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ABSTRACT
Interactions between motor systems and sensory processing are ubiquitous throughout the animal kingdom and play
an important role in many sensorimotor behaviors, including both human speech and animal vocalization. During
vocal production, the auditory system plays important roles in both encoding feedback of produced sounds, allowing
one to self-monitor for vocal errors, and simultaneously maintaining sensitivity to the outside acoustic environment.
Supporting these roles is an efferent motor-to-sensory signal known as a corollary discharge. This review summarizes
recent work on the role of such signaling during vocalization in the marmoset monkey, a nonhuman primate model of
social vocal communication.
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Vocal communication is a fundamental behavior that plays an
important role in the lives of humans and is shared by many
nonhuman animal species. This interactive process requires
participants to act in a coordinated fashion both as the sender
and as the receiver of information. One important aspect of this
process, however, is that vocalized communication sounds are
heard not only by the intended recipient, but also by the indi-
vidual producing them. Such vocal feedback poses a number of
unique challenges to the auditory system that must be overcome
for successful communication. Foremost, one must be able to
correctly determine that the perceived sounds are indeed self-
produced, rather than coming from an external source (1,2).
Second, it is important to maintain perception of external sounds
during vocal production despite masking by loud self-produced
sounds (3). Finally, it is critically important to monitor one’s
own vocal output to ensure accurate production (4). Dysfunction
in such self-monitoring, as in hearing loss, leads humans to have
difficulty in acquiring and maintaining normal speech (5–7). In the
past 2 decades, interest has increased in understanding these
auditory-vocal (sensorimotor) mechanisms and, in particular, the
role of internal motor signals, such as corollary discharges, in
modulating sensory processing in the auditory system during
vocal production. In this review, we summarize recent work in a
nonhuman primate model of vocal production, the marmoset
monkey (Callithrix jacchus), which has become an important
mammalian model for studying behavioral and neural mecha-
nisms underlying vocal communication, and link these results
with parallel findings in human speech.

ROLE OF VOCAL SELF-MONITORING BEHAVIORS IN
NONHUMAN PRIMATES

While it is clear that vocal self-monitoring is important in hu-
man speech, the role of this process in nonhuman primates is
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less well understood. In contrast to humans, songbirds, and
some vocal species, deafening studies in nonhuman primates
have not found any large changes in the overall acoustic
structure of their vocalizations (8,9). However, marmosets and
other nonhuman primates do show evidence of feedback-
dependent vocal control when faced with changes in the
acoustic environment or auditory feedback of their own vo-
calizations. This includes changing the timing or structure of
their vocalizations when faced with interfering noise (10–12)
and increasing their vocal amplitude in more modest back-
ground noise (13–15). Similar effects have been well docu-
mented in humans (16), and these behaviors may be intended
to optimize communication in the setting of variable and
interfering acoustic contexts. Marmosets also exhibit precise
vocal control, changing their vocalization frequency contents
to compensate for frequency-shifted feedback (17,18), similar
to humans (7,19) and echolocating bats (20). However, the
necessity or advantage of such precise vocal control is un-
clear. Marmosets do exhibit acoustic variations both between
and within individual animals (21–23) and tend to imitate others
with which they are paired (24). Whether there is information
contained within such vocal acoustics remains a field of active
study.

METHODOLOGICAL CHALLENGES IN DEVELOPING
ANIMAL MODELS OF VOCAL PRODUCTION

Despite the importance of auditory-vocal mechanisms to hu-
man speech, we know relatively little about them. Much
progress has been made in investigating these questions using
human subjects, but there are experimental limitations in the
degree of specificity and invasiveness that can be performed in
humans. In parallel to these human studies, there has also
been increasing use of nonhuman animals, which has the
logical Psychiatry. Published by Elsevier Inc. All rights reserved. 805
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potential to yield more detailed mechanistic information, take
advantage of recent advances in genetic and other experi-
mental techniques, and provide insight into the evolutionary
origins of human speech.

There are, however, technical challenges in developing an
appropriate animal model to investigate questions on vocal
communication and better understand human speech. First,
animal vocalizations do not fully reproduce the full complexity
of speech, although they share many of the same underlying
principles and mechanisms as human voice. Second, there are
limitations in traditional animal models of vocal production. The
songbird model, for example, shares some behavioral features
of speech, including vocal sequence learning, and has yielded
many important insights into vocal mechanisms (25). However,
birdsong is different from speech in that most songbird spe-
cies have only a fixed number of songs and is sex specific.
Finally, there are considerable challenges in getting animals, in
particular nonhuman primates, to readily vocalize under tradi-
tional experimental conditions, such as in a laboratory testing
chamber. Potential solutions to these challenges include
electrical stimulation of brainstem vocal areas (26–28) or
operant-conditioning training (29–31), both of which can yield
useful results but may bypass normal neural mechanisms and
result in vocal production outside its natural behavioral
context. A preferable approach is to perform experiments in
behaviorally relevant conditions more conducive to vocal
production, such as interactive antiphonal calling paradigms
(32–34) or experiments in a social setting (e.g., housing colony)
(35,36). Such approaches have proven successful, but
required the development and adaptation of new experimental
techniques, including specialized implanted microelectrode
arrays (37) and neural recordings from unrestrained animals
(38,39).
AUDITORY CORTEX ACTIVITY DURING VOCAL
PRODUCTION IN MARMOSETS

The mammalian auditory pathway consists of multiple pro-
cessing stages and potential sites for interactions between
hearing and vocalization. Most recent research has focused on
the role of the auditory cortex, a critical brain area necessary
for sound perception. Recordings of single-unit activities in the
auditory cortex have revealed the presence of two different
types of neural responses during self-initiated vocal production
(40,41). The first, and most common, is a vocalization-induced
suppression of neural firing (Figure 1A). During this suppres-
sion, neural firing is reduced below the level of spontaneous
firing, suggestive of direct cortical inhibition. This population of
suppressed neurons accounts for between 65% and 90% of
neurons in the auditory cortex of marmosets (36,40), indicating
its importance in vocal production and related feedback con-
trol. More important, however, is that this vocalization-induced
suppression actually begins before the onset of vocal pro-
duction, on average approximately 200 ms, but as long as a
second before (40). This prevocal timing suggests that sup-
pression is not a sensory response coming from the ascending
auditory pathway, but rather is caused by signals from the
vocal production circuit, possibly a result of a motor-to-
sensory corollary discharge. Vocalization-induced suppres-
sion also appears to be a general phenomenon, with neurons
806 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging S
suppressed by one type of vocalization also suppressed by
other types (36).

In contrast to this dominant vocalization-induced suppres-
sion, the remaining smaller population of neurons in auditory
cortex exhibit a vocalization-related excitation (Figure 1B). In
contrast to suppression, excitation generally does not begin
until after the onset of vocalization, suggesting that itmay simply
be a sensory response to vocal feedback from the ascending
auditory pathway (40). In contrast to suppressed neurons,
excited neurons are generally responsive only to a smaller set of
vocalization types (36), likely limited by their sensory receptive
fields (42). Neurons that switch responses between suppression
and excitation for different types of vocalizations are uncommon
and of unclear significance and origin.

This two-population model for auditory cortex responses
during vocalization is similar to and consistent with activities in
human recordings and imaging. Speech-induced suppression,
similar to marmoset results, has been observed during human
experiments using a variety of methods, including electroen-
cephalography (37,43), magnetoencephalography (44–46),
positron emission tomography (47,48), functional magnetic
resonance imaging (49,50), and intracranial recordings
(5,9,14,34,43,44,51–54). However, in contrast to the unit re-
cordings in animals, human studies have largely been limited
to showing a reduction in brain activity during speech pro-
duction compared with simply hearing speech, although brain
activity is still elevated compared with prespeech baseline
(44,45,48,52,53,55–57). Unit recordings during primate vocal-
ization exhibit responses that are not only reduced compared
with hearing vocalizations (42), but also are reduced compared
with spontaneous rates. The difference is likely methodolog-
ical, with most human brain recording techniques lacking the
resolution for single-unit activity and instead showing aver-
aged activities of many neurons. First, the types of signals
typically recorded in humans (blood flow, field potentials, os-
cillations) may reflect different aspects of the physiologic
response from spiking units. Second, the averaging of a group
of neurons with diverse responses may partially mask vocal
suppression. For example, a dominant population of sup-
pressed neurons will exhibit a maximal decrease in firing to
zero from their typical spontaneous firing of ,10 Hz. In
contrast, a small (10%–35%) group of neurons with vocal in-
creases is capable of reaching firing rates of 100 Hz or more.
Under those circumstances, it is not difficult to extrapolate
how the net average vocal firing rate might still be above
spontaneous. Indeed, when we created a similar model,
averaging activity from a large number of neurons in marmo-
sets, including multiunit activities, the net vocal response was
an increase in firing rate (58).
DIFFERENCES BETWEEN SUPPRESSED AND
EXCITED NEURONS DURING VOCAL PRODUCTION

One immediate and important question is what the differences
are between suppressed and excited neurons that give rise to
their dichotomous behavior during vocal production. Some
possibilities include anatomic location, sensory tuning proper-
ties, and connectivity. There are some differences in the esti-
mated laminar location of these neurons, with suppressed
neurons distributed mostly in upper cortical layers and less in
eptember 2019; 4:805–812 www.sobp.org/BPCNNI
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Figure 1. Suppressed and excited responses during vocalization. (A) Sample neuron recorded from marmoset auditory cortex (top) showing suppression
during vocalization (bottom). (B) Sample neuron showing excitation during vocalization. (C, D) Vocal firing-rate responses from suppressed and excited
auditory cortex neurons during normal (blue) and frequency-shifted vocal feedback (FB) (orange). Suppressed neurons (C) exhibit reduced suppression during
shifted feedback, whereas excited neurons (D) are not strongly affected. spk/s, spikes per second. [Adapted with permission from Eliades and Wang (35).]
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cortical input layer IV and below (58). However, no obvious dif-
ferences based on hemisphere or cortical subfield (i.e., primary
auditory cortex vs. more lateral areas) have been found
(17,35,36). In fact, neurons recorded simultaneously from the
same electrode often show no correlations in their vocal re-
sponses (58), suggestive of microarchitectural or connectivity
variation to explain differences between vocal suppression and
excitation. The bias toward suppression in the supragranular
layers is of particular interest, given that these layers are the
primary recipients of cortical-cortical connections, as opposed
to ascending auditory inputs to layer IV (59,60). The microcir-
cuits involved in vocal suppression, however, remain uncertain.

Sensory tuning properties may play a partial role in deter-
mining vocal responses. Although early analyses failed to
reveal any relationship between basic acoustic response (fre-
quency tuning, loudness sensitivity) and vocal suppression
(40), more comprehensive analysis suggests that vocalization-
related excitation may be explainable as a sensory response
(42). First, although suppressed neurons exhibit variable re-
sponses to playback of vocal sounds, excited neurons are
generally responsive to vocal playback (42). These excited
neurons typically exhibit monotonic rate-level functions,
increasing their firing rate with increasing sound level, which
would make them more likely to respond to loud self-produced
vocalizations. In contrast, suppressed neurons show a mix of
monotonic and nonmonotonic (tuned/peaked) rate-level func-
tions. Finally, computational models using frequency-tuning
information to predict sensory responses to vocal sounds
Biological Psychiatry: Cognitive Neuroscience and Neuroi
show good prediction of both vocal playback and excitation
during vocal production, but fail to predict vocalization-
induced suppression (42). Together, these results suggest
that the primary differences between excited and suppressed
neurons is the presence of nonsensory (motor) inputs to sup-
pressed neurons that are absent in the excited neurons.
Excited neurons appear to respond similarly to vocal sounds
whether or not they are self-produced or received externally.

EVIDENCE FOR A COROLLARY DISCHARGE
MECHANISM FOR VOCALIZATION-INDUCED
SUPPRESSION

Is a motor-to-sensory corollary discharge the cause of vocal
suppression? Numerous pieces of evidence point toward this
mechanism, as opposed to an alternative hypothesis of vocal
suppression as a result of passive sensory responses. First,
vocally suppressed neurons are generally responsive to vocal
playback. Second, prevocal suppression is present, with no
auditory inputs. Finally, suppressed vocal responses, in
contrast to excited ones, are not well predicted from sensory
tuning properties, although it might be possible for a corollary
discharge to take advantage of underlying sensory tuning.
Unfortunately, direct experimental evidence is thus far lacking.

One possible source of a corollary discharge is the frontal
cortex, which is known to be involved in human speech pro-
duction, in its reciprocal communication with the auditory
cortex. To what extent the frontal cortex may be involved in
maging September 2019; 4:805–812 www.sobp.org/BPCNNI 807
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nonhuman primate vocalizations remains controversial (61).
However, neurons in both prefrontal and premotor cortex in
marmosets have been found to exhibit activity before and
during vocal production (62–65), similar to what has been
found in other nonhuman primates (30,31,66). There is also
evidence that bidirectional anatomic connections exist be-
tween the frontal lobe and auditory cortex in both marmosets
(60,67) and macaques (68,69). Stimulation of frontal cortex in
primates can evoke inhibition in auditory cortex (70,71), but
whether such connections are active during vocalization is
unknown. Additionally, many of these frontal cortex regions,
particularly the premotor cortex, exhibit both vocal premotor
activity and auditory responses (30,62,66,72,73), making the
frontal cortex a region of interest as a possible source for
corollary discharge signals as well as a possible recipient area
of auditory cortex vocal outputs. Similar frontotemporal con-
nectivity has been seen in humans during speech, although its
relationship to auditory processing is unknown (74–76). Some
evidence may also be extrapolated from rodents, where
optogenetic methods have shown an inhibitory motor to
auditory connection during locomotion (77,78), which may
represent an evolutionarily conserved sensorimotor pathway.

Another question is whether such a corollary discharge is
acting directly on the auditory cortex or is targeting subcortical
centers from which auditory cortex might inherit its vocal sup-
pression. During vocal production, there is evidence for
contraction of the middle ear muscles in multiple species (79–81)
as well as reduced average auditory brainstem responses in bats
(82,83). Although these subcortical mechanisms could account
for a 20- to 40-dB reduction in effective sound level, modeling
marmoset auditory cortical responses to sound level with these
reductions does not account for the observed degree of
vocalization-induced suppression (40). Moreover, such subcor-
tical attenuation would not explain the close match in production
and playback responses that is preserved in excited cortical
neurons. As the middle ear muscles also similarly contract when
hearing loud sounds (in the vocalization range), it is possible that
a similar attenuation is present during both production and
perception of speech or vocalization. Along the ascending
auditory pathway, there is a notable absence of vocalization-
induced suppression in the central nucleus of inferior colliculus,
a midbrain auditory nucleus above the brainstem that is an
obligate portion of the ascending auditory pathway, as demon-
strated in the squirrel monkey (84–86), and would also argue
against a lower pathway mechanism. Whether a thalamic or
thalamocortical mechanism could be involved in producing
vocalization-induced suppression, however, is uncertain, as only
a single example of auditory thalamus recording during vocali-
zation exists (87). Observations from recent rodent locomotion
experiments argue for a direct cortical-cortical mechanism, as
the optogenetic methods used have more specifically labeled
and inactivated such direct connections (77,78), and similar
cortical inhibition is seen even when ascending cortical inputs
from the thalamus are artificially created (88).
ENVIRONMENTAL MONITORING DURING VOCAL
PRODUCTION

What roles might these two populations of neurons play in
solving the challenges faced by the auditory system during
808 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging S
vocal production? One such role is environmental monitoring,
that is, maintaining sensitivity to the outside world during
vocalization. When faced with an external sound that overlaps
with loud self-produced vocalizations, the external sound
could be masked. Surprisingly, relatively little is known about
how large an issue this really is. One might predict that
vocalization-induced suppression could be used to subtract
out responses to self-produced vocal sounds, thereby
improving the perception of concurrently received external
sounds. This role has been suggested by studies in insects (89)
and by tone detection studies in mice using locomotion-
evoked sound presentation (90). Similar suppression of audi-
tory responses has been found during human speech (91).

In contrast, on one hand, responses in marmoset auditory
cortex during simultaneous vocalization and sound presenta-
tion have shown that the same vocalization-suppressed neu-
rons also exhibit a parallel reduction in external sound-evoked
responses (40). Vocalization-excited neurons, on the other
hand, exhibited similar responses, on average, to sound pre-
sentation whether or not the animal was vocalizing. These
findings suggest that the nonsuppressed neurons continue to
encode outside sounds in a faithful fashion. It should be noted,
however, that the presented stimuli were not systematically
tested to determine if there was a degree of acoustic specificity
to the reduction in external sound responses. It is also as yet
unclear what mechanisms or features the auditory system uses
to determine whether a sound is from an external source or is,
in fact, self-produced.
VOCALIZATION-INDUCED SUPPRESSION IN SELF-
MONITORING AND VOCAL CONTROL

A second, and likely more important, potential function of
vocalization-induced suppression is to self-monitor one’s own
voice and to use this information to detect and correct any
errors in vocal production. Such self-monitoring is best tested
by perturbing the sounds that a human or an animal hears of
itself (auditory feedback), which can be accomplished through
a variety of acoustic manipulations. When presented with
frequency-shifted auditory feedback during vocalization, there
is a reduction in the degree of vocal suppression in the audi-
tory cortex (17,35). This feedback sensitivity is most prominent
for suppressed neurons and less evident for excited neurons,
consistent with a possible role of vocal suppression in self-
monitoring (Figure 1C, D). Moreover, feedback sensitivity ap-
pears not to be dependent on the underlying sensory tuning of
these auditory cortex neurons, with no correlation between
feedback responses and frequency tuning or responses to
playback of vocal sounds. Direct comparisons of responses to
frequency shifts during vocal production and playback of
shifted vocal sounds reveal that suppressed neurons are
actually more sensitive to vocal frequency shifts than would be
predicted based on passive sensory responses. A similar
feedback sensitivity is also seen in the human auditory cortex
using a variety of experimental methods (43,55,92,93). In
addition to sensitivity to frequency-shifted feedback, experi-
ments using masking noise have shown a similar reduction in
vocal suppression (15). Such masking is known to result in
compensatory increases in vocal amplitude, a common
behavior known as the Lombard effect (16,94) that is also
eptember 2019; 4:805–812 www.sobp.org/BPCNNI
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present in marmosets and may be predicted by changes in
auditory cortex activity (15).

These observations from feedback perturbation experi-
ments suggest that vocalization-induced suppression some-
how changes or biases sensory processing in the auditory
system to allow for more accurate self-monitoring. The origin
and mechanisms of this altered sensory processing are un-
clear, but it has been suggested that it is a result of a corollary
discharge containing a specific sensory prediction of the motor
action plan, the latter termed an efferent copy (95) or forward
model (96,97,98). There has been considerable variability and
confusion in the use of these terms, but here we focus on the
sensory prediction of the expected auditory feedback during
vocalization. In theory, the sensory prediction could be
compared with auditory inputs resulting in an auditory cortical
response reflecting the feedback error—a so-called error
signal. Whereas vocalization-induced suppression is reduced
during altered feedback, as predicated by an error hypothesis,
direct evidence for such an error signal is more limited. For
example, an error signal would be expected to reflect the
magnitude of the difference between vocal production and
feedback, and some human data suggest such a role
(43,98–100). Marmoset recordings have thus far been limited
to a single feedback manipulation, and so a parallel process is
unclear. It is possible that both marmoset and human vocal
responses reflect a nonspecific suppression combined with
underlying sensory tuning, rather than a specific prediction.
Only studies systematically testing individual neurons with a
wide range of feedback shifts, as opposed to passive sensory
responses to similar frequency shifts, will better distinguish
these two hypotheses.

A similar phenomenon is observed under conditions in
which nonvocal actions result in a predictable sensory input.
For example, tone presentation to locomoting rodents suggest
a suppression of sensory responses that is less evident when
tone frequencies do not match those that were expected or
predicted (90). This finding closely parallels observed sensi-
tivity to frequency-shifted vocal feedback seen in both humans
(4,7,11,55,93,101) and marmosets (17,35). An intriguing
question is whether these represent a more general sensory-
prediction mechanism, of which speech and vocal produc-
tion are just special cases.

Given this evidence of neural responses reflecting self-
monitoring in auditory cortex of both humans and marmo-
sets, the question arises as to whether marmosets are able to
control their vocal production and what role auditory cortical
activity might play in such vocal control. Humans are capable
of rapidly adjusting the acoustics of their voice and speech to
compensate for perceived changes in vocal feedback
(19,102,103). Using frequency-shifted feedback, triggered to
begin in the middle of vocalization, recent studies have
demonstrated that marmosets also exhibit compensatory
vocal control, raising their vocal frequency when presented
with downward feedback shifts or decreasing frequency when
faced with upward feedback shifts (17). The magnitude
(approximately 0.3–0.4 semitones) and latency (approximately
200 ms) of this vocal compensation is comparable to that of
humans (19,102,104), suggesting that marmosets are a good
model for such feedback-dependent vocal control. Auditory
cortical recordings performed during this compensatory vocal
Biological Psychiatry: Cognitive Neuroscience and Neuroi
control also show that there is a greater decrease in vocal
suppression in trials in which marmosets exhibit greater
compensation (17), a pattern also seen using human intracra-
nial recordings (55,92). This difference in suppression pre-
cedes vocal changes and, in fact, predicts them, suggesting a
possible role in a vocal control circuit involving the auditory
cortex. Additionally, different groups of neurons were found
that predicted both positive and negative directions of vocal
compensation, perhaps a push-pull system for vocal fre-
quency control.

However, establishing a causal role for auditory cortex and
vocalization-induced suppression in self-monitoring and vocal
control requires direct manipulation of cortical activity. Exper-
iments using electrical microstimulation of auditory cortex
during vocalization demonstrate rapid changes in vocal pro-
duction and provide early evidence for such causal inference
(17). This stimulation evokes vocal changes with a latency of
approximately 40 ms, slightly longer than the latency from
laryngeal motor cortex in humans and other species (105–107),
suggesting a short reflex pathway between the auditory cortex
and larynx. Moreover, the effects of this stimulation on vocal
acoustics significantly correlate with neural responses
recorded from the same electrode locations, suggesting that
stimulation may have activated the same cortical circuits and
resulting in a similar behavioral outcome. Interestingly, stimu-
lation effects were strongly biased toward the right
hemisphere, suggesting a potential hemispherical lateralization
that is consistent with some previous human auditory cortex
studies (47,92,108) and specializations of the right asymmetry
of the motor cortex in vocal pitch control for both humans (106)
and monkeys (109). Despite this evidence, it still remains un-
clear whether the auditory cortex is necessary for vocal control
or whether a subcortical mechanism might also be involved.

BEYOND THE AUDITORY SYSTEM

What other brain areas might be involved in vocal corollary
discharge mechanisms and auditory-vocal comparisons? Two
possibilities are the basal ganglia and the cerebellum, but
neither has been well studied in mammalian vocal production.
The basal ganglia have long been studied in the songbird
literature for their role in song sequence learning and control
(25) but have largely been ignored in nonhuman primates.
However, the basal ganglia are reciprocally connected with the
auditory cortex and exhibit responses to sound stimuli
(110,111). The cerebellum has a long history of study in
sensorimotor behavior and coordination, and anatomic tracing
and lesion studies have implicated it in the vocal motor
pathway (29,112–115), but its role in auditory-vocal processing
is unknown. These areas remain intriguing avenues for future
investigation.

CONCLUSIONS

Suppression of the neural activity in auditory cortex during
both speech and vocalization is a ubiquitous phenomenon for
both humans and nonhuman primates. Evidence suggests that
this suppression is mediated by a corollary discharge mech-
anism, likely originating in brain areas that initiate or control
vocal production, that is likely conserved across species. This
mechanism appears to play a critical role in self-monitoring
maging September 2019; 4:805–812 www.sobp.org/BPCNNI 809
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during vocalization and resulting feedback-dependent control
of speech and vocal production. Further comparative ap-
proaches studying vocal production in nonhuman primates at
circuit and cellular levels may yield valuable insights into the
evolutionary origins of human speech and its control circuit in
the brain as well as the underlying mechanisms of many vocal
disorders.
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