
Why Marmosets?

Over the past several years the common marmoset

(Callithrix jacchus) has ascended from an estab-

lished, albeit niche, model species in neuroscience to

one with broad appeal that stands to expand and

reshape the scientific landscape. Despite years of pio-

neering research involving marmosets (Dias et al.,

1996; Roberts and Wallis, 2000; Bourne et al., 2002;

Bendor and Wang, 2005; Wang et al., 2005; Solomon

and Rosa, 2014), it was not until Sasaki et al. (2009)

used marmosets to demonstrate the first germ-line

transmission of exogenous genetic information in a

nonhuman primate that this New World monkey

entered the broader collective awareness of the neu-

roscientific community. The raw excitement was

fueled, at least in part, by a confluence of events.

While modern molecular techniques were revolution-

izing the study of neural circuits in mice, there was

reasonable expectations that the same methods could,

in principle, be similarly effective at explicating

questions of primate brain function. However, efforts

to apply these molecular techniques to the rhesus

monkey, the most commonly used primate model,

had proven significantly less effective than in rodents

(Geritis and Vanduffel, 2013; O’Shea et al., 2017).

The marmoset offered the hope of bridging these

technologies and their significant advantages to eluci-

date the intricacies of the primate brain.

Prospects for developing cutting-edge technologies

to deliver exogenous genes to primates with a mar-

moset model remain considerable (Kaiser and Feng,

2015; Jennings et al., 2016; Okano et al., 2016a,b),

particularly as these efforts are quickly beginning to

bear fruit (Sasaki et al., 2009; Sadakane et al., 2015;

Watakabe et al., 2015; MacDougall et al., 2016; Park

et al., 2016; Santisakultarm et al., 2016; Sato et al.,

2016). This line of work, however, is no longer the

principle force driving the species’ continued growth

across the field. There is a maturing appreciation of

this Neotropical primate’s distinctive behavioral

characteristics and the potential to leverage these

qualities to expand the types of questions being asked

at the neurobiological level (Saito, 2015; Miller

et al., 2016). The principal goal of this Special Issue

is to both highlight the current state of work develop-

ing and implementing modern molecular technolo-

gies for marmosets and to underscore the significance

of several areas of ongoing research where this New

World primate offers exciting opportunities to

advance the frontiers of primate neuroscience. Cer-

tainly this collection of manuscripts is not exhaustive,

there are many other areas of research for which mar-

mosets can serve as a valuable animal model.

WHY PRIMATES?

Before turning our attention to marmosets, it is

important to consider the more general question of

why neuroscience needs primate models of the brain

at all. The significance of this question partly

explains the recent interest in marmosets. Other spe-

cies offer distinct advantages for applying the spec-

trum of modern molecular tools to the study of brain

function and disease. Research on mice, for example,

is able to apply the most cutting-edge genetic tools to

the study of their brains with thousands of transgenic

lines available to parse neural circuits with remark-

able precision, while large proportions of the neurons

can be identified and imaged in behaving C. elegans
and zebrafish (Ahrens et al., 2013; Prevedel et al.,

2014; Fosque et al., 2015; Nguyen et al., 2016).

Describing the technical gap between the methods

available to study the brains in these models and

those of nonhuman primates as significant would be a

gross understatement. Certainly if the goal of modern

neuroscience was simply to understand any brain,

then primates would be of limited value. There is,

however, no single model of “the brain.” As much as

evolution is conservative, it enables idiosyncratic sol-

utions to the challenges faced by each organism to

adapt to its niche. This is, after all, one of the princi-

ple processes by which speciation occurs and the

source of much of the diversity evident within and

across taxonomic groups. Selection for a particular

behavior will, by extension, include the neural cir-

cuits and mechanisms that support it. As a result,
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behavioral differences evident across species are like-

wise reflected at the neural level. Any one model of

the brain would effectively fail to capture the extent

of diversity represented across animals, vertebrates,

mammals, or even primates. Identifying the unique

properties of primate neural circuits can be effective-

ly investigated through the more distinctive and

sophisticated elements of their natural behavioral

repertoire.

Primates are perhaps most readily distinguished

from other mammals and vertebrates by the breadth

of their cognitive capabilities and the sophisticated

societies in which they frequently apply these skills

(Hare et al., 2001, 2006; Cheney and Seyfarth, 2007;

Rosati et al., 2010; Drayton and Santos, 2014; Sey-

farth and Cheney, 2014; Martin and Santos, 2016;

Miller et al., 2016; Platt et al., 2016; Toarmino et al.,

2017). The social domain is not the only one in which

primates excel, their cognitive prowess and flexibility

is frequently on display in their capacity to solve

problems in diverse contexts (McGrew, 1992; Toma-

sello and Call, 1997; Whiten et al., 1999). The point

here is not that primates are the only species to exhib-

it a certain degree of cognitive complexity across

these and other domains, as other Taxa also demon-

strate similarly sophisticated cognitive capabilities

(Rendell and Whitehead, 2001; Marino et al., 2007;

Heinrich, 2011; Bugnyar, 2013), but that a more pre-

cise characterization of these behaviors and how they

unfold over time is key to identifying the neural

mechanisms distinct to primates. Like all species, a

primate view of the world is distinctive, as it reflects

solutions to unique challenges that faced the Order

over its evolutionary history. These selective forces

have shaped primates to rely heavily on vision and

audition, for example, rather than the olfactory and

tactile signaling more typical of many other mam-

mals (Mitchell and Leopold, 2015; Miller et al.,

2016). When faced with a challenge, the process of

making a decision about how to proceed, as well as

executing that sequence of behaviors, will arise from

distinct calculations related to an assessment of avail-

able options and weighing the various solutions over

both short and long time scales. This process has

remarkable similarity across primates (Rosati and

Santos, 2015), likely owing to the shared core neural

circuits that underlie decision-making (Gold and

Shadlen, 2007; Lee, 2010; Chang et al., 2013; Har-

oush and Williams, 2015; Platt et al., 2016). Further-

more, the increased size and sophistication of primate

prefrontal cortex likely evolved to support the pro-

gressively more complex forms of cognitive compu-

tation evident in the behavioral repertoire (Goldman-

Rakic, 1971; Krasnegor et al., 1997; Miller and

Cohen, 2001; Semendeferi et al., 2001; Chang et al.,

2013). In fact, numerous studies evidence the pivotal

role of prefrontal cortex in many of the more com-

plex aspects of primate behavior and related neural

function (Hickok and Poeppel, 2004; Cromer et al.,

2010; Roy et al., 2010; Miller and Wallis, 2012;

Mante et al., 2013). As a result of these and other idi-

osyncrasies, the behavioral strategy employed to

overcome ecological and social challenges encoun-

tered by primates, and the supporting neural mecha-

nisms, are likely to be distinct from many other taxa,

even in situations when the final behavioral outcome

may appear analogous. The significance of this pat-

tern is not only pertinent to our assessment of

healthy brains, but also for disease as well (Jennings

et al., 2016). Perhaps not surprisingly due to differ-

ences across species in both neural function and

broader physiology, at least some rodent models of

human disease have limited effectiveness (Seok

et al., 2013). As a result, our simian cousins remain

vital to understanding the human brain in its healthy

state and dysfunction.

MARMOSETS

The common marmoset is a New World primate

endemic to northeastern Brazil. As primates, marmo-

set share the core neural architecture of our Order,

including humans (Chaplin et al., 2013; Solomon and

Rosa, 2014). Likewise, marmosets exhibit the spec-

trum of characteristic behavior and cognition that

typify primates (Miller et al., 2016; Schiel and Souto,

2017). Unfortunately, the neural mechanisms that

support many of these behaviors are relatively poorly

understood. Certainly, substrates have been identified

that likely play key roles in some of the more sophis-

ticated primate behaviors, such as prefrontal cortex

and the “face-patch” system, but our understanding

of these areas is limited to traditional methods, such

as extracellular single-unit recordings and neuroim-

aging. Cutting-edge molecular technologies applied

to the study of mice over the past decade have clearly

demonstrated that studies of neuronal systems at this

level of resolution is imperative for a complete

understanding of the neural circuits supporting

behavior. The amenability of marmosets to modern

genetic techniques, such as those discussed by Wata-

kabe et al. (2017) and Silva (2017) in this Issue,

make this species a likely powerful model organism

in the next generation of neuroscience research. The

significance of marmosets as a neuroscientific model,

however, is not exclusive to these technologies. Mar-

mosets afford opportunities to expand the footprint of
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primate neuroscience research by taking advantage of

the species’ shared and unique behavioral and neuro-

biological characteristics. In this way, marmosets

represent a complementary model to the more com-

monly studied rhesus monkey, opening doors to

investigate properties of primate brain function that

were not previously possible.

Marmosets are both typical of primates and exhibit

species-specific feature. Studies of marmosets that

focus on properties shared across primates offer

opportunities to identify core principles of primate

brain and behavior. For example, Nummela and col-

leagues in this Issue characterized the visual acuity of

marmosets and show that it is comparable to larger

primates, including rhesus monkeys and humans

(Nummela et al., 2017). Notably, they report a pre-

ponderance of myopia amongst captive marmosets

that may emerge from limited visual environments.

Likewise, Walker and colleagues highlight the

importance of marmosets as a comparative model of

the motor system for explicating the mechanisms

underlying voluntary control (Walker et al., 2017).

Given that differences in motor behaviors are evident

between some New and Old World primates, such a

comparison is particularly valuable. Comparative

studies of this nature can also take advantage of

recent experiments showing that marmosets can be

trained to perform at least some tasks traditionally

used in primate research (Remington et al., 2012;

Osmanski et al., 2013; Mitchell et al., 2014; Song

et al., 2016). The use of marmosets as a comparative

model of the primate brain is likely to be a corner-

stone of future work, but taking advantage of the spe-

cies’ unique characteristics offers opportunities to

expand the scope of primate brain research.

In this Issue, Schiel and Souto provide what is per-

haps the most extensive review of marmoset natural

history and behavioral ecology, highlighting many of

the species’ defining characteristics that make them

particularly well-suited as a neuroscientific model of

broader significance (Schiel and Souto, 2017).

Remarkably, certain aspects of the marmoset behav-

ioral repertoire parallel humans. Marmosets and

humans, for example, are amongst only a handful of

primates that pair-bond and cooperatively care for

their young (Digby and Barreto, 1993; French, 1997;

Solomon and French, 1997) suggesting similar pro-

social tendencies (Burkart et al., 2009; Burkart and

van Schaik, 2010). Furthermore, with the exception

of chimpanzees (Whitten, 1998; Whiten et al., 2009),

marmosets are the only nonhuman primate species to

consistently exhibit imitation in their behavior (Bug-

nyar and Huber, 1997; Voelkl and Huber, 2000,

2007), a unique social learning mechanism critical to

human culture. As Eliades and Miller discuss in this

Issue, marmosets are also highly voluble, engaging in

near tonic levels of vocal communication (Eliades

and Miller, 2017). This degree of social signaling

again shares parallels to humans, while the discovery

of the “face-patch” system in marmosets described

by Silva in this Issue (Silva, 2017) underlines the sig-

nificance of visual signaling common to all primates

(Tsao et al., 2006, 2008; Hung et al., 2015a). Beyond

the social dimensions of their behavioral repertoire,

marmosets are proficient hunters, relying on their

speed and precision to quickly grab fast moving

insects that make up a large portion of their natural

diet (Schiel et al., 2010). As discussed by Walker and

colleagues in this issue, natural motor behaviors such

as these make marmosets an exemplary model of vol-

untary motor control amongst primates (Walker

et al., 2017). Likewise, marmoset visual behavior,

while comparable to other primates in some dimen-

sions, also exhibits distinct characteristics reflective

of their unique evolutionary history (Mitchell et al.,

2014, 2015; Mitchell and Leopold, 2015). Much of

the value of marmosets as a neuroscientific model

comes from leveraging these types of behavioral

characteristics with a rapidly increasing set of techni-

ques to examine the supporting neural processes.

Marmosets are relatively small for a primate,

weighing only approximately 400 g. As a result, it

has been possible to develop techniques to record the

activity of single neurons in freely moving marmo-

sets (Eliades and Wang, 2008a; Roy and Wang,

2012). This approach has opened the door to explor-

ing the neural processes underlying natural behaviors

in the primate repertoire, such as in vocal communi-

cation (Eliades and Wang, 2008b; Miller et al., 2015;

Eliades and Miller, 2017), and can readily be applied

to a broader range of behaviors, including foraging,

visual perception, development, and social cognition

(Santos and Hauser, 1999; Voelkl and Huber, 2000;

Burkart and Heschl, 2007; Chow et al., 2015; Walker

et al., 2017), among many other facets of the primate

behavioral repertoire that emerge under more natural-

istic conditions (Cavanaugh et al., 2015; Mustoe

et al., 2015; Saito, 2015). The lissencephalic

(smooth) cortex of marmosets is advantageous

because nearly all cortical substrates are on the sur-

face of the brain, just below the skull. This character-

istic is particularly beneficial for several neural

recording techniques, such as multielectrode arrays

and laminar electrodes, functional neuroimaging (Sil-

va et al., 2011; Hung et al., 2015b; Mundiano et al.,

2016), as well as modern multi-photon imaging tech-

niques (Sadakane et al., 2015; Santisakultarm et al.,

2016). Recent pioneering work applying 2-Photon
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Ca1 imaging in marmosets is discussed in detail by

both Watakabe et al. (2017) and Silva (2017) in this

Issue. Furthermore, adeno-associated viruses (AAV)

express robustly in marmosets (Watakabe et al.,

2015, 2017), providing opportunities to apply modern

optogenetic and pharmacogenetic techniques to the

study of primate brain circuitry (MacDougall et al.,

2016).

The importance of marmosets as a model of human

disease stems not only from their phylogenetic relat-

edness, but also distinct behavioral attributes and

logistical benefits afforded by the species. In this

Issue, for example, Hagan and colleagues emphasize

how marmosets’ rapid development combined with

their characteristic primate visual cortex afford dis-

tinct advantages for understanding blind sight (Hagan

et al., 2017). Likewise, Oikonomidis and colleagues

in this Issue point to the various reasons why marmo-

sets are an ideal model for a range of neuropsychiat-

ric disorders, such as their suitability for behavioral

testing paradigms developed to effectively examine

specific cognitive dysfunction associated with disease

in humans (Oikonomidis et al., 2017). Coupled with

cutting-edge molecular tools that precisely manipu-

late and test the genetic mechanisms underlying

human disease, marmosets are likely to be at the fore-

front of medical discoveries in the coming decades

(Belmonte et al., 2015; Kaiser and Feng, 2015).

TOWARD A PRIMATE DEVELOPMENTAL
NEUROBIOLOGY

Developmental neurobiology is amongst the most

exciting fields in neuroscience. These studies provide

unique insight into how complementary contributions

of exogenous factors and internal constraints shape

brain organization and function, as well the behaviors

they support. It is over development that a species

evolutionary roots and its divergent characteristics

can most clearly be observed. By and large, these

data are missing in primates. This is not due to a lack

of interest, but rather significant logistical constraints

have impeded progress towards these questions in

more commonly used primate models, such as rhesus

monkeys. For perhaps the first time, the potential for

a rigorous primate developmental neurobiology can

be realized with marmosets as a model system.

Combined with the extensive behavioral and neu-

robiological tool kit described above, characteristics

of marmoset reproductive biology makes it possible

to envision a comprehensive study of primate devel-

opmental neurobiology. Marmosets are prolific

breeders by primate standards. Gestation is only

approximately 140 days and births typically comprise

fraternal twins (Tardif et al., 2003; Schiel and Souto,

2017). Development is also relatively rapid, with

individuals achieving adulthood in approximately

16–18 months of age (Yamamoto, 1993; Tardif et al.,

2003). These attributes make the prospect of marmo-

sets as a developmental neurobiological model not

only possible, but likely and are discussed at length

by Homman-Ludiye and Bourne in this Issue (Hom-

man-Ludiye and Bourne, 2017). These authors make

the compelling case for why a primate model is criti-

cal to understanding human brain development, as

other prevalently used vertebrate species, such as

mice, exhibit notably distinct ontogenetic processes,

particularly in the neocortex. In addition to the untold

potential of utilizing marmosets to investigate ques-

tions of functional neuroanatomical development at

multiple levels of analysis, a key advantage of these

Neotropical monkeys for developmental neurobiolo-

gy pertains to the behavioral repertoire described

above. Indeed, many of the manuscripts in this Spe-

cial Issue review work in adult marmosets for which

there is little to no developmental data available, but

offer key frameworks to explicate the related ontoge-

netic processes that sculpt the adult brain and behav-

ior. Turning our attention to questions of

development, including how the epigenetic landscape

both shapes and constrains the primate brain over

ontogeny, represents an exciting avenue of future

marmoset research.
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