
Viewpoints

Corticocortical Systems Underlying High-Order Motor
Control

X Alexandra Battaglia-Mayer1 and Roberto Caminiti1,2

1Department of Physiology and Pharmacology, University of Rome, Sapienza, 00185 Rome, Italy, and 2Neuroscience and Behavior Laboratory, Istituto
Italiano di Tecnologia, 00161 Rome, Italy

Cortical networks are characterized by the origin, destination, and reciprocity of their connections, as well as by the diameter, conduction
velocity, and synaptic efficacy of their axons. The network formed by parietal and frontal areas lies at the core of cognitive-motor control
because the outflow of parietofrontal signaling is conveyed to the subcortical centers and spinal cord through different parallel pathways,
whose orchestration determines, not only when and how movements will be generated, but also the nature of forthcoming actions.
Despite intensive studies over the last 50 years, the role of corticocortical connections in motor control and the principles whereby
selected cortical networks are recruited by different task demands remain elusive. Furthermore, the synaptic integration of different
cortical signals, their modulation by transthalamic loops, and the effects of conduction delays remain challenging questions that must be
tackled to understand the dynamical aspects of parietofrontal operations. In this article, we evaluate results from nonhuman primate and
selected rodent experiments to offer a viewpoint on how corticocortical systems contribute to learning and producing skilled actions.
Addressing this subject is not only of scientific interest but also essential for interpreting the devastating consequences for motor control
of lesions at different nodes of this integrated circuit. In humans, the study of corticocortical motor networks is currently based on
MRI-related methods, such as resting-state connectivity and diffusion tract-tracing, which both need to be contrasted with histological
studies in nonhuman primates.

Introduction
The importance of corticocortical connections in cognitive func-
tions has been recognized for more than a century. The Wernicke–
Lichtheim’s model (Wernicke, 1874; Lichtheim, 1885) of
conduction aphasia was the first attempt to assign specific func-
tions to an individual fiber tract of the human brain, that is, the
arcuate fascicle linking Wernicke’s area in the parietal lobe and
Broca’s area in the frontal lobe. Conduction aphasia is character-
ized by phonological errors that distort the sound of words (e.g.,
“halotopter” for helicopter) and impair naming and repetition of
words and nonwords, while preserving relatively fluent speech
and comprehension of language (for a recent review, see Coslett
and Schwartz, 2018). Lichtheim (1885) schematically interpreted
conduction aphasia as consequence of the interruption of the link
between auditory and motor speech centers, therefore, of the
selection and control of auditory-speech sounds. In today’s
terms, this would be considered a disorder of auditory-motor
integration. Conduction aphasia is often associated with damage
of the white matter underlying the posterior part of the superior

temporal gyrus and/or of the supramarginal gyrus in the left
hemisphere (Coslett and Schwartz, 2018).

Despite vivid criticisms (for review, see Catani and Mesulam,
2008), this conceptual approach, that is, attributing the conse-
quences of brain lesion to disruption of communication between
cortical areas, has exerted a long-lasting influence on the neuro-
logical studies of the 20th century, as testified, for example, by
Bálint’s (1909) classic case report of a patient suffering from de-
fective visual guidance of eye-hand action (optic ataxia); inability
to change gaze in a voluntary fashion (psychic paralysis of gaze);
and lack of attention to stimuli and events to the left of the fixa-
tion point (unilateral spatial neglect). Importantly, the patient
was free of primary sensory and motor deficits and of oculomotor
paralysis. At the postmortem examination, the brain showed
signs of a bilateral stroke around the parieto-occipital sulcus and
the angular gyrus, interpreted as responsible of the breakdown of
the parietofrontal association functions (for recent reviews, see
Rossetti and Pisella, 2018), hence as a disorder of visuo-motor
integration. For many years unnoticed, this remarkable piece of
work was brought to the attention of the scientific community as
“Bálint’s syndrome” by Hécaen and de Ajuriaguerra (1954).

A tremendous boost to the disconnection hypothesis came
with the publication by Roger W. Sperry and his collaborators
(Gazzaniga et al., 1962) of the case of patient W.J. who had suf-
fered with intractable epilepsy until he underwent section of the
corpus callosum and forebrain commissures to prevent the
spread of seizures to both hemispheres. After recovery, this “split-
brain” patient was tested with tachistoscopic presentation of vi-
sual stimuli, such as the word “face,” first confined to the left
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hemisphere, which was dominant for language. When asked what
he saw, the patient responded “face.” However, when the word
was presented to the right hemisphere, the patient responded he
saw nothing. Indeed, after the section of the corpus callosum, the
right hemisphere could not share anymore the information with
the left dominant one. Despite this, W.J. was able to draw a face
with the left hand, which is controlled by the right hemisphere,
where the word “face” was projected. This study was a giant leap
forward for the analysis of brain lateralization of functions, and it
revealed, for the first time, the role of the corpus callosum in the
interhemispheric transfer of information in humans (Sperry,
1968).

Based on the knowledge accumulated over more than a cen-
tury and thanks to a large recollection of the neurological studies
and of their systematic association with anatomical lesions, Ge-
schwind (1965) closed the loop by formalizing the concept of
“disconnection syndrome.” He also extended this concept to the
lesion of the association cortex, which disconnect primary sen-
sory and motor areas from the processing of information typical
of higher-order areas (for review, see Catani and Mesulam, 2008),
such as the angular gyrus of the parietal lobe, a multimodal hub
for information processing and transfer. After years of debate,
this perspective and its clinical implications have been reviewed
and updated (Catani and Mesulam, 2008; Carrera and Tononi,
2014; Silasi and Murphy, 2014) from the perspective offered by
computational analysis of cortical networks through graph the-
ory (Bullmore and Sporns, 2009), which provides formal tools to
describe how information can be distributed across different
nodes of a cortical network.

The physiological implication of the disconnection hypothe-
sis, along with insights gleaned from modern studies of cortical
connectivity in nonhuman primates, is that signal processing in
individual cortical areas has networkwide influences thanks to
corticocortical connections. Hence, brain functions reside in the
operations of distributed systems (Mountcastle, 1978), rather
than of individual areas. This logic of cortical connections has an
important evolutionary coté because it favors the homeostatic
regulation of brain circuits (Turrigiano, 1999; Marder and Goail-
lard, 2006; Keck et al., 2013). This, in turn, mitigates the dra-
matic consequences of brain lesions, allowing partial recovery
of function.

Despite the acknowledged importance of interareal connec-
tions in complex behaviors, most studies of such functions focus
on the role of individual areas. Therefore, this Viewpoints article
discusses the anatomofunctional design and role in motor con-
trol of different parietofrontal areas and networks in macaque
monkeys and rodents, keeping in mind, however, that not all
rodents are the same (Krubitzer at al., 2011). We will also discuss
the transthalamic modulation of corticocortical communication,
first hypothesized by Guillery (1995). As will be seen, this influ-
ence adds flexibility to corticocortical computations. Our posi-
tion is that the orchestration of neural activity of different areas
by corticocortical connections lies at the core of cognitive-motor
control and guide action occurring in different contexts.

We describe essential features of network architecture and
how these subserve functional components. Special attention will
be devoted to interareal communication, as estimated by the
characterization of axon diameter and conduction delays be-
tween different areas and neural centers (Caminiti et al., 2009,
2013; Tomasi et al., 2012; Innocenti et al., 2014, 2019). Further-
more, we discuss recent data on functional connectivity in non-
human primates. This information is necessary to shed light not
only on conscious and nonconscious visuospatial analysis (Krav-

itz et al., 2011) but also on a large variety of other brain functions,
such as visual processing (Stoelzel et al., 2017), hippocampal
memory formation (Grewe et al., 2017) and communication with
the amygdala (Xu et al., 2016), parietohippocampal interactions
underlying spatial cognition (Whitlock et al., 2008), and many
others. This knowledge will be essential to understand the neural
disorders that arise from the temporal disruption of cortical
communication.

Five systems of parietofrontal connections underlie
cognitive-motor control
The connections between the areas of posterior parietal cortex
(PPC) and frontal cortex (FC) involved in motor control in mon-
keys have been determined through anatomical tracing studies
(Caminiti et al., 2017). These have inspired physiological inves-
tigations and now form a large dataset essential to validate em-
pirical results obtained using MRI-based diffusion tract-tracing
and resting-state connectivity (Rushworth et al., 2006; Mars et al.,
2011, 2018; Goulas et al., 2012; Sallet et al., 2013; Neubert et al.,
2014; Ruschel et al., 2014; Vijayakumar et al., 2019), which are
essential tools for the analysis of human brain networks (Van
Essen, 2002; Sporns, 2012; Markov et al., 2013; Van Essen et al.,
2013). We start by illustrating the mesoscale organization of pa-
rietofrontal connections involved in executive functions and mo-
tor control and later discuss the functional operations performed
by their parent areas.

In recent years, hierarchical cluster analysis has been used in
nonhuman primates (NHPs) to aggregate prefrontal, frontal, and
parietal areas into clusters based on their connectivity profile
(Averbeck and Seo, 2008; Averbeck et al., 2009; Caminiti et al.,
2017). It has been found that each identified parietal cluster in-
cludes areas sharing certain functional properties and is prefer-
entially connected to physiologically congruent frontal clusters.
Such properties can relate to visual target sensitivity, encoding
movement parameters, preparatory activity, working-memory
modulation, etc. Therefore, parietal and frontal clusters can be
regarded as nodes of neural domains that process different inputs
and distribute several outputs. Input signals select the area of
access (entry point) to the network, which distributes output
information to several neural centers, giving rise to a multiplicity
of processing streams. These encode actions of different com-
plexity, from reaching and grasping to object manipulation and
construction, tool use, oculomotor control, visuospatial atten-
tion, performance monitoring, as well as ethologically relevant
functions underlying defensive behavior, and perform action
observation-execution matching, as in the case of the mirror sys-
tem. Parietofrontal streams can hardly be considered private
routes devoted to just one function; rather, they are information-
processing lines used for multiple purposes (Battaglia-Mayer and
Caminiti, 2018; Borra and Luppino, 2018), as suggested by the
multiplicity and functional heterogeneity of neural ensembles
(Daitch and Parvizi, 2018) that they connect and by the complex
organization of the intraparietal sulcus and parieto-occipital cor-
tex in humans (Richter et al., 2019).

The dorsal reaching system (DRS)
Beyond locomotion, hand reaching is the most common form of
daily action in primates. The underlying neural circuits include
corticocortical connections linking areas that in most instances
give rise to different descending pathways. These convey the out-
flow of parietofrontal operations to subcortical centers and to the
spinal cord. The analysis of the functional properties of cells in
the many reach-related parietal and frontal areas and the study of
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their connections indicate that fast reach-
ing and its online control are primarily
encoded by a DRS (Caminiti et al., 2017),
which also incorporate a grasping-related
component (Filippini et al., 2017; Breveg-
lieri et al., 2018; Nelissen et al., 2018),
probably subserving an early coordina-
tion of reaching and grasping. This view
on the DRS is also supported by the effects
of reversible inactivation in monkeys,
which mimics the defective online control
of eye and arm movement (Battaglia-
Mayer et al., 2013) typical of patients with
parietal lesions resulting in optic ataxia
(Balint, 1909; Pisella et al., 2000; Gréa et
al., 2002; Buiatti et al., 2013).

Successful reaching requires the fusion
of somatosensory information on hand
position with visual signals concerning
target location. A key region for this inte-
gration is the superior parietal lobule
(SPL), where visual information arriving
at areas V6A and 7m from extrastriate
cortex (and/or from the n. pulvinar cau-
dalis) can be combined with somatosensory signals about hand
position relayed through anterior parietal areas S1/PE (and/or
through the n. lateralis posterior and pulvinar oralis). Therefore,
the parieto-occipital areas can be considered as eye-hand integra-
tive domains that allow the DRS and other parietofrontal pro-
cessing lines to continuously access visual information. The
coordinate transformation from retinal to limb coordinates un-
derlying fast reaching seems to occur in the arm-dominant do-
main of the SPL, formed by areas PEc, PEa, MIP (Caminiti et al.,
2017), which is, in part, coextensive with the so-called parietal
reach region (PRR) (Snyder et al., 1997). In the arm-dominant
domain of the DRS, neurons are influenced, by visual, eye, and
hand signals, although with different strength, depending on
their anteroposterior location in the SPL (Johnson et al., 1989;
Battaglia-Mayer et al., 2001). The outflow of this domain (Fig. 1)
(Johnson et al., 1996; Matelli et al., 1998; Battaglia-Mayer et al.,
2001) is addressed in a gradient-like fashion to the dorsal premo-
tor cortex (PMd; F2), supplementary motor cortex (SMA; F3),
rostral (CMAr), and ventral cingulate motor areas (CMAv).
These are all frontal premotor areas projecting to the motor cor-
tex (M1) (Picard and Strick, 1996). Together, they shape the
frontal motor output domain, thanks to their parallel projections
to the spinal cord. Therefore, the DRS emerges from the connec-
tivity linking parietal and frontal hand-dominant domains, each
with its specific role, and influences the motor periphery through
multiple frontal and parietal descending systems.

The lateral reaching system (LARS)
The pattern of corticocortical connections of the inferior parietal
lobule sculpt a stream formed by the parieto-occipital area Opt,
as the entry point, and by area PG and its projection to the arm-
dominant domain of the DRS (Fig. 1). This conveys the informa-
tion processed in the LARS to the FC motor output domain,
providing an example of a segment of the parietofrontal system
subserving complementary processing streams. The LARS can
therefore be considered as a substream of the DRS recruited when
the task requires eye and hand movements embedded in actions
that unfold over long times and that requires continuous
visuospatial analysis and monitoring, as well as evaluation of in-

termediate outcomes. Among these functions are object con-
struction (Chafee et al., 2005, 2007; Crowe et al., 2008), analysis
and solution of visual mazes (Crowe et al., 2004a, 2005), tool use
(Iriki et al., 1996), and interception of moving targets (Merchant
et al., 2003), which can benefit from input signals conveyed by the
motion-sensitive areas middle temporal (MT) and middle supe-
rior temporal (MST). In infant marmosets, the lesion of a tran-
sient retino-pulvinar-MT projection impairs reach and grasping
during adult life (Mundinano et al., 2018). In humans, inferior
parietal lobule lesions centered on the areas (PGa, PGp) of the
posterior group (Caspers et et al., 2013) result in constructional
apraxia (Kleist, 1934; Gainotti and Trojano, 2017), among other
deficits. Finally, the expanded representation of contralateral di-
rectional space in Opt and PG (Battaglia-Mayer et al., 2005) ex-
plains why its collapse might be responsible for directional
hypokinesia (Mattingley et al., 1992; Heilman et al., 2000), which
is a deficit of motor intention for reaches toward contralesional
space in parietal patients with neglect.

The lateral grasping system (LGS)
Reaching is, in most instances, aimed at grasping and manipulat-
ing objects of interest. In NHPs, the LGS (Fig. 1) is formed by
parietal area PFG (entry point), AIP, and SII, by premotor area
F5a, prefrontal areas 46 ventrocaudal, and part of area 12. The
LGS is regarded as a privileged network to encodes purposeful
hand actions (for dedicated reviews, see Borra et al., 2017; Borra
and Luppino, 2018). Recent studies suggest that it can be re-
cruited by inputs from area F6 (Lanzilotto et al., 2016). Embed-
ded in this network is the mirror system, which uses area PFG as
an intermediate node for information transfer from superior
temporal areas to F5 (Rizzolatti et al., 2014).

The oculomotor intention and attention system (OAS)
The OAS (Caminiti et al., 2015, 2017; Battaglia-Mayer and
Caminiti, 2018, and the references therein) is formed by areas
Opt, LIP, and MST and their connections with the frontal and
supplementary eye fields, as eye motor output and monitoring
domains. This complex network offers a clear example of heter-
ogeneity of functions. Information processing and transfer in the

Figure 1. Action systems of the monkey cerebral cortex. Diagram of the macaque monkey brain showing the location of the
parietal and frontal areas that are nodes of some major action systems of the cerebral cortex (DRS, light blue; LARS, cyan; LGS,
purple; PAFS, red; OAS, green). Sulci are opened to show the location of cortical areas buried in their banks. Within each system,
reciprocal corticocortical connections form reentrant circuits with multiple entry nodes that can be selected based on task
demands.
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OAS concern oculomotor intention and control, performance
monitoring, selective visual attention, saliency and novelty,
visuo-acoustic orienting and communication, decision-making
and working-memory. The OASs’ visual functions relate to the
analysis of 3D object properties, visual motion, heading percep-
tion, and visual motion processing for manual interception of
moving targets. It is therefore not surprising that, in humans,
damage to a tentative homologous system, which has expanded
significantly in evolution, produces diverse deficits, spanning
from gaze apraxia, hemispatial neglect (Vallar and Bolognini,
2014), and extinction, to dyslexia, among others, which cannot
be found in monkeys. Finally, the outcome of the transformation
into motor intentions of action choices, which depend on reward
and economic decision (Cai and Padoa-Schioppa, 2014), and the
related error signaling (for comprehensive reviews, see Schultz,
2015, 2016) can be routed to the motor output through the OAS,
which offers an outflow pathway to the influences exerted by the
ventral orbitofrontal cortex on the selection of behavioral goals
and strategies.

The peripersonal action fields system (PAFS)
The convergence and directional alignment of somatosensory
information from parietal area PE and visual motion signals from
MSTd on ventral intraparietal area (VIP), together with vestibu-
lar information from parieto-insular vestibular and visual sylvian
cortex, confer to this circuit complex multimodal properties re-
lated to the analysis of visual objects (Colby et al., 1993; Duhamel
et al., 1998) moving toward specific body parts, as well as to
heading direction and perception (Schlack et al., 2002, 2005; Brit-
ten, 2008; Chen et al., 2011, 2013, 2016). VIP projects to ventral
premotor area F4 and can implement the visuomotor transfor-
mation aimed to create or avoid contact between objects and the
body (Bufacchi and Iannetti, 2018), thus contributing to shape
defensive behavior (Graziano and Cooke, 2006; Graziano, 2016;
Kaas et al., 2018) and other ethologically relevant functions, such
as reaching to bring food to the mouth (Gentilucci et al., 1988;
Fogassi et al., 1996). Thanks to the functions encoded by VIP, this
stream also allows to estimate the numerosity (Nieder and De-
haene, 2009; Nieder, 2016) of targets for potential actions around
the body. In conclusion, the PAFS seems to encode the manifold
peripersonal action fields and their varying features, whose nu-
merical values depend on many factors, such as behavioral and
ethological relevance of actions, stimulus valence and proximity,
social and economic cues, tool use, and locomotion (for a recent
conceptualization, see Bufacchi and Iannetti, 2018), in other
words, from a “world full of action choices” (Cisek and Kalaska,
2010). Not surprisingly, lesion of postarcuate cortex, including
F4, results in neglect of objects in peripersonal space (Rizzolatti et
al., 1983; Schieber, 2000).

A study based on hierarchical cluster analysis analysis of fron-
tal and parietal areas defined from resting-state connectivity in
macaques confirms the existence of the main parietofrontal
streams described above, that is, DRS, LGS, and OAS (Vijayaku-
mar et al., 2019), suggesting that this approach remains a prom-
ising tool for studies in humans, to be systematically validated by
structural analysis of neural circuits in NHPs.

Corticocortical axons and conduction delays
In monkeys, the parietofrontal projections are formed by thin
myelinated axons and by a small contingent of unmyelinated
ones, whose caliber depends on both the area of origin and ter-
mination (Innocenti et al., 2014). As an example, the area PEc
fibers addressed to M1, F2, and CMAd obey this rule (Innocenti

et al., 2014) because those directed to M1 and F2 have a similar
size (mean 0.95 �m), whereas axons to CMAd are thinner (mean
0.77 �m). The resulting conduction velocity is �6.8 m/s for the
PEc messages addressed to M1 and F2, and 6.3 m/s to CMAd. By
measuring the path length, the estimated delays from PEc are 1.9
ms to M1, 3.3 ms to F2, and 3.4 ms to CMAd. The actual delays
can be longer to the time required for synaptic transmission.

Each of these projections is formed by axons of different di-
ameter, which implies that the information they convey arrives at
the target in a temporally dispersed fashion. The impact of this
temporal heterogeneity can probably be understood in terms of
evolution. Indeed, one of the several potential effects of this
structural-functional relation observed when analyzing callo-
sal connections across macaques, chimpanzees, and humans
(Caminiti et al., 2009, 2013; for review, see Innocenti et al., 2016)
is that, in the latter, evolution has expanded by threefold the
conduction delays between the hemispheres. This is the result of
a larger increase in connection length, hence temporal delays,
than in axon diameters, therefore in conduction velocity, across
these species. Beyond elongating the time for interhemispheric
communication, evolution might have produced a dynamic ex-
pansion of the neural assemblies generated by cortical connectiv-
ity to encode task-related variables. Indeed, action potential with
different temporally dispersed conduction delays generates post-
synaptic bursts of different duration, and therefore can adjust the
cycle of cortical oscillations. Contrasting synchronous versus
asynchronous neural groups (Carmeli et al., 2007) can be a way to
expand the number of functional assemblies in the cortex.

It is our hypothesis that, in the parietofrontal system, a net-
work dynamic similar to that of callosal connections favors a
simultaneous representation of plans for eye and hand action in
different reference frames (Battaglia-Mayer et al., 2003) because
it multiplies in a time- and task-dependent fashion the number of
local neuronal groups that can be recruited for parietofrontal
operations. Temporally dispersed conduction delays characterize
corticocortical communication also in the visual system (Swad-
low et al., 1978) and represent a general property of communica-
tion within the CNS. Therefore, spatial and temporal
heterogeneity might play a paramount role in encoding different
functions, even within individual network nodes.

Circuit analysis of visuomotor integration in the
parietofrontal system
As is typical of many cortical areas (Rockland, 2015), in macaque
monkeys, the ipsilateral corticocortical connections arising from
bands of pyramidal cells in the SPL areas (Johnson et al., 1989,
1996; Battaglia-Mayer et al., 2001) terminate as patches in layers
I-IV (Jones et al., 1978; Leichnetz, 2001) of PMd and/or M1,
where they synapse on pyramidal neurons and on inhibitory in-
terneurons. As layer V pyramidal tract neurons (Ghosh and Por-
ter, 1998), pyramidal cells in layer III of M1 display horizontal
axons traveling for several millimeters (DeFelipe et al., 1986;
Huntley and Jones, 1991) to arborize (Lund et al., 1993) on the
apical dendrites of other pyramidal cells and on nonpyramidal,
presumably inhibitory, interneurons (Keller, 1993; Keller and
Asanuma, 1993). Their action is generally excitatory and is me-
diated by asymmetric synapses releasing glutamate or aspartate
(Conti et al., 1987, 1988). However, the in vivo postsynaptic effi-
cacy of corticocortical afferents can be weak because of a strong
feedforward intracortical inhibition (Bruno and Simons, 2002).

Axon collaterals display profuse branching, suggesting that
they influence distributed postsynaptic cell assemblies (Rock-
land, 2018). Arbors of nonpyramidal “basket,” “chandelier,” “bi-
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polar,” and “bitufted” (Fairén et al., 1984)
cells significantly contribute to M1 func-
tions. Most of them are GABAergic and
connect superficial and deep cortical lay-
ers within a narrow vertical column, with
no profuse horizontal connections (DeFe-
lipe and Jones, 1985). Others in M1, such
as GABAergic “basket” cells, give rise to
axon collaterals that travel for �1 mm
horizontally (Jones, 1975; DeFelipe et al.,
1986), as in the visual cortex (Kisvárday
and Eysel, 1992; Fitzpatrick, 1996). Thus,
axon collaterals display varying spatial
configurations and functions.

In monkeys’ M1, axonal arbors termi-
nate in cortical territories of partially
overlapping topographical hand/arm rep-
resentations (Huntley and Jones, 1991), thus providing a sub-
strate for the orderly recruitment of motor cortical cells
controlling the temporal coordination of shoulder, elbow, and
wrist movements during reach-to-grasp actions (Kwan et al.,
1978a,b). Individual M1 cells can control the movement of dif-
ferent fingers (Poliakov and Schieber, 1999), thanks to divergent
axons influencing different motoneuronal pools (Shinoda et al.,
1981). Therefore, in M1, horizontal connections can select and
orchestrate the time-varying activity of different cortical assem-
blies based on the specific combination of finger movement re-
quired by the task, as during piano playing.

Relevance of corticocortical connections for the functional
organization of frontal and parietal areas
In canonical cortical microcircuits, horizontal connections allow
correlated neural activity. In a region of PFC where visual neu-
rons tuned to object identity (Wilson et al., 1993; Asaad et al.,
1998) coexist with genuine hand movement-related cells (Bruni
et al., 2015; Simone et al., 2015), the correlated fluctuation of
single-neuron activities occurs over long-range distances (Safavi
et al., 2018) (Fig. 2A) compared with the limited-range correla-
tional structure typical of sensory areas, such as V1 (Smith and
Sommer, 2013) (Fig. 2B) and V4 (Smith and Kohn, 2008) (Fig.
2C). It has been suggested that this arrangement might facilitate
the higher-order integration processing of association areas and
of executive functions.

On a mesoscale level, PPC and FC areas with similar activity
types and functions, such as visual reaching (Johnson et al., 1996;
Battaglia-Mayer et al., 2001; Archambault et al., 2009, 2011) (Fig.
3A), working memory (Chafee and Goldman-Rakic, 1998, 2000)
(Fig. 3B), and motor goal retrieval (Martínez-Vázquez and Gail,
2018), tend to be linked by long ipsilateral connections. The
quantitative study of the relationships between the spatial distri-
butions of functional properties of neurons and of parietal-
frontal projecting cells underlying visual reaching (Fig. 4)
suggests that these projections are a natural substrate to confer
matching properties to neurons in distant frontal areas, thereby
for shaping their functional properties and, at the same time, the
skeleton of a recurrent network. This view has also been stressed
by Passingham et al. (2002), based on the hierarchical cluster
analysis of examples of histological connectivity data from ma-
caque and meta-analyses of fMRI studies in humans (Mars et al.,
2018).

However, such similarities do not imply functional equiv-
alence of parietal and frontal areas, as suggested by the conse-
quence of brain lesions. Interesting examples can be found in

studies of the DRS, LGS, and OAS. In many instances, the
differences concern reference frame representation, timing of
activation, neural dynamics, functional connectivity, and the
uniqueness of the organization of microcircuits in the agranu-
lar FC.

Reference frame representation
Early work has shown that, in M1 (Caminiti et al., 1990), PMd
(Caminiti et al., 1991), and parietal area 5 (Lacquaniti et al.,
1995), 3D arm reaching is encoded in shoulder-centered coordi-
nates. Moreover, in area 5, neural activity is tuned in an abstract
spherical body-centered frame, with the azimuth, elevation, and
distance of the hand encoded in a parallel fashion by different cell
populations. A different coding scheme for reaching was pro-
posed later, holding that, in PRR, which only partially overlaps
the region of area 5 studied by Lacquaniti et al. (1995), neural
activity encodes reach intentions in eye coordinates (Batista et al.,
1999), leaving open the possibility of a progressive transforma-
tion from eye to hand coordinates in the parietal functional gra-
dient. Subsequent studies of parietal areas V6A, 7m, and PEc
(Battaglia-Mayer et al., 2000, 2001) based on a multitask ap-
proach showed that visual, eye, and hand reach-related signals
influencing individual cells display similar directional tuning, a
property referred to as global tuning field. These properties are
ideally suited, not only for computing the relative position of the
target, hand, and eye, but also to provide an early code of eye-
hand coordination. Although essential for any form of reaching,
eye-hand coordination has surprisingly been absent from most
coding scheme for reaching so far advanced. A similar alignment
of eye and hand signals was later reported in PMd (Pesaran et al.,
2006; Batista et al., 2007), to which area PEc projects. The latter
study showed reach cell encoding in eye-centered, limb-centered,
and mixed eye-limb coordinates but could not dissociate intrin-
sic from extrinsic representations of reaching.

This brief and selective account of some representative coding
schemes proposed for reaching in our view reflects the multiplic-
ity and heterogeneity of reach representations in the cerebral
cortex. Based on behavioral studies in humans, McGuire and
Sabes (2009) have rejected the hypothesis of the existence of a
unique representation suggesting that, instead, “the presence of
multiple reference frames allows for optimal use of available sen-
sory information and explains task-dependent reweighting of
sensory signals” (Sabes, 2000). The latter are noisy, making it
optimal to encode motor intentions simultaneously in multiple
reference frames (Sabes, 2011). Recent analysis confirms the ex-
istence of coding schemes for reaching based on multiple (Bosco

Figure 2. Spatial correlation structure in the cerebral cortex of macaque monkeys. Spike count correlation of neural activity
during visual stimulation as a function of lateral spatial distance (millimeters) between cell pairs in the ventrolateral PFC (A), area
V1 (B), and area V4 (C). Notice how, at variance from V1 and V4, distal interactions are as strong as proximal interactions during
visual stimulation of functionally similar prefrontal neurons. Modified with permission from Smith and Kohn (2008), Smith and
Sommer (2013), and Safavi et al. (2018).
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et al., 2015) or mixed eye-hand representations (Piserchia et al.,
2017).

On a related issue, Gail et al. (2009) have proposed a prefer-
ential role of PRR neurons in encoding motor goals based on
sensory-driven transformation, compared with the recruitment
of PMd cells in encoding rule-based motor goals, which is con-
sistent with the general role of premotor and PPC in motor con-
trol (Wise et al., 1997).

In the LGS, simultaneous recording from AIP, F5, and M1 has
shown the differing roles of these areas in transforming visually
derived object properties, such as geometry, into the hand shape
appropriate for successful grasping (Schaffelhofer and Scher-
berger, 2016). Consistent with their position in the parietofrontal
gradient, AIP is mostly concerned with the analysis of visual ob-
jects’ features and shapes, to be converted by F5 into plans for
hand action.

Overall, these results confirm the existence of multiple levels
of representation of reaching in the parietofrontal system
(Battaglia-Mayer et al., 2003), as suggested by the functional
properties of neurons, by the nature of cortical connectivity, and
by the consequences of parietal lesions.

Timing of activation relative to behavioral events
Another interesting question concerns the onset time of cell ac-
tivity relative to hand movement. In general, neural activity is
earlier in M1 than in anterodorsal area 5, despite the similarity of
directional tuning properties of their reach-related neurons

(Kalaska et al., 1983). This original observation was extended by
studies of M1, PMd, and PE/PEc, concerning online correction of
hand trajectory (Archambault et al., 2009, 2011). Under these
conditions, the time lags of neural activity relative to hand kine-
matics show an orderly recruitment of motor (M1), premotor
(PMd), and PPC (PEa/PEc) cells. The change of target location
promotes a change of motor plan earlier in PMd than in M1 and
PE/PEC. Thus, PMd provides an early signaling concerning the
change of task demands, M1 plays a direct and early role in the
control of hand kinematics on an ongoing basis, and the PPC
offers a current state estimate of the motor periphery, within a
process where original and new motor intentions coexist. In a
similar fashion, during reach and antireach tasks associated with
partial precuing, neural activity is earlier in PMd than in PRR
only when the task contingencies impose a spatial remapping of a
congruent into a noncongruent spatial representation of the
reach goal (Westendorff et al., 2010).

A study (Michaels et al., 2015) performed under the perspec-
tive of the neural state space hypothesis (Churchland et al., 2006)
shows that, during movement preparation, population activity in
F5 predicts the reaction time better than in AIP, suggesting that,
within the LGS, the latter is more closely related to the motor
intention and the former to the analysis of movement variability
and timing.

From this brief overview, it can be safely concluded that the
relationships between onset time of neural activity and hand
movement are variable and task-dependent, even within a single
area of the network.

Functional connectivity and information transfer
The study of functional connectivity requires simultaneous re-
cording of neural activity across different areas. In PMd and PRR,
spike-local field potential correlations are task-dependent be-
cause they are greater when monkeys made free choices than after
an instruction is available to them (Pesaran et al., 2008). This
decision network recruits selected subpopulations of neurons in
both areas for mutual information transfer in the low-frequency
(15 Hz) domain. Neural activity relative to behavioral events is
earlier in PMd than in PPC, assigning to the former a pivotal role
in driving this recurrent circuit.

Simultaneous recording of neural activity in the three cortical
nodes (AIP, F5, and MI) of the LGS (Fig. 5) (Dann et al., 2016),
when monkeys grasped a handle with a precision or power grip,
has shown the recruitment of a network consisting, in each area,
in subpopulations of neurons forming modules strongly con-
nected across them, as in small-world architectures (Watts and
Strogatz, 1998). Network functions were dominated by assem-
blies forming interconnected hubs, as in a rich-club topology,
and characterized by cells rhythmically synchronized in the �
(18 –35 Hz) or low-frequency range (3–7 Hz) (Fig. 5). Although
corticocortical connections play a central role in the synchroni-
zation of activity within a network, these results cannot be inter-
preted as reflecting monosynaptic connections between the units
recruited by the task. Interestingly, most units in the network had
a nonoscillatory behavior. Worth mentioning is the hypothesis
that the brain of schizophrenic patients might suffer from a sig-
nificantly lower density of rich-clubs than control subjects (van
den Heuvel et al., 2013).

Canonical microcircuits for performance monitoring in
the FC
There is evidence that canonical microcircuits in the agranular FC
can be different from those of sensory areas (Ninomiya et al., 2015),

Figure 3. Neural activity types in the posterior parietal, premotor, and PFC of macaque
monkeys. A, Spike density functions (solid green curve, in spike/seconds) of a superior parietal
(PEc) and of a dorsal premotor (F2) cell studied during hand reaching to visual targets in 3D
space and aligned to the onset (0 ms) of hand movement, as determined from the hand velocity
profile (light-blue curve; hand speed values shown on the right ordinate). Vertical solid gray line
indicates the instant of target presentation. In both examples, the modulation of cell activity
leads the hand movement onset. Data from Archambault et al. (2009) and Archambault et al.
(2011). B, Population activity in the inferior parietal cortex (area 7ip/LIP) and in the PFC (area
8a) shows phasic cue-related activity (delimited by the light-blue vertical shading; top panels)
and saccade-related activity (bottom panels) recorded during an oculomotor spatial memory
task (the solid gray vertical line indicates the saccade onset). Data from Chafee and Goldman-
Rakic (1998). Notice the similarity of activation profiles between superior parietal and dorsal
premotor cells (A), as well as between inferior parietal and prefrontal cells (B).
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Figure 4. Comparison of the distributions of parietal activity types and parietofrontal projecting cells. A, Cell activity recorded regularly in the anteroposterior extent of the SPL of monkeys
performing different tasks (reaching to foveal targets, reaching to extrafoveal targets, instructed-delay reaching, saccade) allowed the study of the distributions of cells (left ordinate) significantly
modulated by planning (green), and execution (dark green) of hand movement, hand position (orange), visual target presentation (purple), eye movement (blue) and position (yellow). At the end
of recording, different retrograde tracers were injected in areas F7 and F2 to map the distribution of parietofrontal projecting cells (right ordinate). In each graph, the distribution of cells with a given
functional property is superimposed to those of parietofrontal cells projecting to F7 (dark gray) and F2 (light gray). On the abscissa, the anteroposterior extent of parietal cortex encompasses areas
V6A (negative values) and PEc (positive values), with 0 mm corresponding to the middle of the crown of the parieto-occipital sulcus (POS; see also Fig. 1). B, C, Quantitative relations between the
spatial distributions of functional and anatomical properties described above studied along the anteroposterior dimension of SPL through a Fourier analysis. B1, The spectra of visual, hand movement
planning/execution and eye movement signals (colored curves, as in A), as those of the parietal cells projecting to F7 (dashed black) and F2 (solid black) show peaks at 0.1 cycles/mm, therefore in
the low-frequency range, corresponding to a periodicity in the arrangement of cells in 5-mm-wide bands. B2, The power spectra associated to eye (yellow) and hand (orange) position signals show
instead peaks in the high-frequency range (�0.25 cycles/mm), indicating a more uniform distribution, in microstructures 1.5 mm wide, reminiscent of a columnar organization. C, Phase
relationships, obtained from spectral analysis as a function of Fourier frequencies (cycles/mm), comparing the distributions of each functional signal and that of parietal cells projecting to F7 (dashed
line) and F2 (solid line). The phase values are reported in the 0 – 0.25 cycles/mm range in which the distributions tended to be similar (i.e., in most instances with a coherency � 0.8; data not shown).
Neurons related to visual, eye movement, and hand movement planning signals are in phase with cells projecting to F7. Hand movement-related signals were instead mainly in phase with cells
projecting to F2. Modified with permission from Battaglia-Mayer et al. (2001).
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as now confirmed by an elegant laminar analysis of the supple-
mentary eye field of macaques performing a stop-signal counter-
manding saccade task (Sajad et al., 2019). By recording both cell
spiking activity and error-related negativity in different laminae,
this study revealed how different performance monitoring sig-
nals, such as error and reward loss and gain, can stem and flow
through the different layers where they are preferentially en-
coded, giving rise to the error-related negativity. This suggests

that, beyond anterior cingulate cortex, the
frontal eye field is one source of this mon-
itoring signal.

Synaptic mechanisms of bimodal and
sensory-motor integration in the
parietofrontal system
In primates, the synaptic mechanisms un-
derlying sensory-motor integration and
transformation for reaching remain to be
elucidated. Data on bimodal integration
are available from rodent studies. In the
mouse parietal area RL (Wang and
Burkhalter, 2007; Wang et al., 2012), the
combination of visual (from V1) and so-
matosensory (from S1) signals (Olcese et
al., 2013) occurs in an optimal fashion in
pyramidal cells of layers II-III. This inte-
gration depends on the permissive role
of parvalbumin-positive interneurons,
whose optogenetic activation impairs the
operations of supragranular cells, to
which they project monosynaptically
(Packer and Yuste, 2011). The projections
of the parietal cortex to the whisker and
eye motor areas (Wang et al., 2012) re-
semble those of monkeys.

Downstream of the parietal cortex, a
direct ipsilateral connection links the S1
barrel field and the vibrissal M1 (Mao et
al., 2011). Whisker deflection produces
ascending volleys that first activate stellate
cells in S1 layer IV. These excite pyramidal
cells in layers II-III, which in turn generate
a feedforward excitation of cells in layer
Va and Vb (Weiler et al., 2008). Selected
populations of S1 excitatory pyramids
from layers II-III and Va project to the
same layers and cell types in M1 (Farkas et
al., 1999; Kleinfeld et al., 2002; Ferezou et
al., 2007; Yamashita et al., 2018), giving
rise to a reciprocal and topographically
organized (Aronoff et al., 2010) recursive
network. Time coincidence strengthens
the synaptic efficacy of inputs arriving in
S1 from the somatosensory periphery and
from M1 (Xu et al., 2012), promoting
LTP.

It has been suggested that the synaptic
integration of somatosensory signals
about whisker deflection and motor out-
flow about whisking allow the computa-
tion of object location in space. Calcium
imaging of the M1-S1 projections in layer
I shows the existence of intermingled ax-

ons with activity patterns related to whisker movement, touch,
and object location (Petreanu et al., 2012), which confirms the
important role of M1 in somatosensory processing (Mountcastle,
2005).

Extrapolated to primates, where the PPC is significantly ex-
panded relative to rodents (Orban et al., 2006; Peeters et al., 2009;
Caminiti et al., 2015; Kaas et al., 2018), similarly arranged S1-M1
corticocortical and intracortical circuits, rather than object loca-

Figure 5. Functional connectivity within the LGS. Organization of single-cell network studied with cross-correlation analysis.
Cell activity was recorded simultaneously from areas AIP, F5, and M1 (Fig. 1), with six multielectrode arrays (two in each area, B,
left), while monkeys performed different grasp actions. A, Modular topology. Left, Functional connectivity among neurons decays
as their tangential distance in the network increases; therefore, it is maximal from neurons whose signs of neural activity are
recorded in the same location (same electrode), and progressively decreases for neurons recorded within the same array (rectan-
gles in B), within the same area, between F5 and M1, F5 and AIP, and AIP and MI. Right, Functional modules consist of single units
from the same area and include fewer neurons from other areas. Network units have a dense local clustering and are connected to
the other units via short average path length, as typical of small-world topology. B, Left, Anatomical layout of the network,
displayed as a web where a small number of strongly embedded nodes display a high degree of centrality forming hubs (right),
which make a strong contribution to network functions. Hubs exhibit a strong tendency to be connected to each other, forming a
rich-club containing neurons from all areas, which facilitates efficient interareal communication. C, Network topology of oscilla-
tors. Left, Distribution of oscillators in different areas. Green bars represent units oscillating in synchrony in the low frequency (3–7
Hz). Pink bars represent units oscillating in synchrony in the � (18 –35 Hz) bands. Grey represents nonoscillatory units. F5 displays
less � and more low-frequency oscillators than M1 and AIP. Right, The network topology of oscillators is characterized by hubs
forming a rich-club (light-blue shading), where units between areas communicate in the � (green) and low-frequency (pink)
bands. Nonoscillatory units predominates in each area. Modified with permission from Dann et al. (2016).
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tion in space, probably subserve somato-
sensory control of hand movement.
Indeed, S1 lesion in primates does not im-
pair the coordinate-transformation for
target localization in space, which results
in optic ataxia after parietal lesion, but
rather the sensory control of hand action,
which affects stereognosis, that is, the
haptic appreciation of the 3D form of ob-
ject (Mountcastle, 2005). Therefore, evo-
lution has probably assigned the functions
that in rodents are confined to the S1-M1
circuit to an expanded parietal network
(Caminiti et al., 2015; Borra and Luppino,
2018).

Encoding of whisker-dependent so-
matosensory discrimination undergoes
cross-modal plasticity because it is signif-
icantly modified by visual deprivation
early in life. This form of plasticity en-
hances the selectivity of S1 neurons and
improves decoding of stimulus position
(Ramamurthy and Krubitzer, 2018).

Finally, at the early stages of composi-
tion of coordinated eye-hand movements
underlying reaching, single-cell activity in
parietal area V6A, 7m, and PEc is influ-
enced by visual, eye, and hand signals,
which are all integrated in a directionally
congruent fashion within the global tun-
ing field of individual cells (Battaglia-
Mayer et al., 2000, 2001). A network
model (Mascaro et al., 2003) shows that
the global tuning field emerges by com-
bining inputs about the retinal target position, hand position,
and eye position. Cross-modal Hebbian interactions generated
by experience account for natural correlations between the
preferred directions of these signals. In a recurrent scenario,
when inhibition is locally suppressed, the global tuning field of
individual neurons no longer emerges, leading to the collapse
of signal integration and, potentially, to optic ataxia (Battaglia-
Mayer and Caminiti, 2002). Consistent with this, modeling stud-
ies (Asher et al., 2015) of the DRS show that intrinsic lateral
connections within PPC are essential for the composition of ac-
curate reaches with smooth trajectory and velocity profiles, such
as those of observed in primates.

Corticocortical connections and motor skill learning
Skill learning consists in the ability to perform actions with in-
creasing speed and overall accuracy greater than in prelearning
conditions (Shmuelof and Krakauer, 2011). In mouse MI, skill
learning strengthens horizontal connections (Rioult-Pedotti et al.,
1998) by promoting LTP (Keller et al., 1991; Rioult-Pedotti et
al., 2000; see Sanes and Donoghue, 2000), as in cats (Iriki et al.,
1989). Long-lasting optical imaging of layer II-III neurons in M1
shows that learning-dependent plasticity rests on changes in the
correlated activity of nearby neurons thanks to horizontal con-
nections, as well as on training progression over time and behav-
ioral sessions (Komiyama et al., 2010). During learning, cells in
layer Va modulate their circuit activity to reflect the status of the
motor periphery, such as limb position (Masamizu et al., 2014).
When mice learn to use the whiskers to detect objects and report
detection by licking, pyramidal cells in layers II-III show a flexible

association between sensory input and motor output (Huber et
al., 2012) because the representation of whisking remains stable
over time, whereas that of licking strengthens as a function of
the behavioral performance. At the population level, motor
learning in M1 induces a dynamic expansion and reshaping of
neural assemblies to achieve reproducible activity patterns co-
incident with a transient increase in the turnover of dendritic
spines of neurons within these assemblies (Fig. 6) (Peters et al.,
2014), as also shown by previous studies (Xu et al., 2009; Yang
et al., 2009).

Inhibitory circuits play a major role in M1 during skill
learning (Chen et al., 2015), which in layer I induces a reorga-
nization of the spines of the apical dendrites of excitatory cells
of layers II-III. This reorganization is paralleled by a concom-
itant process involving local inhibitory circuits. Indeed,
somatostatin-expressing inhibitory interneurons play a piv-
otal role in learning-dependent changes of excitatory syn-
apses, given that their optogenetic manipulation impairs skill
acquisition. This class of interneurons provides tonic inhibi-
tion of the apical dendrites of pyramidal neurons, which re-
ceive afferent cortical information (Gentet et al., 2012) and
can flexibly adjust the efficacy of long-range inputs during
motor learning.

Thalamic afferents arriving on M1 cells from the body part
that they control, during training, undergo LTP and therefore
use-dependent potentiation (Biane et al., 2016). Motor learning
is influenced by the core systems of the brainstem because depriv-
ing M1 of dopaminergic afferents abolishes skill acquisition
(Hosp et al., 2011), implying that skill learning occurs in M1.

Figure 6. Dynamics of motor learning in mouse motor cortex. Mean proportion of excitatory movement-related neurons
recruited during motor learning of a forelimb lever-press task obtained from two-photon calcium imaging of mouse motor cortex
over 2 weeks. Notice the initial increase in the number of cortical neurons recruited by the task, implying an expansion of the
cortical assembly, followed by its gradual reshaping into a more focused population, which was characterized by a reproducible
pattern of neural activity. Bottom, Dendritic spine dynamics in layers II-III of M1 during motor learning of the same task. Sessions
1–7 refer to untrained animals used as the control. Notice the formation of new dendritic spines during the initial phase of training,
followed by their partial elimination, as well as the similar time course of neural assembly and spine dynamics during learning.
Modified with permission from Peters et al. (2014).
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During development and motor learning, the acquisition of a
new skill by M1 tends to confer robustness to the motor output, as
suggested by experimental results and network modeling of M1 pop-
ulation dynamics during reaching in monkeys (Russo et al., 2018).

The studies discussed above can be regarded as cellular and
circuit mechanisms of motor learning described in motor, pre-
motor, and parietal areas in monkeys (Wise et al., 1998; Li et al.,
2001; Padoa-Schioppa et al., 2004; Rokni et al., 2007). For exam-
ple, in M1, PMd, and PMv, associative visuomotor learning pro-
motes the acquisition and consolidation of new visual properties
of neurons (Zach et al., 2008).

Conditional motor learning based on arbitrary associations
between sensory stimuli and motor responses critically depends
on a distributed system, including PMd (Wise et al., 1997), PFC
(Asaad et al., 1998), hippocampus, and striatum (Petrides, 1982,
1985; Wise and Murray, 1999, 2000; Gaffan and Harrison, 1988,
1989; Toni and Passingham, 1999; for a recent review, see Makino
et al., 2016). The interplay between learning-dependent and
learning-selective activity, the former increasing and the latter
decreasing during learning, occurs in a graded fashion across
different nodes (Mitz et al., 1991; Cahusac et al., 1993; Chen and
Wise, 1996, 1997; Asaad et al., 1998; Tremblay et al., 1998; Xiang
and Brown, 1999), whose roles are congruent with the conse-
quences of their lesion (for review, see Wise and Murray, 2000).
This process involves early formation of arbitrary associations in
the striatum, monitoring training evolution by PFC (Pasupathy
and Miller, 2005), and long-term memory storage or recall of new
associations in the hippocampus.

In the PPC, learning tool use modifies the functional proper-
ties of neurons (Iriki et al., 1996; Obayashi et al., 2000), inter-
preted as an extension of the subjective body image, which would
incorporate the tool. This process seems to be accompanied by
the expansion of the terminal arbors of corticocortical afferents
(Hihara et al., 2006) to the PPC.

In the inferior parietal lobule areas PFG/PF (Ferrari-Toniolo
et al., 2015), neural activity is modulated by hand force applica-
tion on a joystick; and when a new force condition is presented,
requiring the monkeys to rescale the force output, the activity of
a consistent population of parietal neurons is modulated by the
new task dynamics. At the end of a “wash-out” session, which
returns the force output to the preperturbation condition, cell
activity does not return to the baseline but retains traces of the
learned association, a process that probably serves as a memory
reservoir for the control of future hand force output.

Thus, the operations of the parietofrontal system largely de-
pend on information provided by corticocortical connections
that link parietal and frontal areas with similar activity types or
functional modules across areas where neurons show oscillatory
activity, whereas most of them communicate in a nonoscillatory
fashion. It is our hypothesis that this arrangement probably
depends on motor learning, which could shape dedicated
experience-dependent networks for eye and hand actions during
postnatal acquisition and consolidation of motor skills. There-
fore, corticocortical connections probably carry inputs that in-
struct learning-dependent circuits formed across cortical areas by
functional modules sharing properties essential for the network’s
dynamics. Such modules are continuously accessible to new en-
vironmental information. Therefore, corticocortical connections
are a natural substrate for motor learning and for behavioral- and
use-dependent changes of cortical circuits, factors that altogether
improve action accuracy and control.

Motor learning seems to occur in different forms at different
nodes of distributed cortical and subcortical systems (Sanes and

Donoghue, 2000), that is, in an unsupervised Hebbian fashion in
the cerebral cortex (Mascaro et al., 2003), in the form of rein-
forcement learning (Lee et al., 2012) in the basal ganglia, and
error-based learning (Wolpert et al., 2011) in the cerebellum
(Bostan and Strick, 2018). All these structures participate in dif-
ferent stages, which include also information transfer through
the topographically organized direct subcortical connections be-
tween basal ganglia and cerebellum (Hoshi et al., 2005; Bostan
and Strick, 2018). In humans (Fermin et al., 2016), different
nodes of such distributed systems seem to underpin distinct
learning strategies. Over recent years, comprehensive treatments
of different aspects of sensorimotor learning have been provided
previously (Shmuelof and Krakauer, 2011; Makino et al., 2016;
Bostan and Strick, 2018).

Regardless of the neural center involved, during motor learn-
ing, newly formed memories could interfere with old ones. A new
study (Sheahan et al., 2016) in humans shows that motor mem-
ories can only be separated during motor preparation, rather
than during motor execution, consistent with the idea that they
are associated with different neural states (for a commentary, see
O’Shea and Shenoy, 2016).

Inhibition in motor control
The distributed system for inhibitory control of action must be
elaborate and flexible enough to subserve different action con-
texts, individual differences and genetic variations (Mione et al.,
2015). The cerebral cortex contains several types of pyramidal
cells in layers II-III and V-VI, and their characteristics depend on
the cortical layer, area, and species (van Aerde and Feldmeyer,
2015; Gilman et al., 2017; Luebke, 2017). In addition, 15 classes of
interneurons (Jiang et al., 2015) are available for shaping cortical
circuit functions.

The role of inhibition in motor control has been discussed
since early studies showed that local recurrent inhibition sharp-
ens the focus of spatial excitation in M1 (Stefanis and Jasper,
1964). Today, inhibition is considered important for shaping the
directional tuning profile of reach-related neurons (Georgopou-
los and Stefanis, 2007; Mahan and Georgopoulos, 2013), on
which both reach direction and accuracy might depend (Georgo-
poulos and Carpenter, 2015).

Motor preparation can be characterized by neural dynamics
that incorporate selective suppression of neural assemblies. In
mice, during a delayed Go/No-Go reaching task, movement
preparation rests on the selective suppression of a subset of layer
II-III cells (Hasegawa et al., 2017), which account for the animal’s
reaction time. In humans, it is accompanied by the selective in-
hibition of local circuits that facilitate, rather than suppress, the
preparation of fast movements (Hannah et al., 2018).

During the instructed suppression of reaches (Mirabella et al.,
2011; Mattia et al., 2013; for review, see Battaglia-Mayer et al.,
2014), the M1 output is probably under the control of local in-
terneurons (Reynolds and Ashby, 1999). Indeed, the premotor
areas contributing to the corticospinal system are reciprocally
connected to M1 and can gate movement generation by targeting
M1 interneurons through a feedforward inhibition (Ghosh and
Porter, 1988; Tokuno and Nambu, 2000). Furthermore, fast py-
ramidal tract neurons of layer V could target inhibitory interneu-
rons in the spinal cord (Dum and Strick, 1991), thus gating the
efficacy of M1 descending volleys. A gating role of PMd over M1
is supported by injections of the GABA-A antagonist muscimol in
PMd, which reduces the ability of monkeys to withhold move-
ments (Sawaguchi et al., 1996), as well as by PMd lesion, which
results in a pathological frequency of uncontrolled arm move-
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ments (Moll and Kuypers, 1977). During reach inhibition, differ-
ent PMd populations with preparatory activity display either a
reduction or an increase in their firing rate (Mirabella et al.,
2011), which is compatible with both scenarios mentioned above,
as well as with the Boucher et al. (2007) version of the interactive
race model, where stop and go processes are viewed as noninde-
pendent mechanisms.

It could be hypothesized that, when a movement is to be sup-
pressed, PMd neurons targeting inhibitory interneurons in the
spinal cord increase their activity, whereas those targeting M1 will
reduce it. It remains to be determined whether the control gate is
located at the cortical and/or subcortical level. Withholding a
movement during a delay period facilitates the activity of corti-
comotoneuronal cells, while suppressing that of pyramidal tract
neurons (Soteropoulos, 2018). A fraction of the latter display
firing patterns typical of inhibitory cells and could therefore par-
ticipate in action suppression. A late gating influence can still be
exerted in the spinal cord, where descending inputs can influence
spinal inhibitory circuits (Prut and Fetz, 1999). Similarly, a
gating-based mechanism for the corticocortical influence over
the output of M1 requires circuit analysis. Regardless of the na-
ture of descending commands, the Renshaw cells in the spinal
cord will contribute by suppressing the excitatory fringe sur-
rounding motoneuronal pool excitation (Renshaw, 1941; Hult-
born et al., 1979). Concerning topography, behavioral studies
support the existence of a common mechanisms of inhibitory
control for the finger, wrist, and arm movement (Brunamonti et
al., 2012).

At variance from the gating hypothesis, the dynamical systems
approach (Churchland et al., 2010; Elsayed et al., 2016) holds that
motor intention evolves into movement generation because of a
change of state in the interactions occurring within a population
of cortical neurons and does not necessarily depend on the sub-
threshold activation or direct inhibition of neural groups. In the
“output-null hypothesis” (Kaufman et al., 2014), PMd signaling
can attenuate neural activity in M1 by selectively adopting an
“output-null” rather than an “output-potent” pattern of activity,
with the consequence of reducing or halting the communication
between PMd and M1, therefore between them and the spinal
cord. How this transition between different output states emerges
from cell interactions in the network remains a major challenge
for future investigation. This topic can also be relevant to the
question of how motor intentions can switch the operation mode
of cortical networks.

Role of the thalamus in corticocortical communication
Cortical areas project from layer V and VI descending axons
(CTh) of different morphologies and degrees of convergence to
the thalamic nuclei from which they receive afferent information
(Rockland, 2019). These projections represent an evolutionary
specialization of mammals because they are absent in reptiles
(Pritz, 1995) and are often collaterals of axons for the midbrain
and other subcortical centers (Guillery, 1995; Guillery and Sher-
man, 2002; Shermann, 2016, 2017). The latter receive the same
messages addressed to the thalamus and, through it, to other
cortical areas. Therefore, the CTh pathways would not only exert
a modulatory effect on thalamocortical inflow but also on the
activity of higher-order areas through trans-thalamic loops
(TThL).

The CTh projections from parietal areas PE and PEa in mon-
keys obey to this pattern because they terminate, not only on
portions of the n. LP that project back to PE/PEa, but also on LP
territories projecting to PMd (Cappe et al., 2009). Therefore,

PE/PEa, in addition to their direct frontal projections, can use a
TThL to address sensory-motor signals to PMd. This system is
reciprocal, like most corticocortical ones. The conduction delays
of this and other TThL routes are unknown and should be con-
trasted to those involved in the direct SPL-PMd and SPL-M1
projections, which are on average 3.3 and 1.9 ms, respectively.
This direct system seems to be faster than the related TThL, if one
only considers that in monkeys the M1 to VL (n. ventralis latera-
lis) projection, which is just one segment of the TThL discussed
above, accumulates transmission delays of �3.52–3.87 ms (To-
masi et al., 2012). This implies that the signals traveling through
direct association connections and through TThL impinge on
premotor or parietal neurons at different times and in a tempo-
rally dispersed fashion. Elucidating this interplay will be essential
for understanding the temporal dynamics of thalamic influences
on corticocortical communication. The CTh influence is task-
dependent because, during low-frequency activity, it is suppres-
sive, whereas it is enhancing during high-frequency activity
(Crandall et al., 2015); it depends on short-term plasticity of
dynamic synapses and might serve different behavioral demands.

Beyond the influence on cortical dynamics, communication
within and between sensory and motor centers accumulates
transmission delays, which, together with decision delays, must
be compensated, especially when movement correction is re-
quired. This process can occur centrally, through forward models
(Wolpert and Miall, 1996), that predict by implicit knowledge the
sensory consequence of forthcoming actions.

Rikhye et al. (2018b) have advanced the view that the thala-
mus is central to cognitive functions by acting as a Bayesian ob-
server for forward models based on contextual information,
therefore important to instruct and update the cortex on modi-
fications of task-relevant events. This can be achieved by
strengthening the effective connectivity between cortical cells.
This view confers to the thalamus a role in cortical communica-
tion and cognition, as suggested by the existence of important
differences in the functional properties of thalamic cells and of
cortical neurons to which they project. As an example, these au-
thors cite the monkey’s pulvinar, where neural activity reflects the
subjective confidence in perceptual evaluations (Komura et al.,
2013), rather than the perceptual category encoded in PPC (Kiani
and Shadlen, 2009) to which the pulvinar projects. In mice, the
nucleus medialis dorsalis (MD) contains neurons retaining in
memory rules-based information relevant to attention, without
relaying categorical information to PFC (Schmitt et al., 2017). In
the same vein, a new study (Rikhye et al., 2018a) shows that MD
participates in switching PFC neural representations of cues that
instruct the allocation of attention to different targets, which
implies a role for the thalamus in cognitive flexibility, which is
severely disturbed in schizophrenia and other mental disorders.

An elegant new study in rats (Yang et al., 2019) concerning the
network mechanisms of declarative memory consolidation has
shown that MD can modulate the functional connectivity be-
tween medial PFC and hippocampus because, in the awake state,
its activity is suppressed during hippocampal ripples. During non-
REM sleep, MD activity is upregulated in coincidence with spindle-
coupled ripples and downregulated when ripples are uncoupled
with sleep spindles. While this suppression of MD activity can facil-
itate the memory consolidation by reducing the influence of sensory
stimuli, therefore the MD relay operation mode, MD input can help
sharpening the communication between hippocampus and medial
PFC, thanks to the spindle-ripple coupling.

In conclusion, the MD-PFC relations offer an ideal circuit to
study thalamic influences on cortical communications and their
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role in cognition, as now suggested by many studies. Compre-
hensive reviews on the role of the thalamus in cognition are now
available (Rikhye et al., 2018b; Wolff and Vann, 2019).

Cortical connections and distant effects of brain lesions:
diaschisis and homeostatic regulation of neural circuits
Deciding the functional roles of a cortical area and of its cortico-
fugal systems from their lesion or transient inactivation can be
fallacious because these affect the operations of all afferent and
efferent cortical pathways and therefore of many distributed sys-
tems. Lesions produce distant effects, classically referred to as
diaschisis (Carrera and Tononi, 2014). In neurology, the imme-
diate postlesion symptomatology often changes over time with
partial or full recovery of function. In monkeys, the short-term
acute effects of selective inactivation or lesions are different from
their long-term chronic consequences, as shown, for example, in
the hand dominant domain of parietal cortex (area PE, PEa, MIP)
(Padberg et al., 2010), M1 (Darling et al., 2011), pulvinar (Bender
and Baizer, 1990; Wilke et al., 2010), area MT (Newsome and
Paré, 1988), and in the auditory cortex in rodents (Talwar et al.,
2001). This is true also for the effects of short-term optogenetic
silencing (for a critical commentary, see Pratt and Prather, 2016).

To tackle this issue, an elegant study (Otchy et al., 2015) has
shown that muscimol injection into the M1 of rats and in the
nucleus interfacialis (Nif) of zebra finches degrades a learned
sequence of forelimb lever presses in the former, courtship songs
in the latter. This scenario differs from that observed after a per-
manent lesion, which is accompanied by a significant recovery of
functions in both species. In zebra finches, taken as model, recov-
ery is consistent with postlesion changes occurring in the high
vocal center, a downstream structure that receives excitatory in-
put from Nif and controls song timing. The gradual recovery of
function can be interpreted within the frame of the homeostatic
regulation of neural activity within cortical circuits (Turrigiano,
1999; Marder and Goaillard, 2006; Keck et al., 2013).

In NHPs, both the corticospinal and the reticulospinal sys-
tems influence the hand motoneurons, and the former’s input is
stronger than that of the latter (Zaaimi et al., 2012). At about 6
months after the unilateral section of the pyramidal tract, al-
though hand grip remains weak and independent digit move-
ment severely impaired, the recovery of an elementary form of
grasping occurs. This is paralleled by a concomitant increase of
excitatory inputs to the forelimb flexors and to the intrinsic hand
muscles, dependent on a change in the functional connectivity
profile of the corticoreticular pathway, which is upregulated. Im-
pressive changes of cortical excitability after lesion is a common
observation in different animal species and in humans and can
provide potential substrates for recovery of functions.

The above studies indicate that intact motor cortex is neces-
sary for the expression of the learned motor behaviors but not to
encode the full complexity of learned sequences and memories: in
other words, for learning novel motor skills but not for their
execution after learning is completed. This conclusion was also
reached by Kawai et al. (2015), who have shown that M1 lesion
has no consequences on acquired skills not based on dexterity but
makes animals unable to acquire new ones.

Therefore, M1 seems to have a permissive role in learned be-
havior and an instructive one in the early acquisition of new skills
and in orchestrating the adaptation of subcortical motor circuits
to novel task demands (Grillner and Wallén, 2004), whereby they
can be stored due to neural plasticity (Sanes and Donoghue, 2000;
Ungerleider et al., 2002; Dayan and Cohen, 2011).

These studies point to a “greater role for M1 in controlling an
operantly conditioned movement and to a lesser role for M1 in an
instinctive movement using the same muscles” (Evarts, 1981), in
other words, to a higher-order role of M1 in motor cognition
(Georgopoulos et al., 1993; Georgopoulos and Carpenter, 2015).
Over the years, this has been shown in monkeys by the M1 in-
volvement in mental rotation of movement direction (Georgo-
poulos et al., 1989), context recall (Pellizzer et al., 1995),
encoding of serial order in working memory tasks (Carpenter et
al., 2018), maze solution (Crowe et al., 2004b), and many other
functions. Recent studies in rodents (for review, see Ebbesen et
al., 2018) point in the same directions.

Conclusion
The several parietofrontal pathways emerging from the parieto-
frontal eye-hand matrix (Battaglia-Mayer, 2019) form the skele-
ton of the parietofrontal system and reveal the existence of
different information streams for actions based on eye-hand co-
ordination. This network is characterized by different entry
points and outflow pathways that can be selectively recruited
based on task contingencies. Population codes based on the tun-
ing properties of neurons and on dynamical systems embedded
in anatomically related frontal and parietal areas can provide
accurate predictions of behavior and its modifications during
task evolution. At the same time, their collapse offers tentative
explanations of the deficits occurring after lesion of the potential
homologs in humans.

Heterogeneity of functions, even within a single area, is there-
fore not surprising because it emerges in an almost obligatory
fashion from such a complex anatomofunctional matrix. As an
example, VIP participates in guiding locomotion, recognizing
numerosity of targets for potential actions, encoding near-field
approaching, or receding visual stimuli for promoting defensive
behavior. This heterogeneity, which is however aimed at encod-
ing ethologically relevant forms of behavior, is naturally enriched
in humans by evolution, which has probably expanded the num-
ber of neural groups available for sensory-motor integration and
for simultaneous representation of action in different reference
frames.

The multiplicity of corticocortical streams is paralleled by that
of the corticospinal systems, which allow parietal and frontal area
areas to select their outflow routes based on task demands and to
orchestrate their action on subcortical centers where they project.
This function could be particularly relevant to allow these phylo-
genetically older structures to store and perform new motor
skills. As an example, the “new M1” (Rathelot and Strick, 2009),
with its privileged access to spinal motoneurons (Witham et al.,
2016), the evolution of parietal areas related to hand functions
(Padberg et al., 2007), and an expanded parietofrontal system
(Caminiti et al., 2015) can be considered as crucial evolutionary
enrichments for motor functions and cognition. Within this
frame, the direct parietospinal projection (Rathelot et al., 2017;
Innocenti et al., 2019) can convey to the motor output command
signals (Mountcastle, 1978), as well as information relevant to
other functions, such as visuomotor adaptation, that after rapid
error correction return behavior to baseline performance (Shmu-
elof and Krakauer, 2011) and probably occurs in the parieto-
ponto-cerebellar system. Indeed, visuomotor adaptation is
unaffected in patients with stroke and scarcely impaired in Par-
kinson’s and Huntington’s diseases (Shmuelof and Krakauer,
2011).

We believe that this variety of architectures and functional
motifs has enriched the motor system with the capacity to encode
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movement within different action fields and choice options with
appropriate timing, also thanks to the wide range of communi-
cation delays available to corticocortical signaling. This is modu-
lated by corticothalamic loops, which confers flexibility and state
dependency to corticocortical communication and to the thala-
mus a role in motor cognition. Such complex networks and their
interactions might serve to continuously expand and reshape the
neural composition and repertoire of cortical assemblies avail-
able for motor learning and adaptation, to ultimately allow the
flexible spatiotemporal tuning of daily actions.
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