However,
inhibition during passive movement must have been mediated by
sensory feedback about the eye movements (e.g., proprioception)
because there was no internal motor command in this case
(Figure 3B). Such feedback could also account for the inhibition
observed during active eye movement (Figure 3A). As we will
see, determining whether changes in sensory processing during
behavior are due to sensory feedback or corollary discharge
often requires experiments in which behavior is blocked such
that central motor commands are decoupled from motor
output (Figure 3C).

A similar kind of motor-related suppression was discovered
in the superior colliculus of rhesus macaques, Macaca mulatta
(Goldberg and Wurtz, 1972). Goldberg and Wurtz (1972)
found that spontaneous activity of superior colliculus neurons
was suppressed by eye movement in total darkness. In this
case, because this suppression effect slightly preceded the eye
movement, it was most likely due to a corollary discharge rather
than sensory feedback.

Motor-related suppression was also found in the auditory
system of the gray bat, Myotis grisescens. To navigate in a dark
environment, bats emit ultrasound pulses and utilize information
from the echo. Suga and Schlegel (1972) recorded auditory
responses from the auditory nerve and the lateral lemniscus,
which is a tract of axons relaying auditory information from
the cochlear nuclei to the inferior colliculus. They found that
the evoked potential response of the lateral lemniscus to self-
vocalized sound was weaker than playback of the same sound,
even though playback intensity was the same as the vocalization.
Because auditory nerve responses were equivalent between these
two sounds, this attenuation must have occurred between the
auditory nerve and the inferior colliculus. In turn, Suga and
Shimozawa (1974) explored where the attenuation actually occurs
and identified it in the nucleus of the lateral lemniscus. This
suppression mechanism likely acts to prevent habituation in
response to the loud pulse and maintain sensitivity to the
subsequent echo. However, these studies could not determine
whether a corollary discharge or sensory feedback resulting from
vocalization mediated this attenuation (see Figure 3).

Motor-related suppression was also found in the
mechanosensory system. Crickets have organs called cerci
at the rear of the abdomen, which have mechanosensory hairs
that detect air flow (reviewed in Casas and Dangles, 2010). The
cerci detect the rapid air flow that accompanies the approach
of a predator, which triggers an escape response. However,
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FIGURE 3 | How to distinguish between sensory feedback and corollary discharge in mediating motor-related effects on sensory processing. (A) Natural voluntary
behavior. When a crayfish moves its eye stalk, visual sensory processing may be modulated by corollary discharge signals from the motor control center or sensory
feedback, for example from vestibular, proprioceptive, or coherent wide field visual inputs. (B) Passive movement of sensory organ. When the eye stalk is passively
moved by an experimenter, there is no motor command and no corollary discharge signal. Thus, any effects of eye motion on the processing of visual stimuli must
be due to sensory feedback. (C) Immobilized preparation. When the muscles involved in eye movement are curarized, there is no eye movement in response to a
motor command and there is no reafferent visual input or sensory feedback. Thus, any changes in the processing of visual stimuli in response to motor commands
must be due to a corollary discharge signal. In this case, even though eye movement is blocked, motor command signals from the motor center can be monitored
as fictive movements.

the cerci also respond to air flow caused by self-locomotion.
Murphey and Palka (1974) found that second-order neurons
were less responsive to mechanosensory stimuli during walking
compared to resting. Further, they made intracellular recordings
from an identified neuron (medial giant interneuron; MGI) in
a restrained preparation while monitoring extracellular neural
activity from the ipsilateral middle leg nerve. The MGI showed
an inhibitory postsynaptic potential during spontaneous burst
firing of the leg nerve. Note that, by eliminating actual movement
and monitoring fictive movement from the leg nerve, these
experiments succeeded in eliminating sensory feedback as a

possible cue, thereby demonstrating that this inhibition was
mediated by a corollary discharge (see Figure 3C).

Corollary Discharge Circuits Mediating

Behaviors

How does corollary discharge govern an animal’s natural
behavior? Compared to vertebrates, invertebrates have a small
number of identifiable neurons in the central nervous system,
which attracts neurobiologists who seek to understand neural
circuits underlying behavior at a cellular level. In the mid-1970s,
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neural circuits involving corollary discharges were identified in
sea slugs and crayfish.

Like swimming and walking, feeding behavior consists of
rhythmic movements. Davis et al. (1973) examined neural
circuits governing rhythmic feeding behavior in the sea slug
Pleurobranchaea californica. While they identified motor neurons
in the buccal ganglia that produced rhythmic oscillations during
feeding, they also found neurons that send a corollary discharge
associated with these oscillations to the brain (Davis et al., 1973;
Siegler et al., 1974). Moreover, Gillette and Davis identified
a command neuron in the brain, termed metacerebral giant
(MCQG), that triggers the rhythmic feeding behavior (Gillette and
Davis, 1977). The MCG receives corollary discharge inhibition
from the buccal ganglion, as well as tactile mechanosensory
and chemosensory inputs related to food from the mouth. The
corollary discharge feedback associated with feeding oscillations
serves to amplify the rhythmic excitatory drive for feeding
(Gillette and Davis, 1977). These studies were the first to
demonstrate that corollary discharge governs rhythmic motor
output during behavior.

A corollary discharge was also found to mediate behavioral
choice in Pleurobranchaea californica. The sea slug normally
exhibits a withdrawal response to vigorous tactile stimulation
of the oral veil, whereas it starts rhythmic feeding behavior
in response to chemical stimulation from food. When both
stimuli are present, the sea slug shows feeding behavior, but
does not exhibit the withdrawal response (Davis et al., 1973,
1977). Kovac and Davis (1977) identified one pair of corollary
discharge interneurons from the feeding circuit that suppressed
the activities of withdrawal motor neurons in response to
tactile stimulation. Later, Kovac and Davis (1980) revealed this
corollary discharge interneuron directly inhibited the withdrawal
command neuron. This inhibition therefore acts to suppress
withdrawal in response to self-generated tactile stimulation
during feeding. More generally, these findings described a
cellular basis for behavioral choice governed by corollary
discharge inhibition.

The crayfish Procambarus clarkii exhibits a rapid escape
response to mechanosensory stimuli. The neural Ccircuit
underlying this tail-flip escape behavior has been well
characterized (Wiersma, 1947; Edwards et al, 1999):
mechanosensory stimulation to the caudal body activates
lateral giant (LG) fibers to elicit upward-jumping escape
while stimulation to the rostral body activates medial giant
(MG) fibers to elicit backward escape. These giant fibers
receive mechanosensory inputs via second-order sensory
interneurons. Strong mechanosensory stimulation is generated
from spontaneous movements, including the tail-flip, which
would strongly activate many mechanosensory afferents. Krasne
and Bryan (1973) examined how crayfish discriminate such
self-generated stimuli from external mechanosensory stimuli.
They found that a corollary discharge signal from the tail-flip
motor circuit provides presynaptic inhibition to the synapse
between the mechanosensory afferents and the interneurons,
which can protect the animal from maladaptive habituation and
prevent repeated activation of the escape circuit in response to
the animal’s own movement. Thus, this study also delineated

a cellular-level circuit involving a corollary discharge that
governs behavior.

COROLLARY DISCHARGE INHIBITION
FOR COMMUNICATION

Many animals communicate with conspecifics by exchanging
signals such as sounds. In communication, each sender is also a
receiver of others’ signals. The problem here is that the sender
receives an intense stimulus from their own signal production,
which represents a source of noise in processing other individuals’
signals and may lead to desensitization through habituation
(Figure 1). How does the central nervous system address this
problem?

Electrocommunication in Mormyrid
Weakly Electric Fish

Understanding corollary discharge mechanisms underlying
communication began with the study of a mormyrid fish,
Gnathonemus petersii. As mentioned in the introduction,
mormyrid fish generate EODs from an electric organ, and distinct
sensory pathways govern three different electrosensory behaviors:
electrocommunication, active electrolocation, and low-frequency
passive electrolocation. Before the discovery of a corollary
discharge in mormyrids, it was thought that the neural pathway
that mediates communication derives from a relatively large type
of electroreceptor called the Knollenorgan (KO) (Bennett, 1965).
The reasons why the KO was thought to mediate communication
are (1) sensitivity to high-frequency signals characteristic of
EODs, (2) a fixed-latency spike of primary afferents in response
to EODs that is largely amplitude invariant, and (3) the greatest
sensitivity among the three types of electroreceptors. Together,
these properties suggested this receptor is specialized to detect
electric signals from other fish.

Bennett and Steinbach published the idea that electrosensory
processing needs information about when an EOD is produced to
extract behaviorally relevant information (Bennett and Steinbach,
1969). They tested whether neural signals related to EOD
production were observed in sensory areas across the brain.
They used a preparation of curarized (muscle-inactivated) fish,
in which the EOD is silenced but fish continue to produce
fictive EODs from spinal electromotor neurons (Figure 4A).
This preparation has the powerful advantage that silencing the
EOD can isolate the effects of a corollary discharge on sensory
processing by eliminating sensory feedback (see Figure 3C).
They found that the cerebellum and the electrosensory lateral
line lobe, in which the electrosensory afferents terminate, both
received corollary discharges reflecting the timing of EOD
production. In addition, they showed that sensory responses of
the exterolateral nucleus in the midbrain torus semicircularis
disappeared when electrosensory stimuli were delivered within a
narrow window of time shortly after the fictive EOD (Figure 4B).
Later, it was shown that the exterolateral nucleus appeared to
receive electrosensory inputs from KO afferents via the hindbrain
nucleus of the electrosensory lateral line lobe (nELL) (Enger et al.,
1976a,b). Taken together, it was shown that the KO pathway
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FIGURE 4 | Electrophysiology in mormyrid fish brains while monitoring EOD command signals and delivering time-locked stimuli. (A) Experimental setup. Although
the fish is curarized to eliminate movement and silence EOD production, EOD commands (EODC) from spinal electromotor neurons can be recorded as fictive EODs
using an extracellular electrode placed next to the tail. Electrosensory stimuli can be delivered at fixed delays relative to the EODC onset. This system allows for the
examination of corollary discharge effects on electrosensory neurons in the brain and to separate corollary discharge effects from the effects of sensory feedback.
Modified from Bell (1981). (B) Evoked potentials from the exterolateral nucleus anterior (ELa) in response to stimuli at varying delays following EOD command onset

(0-8 ms) in G. petersii.
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can efficiently extract communication signals from other fish by
internally canceling responses to self-generated signals using a
corollary discharge.

The question that followed was what neural pathways mediate
this corollary discharge inhibition. Zipser and Bennett (1976)
found that the corollary discharge inhibition occurred in the
nELL, the first sensory center of the KO pathway (Zipser and
Bennett, 1976). In turn, using horseradish peroxidase tracing, Bell
et al. (1981) revealed that, in addition to input from KO primary
afferents, the nELL also received inputs from a small group of
cells, later named the sublemniscal nucleus (slem) (Mugnaini
and Maler, 1987). Furthermore, Bell et al. (1983) described a
corollary discharge pathway from the EOD command nucleus
(CN) to the slem through the bulbar command-associated
nucleus (BCA) and mesencephalic command-associated nucleus
(MCA) (Figure 5). The input from the slem appeared to be
GABAergic based on immunocytochemistry (Denizot et al,
1987; Mugnaini and Maler, 1987). Since the neural activity
in the CN corresponds 1:1 to EOD production, this pathway
was strongly suggested to provide corollary discharge inhibition
to the nELL. Indeed, Bell and Grant performed intracellular
recording from the nELL, including nELL neurons, KO primary
afferents, and inhibitory inputs from slem, and revealed the
neural circuit of corollary discharge inhibition physiologically
(Figure 6; Bell and Grant, 1989).

These studies elucidated a corollary discharge circuit and
mechanism underlying communication for the first time. In
addition, they suggested that, since the corollary discharge
inhibition of the nELL can preserve the temporal information
of communication signals from other fish, the downstream
pathway should analyze temporal features of the signal. Indeed,

future studies demonstrated that the ELa extracts information
about temporal features of the EOD waveform that reflect the
identity of signaling fish (Friedman and Hopkins, 1998; Lyons-
Warren et al., 2013), and that the posterior exterolateral nucleus
(ELp), to which ELa sends its only output, extracts temporal
patterns of inter-pulse intervals that reflect the behavioral state
of signaling fish (Carlson, 2009b; Baker et al., 2016). Owing
partly to this corollary discharge inhibition, mormyrid fishes
provided a unique opportunity to study how the nervous system
decodes temporal signals during communication (Xu-Friedman
and Hopkins, 1999; Baker et al., 2013).

Acoustic Communication in Primates

Similar to electric communication in mormyrids, corollary
discharge inhibition may mediate acoustic communication in
primates, including humans. Like prior research on bats (Suga
and Schlegel, 1972; Suga and Shimozawa, 1974), Miiller-Preuss
and Ploog (1981) compared sensory responses of auditory cortex
to playback calls and self-vocalized calls in squirrel monkeys
(Saimiri scireus) and found that the auditory response was absent
during vocalization. A similar effect was subsequently found in
human cortex (Creutzfeldt et al., 1989).

The anatomy of a possible corollary discharge pathway
underlying communication in primates remains controversial
today. One possible source seems to be the prefrontal cortex,
because (1) there are reciprocal connections between the auditory
cortex and prefrontal cortex (Miiller-Preuss et al., 1980) and
(2) electrical stimulation of the prefrontal cortex can suppress
responsiveness in the auditory cortex (Alexander et al., 1976).
However, the electrical stimulation in the latter case did not
necessarily reproduce the same activity that results from real
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command-associated nucleus (BCA). Knollenorgans, which are dedicated to communication, send their primary afferents to the nucleus of the electrosensory lateral
line lobe (NELL), which receives corollary discharge inhibition from the BCA via the mesencephalic command-associated nucleus (MCA) and the sublemniscal
nucleus (slem). Mormyromast and ampullary receptors, which are dedicated to active electrolocation and passive electrolocation, respectively, send their afferents to
granule cells of the electrosensory lateral line lobe (ELL). Only granule cells that are innervated by mormyromast afferents receive corollary discharge enhancement
from the BCA via the MCA and the medial juxtalobar nucleus (JLm). Both granule cells send their outputs to medium ganglion (MG) cells, which also receive inputs
onto their apical dendrites from parallel fibers that come from the eminentia granularis posterior (EGp), forming cerebellum-like circuits. The EGp provides corollary
discharge inputs to the MG cells via the BCA and the paratrigeminal command-associated nucleus (PCA). In these cerebellum-like circuits, a “negative image” of
expected reafferent input is made through anti-Hebbian spike-timing-dependent plasticity at the synapses between parallel fibers and the apical dendrites of MG
cells. Modified from Bell (1989); Perks and Sawtell (2019).
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corollary discharge mechanisms in the auditory system of
primates (Eliades and Wang, 2019).

vocalization. In addition, it remains unclear whether a corollary
discharge directly inhibits the auditory cortex. Vocalization-
induced suppression was not observed in the inferior colliculus

of monkeys (Pieper and Jiirgens, 2003), in contrast to findings Acoustic Communication in Crickets

in bats (Suga and Shimozawa, 1974), and it is not known
whether thalamic or thalamocortical mechanisms participate
in the vocalization-induced suppression observed in auditory
cortex. A recent review paper provides further discussion of

Male crickets produce song by rhythmically rubbing the
forewings together to attract female crickets. The song is quite
loud at the source (over 100 dB SPL) so that distant conspecifics
can hear it (Nocke, 1972). This means that a singing cricket is
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fully exposed to the loud self-generated sound, which strongly
stimulates the auditory tympanal organs located on the front legs.
Early behavioral evidence showed that crickets can respond to
external sound during singing (Heiligenberg, 1969), suggesting
the existence of a corollary discharge. A series of later studies
by Poulet and Hedwig clearly delineated the neural circuit
underlying corollary discharge inhibition of the auditory pathway
at the level of identified cells in singing field crickets, Gryllus
bimaculatus (Poulet and Hedwig, 2002, 2003a,b, 2006).

Compared to mormyrids, insects have a distinct experimental
advantage: individual neurons can be identified. However, there
were two challenges to be worked out. (1) It is rare for crickets to
sing during electrophysiological experiments. (2) The forewing
movement during singing is very fast, and a method to detect and
quantify this movement was needed. Hedwig (2000a,b) addressed
these problems. (1) They found that injection of acetylcholine
and cholinergic agonists into the brain can reliably trigger singing
through activation of a command neuron (Wenzel and Hedwig,
1999; Hedwig, 2000b). (2) Hedwig developed an opto-electronic
system to record wing movement at a 5 kHz sampling rate
(Hedwig, 2000a).

Using these methods and intracellular recording, Poulet and
Hedwig recorded from auditory neurons in the prothoracic
ganglion, where the auditory afferents terminate, during singing
(Poulet and Hedwig, 2002, 2003a,b). First, they showed that
the auditory neurons responded with bursts of spikes to a
cricket’s own singing sounds. However, the resulting spike rate
was lower than the response to 100 dB SPL sound pulses
at rest, suggesting inhibition of the auditory system during
singing. Second, they prevented sound production while still
allowing for wing movement by removing one forewing and
directly showed inhibitory postsynaptic potentials (IPSPs) in
phase with wing movement in the auditory neurons. Third, they
isolated corollary discharge effects from sensory feedback (see
Figure 3C) by cutting motor and sensory nerves except for
auditory nerves and showed that the IPSPs continued to occur in
phase with fictive singing as recorded from the wing motor nerve
root. These results demonstrated that a singing-related corollary
discharge inhibits the auditory neurons’ responses and prevents
self-induced desensitization.

In a follow-up study, Poulet and Hedwig identified a corollary
discharge interneuron (CDI) responsible for this inhibition
(Poulet and Hedwig, 2006). The CDI has its dendrites in the
mesothoracic ganglion, where the motor neurons innervating
the wing muscles are found. However, the CDI is not involved
in generating song. With dual intracellular recordings from the
CDI and auditory neurons, they showed that activation of CDI
induced suppression of auditory neurons while inactivation of
CDI removed the effects of inhibition on auditory neurons during
singing. This suggested that the CDI is necessary and sufficient
to provide corollary discharge inhibition. These studies described
for the first time the cellular basis for corollary discharge
inhibition underlying acoustic communication.

Around the same time, Weeg et al. (2005) recorded from
efferent neurons that innervate the inner ear and lateral line
of a sound-producing fish, the plainfin midshipman (Porichthys
notatus). Most of these neurons showed an increase in activity

that was time-locked to the fine temporal structure of evoked
fictive vocalizations. In addition, the activity of efferents
projecting to the inner ear was suppressed just after the end of
each fictive vocalization. These findings suggest that a corollary
discharge of vocalizations acts to modulate auditory sensitivity
to self-generated sounds and maintain sensitivity to external
sounds. This is similar to the findings in crickets, and suggests
that similar mechanisms may be operating across vocalizing
invertebrate and vertebrate species.

COROLLARY DISCHARGE
ENHANCEMENT FOR ACTIVE SENSING

Active sensing is acquiring sensory inputs through overt
sampling behaviors, which requires sensorimotor interactions
in a different manner from communication. In the context
of communication, corollary discharges act to inhibit sensory
responses. In the context of active sensing, however, corollary
discharges can act to enhance sensory processing. Only two
study systems, mormyrids and bats, have been used to study
corollary discharges or motor-related enhancement during
active sensing. In both systems, motor-related signals serve
to gate sensory responses to self-generated behavioral outputs
through enhancement.

Active Electrolocation in Mormyrid Fish
Weakly electric fishes use EODs to sense their environment.
Unlike sounds, electric signals do not propagate as traveling
waves but exist as localized electrostatic fields (Hopkins, 1986b).
This means that reflected echoes, which bats use during
echolocation (Griffin, 1958), are not relevant to electric fish.
Instead, objects near the fish alter the EOD-evoked current
flow across receptors and project an “electrical image” onto
the skin (reviewed in von der Emde and Bell, 2003). Objects
with conductivity greater than the surrounding water project
an electrical “brightspot” onto the skin, whereas objects with
conductivity lower than the surrounding water project an
electrical “darkspot” onto the skin.

Before discovering a corollary discharge underlying active
sensing, researchers thought the mormyromast pathway has a
major role in active electrolocation because the mormyromast
receptors: (1) have high sensitivity to high-frequency signals
characteristic of EODs; (2) show intensity dependencies in spike
latency and number of spikes produced by the afferents, which
could encode stimulus amplitude related to the size and location
of objects; (3) are less sensitive than Knollenorgans (Bennett,
1965). In addition to these specialized features of mormyromasts,
active electrolocation requires information regarding when the
EODs were produced (Bennett and Steinbach, 1969).

Zipser and Bennett (1976) made intracellular recordings from
neurons in the electrosensory lateral line lobe (ELL) that received
inputs from the mormyromast afferents and found that neural
responses were facilitated within a narrow time window (6-
11 ms) with respect to EOD command onset. This suggested that
a corollary discharge gated self-generated responses. In contrast
to the nELL in the Knollenorgan pathway, the ELL cortex has a
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laminar structure that includes various types of neurons (Maler,
1973). However, Zipser and Bennett did not determine what
cell types were responsible for corollary discharge enhancement
of electrosensory responses. With intracellular recording and
morphological analysis, Bell et al. (1989) later identified granule
cells as the convergent site of corollary discharge inputs and
mormyromast afferents (Figure 5; Bell et al., 1989; Bell, 1990).
Subsequently, Bell and colleagues found that excitatory corollary
discharge inputs to granule cells come from the medial juxtalobar
nucleus (JLm) located at the anterior ventral margin of the
ELL (Figure 5; Bell and von der Emde, 1995; Bell et al,
1995). The JLm receives inputs from the MCA, which also
sends corollary discharge output to the nELL, indirectly through
the sublemniscal nucleus (Figure 5; Bell and von der Emde,
1995). In summary, a corollary discharge that arises from the
command nucleus facilitates sensory inputs in the mormyromast
pathway. This increases the gain of mormyromast responses
to self-generated EODs, which provides information about the
surrounding environment.

Echolocation in Bats

Do bats have a similar mechanism of corollary discharge that
makes them more sensitive to the sounds they produce? In
contrast to active electrolocation in mormyrids, in which they
directly analyze self-generated electric pulses, bats do not use self-
generated sounds directly, but rather compare information from
the outgoing sound pulse and resulting echo to glean information
about the surrounding environment.

Suga and Schlegel (1972) and Suga and Shimozawa (1974)
demonstrated that the sensory response to a bat’s own call
during vocalization was attenuated compared to the response to
playback of the call during no vocalization. By contrast, Schuller
provided evidence that a corollary discharge may enhance
auditory responses to echoes of self-generated vocalizations in
the greater horseshoe bat, Rhinolophus ferrumequinum (Schuller,
1979). He performed extracellular single-unit recordings from
the inferior colliculus (IC) and compared responses to (1)
playback of a simulated echo occurring just after a self-generated
vocalization and (2) playback of both a simulated vocalization
and simulated echo at rest. He found that IC neurons responded
more strongly to (1) than to (2). Furthermore, the facilitation of
echo responses by self-generated vocalization vanished when the
phantom echo was delivered at delays longer than 60 ms. This
indicates that the enhancement of echo responses has a specific
time window and that the bat might have a detection range limit
of ~10 m distance (Neuweiler, 2003).

The neural source of vocalization-related enhancement in bat
echolocation remains to be determined. Suga and Shimozawa
suggested sensory attenuation by vocalization occurred in the
nucleus of the lateral leminiscus, but it is not known whether
enhancement of echo processing also happens in this nucleus.
In addition, Schuller noted that, because vocalization was
elicited by electrical stimulation of the central gray matter
of the midbrain, this facilitation by self-vocalization might be
different from natural echolocation during free flight (Schuller,
1979; Nachtigal and Schuller, 2014). Recently, telemetry neural
recording techniques were developed and used for recording

from the hippocampus and the superior colliculus during free
flight in bats (Yartsev and Ulanovsky, 2013; Kothari et al., 2018).
In the future, these techniques may be used to reveal the nature
of motor-related enhancement under more natural conditions.
Also, it remains to be determined whether corollary discharge,
sensory feedback, or both are involved in vocalization-related
enhancement of echo responses (see Figure 3).

COROLLARY DISCHARGE IS USED TO
GENERATE PREDICTIONS AND
MEMORIES

Corollary discharges discussed so far are wired robustly to
sensory circuits to suppress or facilitate sensory responses to
self-generated stimuli. However, canceling predicted sensory
inputs caused by own behavior does not always mean complete
inhibition, especially when the motor act and the reafferent
response patterns are complex and long lasting. In this
case, complete inhibition would render the animal completely
insensitive to sensory stimulation for a prolonged period of
time. Instead, von Holst and Mittelstaedt suggested that an
internal signal representing a “negative image” (i.e., efference
copy) of the expected reafference would act to cancel the sensory
consequences of own behavior while maintaining sensitivity to
exafferent stimuli (von Holst and Mittelstaedt, 1950). Further, the
internal prediction should be plastic so that it can be updated
in response to environmental change because such change can
alter the reafferent input in response to own behavior. Such
a modifiable efference copy was first discovered in the passive
electrosensory system of mormyrid fish.

Negative Image Predicts Reafferent
Input in the Passive Electrosensory

System of Mormyrids

Mormyrid fish can detect and orient to the low-frequency electric
signals generated by aquatic organisms such as insects and worms
(Figure 1). This behavior is called passive electrolocation, and
is shared with other animals that have electrosensation such as
sharks and rays (Kalmijn, 1971). However, mormyrid fish face a
difficult task for such electrolocation because they produce EODs
that are much larger in amplitude than the weak, low-frequency
signals generated by their prey. Indeed, the primary afferents
of ampullary receptors that detect low-frequency electric fields
respond to self-generated EODs with a long-lasting (~100 ms),
complex, multiphasic response (Bell and Russell, 1978). If a
corollary discharge completely inhibited self-generated responses
as in the Knollenorgan pathway, it would mask behaviorally
important signals for a prolonged period of time.

Bell examined how a corollary discharge solves this problem
in the ampullary electrosensory pathway by obtaining unit
recordings from the ampullary region of ELL (Bell, 1981). When
an electric pulse stimulus triggered by the EOD command
was delivered to a curarized fish (Figure 4A), ELL neurons
initially responded with long-lasting, complex changes in spike
rate similar to the responses of primary afferents (Figure 7).
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FIGURE 7 | Modifiable efference copy in an ELL neuron. Raster shows
responses of a cell in the ampullary region of the ELL. Each dot represents a
spike, and each row shows the spiking activity aligned to each EOD
command onset (see also Figure 4). At the beginning of the experiment, the
EOD command alone did not affect the spiking activity of the cell. When an
electrosensory stimulus was paired with the EOD command, the stimulus
initially evoked a pause-burst spiking response of the cell. After several
minutes of paring, the response to the electrosensory stimulus decreased
dramatically. Upon removal of the electrosensory stimulus, the cell then
showed a response to the EOD command alone. The shape of this response
to the EOD command just after pairing represented a negative image of the
initial response to electrosensory stimulation at the beginning of pairing. As
time passed, the cell no longer responded to the EOD command alone.
Modified from Bell (1989).

After repeated presentation of the stimulus, however, the sensory
responses of ELL neurons decreased markedly (Figure 7). Next,
Bell removed the paired electric pulse stimulus and observed the
ELL neurons’ responses to the EOD command alone (Figure 7).
The ELL neurons now showed a response to the EOD command,
even though they showed no response to the command before
presenting the paired stimulus (Figure 7). Remarkably, the
shape of this response to the EOD command after removal of
the stimulus was similar to an inverted version of the initial
sensory response to the electric pulse stimulus (Figure 7). This
result strongly indicated that a corollary discharge conveyed a
negative image to subtract the predicted reafferent responses to
the fish’s own EOD, and that this negative image was generated
through plasticity. Indeed, the strong responses of ELL neurons
to the command alone that was observed just after removing
the paired stimulus gradually dissipated with time, reflecting a
constant process of updating the negative image as the sensory
consequences of behavior changed.

What is the neural circuit mediating this efference copy?
Maler first pointed out an interesting anatomical feature of
the ELL: similarities to the cerebellum of mammals (Maler,
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FIGURE 8 | Cerebellum-like circuit in the ELL cortex. Mormyromast and
ampullary afferents terminate on granule cells (gran). In the mormyromast
region of ELL, the granule cells receive precisely timed electric organ corollary
discharge (EOCD) input. However, the ampullary region lacks this input (not
shown here). The granule cells provide both excitatory and inhibitory outputs
to the downstream neurons. The large fusiform (LF) cells and the lateral
ganglion (LG) cells receive excitatory and inhibitory inputs from granule cells,
respectively. Medium ganglion (MG) cells are Purkinje-like cells that receive
sensory inputs from granule cells and provide major inhibitory inputs to the LF
cells and LG cells, which send their outputs to higher centers. E cells are
excited by an increase in afferent activity, while | cells are inhibited. Parallel
fibers provide corollary discharge input to the apical dendrites of MG cells, LF
cells, and LG cells directly and indirectly via inhibitory stellate (St) cells. In
addition, the preeminential nucleus provides electrosensory feedback to MG
cells, LF cells, and LG cells. Modified from Sawtell et al. (2005).

1973; Figure 8). The ELL has Purkinje-like GABAergic neurons
(called MG cells) that receive inputs from primary electrosensory
afferents via granule cells in a deep layer, as well as inputs
from parallel fibers in a superficial molecular layer (Figure 8).
Libouban and Szabo (1977) described a pathway from the
paratrigeminal command-associated nucleus (PCA) to the
eminentia granularis posterior (EGp), whose axons form the
parallel fibers in the ELL (Figure 5). In addition, Bell, Libouban,
and Szabo found that the PCA receives inputs from BCA (Bell
et al., 1983; Figure 5). These anatomical studies suggested that
the parallel fibers convey corollary discharge information and
that the MG cells integrate inputs from primary electrosensory
afferents and this corollary discharge pathway.

Bell et al. (1993, 1997) investigated how negative images
emerge in this cerebellum-like circuit. Using intracellular
recording, they found that MG cells produce two types of spikes:
broad spikes that occur in the apical dendrites that receive
corollary-discharge input and narrow spikes that occur in axons
(Bell et al., 1993). They found that paring a broad spike evoked by
current injection with the EOD command could induce synaptic
plasticity at the parallel fiber synapses (Bell et al., 1993). Further
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in vitro study revealed an anti-Hebbian rule to this synaptic
plasticity: excitatory postsynaptic potentials (EPSPs) evoked by
electric stimulation of parallel fibers preceding broad spikes
induced synaptic depression, whereas EPSPs following broad
spikes induced synaptic potentiation (Bell et al., 1997). These
results demonstrated that negative images were generated at the
synapses between parallel fibers and Purkinje-like cells through
spike-timing-dependent plasticity with an anti-Hebbian learning
rule. This was among the first demonstrations of spike-timing-
dependent plasticity in any neural circuit (Markram et al., 2011).

In order to form a negative image that lasts long enough
to cancel reafferent inputs from ampullary afferents, parallel
fibers need to provide temporally variable inputs that cover
the duration of afferent responses. This property of parallel
fibers had been assumed for a long time, but it had not been
directly tested, and the underlying mechanisms for temporal
dispersion remained unknown. Sawtell, Kennedy et al. (2014)
found that EGp received a brief corollary discharge input and that
the parallel fibers indeed provide such a temporal basis, which
was mediated by relaying interneurons in EGp called unipolar
brush cells. This finding linked the corollary discharge circuit
to synaptic plasticity to describe the formation of long-lasting
negative images.

Note that a similar cancelation of predictive signals was also
found in the mormyromast pathway (Bell and Grant, 1992).
While afferents from ampullary receptors and mormyromast
receptors innervate different regions of the ELL cortex, MG
cells of both regions receive corollary discharge inputs from
parallel fibers and afferent inputs from granule cells (Figure 5).
It is thought that the same process mediating negative image
formation in the ampullary region of ELL cortex is also occurring
in the cerebellum-like circuit of the mormyromast region of ELL
cortex. This serves to cancel predicted reafferent responses in the
active electrolocation pathway, so that the system only responds
to novel, unexpected sensory inputs.

Cerebellum-Like Circuits Mediate

Subtraction of Self-Generated Inputs

After the discovery of modifiable internal predictions was
made in the mormyrid ELL, many similar mechanisms
were found in other cerebellum-like structures across
various sensory modalities and species (reviewed in Bell
et al, 2008). For example, the skate Raja erinacea is a
cartilaginous fish that has a low-frequency, passive electrosensory
system. Similar to mormyrid fish, own movements such
as respiration strongly affect electrosensory processing.
This reafference problem is solved by a cerebellum-like
circuit in the dorsal octovolateral nucleus (DON) where
primary electrosensory afferents terminate (Bodznick and
Northcutt, 1980; Montgomery, 1984; New and Bodznick,
1990). Furthermore, similar to the passive electrosensory
system in mormyrids, this cancelation appears to be
modifiable through learning as shown by an experiment
using paired stimulation (Montgomery and Bodznick, 1994).
A similar cancelation phenomenon was found in the medial
octovolateral nucleus (MON) of scorpion fish, Scorpoena

papillosus, which is the first sensory center with a cerebellum-
like structure in the mechanosensory lateral line system
(Montgomery and Bodznick, 1994).

Another example of a cerebellum-like circuit is the dorsal
cochlear nucleus (DCN) in the auditory pathway of mammals.
Own behaviors including vocalization, chewing, licking, and
other movements of body parts have predictable auditory
consequences that may disrupt auditory processing. The
DCN directly receives primary auditory afferents from the
cochlea in the deep layer and also receives motor-related
inputs including corollary discharge information via parallel
fibers in the molecular layer (Oertel and Young, 2004). Like
MG cells in the mormyrid ELL, in vitro studies showed
plasticity at the synapse between the parallel fibers and the
GABAergic Purkinje-like cells (called cartwheel cells) that
follows an anti-Hebbian rule (Tzounopoulos et al, 2004,
2007). Until recently, whether the cerebellum-like circuit in
the DCN works to subtract predictable signals was untested.
Singla et al. (2017) developed a unique experiment with
mice to directly test this hypothesis, in which they delivered
auditory stimulation paired with licking behavior. They
found that DCN neurons reliably encoded external auditory
stimuli even during licking. Moreover, DCN neurons reduced
responsiveness to auditory stimuli that were repeatedly
temporally correlated with licking, suggesting that the DCN
circuit creates adaptive filters for canceling self-generated sound
through learning, much like the generation of negative images in
the ELL of mormyrids.

Modifications that adapt to the sensory consequences of own
behavior in the cerebellum-like circuits discussed here are not
necessarily due to corollary discharges, and could be due to
sensory feedback (see Figure 3). However, these studies highlight
how the cerebellum-like circuit in mormyrid ELL provided
general insight into how various circuits solve the problem of
canceling the predictable sensory consequences of own behavior.

Subtraction of Expected Signals in

Primate Vestibular Processing

Using vestibular organs of the inner ear, the vestibular
system can detect head motion, including rotational and
translational velocities relative to space. This sensory information
is used for maintaining posture, perceiving self-motion, and
computing spatial orientation. As with other sensory modalities,
distinguishing self-generated from external stimuli is important
for these functions.

All afferent fibers from the vestibular organs project to the
vestibular nucleus and terminate on two categories of neurons:
vestibulo-ocular reflex (VOR) neurons and vestibular-only (VO)
neurons (reviewed in Cullen, 2012). While the vestibular afferents
encode vestibular stimuli caused by both external and self-
generated changes in a similar way, VO neurons do not provide
reliable information about active head movements (Boyle et al.,
1996; McCrea et al., 1999; Roy and Cullen, 2001; Cullen and
Minor, 2002). This suggested that a corollary discharge from
the neck motor command directly inhibits the VO neurons,
but this was not supported experimentally (Roy and Cullen,
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2004). Alternatively, Roy and Cullen proposed a more interesting
mechanism: an inhibitory neck proprioceptive signal is gated in
only when the actual activation of neck proprioceptors matches
an internal prediction (corollary discharge) of the consequence
of head motion (Roy and Cullen, 2004).

Next, Cullen et al. (2011) were interested in where and how
internal predictions and actual neck proprioceptive signals meet.
They focused on the rostral fastigial nucleus (rFN) in the deep
cerebellum. The rFN receives descending projections from the
anterior vermis, a region of the cerebellum that receives direct
projections from cortical structures involved in producing head
and neck movement (Batton et al., 1977; Yamada and Noda, 1987;
Alstermark et al., 1992a,b; Cullen et al., 2011). That is, the rFN
would receive a corollary discharge of neck motor commands.
In addition, the rFN integrates vestibular and proprioceptive
inputs and contains unimodal neurons (vestibular only) and
bimodal neurons (vestibular and proprioceptive) (Brooks and
Cullen, 2009). Furthermore, Brooks and Cullen showed, during
active movement, that unimodal neurons encode unexpected
head motions whereas bimodal neurons encode unexpected
body motion (Brooks and Cullen, 2013). This result indicated
that information of expected motion was subtracted in the
rEN. Moreover, Brooks et al. (2015) found that loading the
monkey’s movement, which resulted in a difference between
estimated sensory consequences of own behavior and actual
sensory consequences, altered this internal prediction. Trial-
by-trial changes in the neuronal response were gradual and
consistent with the resultant behavioral learning. This describes
a similar process to generating negative images in mormyrid fish.

Predictive Visual Representation During

Saccades in Primates
A milestone in the study of corollary discharge in predictive
sensory coding would be a series of studies on visual
representation during saccades in primates. Duhamel et al. (1992)
addressed how eye movement affects the receptive fields of
neurons, i.e., the region of space that can elicit a visual response.
They recorded neural activities from the lateral intraparietal area
(LIP) of rhesus macaques, Maccaca mulatta. They found that
LIP neurons respond to a visual stimulus in their receptive field
with a 70 ms latency. Next, a visual stimulus was positioned
so that it would be in the receptive field after the monkey
completed a saccade. Although the neurons would be expected
to start firing 70 ms after the eye movement brought the
stimulus into the receptive field, Duhamel et al. (1992) found
that the cells started responding 80 ms before the saccade was
initiated. That is, the receptive field location shifted before the
eye movement. A similar receptive field shift was also found
in the frontal eye field (FEF) of the frontal cortex (Umeno
and Goldberg, 1997). These results suggest that a corollary
discharge conveying internal predictions accurately adjusts the
receptive field of LIP and FEF visual neurons in anticipation of
intended eye movements.

Sommer and Wurtz investigated the neural pathway that
mediates visual stability by corollary discharge. The candidate
source of corollary discharge was the superior colliculus (SC)

because the SC contains neurons that fire just before initiating
a saccade, suggesting it is a motor control center for eye
movement (Sparks and Hartwich-Young, 1989). Anatomical
research showed a neural pathway from the SC to the FEF
via the mediodorsal nucleus (MD) of the thalamus, suggesting
this pathway could convey corollary discharges related to eye
movement (Lynch et al., 1994). Sommer and Wurtz (2002, 2004)
found that this pathway encoded the vector of upcoming eye
movements and that inactivation of this pathway impaired a
corollary discharge-related behavioral task (double-step saccade
task). Furthermore, they found that the shift of receptive field
in the FEF neurons before upcoming eye movements was
impaired by interrupting the corollary discharge signal from the
MD (Sommer and Wurtz, 2006). This result demonstrated the
causality of corollary discharge input from the MD in signaling
the vector of intended eye movement to shift the receptive
fields of FEF neurons.

Internal Prediction Mediates

Sensorimotor Learning in Songbirds
Songbirds acquire specific song patterns through vocal learning
during development. Vocal learning consists of three phases
including (1) sensory learning: modifying the internal template
of own song based on the songs of one or more tutors; (2)
sensorimotor learning: matching own song performance to
the internal template; and (3) crystallization: establishment of
fixed, mature song patterns (Marler, 1964; Konishi, 1965). The
neural mechanisms underlying vocal learning in songbirds have
attracted many neuroscientists because of striking similarities to
the development of human speech (Doupe and Kuhl, 1999).

An important question in vocal learning was how the nervous
system can compare auditory feedback from own song with the
internal template during sensorimotor learning. Using modeling
studies, Troyer and Doupe proposed that a corollary discharge
plays an essential role in comparing the tutor’s song stored in
its memory to actual auditory feedback (Troyer and Doupe,
2000a,b). According to this hypothesis, when the bird vocalizes,
a corollary discharge representing an internal prediction of the
template was emitted and compared with the actual feedback.
The errors between the template and the sensory consequences
of vocalization were thought to be corrected by a repeating
cycle including vocal production and adjustment of the motor
program. To date, however, the nature of this corollary discharge
remains controversial.

The neural pathways mediating bird song production and
learning have been well characterized (Nottebohm, 2005). The
telencephalic nucleus called the high vocal center (HVC) plays
an important role in both song production and learning and is
a source of two important pathways: (1) posterior descending
pathway (PDP) necessary for both learning and production, and
(2) anterior forebrain pathway (AFP) necessary for learning only
(Nottebohm, 2005). Prather et al. (2008) found that the first
projection neuron in the AFP (i.e., HVC->Area X) responds
both to own song production and auditory feedback with the
same latency. This feature is similar to mirror neurons (Gallese
et al., 1996) and also suggested this might be a suitable site
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for comparing feedback of own vocalization with the internal
template. Furthermore, in recent years, a candidate corollary
discharge pathway was identified (Roberts et al., 2017). Roberts
et al. (2017) focused on another pathway from HVC to a small
cluster of neurons (Avalanche, Av) embedded in the caudal
mesopallium (CM), analog of the mammalian secondary auditory
cortex (Akutagawa and Konishi, 2010). They identified a new
type of projection neuron (HVC->Av) that receives inputs
from premotor neurons and transmits motor-related activity
during song production. In addition, genetically ablating this
type of neuron in juveniles disrupted vocal learning. Future
studies should examine how the downstream circuit integrates
internal predictions represented by a corollary discharge and
actual sensory inputs and how the error signals are used to
adjust motor programs.

COROLLARY DISCHARGE IN THE
PATTERNING OF BEHAVIOR

Although we have mostly discussed effects of corollary discharges
on sensory processing thus far, corollary discharges have also
been found to influence motor systems. For example, as discussed
previously, corollary discharge inhibition regulates the temporal
pattern generation of feeding behavior in sea slugs (Davis
et al., 1973; Siegler et al., 1974; Gillette and Davis, 1977).
Similar to this case, a corollary discharge pathway in mormyrid
fish is also involved in generating rhythmic temporal patterns
of EOD production.

Temporal Pattern Generation of EOD

Production in Mormyrids

Similar to other rhythmic behaviors such as locomotion and
feeding, EOD production by mormyrid fish consists of variably
rhythmic temporal patterns, which play an important role in
communicating behavioral state (Carlson, 2002a). What neural
circuitry governs EOD production? Bell et al. (1983) first
identified the medullary command nucleus (CN) that controls
EOD production, as well as corollary discharge pathways, using
neuronal tracing with horseradish peroxidase. The CN projects to
the medullary relay nucleus (MRN), which sends its output to the
spinal electromotor neurons that innervate the electrocytes in the
electric organ (EO), which produce the EOD (Bennett et al., 1967;
Bell et al., 1983). The reasons why this nucleus was identified
as a “command” nucleus are (1) its output is time-locked in a
one-to-one manner with EOD generation, (2) it integrates major
inputs from the mesencephalic precommand nucleus (PCN),
minor inputs from the mesencephalic ventroposterior nucleus
(VP), and unspecified inputs to the adjacent medial reticular
formation, and (3) its neurons are interconnected by complex
electronic coupling, resulting in the first occurrence of neuronal
synchronization in the pathway (Bell et al,, 1983; Elekes and
Szabo, 1985; Grant et al., 1986).

How does the electromotor circuit generate variable temporal
patterns of EOD production? The CN itself is not a pacemaker,
rather it integrates descending inputs to decide whether or not to
generate an EOD. von der Emde et al. (2000) first recorded neural

activities from the PCN, and discovered two types of neurons.
Neurons of one type fired in the moments leading up to fictive
EOD production, but were inhibited immediately after each
fictive EOD. Neurons of the second type fired bursts of spikes
immediately after each fictive EOD, during the silent period of
the first neuron type. This suggested that the first type of neuron
was providing descending excitatory input to the CN, whereas the
second type of neuron was relaying corollary discharge inhibition
to the first type of neuron.

Carlson further studied the neuroanatomy of the electromotor
system in the species Brienomyrus brachyistius (Carlson, 2002b).
Carlson confirmed that the anatomical pathway was similar
to that of G. petersii (Bell et al., 1983), and added important
new findings: (1) In addition to PCN, the dorsal posterior
nucleus of the thalamus (DP) also provides a major input to
the CN; (2) VP has two distinct subdivisions, one dorsal (VPd)
and one ventral (VPv); (3) VPv projects to the CN, DP, and
PCN, whereas VPd projects only to DP and PCN; (4) VPd
receives input from the corollary discharge pathway via MCA
(Figure 9). These findings suggested that VPd neurons were the
source of corollary discharge inhibition of PCN neurons first
identified by von der Emde et al. (2000). Indeed, using single-
unit extracellular recordings and pharmacological stimulation,
Carlson and Hopkins demonstrated that VPd provides corollary
discharge inhibition to DP and PCN and that disinhibition
increases the EOD rate (Carlson, 2003; Carlson and Hopkins,
2004). Thus, recurrent inhibition of premotor circuits by a
corollary discharge can act to regulate rhythmic motor output.

Both DP and VPd are connected reciprocally with the
optic tectum (Wullimann and Northcutt, 1990; Carlson, 2002b),
which is considered a primary sensorimotor hub (Meek and
Nieuwenhuys, 1998). This suggests that the EOD command

Electric
organ

@ Inhibitory
O Excitatory

FIGURE 9 | Electromotor network of mormyrids receives inhibitory feedback
from the electric organ corollary discharge pathway. The command nucleus
(CN) controls the timing of EOD production and also gives rise to a corollary
discharge pathway including the bulbar command-associated nucleus (BCA)
and mesencephalic command-associated nucleus (MCA) (see also Figure 5).
The CN receives excitatory inputs from the thalamic dorsal posterior nucleus
(DP) and the mesencephalic precommand nucleus (PCN). The DP and PCN
both receive inhibitory input from the dorsal ventroposterior nucleus (VPd) of
the torus semicircularis, which receives corollary discharge excitation from the
MCA. Thus, the main sources of excitatory input to the CN receive inhibitory
feedback from the corollary discharge pathway immediately following each
EOD. Modified from Carlson (2003).
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network integrates sensory information and inhibitory feedback
from a corollary discharge to generate rhythmic EOD patterns,
much like the feeding circuit found in the sea slug Pleurobranchea
(Davis et al., 1973; Gillette and Davis, 1977). Thus, a similar
integration of corollary discharge feedback and sensory input
may shape rhythmic motor output across invertebrate and
vertebrate species.

Corollary Discharge Mediates Motor
Coupling in Larval Tadpoles

Another important finding on the role of corollary discharge
in governing behavioral pattern generation comes from a series
of studies on the link between spinal locomotion circuits and
eye-movement circuits in larval tadpoles. Locomotion such as
swimming results in both body movements and head movements,
which may greatly disrupt visual perception. To stabilize their
visual world, aquatic animals move their eyes in conjunction
with tail movements to minimize retinal image slip (Lyon, 1900;
Harris, 1965; Easter and Johns, 1974; Chagnaud et al., 2012).
This motor coupling could be explained by the concerted actions
of visuo-vestibular and proprioceptive reflexes (Angelaki and
Hess, 2005). However, earlier behavioral studies suggested that
such sensorimotor transformations would be relatively slow due
to the filtering characteristics of the sensory periphery (Lyon,
1900; Harris, 1965; Easter and Johns, 1974; Chagnaud et al.,
2012). Instead, central, motor-related signals may inform eye-
movement circuits about ongoing locomotor patterns.

Stehouwer first demonstrated this possibility using a
preparation of an isolated central nervous system including only
the nerves innervating extraocular muscles of the eyes of a larval
bullfrog (Rana catesbeiana) (Stehouwer, 1987). The reduced
in vitro preparation enabled recording from motor neurons
that innervate extraocular muscles during fictive swimming,
which was indicated by burst activity of axial motor neurons
in the spinal cord. By isolating the central nervous system and
eliminating movement, the effects of sensory feedback, such
as vestibular and proprioceptive inputs, were eliminated (see
Figure 3C). He found that burst activities from motor neurons
mediating eye movement were phase-locked to burst activities
associated with fictive swimming. This result suggested that
motor coupling between swimming and eye movement depends
on intrinsic communication between the brain and spinal cord.

Lambert et al. (2012) later examined the link between spinal
swimming circuitry and eye-movement circuitry using larval
Xenopus laevis. They removed other supraspinal areas such as the
midbrain reticular formation, cerebellum, or vestibular nucleus
from the in vitro preparation, and found that this motor coupling
remained intact. In addition, they delineated an ascending
pathway from the spinal cord to eye-movement circuitry based on
anatomical evidence. These results demonstrated that a corollary
discharge from the spinal swimming circuit directly regulates the
eye-movement used for gaze stabilization.

These studies established the novel concept that corollary
discharges can affect other motor circuits in addition to sensory
processing (reviewed in Straka et al., 2018). Such corollary
discharge function is not likely limited to swimming-extraocular
motor coupling in tadpoles. For example in cats, there are

pathways that convey motor information during scratching
from the spinal cord to the cerebellum (Arshavsky et al,
1978a,b; Martinez-Silva et al., 2014). It is speculated that the
corollary discharge feedback may be used to compare and
adjust the precision of movements according to environmental
demands (Morton and Bastian, 2004), although there is no
behavioral evidence as of yet. In addition, in mormyrid fish,
corollary discharge related potentials are also found in the
cerebellum (Bennett and Steinbach, 1969), but their function
remains unknown.

EVOLUTION OF COROLLARY
DISCHARGE FUNCTION

As we have described, corollary discharge is found across various
sensory modalities and species. While mechanisms underlying
corollary discharge have been extensively studied in select species,
little is known about the evolution of corollary discharge circuits
and mechanisms. How have animals acquired novel corollary
discharge functions through evolution? How have corollary
discharges evolved along with evolutionary change in behavior?
Comparative studies of weakly electric mormyrid fish may
provide answers to these questions.

Does acquiring electrogenesis mean emergence of corollary
discharge function? The answer seems to be no. The ability
of electrogenesis has evolved at least 6 times independently in
fish (Gallant et al., 2014). The electric fishes can be categorized
into two groups: wave-type fish that generate continuous, quasi-
sinusoidal EODs in which the interval between each EOD is
approximately equal to the duration of each EOD; and pulse-
type fish that generate discrete EODs with longer periods of
silence between them. While all mormyrids generate pulse-type
EODs, the closest relative to mormyrids, Gymnarchus niloticus,
generates a wave-type EOD. Recently, we demonstrated that an
electric organ corollary discharge seems to exist in all species
of mormyrids (Vélez and Carlson, 2016), but Gymnarchus
appears to lack an electric organ corollary discharge pathway
(Kawasaki, 1993, 1994). This suggests that an electric organ
corollary discharge pathway evolved with the origin of pulse-
type EODs in mormyrids. However, in the distantly related
gymnotiform electric fish, it appears that neither wave-type nor
pulse-type species have an electric organ corollary discharge
pathway (Kawasaki and Heiligenberg, 1990; Keller et al., 1990;
Heiligenberg, 1991; Heiligenberg and Kawasaki, 1992; Kennedy
and Heiligenberg, 1994). Mormyrids generate EODs at much
more variable rates than pulse-type gymnotiforms (Kawasaki
and Heiligenberg, 1990; Carlson, 2002a). It may be that a
corollary discharge is important for signaling the timing of EOD
production in fish that generate EODs with greater irregularity,
that is with less predictability. Regardless, these findings reveal
that evolving electrogenesis does not always mean acquiring a
novel electric organ corollary discharge pathway.

Nearly all detailed studies of corollary discharge circuitry and
mechanisms in mormyrids have focused on one species,
Gnathonemus petersii. However, EODs have diversified
extensively across the mormyrid family, especially in duration,
which varies across species from 0.1 to over 10 ms (Hopkins,
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History of corollary discharge

:

Non-mormyrid

Hypothesis of efference copy & corollary discharge
von Holst & Mittelstaedt (1950), Sperry (1950)

Movement-related visual suppression in crayfish
optic fiber wiersma and Yamaguchi (1967)

Possible corollary discharge signal in goldfish
visual system Johnstone & Mark (1969)

Movement-related visual suppression in monkey
Goldberg & Wurtz (1972)

Vocal-related auditory suppression in bat
Suga & Schlegel (1972)

Possible corollary discharge signal in dogfish
lateral-line system Roberts & Russell (1972)

Corollary dischirge circuit mediating feeding
behavior in sea slug Dauvis et al. (1973)

Corollary discharge involved in escape circuit
in crayfish Krasne & Bryan (1973)

Locomotion-related corollary discharge in cricket
mechanosensory system Murphey & Palka (1974)

Vocal-related enhancement of echo
detection in bat's active sensing schuller (1979)

Vocal-related suppression in monkey auditory cortex
Muller-Preuss & Ploog (1981)

Predictive visual remapping in the primate lateral
intraparietal area Duhamel et al. (1992)

Discrimination between passive & active movements
in monkey vestibular system Boyle et al. (1996)

Corollary discharge in sensorimotor vocal learning
in songbird Troyer & Doupe (20003, b)

Corollary discharge pathway from superior colliculus
to frontal eye field in primate  sommer & wurtz (2002)

Corollary discharge inhibition during singing in cricket
Poulet & Hedwig (2002)

Identification of neuronal circuit underlying corollary
discharge in singing cricket Ppoulet & Hedwig (2006)

Corollary discharge mediating motor coupling in tadpole
Lambert et al. (2012)

Internal prediction of self-movement updated through
motor learning Brooks et al. (2015)

Corollary discharge pathway possibly critical for
vocal learning in songbird Roberts et al. (2017)

Cerebellum-like circuit in dorsal cochlear nucleus

making adaptive filter to cancel self-generated sound
Singla et al. (2017)

FIGURE 10 | Chronological table for major discoveries related to corollary discharge mechanisms.

Mormyrid

1950

Corollary discharge inhibition
in communication pathway
Bennett & Steinbach (1969)

1960

Corollary discharge enhancement
in active sensory system
Zipser & Bennett (1976)

Modifiable efference copy providing
negative image for canceling
predictable reafference in electro-
sensory lateral line lobe (ELL) gell (1981)

1970

Identification of corollary
discharge pathways
Bell et al. (1983)

1980

Neuronal mechanism in
corollary discharge inhibition
Bell & Grant (1989)

Gymnarchus lacks EOCD pathway
Kawasaki (1994)

Anti-Hebbian spike-timing-
dependent plasticity forming
negative image in ELL

Bell et al. (1997)

Corollary discharge regulating
temporal pattern generation of EOD
von der Emde (2000), Carlson (2003)

AR

Cerebellum-like circuit providing
temporal basis to form negative
image in ELL

Kennedy et al. (2014)

Corollary discharge shared among
all mormyrid species
Vélez & Carlson (2016)

Evolution of corollary discharge
Fukutomi & Carlson (2020)

1999). How does corollary discharge function vary with these
electric signals? Recently, our group compared -corollary
discharge inhibition in the communication pathway among
several species with varying EOD durations (Fukutomi and
Carlson, 2020). We found that fish with long-duration EODs have
delayed corollary discharge inhibition of the nELL and that this
time-shifted corollary discharge optimally blocks electrosensory
responses to the fish's own EOD (Fukutomi and Carlson,
2020). This suggests that corollary discharge mechanisms
coevolve along with the evolution of communication signals,

but the underlying mechanisms for shifting this inhibitory
delay remain unknown.

CONCLUDING REMARK

Here, we discussed how corollary discharge mechanisms have
been understood in a historical context, with a focus on
the study of mormyrid weakly electric fish (Figure 10).
Because dysfunction of corollary discharge may be related to
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psychiatric diseases such as schizophrenia in humans (Ford et al.,
2001), studying corollary discharge mechanisms is important
in medical science as well as basic science. Since the concepts
of corollary discharge and efference copy were proposed in
1950, studies in mormyrids have pioneered our understanding
of the underlying circuitry and mechanisms. Although many
animals including humans have neither electrosensory systems
nor the ability to actively generate electric fields, these findings
in mormyrids have provided insights that have led to general
principles of corollary discharge function and mechanism,
including inhibition in communication, enhancement in active
sensing, modifiable efference copies involved in learning and
sensorimotor integration, and feedback to premotor centers for
regulating behavioral output. The generality of these principals
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