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ABSTRACT: There has been recent increasing

interest in the use of marmosets, a New World primate

species, as a model in biomedical research. One of the

principal advantages of marmosets as a research model

is their rich vocal repertoire and communicative vocal

behaviors displayed both in the wild and in captivity.

Studies of this species’ vocal communication system have

the potential to reveal the evolutionary underpinnings of

human speech, and therefore are of interest to the neuro-

science and biology research communities. Here a recent

research into the behavioral and neurobiological basis of

marmoset vocal communication was reviewed and they

argued for their broader value as a neuroscientific model.

They discuss potential avenues for future research

including developmental neurobiology and the applica-

tion of modern molecular tools to the study of primate

communication. VC 2016 Wiley Periodicals, Inc. Develop Neurobiol

77: 286–299, 2017

Keywords: marmoset; auditory cortex; pre-frontal cor-

tex; vocalization; vocal communication

INTRODUCTION

Marmosets have recently engendered significant

interest as model organisms for neuroscience

research. While the benefits of marmosets for imple-

menting molecular approaches for the study of the

primate brain have often been noted (Sasaki et al.,

2009; Sadakane et al., 2015; MacDougall et al.,

2016), their natural social behavior affords numerous

opportunities for examining different aspects of pri-

mate brain function that have been largely overlooked

in studies using other model species (Miller et al.,

2016). Recent development of techniques to record

neural activity in freely-moving marmosets has

allowed scientists to begin exploring the neural basis

of primate behavior beyond those conditioned behav-

iors more typical of past primate neurophysiology

research. Coupled with quantitative characterizations

of the species’ natural vocal behavior and active

social signaling paradigms, marmosets represent a

potentially powerful model of primate vocal commu-

nication and language evolution.

Non-human primate communication has been of

long-standing interest to biologists and neuroscient-

ists due to their close phylogenetic relationship with

humans and the hope that a better understanding will

reveal important information about the evolutionary

and physiological basis of human speech. Past efforts

to understand the neural basis of primate communica-

tion have typically been limited to studies in which

head-restrained animals are presented with static

social stimuli (e.g., faces, vocalizations, etc.). Com-

munication, however, is an inherently dynamic and

interactive process involving the exchange of signals

between conspecifics, and the social context in which

signals are produced can have a profound effect on
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what is communicated (Engh et al., 2006; Seyfarth

and Cheney, 2014). In order to study vocal communi-

cation effectively, it is important that neurobiological

studies of natural communication take place, includ-

ing a focus on the actual social interactions being

mediated by the vocalizations. Moreover, because

any communicative process requires the engagement

of both production (sender) and perception (receiver),

often acting in concert, a full understanding of the

neural basis of communication, vocal or otherwise,

should be based on an integrated approach to study

all involved processes. However, because of the lim-

ited active communication in captivity exhibited by

many species used in neurobiological research,

including the popular macaque monkey, these species

may not be ideally suited for studying communica-

tion in the laboratory. Instead such studies have been

limited to constituent motor and sensory components,

rather than the communicative process as a whole.

Here we present evidence of the significant value

of marmosets in neuroscience as a model of social

communication. We focus primarily on research

using the common marmoset (Callithrix jacchus), as

they have become the most frequently used marmoset

species in scientific studies. We first briefly review

past work from more traditional research models in

rhesus and squirrel monkeys, followed by a discus-

sion of how similar approaches in marmosets have

yielded comparable results. We next extend our case

for the marmoset vocal model by discussing several

recent lines of work that highlight the unique insights

that can be gained by studying the neural basis of

vocal communication within the context of the mar-

moset natural behavioral repertoire: auditory feed-

back and antiphonal conversations. We conclude with

a discussion of potential avenues for future research.

MARMOSET COMMUNICATION
BEHAVIORS

Marmosets communicate with conspecifics using sig-

nals across multiple sensory modalities. Like all pri-

mates, however, social communication is dominated

by visual and acoustic social signaling. Visually,

marmosets acutely focus their attention on faces

(Mitchell et al., 2014), as they can provide a wealth

of communicative information to conspecifics. Mar-

mosets produce several facial expressions, each of

which communicates specific information to conspe-

cifics related to the particular social context (Kemp

and Kaplan, 2013). By attending to the face, marmo-

sets not only gain information about facial expres-

sions, but can follow the gaze of conspecifics to gain

other valuable social information (Burkart and

Heschl, 2006, 2007). For example, marmosets will

follow a conspecific’s gaze toward objects that are

outside of their line of sight and use that cue to inves-

tigate (Burkart and Heschl, 2006). In addition to

faces, marmosets also communicate visual informa-

tion with body postures (Schiel and Huber, 2006).

This importance of visual communication is evi-

denced by the presence of specialized processing at

the neurobiological level. Like other human and non-

human primates (Kanwisher et al., 1997; Tsao et al.,

2006, 2008), the marmoset brain includes a network

of “Face Patches” in the extrastriate visual cortex

(Hung et al., 2015). More extensive reviews of mar-

moset visual communication can be found elsewhere

(Mitchell and Leopold, 2015; Miller et al., 2016),

here we focus on describing their vocal communica-

tion system.

Similar to many New World primate species, mar-

mosets are remarkably voluble, engaging in nearly

constant vocal communication. Their vocal repertoire

comprises a diversity of signals that are produced

depending on the particular social and ecological

context (Epple 1968; Bezerra and Souto, 2008;

Bezerra et al., 2009; Agamaite et al., 2015). These

include calls that mediate social interactions, as well

as predator alarm calls, mobbing calls and food calls

(Bezerra and Souto, 2008). Both “Twitter” and

“Trills,” for example, appear to mediate particular

interactions between conspecifics in relatively close

proximity [Fig. 1(A)]. Twitters are characterized by a

series of short, rapid frequency modulated pulses,

while the spectro-temporal structure of trills shows

sinusoidal frequency modulation. Behavioral descrip-

tions from field observations describe trills being pro-

duced most commonly in the context of foraging,

while twitters are often produced during intergroup

encounters (Bezerra and Souto, 2008), though ascer-

taining the more explicit function of these vocaliza-

tions in those social contexts requires further study.

Marmosets maintain these diverse vocalizations in

captivity, avidly interacting vocally in laboratory col-

ony environments [Fig. 1(B)].

The marmoset “Phee” call is, perhaps, the most

extensively studied vocalization in the marmoset rep-

ertoire. This vocalization functions to maintain social

contact between visually occluded group members

(Miller and Wang, 2006; Bezerra and Souto, 2008),

but are also produced during aggressive territorial

encounters (Bezerra and Souto, 2008) suggestive of a

more dynamic role in marmoset social interactions.

This species-typical, long-distance contact call com-

prises one or more long slow-frequency modulated

“whistle”-like pulses [Fig. 1(A)]. The acoustic
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structure of phee calls encodes a variety of social

information that is relevant for aspects of social rec-

ognition, including the individual identity and sex of

the caller (Norcross and Newman, 1993; Miller et al.,

2010a,b). The phee call also encodes group-level dia-

lects (Miller et al., 2010a,b), suggesting that at least

some degree of vocal control and adaptive learning

occurs for this vocalization similarly to other marmo-

sets species (Elowson and Snowdon, 1994; Snowdon

and Elowsen, 1999). Notably, these dialects develop

even in captive colonies between groups in close

proximity. This capacity for learning and plasticity

may be supported by mechanisms of vocal control.

Prior to producing a phee call, marmosets establish a

motor plan that comprises the entire acoustic struc-

ture of the call, suggesting that specific acoustic fea-

tures and are not random variations or errors, but

instead potentially represent deliberate control over

the vocal motor output (Miller et al., 2009b).

NEURAL BASIS OF VOCAL SIGNAL
PROCESSING IN OTHER PRIMATE
MODELS

Despite long-standing interest in the physiological

basis of primate vocal communication, relatively lit-

tle is known about the underlying neural processes.

Much of the early research in vocal signal processing

during the 1970s and 1980s focused on the squirrel

monkey (Saimiri sciureus) model. Squirrel monkeys

share a number of important features with marmosets

and other New World primates that are advantageous

for vocal research, including a rich vocal repertoire

that is maintained in captivity. This early work first

mapped the potential circuits involved in vocal motor

control (J€urgens, 2002, 2009), as well as demonstrat-

ed sensory coding of vocal sounds in auditory brain

areas (Newman and Wollberg, 1973; Symmes et al.,

1980; Ploog, 1981). While this research revealed the

presence of vocalization-related neural responses in

the auditory system, in particular the auditory cortex,

it failed to reveal a vocalization-specific brain region

as had been hoped by some (Symmes, 1981). For var-

ious reasons, much of the pursuit of this line of work

had ended by the mid-1980s.

Over the same period of time, rhesus macaques

(Macaca mulatta) emerged as the dominant non-

human primate model for neuroscience research.

Macaques share many similar anatomical and physio-

logical features of their auditory system with humans

and other non-human primates, although with more

developed cortical structures than marmosets or

squirrel monkeys. Like other primates, macaques

also exhibit a rich vocal repertoire in the wild

(Hauser, 1998). Early acute neurophysiological

Figure 1 Illustration of marmoset vocalizations. Representative spectrograms are shown for the

four most common classes of marmoset vocalizations (A), although marmoset exhibit numerous

other types of vocalizations. Marmosets often vocalize interactively with multiple types of vocal-

izations in the colony environment (B). [Color figure can be viewed at wileyonlinelibrary.com]
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experiments provided evidence suggestive of

increased selectivity for complex sounds, including

vocalizations, in non-primary auditory cortex (Rau-

schecker et al., 1995), particularly toward more rostral

aspects of the superior temporal gyrus (Rauschecker

and Tian, 2000). More recent experiments in awake

macaques have identified a vocalization-selective

region in rostral secondary auditory cortex that may

be analogous to the human “voice” region (Perrodin

et al., 2011; Petkov et al., 2008). The areas share

direct reciprocal connections with ventrolateral

prefrontal cortex (Romanski et al., 1999), where

vocalization-related sensory responses have also been

found (Romanski and Goldman-Rakic, 2002; Roman-

ski et al., 2005), and may have a role in representing

the semantic contents of vocal sounds (Gifford et al,

2005). Despite the importance of such findings, these

experiments were performed in head-restrained ani-

mals either passively presented with vocalizations or

engaged in a conditioned behavioral task and, as a

result, we know little about how these brain regions

might be involved in more active aspects of communi-

cation. Unfortunately, macaques are, by and large, not

very vocal in captive laboratory environments, limit-

ing their utility in studying active communication.

NEURAL BASIS OF VOCAL SIGNAL
PROCESSING IN MARMOSETS

There appear to be many significant common features

between the neural processing of vocal sounds in the

auditory systems of marmosets and other non-human

primate models. The ascending auditory pathway in

marmosets is organized similarly to that of other

mammalian and primate species (Aitkin and Park,

1993), including both a leminiscal, or primary-like

pathway and a non-leminiscal pathway (De La Mothe

et al, 2006). The sensory coding of simple sounds in

these sub-cortical structures is similar to those of oth-

er mammals (Aitkin and Park, 1993), but relatively

little is known about the coding of vocal sounds.

Most marmoset auditory research has focused,

instead, at the cortical level.

The marmoset auditory cortex exhibits a core-belt-

parabelt organization with an anterior-posterior tono-

topic organization that appears to be a conserved ana-

tomical arrangement amongst primate species (Kaas

and Hackett, 2000; Hackett et al. 2001). Several stud-

ies have examined the responses of neurons in mar-

moset primary auditory cortex (A1), a core auditory

area, to species-specific vocal sounds. These studies

have demonstrated a distributed representation of

vocalizations in A1, with individual neurons

responding to specific spectro-temporal features

according to their frequency receptive field (Wang

et al., 1995; Rajan et al., 2013; Lui et al, 2015). These

A1 neurons do not appear to discriminate between

natural vocal sounds and spectro-temporally matched

synthetic or “virtual” vocalizations (DiMattina and

Wang, 2006). However, degradation of these fea-

tures, particularly in the temporal dimension, results

in decreased neural responses (Nagarajan et al.,

2002). Despite this apparently simple relationship in

A1 between vocal coding and spectro-temporal fea-

tures, there does appear to be a high degree of non-

linearity both in the influence of temporal history

(Luczak et al., 2004) and harmonic integration (Kadia

and Wang, 2003) suggesting a more complex encod-

ing scheme. What role these non-linearities play in

vocal coding remain unknown.

Extending beyond A1, relatively less is known

about the encoding of vocalizations in non-primary

auditory areas. A few studies have shown vocaliza-

tion responsive neurons in both the medial (Kajikawa

et al., 2008) and lateral (Rajan et al., 2013) belts of

marmoset auditory cortex. CM, the central-medial

belt region, is a primary-like auditory area that

appears to encode vocal sounds in a frequency and

feature-dependent fashion similar to that of A1 (Kaji-

kawa et al., 2008). The role of the lateral belt and par-

abelt are presumed to have a role in selectively

encoding complex sounds, similar to what has been

seen in macaques, but has not been rigorously

explored. More recent work using fMRI in marmo-

sets has found vocalization preferences, compared

with degraded vocalizations, extending anteriorly

along the superior temporal gyrus toward the tempo-

ral pole (Sadagopan et al., 2015). The roles of frontal

brain areas, which have been implicated in vocal sen-

sory perception in macaques (Romanski and

Goldman-Rakic, 2002; Romanski et al., 2005), have

not been explicitly studied in marmosets. However,

immediate early gene (IEG) studies in which marmo-

sets were presented recorded phee vocalizations, but

failed to vocalize a response, have demonstrated

increased expression in ventral prefrontal cortex

(vPFC) consistent with local neural processing of

vocal sounds (Miller et al., 2010a,b; Simoes et al.,

2010). What specific role these diverse brain areas

play in vocal coding and perception in marmosets

remains unknown, particularly for the issue of vocal

perception, as the majority of past physiological stud-

ies have been performed in passive or even anesthe-

tized animals.

Another important open question about auditory

coding in marmosets is to what extent their auditory

cortex is acting as a specialist versus a generalist
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system. In a specialist system, for example, one

might predict a brain region or group of neurons dedi-

cated to encoding species-specific vocal sounds. The

extreme extrapolation of this hypothesis would be an

auditory equivalent of a “grandmother” cell. A previ-

ous search for such a specialization in squirrel mon-

keys was unsuccessful (Symmes, 1981), and to date

no evidence has emerged for a specialized

vocalization-coding area in marmosets. There is, how-

ever, some evidence suggesting that the marmoset

auditory cortex is not a purely generalist system

either. Presentation of natural and time-reversed mar-

moset Twitter calls evokes a stronger auditory cortical

response to the natural call, a bias not present when

presenting Twitter calls to cats (Wang and Kadia,

2001). Whether this represents some innate preference

or specialization is unknown. On the other hand,

experiments in which marmosets underwent surgical

vocal tract modification, and had resulting atypical

Twitter vocalizations, later found altered sensory cod-

ing of Twitter calls in A1 after several months

(Cheung et al., 2005). These results suggest that any

apparent specialization in marmoset auditory cortex

may simply be a result of experience-dependent plas-

ticity, especially given the degree of A1 plasticity

observed in other mammalian species (Chang et al.,

2005). Future work will be needed to resolve these

ambiguities and to determine to the roles of acoustic

features, experience, and active sensation on marmo-

set sensory coding and vocal perception.

VOCAL PRODUCTION AND
SENSORY-MOTOR INTEGRATION

One of the key advances over the past few years that

has allowed for more detailed studies of vocal pro-

duction and natural vocal behaviors has been the

development of free-roaming neurophysiological

preparations. No matter how vocal a species is in the

wild or laboratory colony, the physical restraints typi-

cally used in neurophysiological experiments often

inhibit natural behaviors like vocal production.

Although free-roaming recordings have long been

used in rodents and other species, their application to

non-human primates have been difficult due to their

three dimensional movement and the ability to grasp

with their hands. Over the past few years, this limita-

tion has largely been overcome with new small

micro-electrode arrays coupled with either tethered

(Eliades and Wang, 2008a) or wireless (Mohseni

et al., 2005; Roy and Wang, 2012) unrestrained

recordings. These technologies have seen extensive

use in marmosets and, to a lesser extent, squirrel

monkeys (Grohrock et al., 1997; Tammer et al.,

2004). When combined with either antiphonal vocal

interactions (Miller et al., 2016) or experiments per-

formed in the housing colony (Eliades and Wang,

2008b,), these methods have proven extremely effec-

tive at eliciting the full range of marmoset vocal

behaviors while allowing chronic neural recordings

from multiple brain areas.

Despite these recent technologic advances, rela-

tively little is known about which brain areas are

involved in generating and controlling vocal produc-

tion in marmosets, although there is emerging evi-

dence for the involvement of frontal cortical areas.

Microstimulation studies in primary motor cortex

have shown the presence of an expected somatotopic

organization, however these studies have not exam-

ined laryngopharyngeal responses (Burish et al.,

2008). Microelectrode studies of prefrontal (PFC)

and premotor (PMC) cortical areas during antiphonal

calling have found vocalization-related activity that

often precedes or is phase locked to the onset of vocal

production (Roy and Wang, 2012; Miller et al.,

2015), results consistent with previous recordings in

macaque monkeys (Gemba et al., 1999). Further evi-

dence for frontal involvement in vocal control is

found in IEG studies showing vocal production-

related expression particularly in dorsal PFC/PMC

(Miller et al., 2010a,b), although other studies have

also found expression in ventral PFC (Simoes et al.,

2010). Additionally, IEG expression from vocaliza-

tion has been found in anterior cingulate cortex

(Simoes et al., 2010), similar to locations of vocal

modulation that have been reported in squirrel mon-

keys and macaques (M€uller-Preuss et al, 1980;

Gemba et al., 1995). To what extent cingulate func-

tion reflects vocal pre-motor control versus more

non-specific motivation remains unknown. As far as

subcortical structures that might be involved in vocal

production, there have been no studies in marmosets,

although it is assumed that this would be similar to

the circuits that have been more extensively studied

in squirrel monkeys (J€urgens, 2002, 2009).

As we have suggested, however, vocal production

and perception should not be thought of as indepen-

dent, isolated processes. For example, in order to

ensure accurate communication of information, it is

also necessary to listen to the sound of one’s own

produced vocalization, a process often referred to as

feedback monitoring. Marmosets like many other

species will increase their vocal loudness in the set-

ting of feedback masking by background noise

(Brumm et al, 2004; Eliades and Wang, 2012), and

there has been a suggestion of more elaborate vocal

changes when faced with frequency-altered vocal
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feedback (Eliades and Wang, 2008b). Similar

feedback-dependent vocal control is even more pro-

nounced in humans, where feedback control has been

demonstrated in multiple aspects of speech (i.e., Lee,

1950; Lane and Tranel, 1971; Burnett et al, 1998;

Houde and Jordan, 1998). Recent research in vocaliz-

ing marmosets has begun to reveal the neural basis of

this vocal self-monitoring and feedback-dependent

control.

Neural recordings in the auditory cortex of vocaliz-

ing marmosets have revealed the existence of two

populations of cortical neurons. The first, which

accounts for nearly 75% of neurons in auditory cortex,

are neurons that are suppressed during vocal produc-

tion (Eliades and Wang, 2003, 2005) (Fig. 2). This

vocalization-induced suppression often begins prior to

the onset of vocal production, in a pre-motor pattern,

and continues throughout the duration of the vocaliza-

tion, and contrasts with a more typical increased neu-

ral firing expected of a sensory response. This pattern

of suppressed vocal responses, termed an auditory–

vocal interaction, is suggestive of an internal modula-

tor signal originating in vocal production centers (Fig.

3). In other sensory-motor systems, such signals are

often termed efference copies or corollary discharges

(Crapse and Sommer, 2008) and are thought to con-

tain predictive information about the expected sensory

consequences of a motor action, termed a forward

model (Wolpert and Flanagan, 2001). Such models

have proven valuable in understanding many aspects

of motor control including speech (Hickok et al,

2011). During vocal production, such predictive infor-

mation is thought to allow for accurate self-

monitoring of vocal feedback. This pattern of

vocalization-induced inhibition is not specific for a

particular type of marmoset vocalization, but rather

appears to be a generalized phenomenon during multi-

ple vocalizations and contexts (Eliades and Wang,

2013).

The second population of neurons in the auditory

cortex are neurons that exhibit vocalization-related

excitation (Eliades and Wang, 2003). Unlike sup-

pressed neurons, this vocal excitation does not begin

until after the onset of vocal production, tends to be

more specific for single types of vocalizations, and is

thought to be un-modulated sensory responses to

vocal feedback (Eliades and Wang, 2013). These

neurons also respond normally to external sound dur-

ing vocalization, in contrast to suppressed neurons,

and are thought to play a role in maintaining environ-

mental sound sensitivity during vocal production

(Eliades and Wang, 2003).

More recent evidence has emerged that this

vocalization-induced inhibition may play an

Figure 2 Vocalization-induced suppression in marmoset

auditory cortex. A raster (A) and peri-stimulus time histo-

gram (B) of a sample neuron are shown that illustrate the

typical pattern of vocalization-induced suppression in audi-

tory cortex. This neuron was nearly completely inhibited

during phee vocalizations (shaded area) and exhibited the

start of suppression prior to the onset of vocal production.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 3 Schematic illustration of cortical auditory–vocal

network. Because of the apparent interactions between

vocal production and perception, a network is by which

frontal vocal centers (PFC/PMC) influence auditory cortical

(AC) processing during vocal production, and AC relays

information to PFC to support vocal decision making and

production. [Color figure can be viewed at wileyonlineli-

brary.com]
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important role in marmosets’ self-monitoring and

vocal control. Auditory cortex activity was recorded

from vocalizing marmosets while they wore ear-

phones that presented real-time frequency alterations

of their vocal feedback (Eliades and Wang, 2008b).

Despite the presence of inhibition, vocalization-

suppressed neurons were found to be sensitive to this

altered vocal feedback. In fact, these auditory neu-

rons exhibited increased sensitivity to altered feed-

back when results were compared with predictions

from passive auditory sensory responses, suggesting

a role of vocal suppression in “tuning” the auditory

cortex for self-monitoring. Further experiments have

used masking noise during vocal production, a stimu-

lus that has been shown to induce compensatory

changes in vocal amplitude by marmosets (Brumm

et al., 2004). Masking noise is thought to attenuate or

block vocal feedback, thereby inducing a compensa-

tory increase in vocal amplitude, a ubiquitous behav-

ior commonly known as the Lombard effect. Similar

to the effects of frequency-shifted feedback, masking

noise-induced changes in the activities of auditory

cortex neurons, particularly suppressed neurons (Eli-

ades and Wang, 2012). Importantly, these changes in

auditory cortex neural activity predicted subsequent

compensatory changes in vocal amplitude. Together

these results demonstrate a role for the marmoset

auditory cortex in self-monitoring during vocaliza-

tion, and suggest a possible role in feedback-

dependent compensatory vocal control. This self-

monitoring neural activity may potentially be relayed

to frontal vocal-control centers to allow for vocal

compensation, although further research is needed to

better describe this auditory to motor transformation.

ANTIPHONAL CONVERSATIONS

Marmosets naturally engage in conversations. This

vocal behavior, known as antiphonal calling, is char-

acterized by the reciprocal exchange of Phee calls

between conspecifics (Miller and Wang, 2006). Like

human conversations, marmoset antiphonal conversa-

tions are characterized by individuals alternating their

calling so as not to overlap their vocalizations in time

(Miller and Wang, 2006), a behavior known as turn-

taking (Takahashi et al., 2013). The periodicity of

turn-taking is affected by nuances of the particular

social scene, as the rate of calling changes depending

on the sex and relatedness of the marmosets engaged

in the interaction (Miller and Wang, 2006). The

cooperative nature of these conversations is perhaps

best evidenced by the degree to which individuals

coordinate their interactions even in the face of

acoustic interference. For example, a recent experi-

ment in which pairs of marmosets were placed in a

setting in which bursts of interfering broad-band noise

were broadcast showed that subjects coordinated the

timing of their antiphonal exchanges to avoid the

noise and optimize signaling (Roy et al., 2011). These

experiments suggest that marmosets closely monitor

their respective social and acoustic landscape and can

adjust their behavior accordingly to maximize

communicative efficacy (Toarmino et al., 2016b).

Marmoset antiphonal conversations offer a unique

opportunity to examine primate communication from

the perspective of an active participant. Communica-

tion is an inherently interactive process, but many past

vocal playback studies in primates have been limited

to measuring subjects’ reactions to presentations of a

single vocalization or series of vocalizations (Waser,

1975; Seyfarth et al., 1980; Zuberbuhler et al., 1999).

In contrast, interactive playback designs have been

employed in studies of anurans and songbirds and

offer the opportunity to directly engage subjects in

their communicative exchanges (Dabelsteen, 1992;

Dabelsteen and McGregor, 1996; Schwartz, 2001;

King, 2015). The development of novel, interactive

software that generates “Virtual Marmosets” (VMs),

whose vocal behavior and signal structure can be

experimentally manipulated (Miller and Wang, 2006),

provides the opportunity to study primate vocal com-

munication as a participant, rather than a third-party

or passive observer. This approach has the clear

advantage of not only directly engaging marmosets as

an active participant in their natural conversations, but

also allows experimenters to parametrically manipu-

late different dimensions of the behavior to test spe-

cific questions ranging from vocal signal recognition

to social decision-making.

The VM paradigm has been used in several studies

aimed at experimentally testing specific dimensions

of marmoset conversations. For example, this natural

antiphonal behavior is periodic, as callers alternate

their vocalizations in sequences of reciprocal

exchanges. To test the significance of this periodicity

to antiphonal conversations, we tested subjects

responses to VMs whose response latency varied

from 1 to 15 s (Miller et al., 2009a). Results indicated

that subjects were significantly less likely to engage

in conversations with VMs with response latencies

were over 10 s suggesting that the temporal charac-

teristics are meaningful to the behavior. Other experi-

ments have employed variants of the VM paradigm

to examine social recognition and categorization. In

one experiment, the caller identity was unexpectedly

changed during the conversation and resulted in sig-

nificantly decreased responses from marmosets,
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suggesting that the identification of the individuals in

the conversation is particularly salient (Miller and

Thomas, 2012). More recently, we implemented a

paradigm in which subjects engage with multiple

VMs in order to test social decision-making within

the context of a communication network (Toarmino

et al., 2016a). Each VM’s vocal behavior was charac-

terized by differences in response latency (Short|-

Long) and response probability (High|Low) in order

to test the extent to which decisions to communicate

were based on these behavioral characteristics and/or

the behavior of the other VMs in the experiment. We

found that subjects’ decisions to engage a particular

VM were not solely based on their vocal behavior.

Instead, subjects compared the relative behavior of

each VM in the immediate scene before deciding to

exclusively engage one in a conversation. In other

words, subjects responded differently to a VM with

the same behavioral characteristics (e.g., short

response latency and high response probability)

depending on the behavior of the other VMs in the

scene. Broadly, the VM paradigm offers the opportu-

nity to examine aspects of primate communication

that would be difficult with more traditional playback

paradigms, and when combined with techniques to

record neural activity in freely-moving marmosets,

represent a powerful approach to study the neural

basis of primate communication.

Such neurobiological studies of antiphonal conver-

sations have yielded several notable insights into the

neural mechanisms underlying natural communica-

tion in primates. One experiment sought to examine

the functional neuroanatomy of the behavior by mea-

suring expression of the immediate early gene (IEG),

cFos (Miller et al., 2010a,b). Analyses revealed an

increase in cFos expression in both auditory cortex

and entorrhinal cortex, suggesting engagement of

memory recall processes, during antiphonal conver-

sations relative to controls, while expression in fron-

tal cortex was more complex. Whereas an increase in

IEG expression was evident in ventral premotor cor-

tex (vPMC) during vocal production, vPMC and pre-

frontal cortex (PFC) exhibited a stronger response

during vocal signal perception. This general pattern

was also observed in a similar experiment performed

by a separate laboratory (Simoes et al., 2010). These

functional neuroanatomy data suggest that several

neural substrates likely contribute to aspects of the

antiphonal calling behavior, but more precise neuro-

physiological experiments are needed to identify their

respective roles and contributions.

Subsequent neurophysiology experiments recorded

neurons in prefrontal and premotor cortical areas

while freely-moving marmosets engaged in

antiphonal conversations with a VM (Miller et al.,

2015). Although these frontal cortex neurons were

responsive during antiphonal conversations, the pat-

tern of responses was notably different than in analo-

gous experiments in rhesus monkeys involving head-

restrained rhesus monkeys (Coude et al., 2011; Hage

and Nieder, 2013). The first difference was that neu-

rons throughout marmoset frontal areas exhibited

vocal motor-related changes in firing activity during

vocal production. Neural responses were evident both

in the 200 ms prior to vocal onset, as well as sus-

tained changes in activity during call production,

including neurons in putative Broca’s homolog (Fig.

4). In contrast, neurons in PFC and vPMC cortex of

rhesus monkeys trained to vocalize in response to a

visual cue were responsive primarily 1000ms prior to

vocal onset and only for vocalizations produced in

response to the visual stimulus cue. Naturally pro-

duced vocalizations elicited no response from the

same neurons (Coude et al., 2011; Hage and Nieder,

2013), suggesting the possibility of a cue or reward

expectation-related response rather than one specific

to vocal production and control.

Figure 4 Vocal production-related responses in marmoset

prefrontal cortex. Sample responses are shown from a pre-

frontal neuron recorded during antiphonal calling, and illus-

trate complex, dynamic activities before and during

vocalization. [Color figure can be viewed at wileyonlineli-

brary.com]
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The second difference is that, although neurons in

ventrolateral prefrontal cortex of head restrained rhe-

sus monkeys exhibit responses to playback of vocal-

izations (Romanski and Goldman-Rakic, 2002;

Romanski et al., 2005; Gifford et al, 2005), similar

stimulus-driven activity does not occur in the analo-

gous frontal population of neurons of freely-moving

marmosets engaged in antiphonal conversations (Mil-

ler et al., 2015). However, further analysis using a

population classifier was able to reliably distinguish

between vocalizations produced by the VM that either

did or did not elicit a behavioral response by subject

marmosets. These results demonstrated that, as a pop-

ulation, marmoset frontal cortex is involved in sensory

processing for antiphonal conversations, even though

vocalization sounds elicited few strong firing-rate

responses at the level of individual neurons. Such dif-

ferences between studies involving freely-moving

paradigms and those with more conventional, head-

fixed preparations are notable and suggestive of the

value that active social signaling paradigms, including

the VM design, have for elucidating dimensions of

primate brain function that would not be possible with

more traditional approaches.

AVENUES FOR FUTURE RESEARCH

There has been a recent groundswell of interest in

marmosets as a model species for neuroscientific

research. Their appeal has been driven, in part, by

their potential for implementing many of the molecu-

lar tools that have revolutionized studies of neural

circuitry in mice (Belmonte et al., 2015; Miller et al.,

2016). However, a number of characteristics of their

natural communication system make the species

notably valuable as a model of the neural basis of

social signaling, particularly vocal communication.

First, and foremost, is their maintenance of a vocal

repertoire in captivity and their use of vocalizations

within the context of dynamic social behaviors. As

we have argued in this review, attempts to study

vocalization by focusing exclusively on either pro-

duction or perception, or by ignoring social context

and interactive communication, will ignore the

important co-dependence of these processes. Second-

ly, as a non-human primate, marmosets share may

anatomical and physiological features with humans

that potentially make marmoset vocal research more

than an ethologic curiosity, as it can have direct

implications for understanding homologous, rather

than analogous, speech processes in humans. Third,

because marmosets can be easily bred and raised in

captivity, and housed in naturalistic familial and

social groups, they provide a potential model for the

study of developmental neurobiology, including

behavior, genetics, and physiology. Here we briefly

discuss several potential areas for future research to

further our understanding of primate communication.

Developmental Neurobiology

The development of marmosets is relatively rapid

compared with most other primates. Whereas rhesus

monkeys reach adulthood at 4–5 years, marmosets

are sexually mature within 18–24 months (Schultz-

Darken et al., 2015). Because of this attribute, the

opportunity for an expansive study of primate devel-

opmental neurobiology is possible in marmosets.

While relatively little is known about the relationship

between the development of specific neural circuits

and observable behavior in marmosets, a growing

body of work aims to rectify this issue (Bourne, this

volume). Studies of marmoset vocal development

highlight key changes in the ontogeny of natural

communication with direct implications for under-

standing the underlying neural mechanisms (Chow

et al., 2015). However, some of this work serves as a

cautionary tale regarding the methodological chal-

lenges for this research.

Several recent studies of marmoset vocal develop-

ment have sought to characterize the earliest stages

of ontogeny, and have suggested evidence for early

vocal learning (Takahashi et al., 2015, 2016; Zhang

and Ghazanfar, 2016). Targeting the first few weeks

of life is imminently valuable, as critical stages of

development are likely to occur in this period. Some

of these experiments, however, contain several flaws

in their design that make interpretation of their results

difficult. One key problem is that infants are separat-

ed from their mothers, a context that is stressful for

the babies and likely affects aspects of vocal produc-

tion and behavior. Such stress induced by separating

infants from their mothers is evident in the presented

results by the presence of tsik (alarm/stress) vocaliza-

tions (Takahashi et al., 2015), often produced by mar-

mosets when placed in a new environment they find

stressful. Not surprisingly, these calls are absent from

the recordings that took place at later times. Indeed

the presence of a conspecific caller can ameliorate the

stress induced by isolating infant marmosets (Ruak-

stalis and French, 2005). Unfortunately, it is difficult

to distinguish between changes in vocal acoustics and

behavior that occur because of natural developmental

changes and those that simply reflect an adaptation to

the stressful environment. Without proper controls,

interpreting the nature of the observed acoustic and

behavioral changes over ontogeny is challenging.
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These recent studies were not the first to employ the

technique of removing infants from their parents for

vocal recordings. Nearly a decade earlier, Pistorio

et al. (2006) used a similar technique, and reported

virtually identical changes in the acoustic structure of

marmoset vocalizations early in development, though

they were notably more measured in the interpreta-

tion of their data due to the limitations of the experi-

mental design. The authors of these experiments are

correct to target the very earliest stages of develop-

ment in marmosets, a time which is likely key for

vocal development. However, these experiments also

serve as an important cautionary note for future

experiments of this nature. In order to understand ear-

ly development, effort should be made to not disrupt

the species natural social behavior so that the effects

of stress do not mask other aspects of development.

Identifying Functional Neural Circuitry
with Molecular Approaches

One of the remarkable advances in biomedical

research over the past decades has been the introduc-

tion of selectively genetically modified organisms,

more commonly referred to as transgenic animals.

Unfortunately, these advances have been largely lim-

ited to murine models and have been difficult to

apply to non-human primates. Recent work, however,

has seen the creation of transgenic marmosets, the

first and only primate species so modified. This work

began with simple fluorescent protein markers

(Sasaki et al., 2009), but has since been broadened to

a variety of disease lines (Belmonte et al., 2015). The

potential for application of this technology to study-

ing marmoset vocal communication is promising,

particularly as it will allow the study of complex

social behaviors that are not present in non-primate

species. For example, there is evidence for specific

genetic markers in the human speech motor system.

FoxP2, a forkhead box gene, is one such speech-

related gene and natural mutations have been associ-

ated with speech and language impairments (Vargha-

Khadem et al, 2005). Patterns of FoxP2 expression

have been found in thalamocortical-basal ganglia cir-

cuits in marmosets that are similar to those found in

humans as well as songbirds (Kato et al., 2014). The

ability for specific manipulation of this gene, coupled

with extensive study of the resulting changes and

vocal behavior and neurophysiology, has the poten-

tial to elucidate the specific role of this vocal-

associated gene, and will result in a better under-

standing of the evolutionary origins and physiologi-

cal basis for human speech. Other genetically and

developmentally associated disorders can similarly

be studied, particularly those human conditions in

which vocal and social communication are affected,

such as autism-spectrum disorders.

A second major advance in biomedical research

over the past decade, that has largely bypassed non-

human primates, has been the development of optoge-

netic and other optical techniques to study neural cir-

cuits (Deisseroth, 2015). These viral-based methods

for gene editing can also be valuable for dissecting

the neural circuits underlying communication in mar-

mosets. Many adeno-associated viruses express

robustly in the marmoset brain (Watakabe et al.,

2015), including being useful for mapping long-range

anterograde and retrograde projections (Fig. 5). The

success of AAVs in the marmoset brain has laid the

key foundation for recording and manipulating neuro-

nal populations in marmosets. Because of their lissen-

cephalic (smooth) cortex, marmosets are particularly

well suited for multi-photon imaging. Yamamori and

colleagues (Sadakane et al., 2015) recently reported

remarkable GCaMP6f expression in marmoset cortex

using a TET amplifier and were able to elicit

stimulus-evoked changes in activity over several

months from the same neural population. Likewise, a

preparation for optogenetic stimulation in awake sub-

jects has been recently developed in marmosets

(MacDougall et al., 2016). Together these studies

show that the tools for recording and manipulating

Figure 5 AAV tracer injection in marmoset cortex.

Micrograph of a whole slice of marmoset brain showing

viral expression following an injection of AAV9.hSyn.Ch-

R2.eYFP at both the injection site (marked by white arrow)

and contralateral cortex. Transfection is evident in white

matter fiber bundles throughout subcortical areas and across

corpus callosum. The ipsilateral hemisphere in which the

injection was placed is marked by a blue bar, while the con-

tralateral hemisphere is indicated with a light grey bar.

[Color figure can be viewed at wileyonlinelibrary.com]
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neural circuits in the marmoset brain are becoming

available and can be applied to a broad range of

behavioral studies, including vocal communication.

Such tools will allow for invaluable examination and

manipulation of specific functional neural circuits

supporting primate vocal communication.

CONCLUSIONS

The past few years have seen an emergence of the

marmoset as an interesting and potentially invaluable

model for biomedical and, in particular, neurobiologi-

cal research. Marmosets have a number of advantages

for neuroscience research. None of these, however, is

more marmoset-specific than the ability to study the

neurobiology of vocalization and social vocal commu-

nication. Studies of marmoset vocal production have

the potential to reveal the neural basis of interactive

communicative processes and to better understand

human speech. In this review, we have summarized

our current, limited understanding of the neurophysiol-

ogy involved in both hearing and producing vocaliza-

tions. We make an argument that these processes

cannot be studied in isolation, but must take into

account the role of vocal production in perception,

perception in production, and how social context and

decision making can affect both. We further present

upcoming research techniques that are just beginning

to be applied in marmosets, and have the potential to

revolutionize our understanding of human and nonhu-

man primate communication systems. At this point,

the one thing we can say with certainty is that the

future of marmoset research is bright.
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