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ABSTRACT: The common marmoset has recently
gained interest as an animal model for systems and
behavioral neuroscience. This is due in part to the advent
of transgenic marmosets, which affords the possibility of
combining genetic manipulations with physiological
recording and behavioral monitoring to study neural sys-
tems. In this review, they will argue that the marmoset
provides a unique opportunity to study the neural basis
of voluntary motor control from an integrative perspec-
tive. First, as an intermediate animal model, the marmo-
set represents an important bridge in motor system
function between other primates, including humans, and
rodents. Second, due to the marmoset’s small brain size
and lissencephalic cortex, novel electrophysiological and
optical recording technologies will allow an integrative

study of cortical function at multiple spatial scales
beyond that afforded by other non-human primate mod-
els. Finally, as a primate expressing an ancestral state of
corticospinal organization, the marmoset offers the possi-
bility of understanding the integrative function of cortical
and spinal interneuron circuitry in isolation of more
recent corticomotoneuronal elaborations. If the potential
of the marmoset as a model species is to be realized,
they will need to learn to work with their natural behav-
ioral repertoire. They have concluded by considering
practical aspects of studying motor systems with marmo-
sets.  ©2016 Wiley Periodicals, Inc. Develop Neurobiol 77: 273-285, 2017
Keywords: motor control; marmoset; motor cortex; cor-
ticospinal tract; spinal interneuron

INTRODUCTION

The common marmoset offers an opportunity for an
integrative study of motor systems. In this review we
will demonstrate three ways in which marmosets pro-
vide such an opportunity. First, in terms evolution,
marmosets diverged from humans around 33 million
years ago (MYA), between that of rats and mice
(~96 MYA), and macaque monkeys (~23 MYA), a
few of the most widely used model species in the
study of motor systems (Nei and Glazko, 2002). As a
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result, marmosets provide a central point of compari-
son for understanding principles of motor system
organization integrated across species. Second, the
marmoset’s small size and relatively lissencephalic
cerebral cortex allows for recordings of populations
of neurons both across multiple cortical areas with
multielectrode arrays and within a given area or corti-
cal column by densely sampling populations using
optical imaging approaches. The intersection of these
neuroanatomical facts and recording capabilities will
allow us to interpolate between multiple cortical
fields and the scale of a single cortical column to dra-
matically enhance our understanding of motor corti-
cal function. The third opportunity offered by the
marmoset is to enhance our understanding of the inte-
gration of descending signals by spinal interneurons,

273



274 Walker et al.

as the majority of the marmoset’s corticospinal termi-
nations ramify in lamina XII of the spinal cord.
Moreover these populations of neurons will become
identifiable using genetic tools making the marmoset
a unique tool to uncover the principles of corticospi-
nal engagement that provide a foundation for volun-
tary movement.

Goal directed voluntary movements, such as reach-
ing to grasp, depend on coordination of many areas
across frontal and parietal cortex (Kalaska et al.,
1997). Only through studying the intracortical com-
munication among these areas as motor behaviors
unfold can we hope to gain an integrative understand-
ing of the cortical motor system. Technical chal-
lenges often limit the ability to record from
populations of individual neurons across many corti-
cal areas in macaques. The marmoset’s smaller,
smoother brain allows an electrode array, which can
only record from a portion of a given area in a
macaque, to record from multiple areas in a marmo-
set. The marmoset’s relative lack of sulci makes
almost the entirety of the cortical motor system
accessible to optical imaging techniques that allow
for recordings at sampling densities not previously
available in the study of primate cortical motor sys-
tems. The combination of these neuroanatomical fea-
tures and technologies for recording single cell
activity at different scales and sampling densities
promises an unprecedented capacity to bridge our
understanding of the cortical motor system across
multiple cortical areas with our understanding of cor-
tical computation as implemented at the scale of an
individual cortical column. While exciting, a pure
focus on the cortical components of the motor system
would neglect fundamental components on which
cortical control of movement is built.

The cortical motor system supporting voluntary
movement is intimately woven with the subcortical
structures like the thalamus (Sherman and Guillery,
2013), basal ganglia (Hoover and Strick, 1999; Miya-
chi et al., 2006; Akkal et al., 2007), cerebellum (Dum
and Strick, 2002; Kelly and Strick, 2003; Akkal
et al., 2007; Lu et al., 2007; Bostan et al., 2013; Kip-
ping et al., 2013; Proville et al., 2014) and brain stem
nuclei (Kuypers and Lawrence, 1967; Kuypers, 1981;
Esposito et al., 2014). Further, without the neural
structures of the spinal cord and its descending path-
ways the brain would have no access to the musculo-
skeletal system of most of the body and a severely
limited capacity to produce motor behaviors. Many
of the descending pathways connecting the brain and
spinal cord are common to all mammals investigated
so far. In addition to the structures comprising the
vertebrate plan (the reticular formation, the vestibular
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nuclei and the interstitial nucleus), the mammalian
plan includes descending projections from the fol-
lowing: the nucleus of the descending trigeminal
tract, the Raphe complex, the nucleus of the solitary
tract, the hypothalamus, the red nucleus and the deep
cerebellar nuclei (Nudo and Masterton, 1988). Any
satisfying account of the primate motor system will
need to be an integrative account that considers how
all of these neural and musculoskeletal structures
come together to support skillful motor behavior. For
a broader discussions of the motor system homolo-
gies across species see Lemon and Griffiths (2005)
and Nudo and Frost (2007). In what follows, most of
our discussion will be about the corticospinal system
as these are the most well studied components of the
marmoset motor system and probably the areas with-
in which there will be most divergence across mam-
malian taxa. We will begin with a review of what is
known about the organization of the marmoset motor
system and finish by suggesting that its eccentricities
make the marmoset well suited as a model system for
providing a more integrative understanding of the
motor system.

MOTOR SKILL AND DEVELOPMENT

To provide context for the organization of the motor
system let us briefly introduce the marmoset motor
behavioral repertoire. See Schultz-Darken et al.,
(2016) and Wang et al., (2014) for a more compre-
hensive account of marmoset motor behavioral devel-
opment. Marmosets live in multigenerational family
groups where care of young is a shared among family
members. For their first five weeks of life, newborns
are carried on the bodies of family members. As of
its first week after birth, a newborn marmoset will be
able to grasp, hang, and right itself after being placed
on its back (Wang et al., 2014). During the next four
weeks of its life, it will begin to climb and cling to
vertical posts. By week eight, the newborn marmoset
will essentially have acquired all of the motor behav-
iors of an adult and begin acquiring food on its own.
An adult marmoset will spend more than a third of its
active hours leaping, climbing and galloping through
trees and vines, foraging and visiting gouge holes to
feed on tree-exudates that seep out of these holes
(Francisco et al., 2014; Abreu et al., 2016). Addition-
ally they will catch diverse small prey with a range of
strategies (Schiel et al., 2010). They can move with
great speed and agility, and are capable of remarkable
acrobatic feats as they range through the canopy.
Generally marmosets will rest on all four limbs, but
will sit up on their hind limbs when grooming. Their



hands are examples of the simplest primate hand
(Napier and Napier, 1967). Though capable of adept
prehension, they do not have opposable thumbs and
lack the capacity for precision grip. Additionally they
do not have the capacity for relatively independent
finger movements. They are not known to use tools
in the wild but have been taught to use tools in the
laboratory (Yamazaki et al., 2011). For a more com-
prehensive treatment of marmoset ecology and
behavior see Sussman and Kinzey (1984).

CURRENT AND COMPARATIVE
UNDERSTANDING OF THE MARMOSET
MOTOR SYSTEM

While a complete description of the marmoset motor
system would include a description of those struc-
tures that comprise the common mammalian plan for
descending control, the majority of the efforts to
understand the marmoset motor system have focused
on its cortical components. As a result, the discussion
that follows will focus on these components. It will
proceed from an introduction of the cortical areas
giving rise to the corticospinal tract to a description
of the organization of that tract in marmoset (Nudo
and Masterton, 1990). Beginning in the early 1990s,
Krubitzer and colleagues (Krubitzer and Kaas, 1990;
Huffman and Krubitzer, 2001a,b) began mapping the
organization of the somatosensory cortex of marmo-
set monkeys. These studies were part of a larger
effort to understand the principles guiding cortical
field organization. This work has provided the basis
for what we know about marmoset somatosensory
cortex and its intracortical and thalamic projections.
This work suggests that the cortical fields of the mar-
moset anterior parietal cortex, namely area 3a, 3b, 1,
and 2, are homologous with those of macaques. Fur-
ther, they are both elaborations on a basic mammali-
an cortical field organization shaped by strong
constraints on mammalian nervous system evolution
dependent on distributions of transcription factors,
gene regulatory networks and early experience of
developing organisms (Krubitzer and Seelke, 2012).
Since these initial mappings of the marmoset
somatosensory cortex, the topography of the marmo-
set cortical and thalamic motor systems has been
mapped by electrical stimulation and tracer studies
(Krubitzer and Kaas, 1990; Huffman and Krubitzer,
2001a,b; Burish et al., 2008; Burman et al., 2008,
2014a, 2015) that have been reviewed by Bakola
et al., (2014). These studies have found that the gross
organization of the cortical motor system of marmo-
sets (Fig. 1) is similar to that of both macaques and
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humans. For instance, as with both humans and mac-
aques, marmosets possess an electrically excitable
strip of agranular cortex, the primary motor cortex
(M1), within which movements of hind limb, torso,
upper limb, and face can be elicited by stimulation of
the cortex along a medial to lateral progression. Dif-
ferences across species may however arise at a finer
scale. For instance, there is evidence for a more fine-
grained structure within the upper limb area of M1 in
both macaques (Kwan et al., 1978; Park et al., 2001)
and humans (Meier et al., 2008) such that distal rep-
resentations of the wrist and fingers form a central
core surrounded by a representation of the proximal
segments of the elbow and shoulder. In contrast, in
marmosets, there seems to be no clear proximo-distal
organization of the upper limb representation at the
scales examined so far.

Marmosets generally show less differentiated corti-
cal fields than macaques and humans. In fact, Burman
et al. (2008) suggest that the marmoset provides a
model species with the constituents of anthropoid pri-
mate cortex in their simplest form. In macaques, ros-
tral and caudal subdivisions of M1 have been
described such that the caudal portion situated within
the anterior bank of the central sulcus contains a
greater density of corticomotoneurons with projec-
tions terminating in the motor pools of the cervical
spinal cord (Rathelot and Strick, 2009). A rostro-
caudal subdivision of M1 has also been suggested on
the basis of stronger proprioceptive input to the ros-
tral portion of M1, and stronger cutaneous input to
the caudal part of M1 (Strick and Preston, 1982;
Picard and Smith, 1992). Additional evidence for a
rostro-caudal subdivision of macaque M1 comes
from observations of differences in the densities of
input from basal ganglia and cerebellum through the
ventrolateral thalamic nuclei (Holsapple et al., 1991).
Current evidence suggests that corticospinal termina-
tion on motoneurons is relatively rare or absent in
marmosets (Kondo et al., 2015). So it seems unlikely
that there would be great enough variation in the dis-
tribution of these characteristics across motor cortex
to justify a rostro-caudal differentiation of M1 on
such grounds in marmoset.

Within somatosensory cortex (SI) immediately
caudal to M1, area 3a receives deep muscle afferent
signals conveying proprioceptive information about
limb state (Jones and Porter, 1980). Studies have
demonstrated projections from area 3a to M1 in mac-
aques (Huerta and Pons, 1990). Recent work done in
marmosets has identified significant intracortical pro-
jections from 3a to M1 using retrograde tracers (Bur-
man et al., 2014a). Within the cortex of both
macaques and humans, area 3a is buried within the
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Figure 1 Summary of the current understanding of the corticospinal organization of the marmoset
motor system. Colored cortical areas are those that contribute greater than 5% of afferent projec-
tions to the upper limb area of primary motor cortex in at least two of the cases investigated by Bur-
man et al., 2014a, b. Dark grey cortical fields represent those areas in which cells projecting to M1
were found in any of the cases described by Burman et al., 2014a, b. Brachial spinal segments illus-
trated with motor pools colored according to their corresponding upper limb musculature as
described by Watson et al. (2015), see text for details. Inset: Illustration of BDA labeling at C7 after
injection in M1 as in Kondo et al. (2015). [Color figure can be viewed at wileyonlinelibrary.com]

central sulcus (Krubitzer et al., 2004). This location
has made it relatively difficult for investigators to
access area 3a with electrophysiological recordings.
In contrast, area 3a sits on the cortical surface of the
marmoset brain and is accessible to both single and
multielectrode recording approaches (Huffman and
Krubitzer, 2001a). In fact, the first mapping of the
entire somatotopic representation of deep sensory
receptors in area 3a of any primate was done in the
marmoset due to its lissencephalic cortex (Huffman
and Krubitzer, 2001a). Both marmosets and maca-
ques also contain area 3b, caudal to area 3a, that
responds to cutaneous stimulation and contains a
somatotopic organization of the entire body that
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mirrors that of both M1 and area 3a (Krubitzer and
Kaas, 1990).

The premotor areas of the marmoset have been
mapped using cytoarchitectonic characteristics, and
the afferent projections to areas 6DC, 6DR, 6Va and
8C have been investigated using tracer injections
(Burman et al., 2006, 2014b, 2015; Bakola et al.,
2014). Areas 6DC and 6DR both receive afferents
from the anterior and lateral ventral complexes of the
thalamus, and both receive substantial input from the
medial premotor cortex (Burman et al., 2014b).
These thalamic connections within the marmoset
were found to be largely consistent with those
between thalamus and premotor cortex of macaque
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as described by Matelli et al., (1989). Based on their
patterns of connections with other cortical and tha-
lamic areas (Burman et al., 2014b) conclude that
there is a strong similarity between dorsal premotor
areas 6DC and 6DR with the rostral and caudal subdi-
visions of dorsal premotor cortex identified in maca-
ques (Barbas and Pandya, 1987).

Some interesting differences do appear within mar-
moset parietal areas (Bakola et al., 2014). A well-
differentiated somatosensory area 2 does not seem to
be present in the marmoset. Instead, Paxinos et al.,
(2012) have defined an area 1/2 in marmosets sugges-
ting that it likely incorporates homologs of both area
1 and area 2 of other primates (Padberg et al., 2007).
In macaque and cebus monkeys, a distinct area 2 is
present and contains somatotopically-organized sen-
sitivities to both cutaneous and deep muscle stimula-
tion (Padberg et al., 2007). Single and multi-unit
recordings in posterior parietal area 5 of macaque
monkeys show sensitivity to both cutaneous and deep
muscle stimulation of the hand and arm (Padberg
et al.,, 2007) and implicate it in coordinate transfor-
mations during reach preparation (Bremner and
Andersen, 2014). With its prominent projections to
M1 and 6DC, posterior parietal area PE should draw
greater interest from investigators of the cortical con-
tributions to motor control, but it is unclear to what
extent marmoset area parietal PE and adjacent area
PF/PFG might be homologous to macaque posterior
parietal area 5 (Bakola et al., 2014; Burman et al.,
2014b).

The marmoset spinal cord has all of the features
typical of a mammalian spinal cord. Watson et al.,
(2015) divided the cord both anatomically and func-
tionally based on identifying the lateral motor col-
umn and the preganglionic column by staining for
cholinergic neurons using acetylcholinesterase histo-
chemistry and acetyltransferase immunohistochemis-
try. They found their subdivisions based on the
distributions of cholinergic neurons to be in accord
with subdivisions of mouse and chicken spinal cord-
based Hox gene expression during development
(Dasen et al., 2003). The motor neuron pools of the
marmoset spinal cord are arranged in the musculo-
topic organization characteristic of other primates
(Fig. 1) (Watson et al., 2015). Though there is some
inter- and intra-specific variation in the extent of the
brachial spinal cord, specifically whether it spans
from C4 to C8 or C5 to T1, the motor pools are simi-
larly distributed throughout. In the most rostral
segments, there are two main motor pools: a ventro-
lateral pool innervating the deltoids and a dorsolater-
al pool innervating the biceps. In the more caudal
segments of the brachial cord there are four major
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motor neuron pools: two dorsal groups, one lateral
innervating the forearm extensors, and one medial
group innervating the forearm flexors; and two ven-
tral groups, one medial innervating the pectoral
muscles and one lateral innervating the triceps. In the
caudal most segment of the brachial spinal cord, the
motor pools come together into a single group of
motoneurons innervating the hand. This proximodis-
tal organization of the motor neuron groups in the
brachial spinal cord of the marmoset is very similar
to that of the macaque monkey (Jenny and Inukai,
1983), cat, rat, and mouse (McHanwell and Watson,
2009) suggesting that the organization of the motor
pools is highly conserved across mammals.

Much of what we know about the contributions of
motor cortical areas to upper limb movements comes
from work with macaques. A great deal of effort over
the last half century has been put toward answering
the general question of what do cells in motor cortex
encode. This work began in the 1960s with the dem-
onstration of a relationship between the activity of
cells recorded from M1 in macaques and the force
produced during voluntary movements (Evarts,
1968). This work continued in the 1980s with studies
in which macaques made two-dimensional reaching
movements while single cells were recorded from the
motor cortex (Georgopoulos et al., 1986). Motor cor-
tical cells were found to exhibit directional tuning.
These cells had higher firing rates when the animals
moved their arms in certain directions rather than
others and this activity could be well modeled by
cosine tuning curves. Subsequent to these initial
investigations, this basic result was extended to three
dimensional reaching (Georgopoulos et al., 1988),
and these functional tuning preferences have been
mapped across the motor cortex (Georgopoulos et al.,
2007). In addition to force exerted during voluntary
movement (Evarts, 1968) and movement direction
(Georgopoulos et al., 1986) the activity of motor cor-
tical cells in macaques has been found to correlate to
some degree with almost any conceivable movement
parameter (Aflalo and Graziano, 2007).

We know next to nothing about the cortical basis of
upper limb movements in behaving marmosets. While
there has been pioneering neurophysiological studies
of the auditory and visual systems of behaving mar-
mosets (Wang et al., 2005; Eliades and Wang, 2008;
Roy and Wang, 2012; Mitchell et al., 2014; Mitchell
and Leopold, 2015), we have yet to characterize the
functional properties of cortical motor areas within
the context of actual behavior. Our knowledge of the
organization of the motor cortical system contributing
to upper limb control has been limited to mapping
cortical fields associated with motor control using
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intracortical microstimulation in anesthetized prepara-
tions, tracer injections and cytoarchitectonic charac-
terization (see Bakola et al., 2014 for a review).
However, a few studies have assessed motor deficits
in stroke or spinal cord injury models (Iwanami et al.,
2005; Fujiyoshi et al., 2007).

Looking beyond the cortical components of the
motor system, a recent electrophysiological and his-
tological study of the marmoset corticospinal system
has shown that the marmoset corticospinal system
lacks direct corticomotoneuronal projections to the
motor pools in lamina IX of the cervical spinal cord
(Fig. 1) (Kondo et al., 2015). These findings were
anticipated given the presumed importance of corti-
comotoneurons for manual dexterity and fractionated
finger movements and the lack of such capacities in
the marmoset (Bortoff and Strick, 1993; Lemon and
Griffiths, 2005). The majority of marmoset cortico-
spinal projections to the cervical spinal cord were
found to terminate in intermediate lamina VII (Kondo
et al., 2015). Thus the bulk of cortical influence on
spinal resources for muscle activation is mediated by
spinal interneurons in the intermediate zone.
Although some synaptic boutons from corticospinal
fibers could be detected in lamina IX, no post-
synaptic effects of medullary stimulation were
observed at latencies consistent with monosynaptic
corticomotoneuronal connections. Marmosets, there-
fore, force us to explicitly consider the influence of
spinal interneurons on motor control.

MOVEMENT CODING ACROSS
MULTIPLE SCALES OF MOTOR
CORTICAL CIRCUITS

Marmosets offer a number of practical advantages as
a non-human primate model species for the study of
cortical function. Two advantages often mentioned
by authors are that the marmoset brain is mostly lis-
sencephalic and that there have been demonstrations
of transgenic animals (Sasaki et al., 2009; Belmonte
et al., 2015; Mitchell and Leopold, 2015; Sasaki,
2015). These represent advantages for the study of
motor systems as well. The mammalian motor system
is distributed throughout the brain and body. Our
understanding of the cortical contributions to move-
ment began with single electrode recordings of motor
cortical cells. While much was learned about the
functional properties of individual neurons during
voluntary movements, any movement is certainly the
result of coordinated activity across populations of
neurons. With the capability to record from many
neurons simultaneously has come the capacity to
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decode movement intention from neural recordings
in a clinically useful way (Hochberg et al., 2006,
2012). These abilities, while certainly impressive,
obscure the fact that our understanding of motor cor-
tical functioning contains significant gaps.

One gap in our understanding relates to the func-
tional relationships of neural activity within and
between cortical areas during ongoing movement.
Marmosets offer the potential to build an understand-
ing of how to interpolate the activity of neural popula-
tions sparsely sampled across millimeters of cortex
using electrophysiological methods with activity sam-
pled more densely on the scale of a single cortical col-
umn using calcium imaging approaches (Fig. 2). A
second gap is that, based on extracellular recordings,
we have little to no access to cell type or identity.
This fact severely limits the depth of insight we can
gain about a system containing a multitude of cell
types. With the combination of its relatively small
and lissencephalic cerebral cortex and the prospects
for its genetic modification, the marmoset offers the
potential to address these gaps in understanding.

The basic organization of the cortical fields are
largely conserved across mammals with some species
specific adaptations (Krubitzer and Seelke, 2012).
However in macaques and humans, central compo-
nents of the cortical motor system, about (half of M1
and all of 3a) sit within the central sulcus, which
makes these areas more difficult to access for neuro-
physiological recording. As a result, there have been
relatively few studies of a significant proportion of
M1 and of the entirety of sensory area 3a (see Krubit-
zer et al., 2004 and Rathelot and Strick, 2009 for two
exceptions). The marmoset lacks a central sulcus,
and as a result the entirety of these key sensorimotor
areas is readily accessible to multielectrode array
recordings and optical imaging. Furthermore, the
small size of the marmoset brain allows for recording
across multiple motor cortical areas at once with a
typical multielectrode array. A single well-placed
Utah array could potentially record from all of the
forelimb area of M1 and from much of the adjacent
corresponding upper limb region of sensory area 3a
and premotor area 6DC (Fig. 2). Simultaneous
recordings covering the entirety of these three areas
involved in the cortical coordination of the upper
limb is unprecedented and will likely lead to insights
into how these three areas function together to sup-
port skilled upper limb control. With genetic
approaches, it should also be possible to untangle the
contributions of direct intracortical communications
from intracortical communication via the transthala-
mic pathway (Sherman and Guillery, 2011). We
would predict such contributions to manifest in the
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Figure 2 Marmosets offer an opportunity to interpolate across multiple scales of motor cortical
functioning (central panels). The marmoset’s relatively small and smooth brain will allow multi-
electrode arrays (left panels) to sample neural activity across multiple cortical fields central to the
cortical contribution to motor control and calcium imaging techniques (right panels) to sample
densely within a given region. Sagittal slices through marmoset sensorimotor cortex adapted from
(Burish et al., 2008). Scale bar 1 cm for central top panel, 1 mm for all other panels. [Color figure

can be viewed at wileyonlinelibrary.com]

distribution of latencies in measures of functional
connectivity corresponding to direct cortico-cortical
projections and trans-thalamic communication across
cortical areas.

As solutions for expressing calcium indicators
come online in marmosets, as they have in mice, we
will be able to densely sample motor cortical circuits
with single cell resolution at the scale of a cortical
column (Sadakane et al., 2015). As a result, we will
be able to begin bridging two spatial scales at which
computations supporting upper limb control unfold:
the scale of how multiple areas interact and how
computation unfolds within a single cortical column
(Fig. 2). Additionally, imaging approaches provide
the ability to unambiguously track the same neurons
over multiple days (Ziv et al., 2013). These factors
come together to provide a unique platform for test-
ing multiscale and longitudinal hypotheses in a non-
human primate.

Transgenic approaches in mice have proven pow-
erful tools in many areas of study. Genetic access
affords cell type specificity, which extracellular

multi-unit recording techniques do not provide. The
history of our physiological understanding of motor
cortex is one of electrical microstimulation and elec-
trophysiological recording. Much of what we know
about the organization of the rest of the motor system
was learned by electrically stimulating components
of the system and recording downstream effects.
There are some examples of functionally identifying
cell types, such as corticospinal neurons through anti-
dromic pyramidal tract stimulation and corticomoto-
neurons via spike-triggered averaging of muscle
activity. While these approaches have been used to
gain deeper insight into the nature of the cortical
motor system (e.g., Merchant et al., 2008; Griffin
et al., 2015), it is difficult to build an understanding
of the primate motor system that acknowledges the
diversity of cell types we know comprise motor corti-
cal circuits. The ability to target specific genetically
accessible classes of cortical cells, for either record-
ing or manipulation as now available in mice, would
allow for a dissection of the primate motor cortical
circuits at a resolution not currently available.
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We would ideally be able to develop cell type spe-
cific tools for dissecting the organization of local
motor cortical circuits giving rise to the corticospinal
tract (premotor, primary motor, and sensory areas)
and understand their role in the integrating long range
inputs from posterior parietal, premotor, and somato-
sensory areas to produce descending commands to
the spinal cord.

TOWARD AN INTEGRATIVE
UNDERSTANGING OF CORTICOSPINAL
ENGAGMENT

Without a connection to the motor neurons of the spi-
nal cord, the cortical motor system would have no
capacity to move the body. Spinal interneurons are
the target of the majority of corticospinal termina-
tions even in animals that possess direct projections
from cortex to the motor pools (Kuypers, 1981;
Yoshino-Saito et al., 2010). We know a great deal
about the organization of the corticomotoneuronal
component of the corticospinal system (Porter and
Lemon, 1993; Griffin et al., 2015). Apart from some
very interesting work on the C3-C4 propriospinal
system (Alstermark et al., 2007; Alstermark and Isa,
2012; Kinoshita et al., 2012), and some impressive
electrophysiological characterizations of segmental
interneuron activity (Fetz et al., 2002; Prut and Perl-
mutter, 2003a,b), we know comparatively little about
the role of spinal interneurons in mediating cortico-
spinal influence on motoneurons (Harel et al., 2008;
Miri et al., 2013).

Knowledge of the developmental origins of most
spinal interneurons is growing and has allowed for
the development of tools for genetically targeting the
individual components of spinal circuits in the mouse
(Catela et al.,, 2015). The recent development of
genetic approaches in mice has allowed the beginning
of a much deeper understanding of the organization
of spinal interneuron circuits (Bikoff et al., 2016;
Gabitto et al., 2016). We would like to suggest that
the common marmoset offers the opportunity to iso-
late the cortical contributions to spinal interneuron-
mediated motor control in that it has a corticospinal
system where corticomotoneuronal projections are
sparse or absent.

WORKING WITH MARMOSETS TO
STUDY THE MOTOR SYSTEM

While marmosets are an interesting model species
that shows potential for the study of motor systems,
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they are in the early stages of their development as a
model species for neurophysiology. Marmosets are
thought to be more fragile than other non-human pri-
mates used in neurophysiology. Additionally, their
small size means that they will likely perform fewer
trials in standard experimental sessions where trials
are exchanged for food or fluid rewards. When
viewed from a lens of macaque work, these aspects
of the marmoset might be seen as disadvantages, but
we would like to suggest that these aspects of mar-
moset behavior and physiology offer opportunities to
reevaluate standard approaches to working with non-
human primates in neurophysiology.

Neuroscientific work with macaque monkeys bene-
fits from their willingness to perform hundreds to
thousands of trials of a given experimental task. In
contrast, reports vary about how well marmosets are
able to perform comparable numbers of trials. There
seems to be a task dependent range. In a study of the
capacity for flexible control in a reinforcement
learning-based brain machine interface task, many of
the analyses of experimental sessions were limited to
30 trials due to fidgeting marmosets (Pohlmeyer
et al., 2014). In a couple of recent studies demonstrat-
ing the suitability of the common marmoset for
studying the visual system, marmosets were found to
perform 300-800 fixation trials but on average only
50 trials of a smooth pursuit paradigm (Mitchell
et al., 2014, 2015). Studies reporting marmoset per-
formance on different touch screen tasks varied from
60 to 150 trials in a session (Roberts et al., 1988;
Clarke et al., 2015; Yamazaki et al., 2016).

It seems clear from the experiences of multiple
groups that the quality and quantity of marmosets’
performance of experimentally useful behavior is
dependent on their comfort and motivation. There are
multiple reports of acclimating marmosets to experi-
mental constraints in the literature (Schultz-Darken
et al.,, 2004; Remington et al., 2012; Belcher et al.,
2013). Yet there are also reports of experimental con-
straints, of the style imposed on macaques, inhibiting
marmoset behavior (Eliades and Wang, 2008; Roy
and Wang, 2012). In our own experience, following
acclimation protocols similar to those used in the
studies mentioned above, almost all experimentally
usefully behavior was extinguished, where it had
been reliably expressed in the unconstrained marmo-
set. The Wang group pioneered a solution to this
problem by developing a wireless neural recording
solution that allowed them to record multichannel
single unit neural recordings from freely moving
marmosets (Roy and Wang, 2012). The marmoset’s
relative intolerance to restraint may compel a refine-
ment in the default use of neural recording techniques



requiring head fixation. More routine use of wireless
neural recording would allow for the development of
more flexible training and recording setups that could
be integrated into the marmoset vivarium. By auto-
mating behavioral training and making it available
throughout the day we could address the experimen-
tal bottleneck of training non-human primates and
allow for voluntary participation in experiments.

Most groups do not seem to use fluid control as a
motivation to engage marmosets in experimental
tasks, but instead find success with rewards that mar-
mosets like (e.g., banana milkshake, peach yogurt or
marshmallow slurry). One recent study did find that
motivation manipulation through food restriction
could improve experimental performance in one indi-
vidual; importantly they found the performance of
the other marmoset in the study to be adequate with-
out any restriction (Mitchell et al., 2014). In our lab
we have found that marmosets will engage in behav-
ior within an experimental apparatus repeatedly
throughout the day without imposing any sort of food
or fluid control. The fact that some marmosets will
engage in experimentally useful behavior without
any restriction should compel case by case consider-
ation of the use of restriction with marmosets. This
would represent a refinement in the default use of flu-
id control in most non-human neuroscientific studies.

The experimental challenges that marmosets pre-
sent seem to compel refinement in techniques for
using non-human primates in behavioral and systems
neuroscience research. As the marmoset becomes
more established as a model species for the study of
auditory processing, vocal production, active vision,
and social behavior (Miller et al., 2009, 2016, Mitch-
ell et al., 2014, 2015), it seems like a good opportuni-
ty to design approaches utilizing newly available
technology so that the precedents set for working
with marmosets represent refinements on older stan-
dard operating procedures received from working
with macaques.

Studies of motor control in behaving animals often
require recording the kinematics of motor behaviors.
Takemi et al., (2014) used small reflective markers
placed on the hand to record marmoset reach to grasp
movements in the context of a single pellet reaching
task. However, these experimenters noted that ses-
sions were limited to 30 minutes because marmosets
would begin to remove the markers. A similar marker
based solution has also been used to record the kine-
matics of marmoset gait (Chadwell and Young, 2015;
Young et al., 2016). In these studies, marmosets were
anesthetized for marker application. We have also
found it difficult to acclimatize marmosets to reflec-
tive markers for motion capture. However, we have
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had success recording upper limb kinematics using
subcutaneous markers in the context of an X-Ray
Reconstruction of Moving Morphology system (Brai-
nerd et al., 2010). These markers go unnoticed by the
marmoset and allow for recording across multiple
days without the need to reapply markers.

One of the most promising aspects of the marmoset
as a model system for neuroscience derives from its
potential for genetic manipulation, since the initial
demonstration of transgenic marmosets expressing
enhanced green fluorescent protein (Sasaki et al.,
2009; Cyranoski, 2014; Sasaki, 2015). More recently
there have been demonstrations of using viral strate-
gies to introduce genes for expressing calcium indica-
tors which have allowed for in vivo calcium imaging
in anesthetized marmosets (Sadakane et al., 2015;
Santisakultarm et al., 2016). Successful optogenetic
stimulation has also recently been reported (MacDou-
gall et al., 2016). While some systematic evaluation of
viral strategies has been carried out, the approaches to
gene transfer are still in early stages of development
(Watakabe et al., 2015). For a review of efforts and
prospects for applying genetic tools to aid investiga-
tions of the primate brain see Belmonte et al. (2015).

CONCLUSION

This brief review of marmoset motor system anatomy
provides a picture of a primate expressing the basic
musculoskeletal, cortical and spinal organization we
recognize in the motor systems of Old World monkeys
and humans. Differences lie in the extent of cortical
field differentiation and corticospinal termination. In
these differences we can find insights about the princi-
ples of motor system organization. Additionally the
small size and smoothness of the marmoset brain will
allow integration of our understanding of motor corti-
cal functioning at multiple scales using both multielec-
trode array and imaging techniques in a way that has
not been possible so far in a non-human primate.
While the marmoset is still in the early stages of its
development as a model species for the study of motor
systems, the prospects for cell type specific access to
interrogate and monitor the nervous system promise to
deepen our understanding of motor cortical activity
and its integration into the spinal circuitry for move-
ment by spinal interneurons.
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