DIPARTIMENTO DI MEDICINA E CHIRURGIA
CORSO DI LAUREA MAGISTRALE IN PSICOBIOLOGIA E
NEUROSCIENZE COGNITIVE

“Neuronal activity of the ventral premotor cortex during whole-body
navigation in the freely-moving monkey”
“Attività neuronale della corteccia premotoria ventrale durante la
navigazione spaziale in scimmia libera”

Relatore:
Chiar.mo Prof. LUCA BONINI
Correlatore:
Chiar.ma Dott.ssa MONICA MARANESI
Laureando/a:
ANNA BERTUCCI
ANNO ACCADEMICO 2019-2020

1

2

INDEX
1. Abstract………………........................................................................................4
§1.1 Abstract in Italian.......................................................................................5
2. Introduction.........................................................................................................6
§2.1 The Concept of Space...............................................................................6
§2.2 The organization of actions in space.........................................................8
§2.2.1 Ventral Premotor Cortex..................................................................9
§2.2.2 Posterior Parietal Cortex and the perception of space...................14
§2.3 Peripersonal space: the role of VIP-F4 circuit.........................................18
§2.3.1 Peripersonal space plasticity..........................................................20
§2.4 Spatial navigation.....................................................................................23
§2.4.1 Interactions between Peripersonal and Extrapersonal space..........26
§2.5 Neural correlates of space coding in freely moving animals...................30
3. Aim of the study..................................................................................................31
4. Materials and Methods.......................................................................................32
§4.1 NeuroEthoRoom.......................................................................................33
§4.2 Video monitoring system..........................................................................34
§4.3 Recording System.....................................................................................35
§4.3.1 Wireless recording device.............................................................36
§4.4 Behavioral paradigm................................................................................37
§4.5 Data Analysis...........................................................................................38
§4.5.1 Regression Analysis......................................................................39
5. Results..................................................................................................................40
§5.1 Spatial position………….........................................................................40
§5.2 Distance....................................................................................................43
§5.3 Discussion and conclusions......................................................................48
6. References.............................................................................................................51

3

1. ABSTRACT
Several studies have demonstrated that non-human primates’ premotor cortex (PM) plays a crucial
role not only in organizing movement, but also in sensorimotor transformations, encoding of goaldirected actions and representation of the peripersonal space. In this study we investigated the
neuronal activity of the ventral premotor area F4 recorded from unrestrained monkeys during spatial
navigation and unconstrained interactions within an environment (NeuroEthoRoom - NER) equipped
with food and non-food items. Indeed, several studies carried out on different species have shown the
presence of allocentric spatial tuning of neurons outside the hippocampal-entorhinal structures,
suggesting that encoding of body position in space is much more distributed in the brain than
previously thought. The main goal of this study consisted in providing a preliminary description and
assessment of the possible relationship of the neural activity of the premotor cortex with the spatial
and kinematic parameters of the freely moving monkey, as well as to assess the possible modulations
of neuronal activity during spatial navigation. We studied neuronal population activity, investigating
the presence of possible modulations of neuronal activity with respect to the monkey’s spatial position
and the monkey’s distance from the walls of the NER. Preliminary data analysis provides a proof-ofconcept for the technical feasibility of this approach but did not show evidence of neuronal
modulations in area F4 linked to the monkey’s spatial position or the distance of monkey’s head from
the walls of the room during spontaneous navigation. Due to the limited data set considered in this
study, this approach may provide in future studies more robust and conclusive evidence on the
possible spatial modulation of neuronal activity in the ventral premotor cortex of freely moving
monkeys.
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1.1. Abstract in Italian
Diversi studi hanno dimostrato che la corteccia premotoria dei primati non umani gioca un ruolo
cruciale non solo nell'organizzazione del movimento, ma anche nelle trasformazioni sensomotorie,
nella codifica di azioni dirette ad uno scopo e nella rappresentazione dello spazio peripersonale. In
questo studio abbiamo analizzato l'attività neuronale dell'area ventrale premotoria F4 registrata su
scimmia libera durante la navigazione spaziale e le interazioni all'interno di un ambiente
(NeuroEthoRoom-NER). Diversi studi condotti su specie diverse hanno dimostrato la presenza di una
sintonizzazione spaziale allocentrica dei neuroni al di fuori delle strutture ippocampale-entorinali,
suggerendo che la codifica della posizione del corpo nello spazio è molto più distribuita nel cervello
di quanto si pensasse in precedenza. L'obiettivo principale di questo studio è consistito nel fornire
una descrizione preliminare e una valutazione della possibile relazione dell'attività neurale della
corteccia premotoria con i parametri spaziali e cinematici della scimmia che si muove liberamente,
nonché valutare possibili modulazioni dell'attività neuronale durante la navigazione spaziale.
Abbiamo studiato l'attività neuronale a livello di popolazione, indagando la presenza di eventuali
modulazioni rispetto alla posizione spaziale della scimmia e alla sua distanza dalle pareti della NER.
L’ analisi preliminare ha mostrato che, a livello di popolazione, i neuroni registrati dall'area
premotoria ventrale F4 non sembrano mostrare modulazione legata alla posizione spaziale della
scimmia e alla sua distanza dalle pareti. Tuttavia, considerate le limitazioni del set di dati utilizzati in
questo studio, l’approccio utilizzato potrebbe comunque fornire evidenze più robuste e convincenti
sulla possibile modulazione spaziale dell'attività neuronale nella corteccia premotoria ventrale in
scimmie libere.
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2. INTRODUCTION
2.1 The concept of Space
“The points of the physiological space are nothing but goals of different movements: prehensile
movements, gaze movements, locomotion. " Mach, E. (1905)
In the literature there are two ways of conceiving and studying the space: space related to the subject
(egocentric coordinates system) and space related to objects and environment (allocentric coordinates
system). Although we experience the space around us as a single entity, over the years consistent
evidence from neurophysiology and neuropsychology have established that the brain builds multiple
representations of space and the final unified percept is the integrated outcome of these distinct and
modular representations (see Serino, 2019). The taxonomy of space representation includes three
main sectors: personal space, which is the space defined by the body surface; peripersonal space,
which defines the region of space immediately surrounding the body where objects can be reached
and grasped or avoided; and extrapersonal space, which refers to the space beyond immediate reach
that can be explored through eye movements and navigation (Cléry et al., 2015). In humans, such a
distinction is supported by the description of different neuropsychological patients suffering from
unilateral neglect, which selectively affects one of these space sectors, leaving relatively spared the
other one (Bisiach et al., 1986; Halligan & Marshall, 1991). In a similar way, experimental lesions to
different cortical areas in monkeys induce neglect-like symptoms, which are selective for peripersonal
space following lesions to Brodmann area 6, or extrapersonal space, following lesions to area 8
(Rizzolatti et al., 1983).
To act efficiently in space, our brain must not only localize objects in the environment, but it
must also keep a constantly updated representation of the body. Evidence from single-neuron
recordings in the monkey brain, have changed the vision of a ‘purely perceptual’ construction of a
body map in the brain towards a more multicomponent, action-oriented map (see Maravita & Iriki,
2004). These multiple representations of space refer, both in humans and monkeys, to different forms
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and modalities determined by multiple fronto-parietal networks that integrate information from
distinct regions of the body and external space in a way that is functionally relevant to specific actions
performed by different effectors (e.g., Jeannerod et al., 1995, Rizzolatti, G. et al., 1997; Rizzolatti et
al., 1998; Graziano & Gross, 1998; Colby, 1998), in order to operate in the environment and localize
possible threats and/or opportunities.
As it will be shown in detail in the following paragraphs, the space immediately surrounding
the body (peripersonal space, PPS) is represented by populations of multisensory neurons in a
network of parietal and premotor areas, which integrate tactile stimuli from the body with visual
and/or auditory stimuli presented within a short distance from the body (e.g, Rizzolatti et al., 1981;
Fogassi et al., 1996; Graziano et al.,1999). The presence of visual responses linked to motor acts
indicates that the discharge of neurons does not simply indicate the position of the stimulus within a
pure visual space based on a geometric coordinate system centered on the body, but it reflects a
potential motor act that the subject could perform towards the stimulus and its location, to reach it or
parry it (Bufacchi & Iannetti, 2018).
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2.2 The organization of action in space
Until the 1970s, it was believed that sensory, perceptual and motor phenomena in the human brain
were divided into anatomically and functionally distinct areas: sensory brain regions, i.e. occipital
lobe (visual areas), postcentral gyrus (somatosensory areas), superior temporal gyrus (auditory areas);
motor areas in the agranular frontal cortex; and associative areas (mostly temporo-parietal areas)
which would act as intermediaries between information from the sensory areas and the motor and
pre-motor regions, responsible for motor execution and behavior. However, in the last three decades
several studies in both human and non-human primates have shown that, beyond its role in motor
control, the motor system, consisting of primary motor area F1 (Broadmann Area 4), located in the
depth of the anterior bank of the central sulcus, and rostrally to it, the premotor cortex (Broadmann
Area 6), can be involved in several perceptual and cognitive functions through its various connections
with different areas of the cortex (Figure 1). In particular, the premotor cortex (Area 6) may be
broadly divided into a dorsal sector (PMd) consisting of areas F2 (rostral) and F7 (caudal), a ventral
sector (PMv) consisting of area F4 (caudal) and F5 (rostral) and a mesial sector consisting of are F3
(SMA) and F6 (pre-SMA) (Matelli et al., 1991; Matelli & Luppino, 2000). These premotor areas,
through involvement in distinct cortical networks, take part in unique aspects of sensorimotor
transformations, goal coding, representation of space, motor planning and decision making.
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Figure 1. Mesial and lateral view of the macaque brain, showing the cytoarchitectonic structure of
the frontal motor cortex (areas indicated with the letter F and the corresponding Arabic number) and
of the parietal lobe (areas indicated with the letter P and the corresponding Arabic number). The
hidden areas within the intraparietal sulcus and the arcuate sulcus are shown in an “open” view. AIP,
anterior intraparietal area; As, superior arcuate sulcus; To the lower arched sulcus; C, central sulcus;
Ca, calcarine fissure; CG, cingulate cortex; FEF, frontal field of view; IP, intraparietal sulcus; L,
lateral sulcus; LIP, lateral intraparietal area; MIP, medial intraparietal area; Lu, lunate sulcus; P, main
sulcus; POs, parieto-occipital sulcus; STS, superior temporal sulcus. (Rizzolatti G et al., 2008).

2.2.1 Ventral Premotor cortex
By combining single neuron recording and intracortical microstimulation, it has been found that the
monkey ventral premotor cortex (PMv) contains a somatotopically organized representation of the
arms, hands, face, mouth, and trunk (Gentilucci et al., 1988). The rostral portion of PMv, named F5,
contains a representation of hand and mouth movements and most neurons are activated during the
execution of aimed movements (actions) such as grasping, scratching, tearing, holding. These neurons
respond during actions characterized by the same final purpose, but performed with different
9

effectors, such as grasping an object with the right hand, left hand or mouth (Rizzolatti et al., 1988)
proving that what is encoded by neurons is the final aim of the motor act, regardless of how it is
achieved. In particular, area F5 hosts two types of hand-related neurons: purely motor neurons
(Rizzolatti et al., 1988; Raos et al., 2006), discharging only during the execution of specific motor
acts, and visuomotor neurons, which in addition to their motor discharge also activate during visual
stimulation (Taira et al., 1990; Gallese et al., 1996; Murata et al., 1997). These visuomotor neurons
have been further subdivided into “canonical” neurons, which discharge both when the monkey
observes graspable objects and when it actively grasps them (Murata et al., 1997; Raos et al., 2006),
and Mirror neurons (Rizzolatti et al., 1996) which respond both when the monkey grasps an object
and when it observes another agent doing it, suggesting that they can underlie a specific form of
understanding of others’ behavior (Umiltà et al., 2001; Kohler et al., 2002).
On the other hand, the caudal portion of PMv, named F4, contains a representation of the arm,
trunk, face, and mouth movements and it has been shown that, beside motor neurons responding to
active movements of arms, trunk, face and mouth during the execution of goal-directed motor acts
within the peripersonal space (see below), such as reaching for food, F4 neurons also respond to
sensory stimuli. Early studies have found “pure somatosensory” neurons that respond when a
superficial tactile stimulus is applied to various regions of the body related to the face, arms, hands,
shoulders, and neck; and the size of their receptive field can range from a few square centimeters to
large regions such as the entire hemiface (Rizzolatti et al., 1981; Fogassi et al., 1996). These studies
have also found “bimodal” neurons, which have somatosensory properties similar to those of
somatosensory neurons, but they also respond when a visual stimulus is approaching towards the
adjacent region where the tactile receptive field is located (Figure 2A). Moreover, while in most visual
brain areas the neurons’ receptive fields are anchored to the retina (retino-centric coordinates), the
visual receptive field of most bimodal neurons remained in the same region of space near the tactile
receptive field (somato-centric coordinates), anchored to the body rather than to the retina (Graziano
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et al., 1994, Fogassi et al., 1996) (Figure 2B). The response properties of macaque PMv body-centred
neurons are similar to the modulations of motor excitability by visual stimuli in humans using TMS
(Makin et al., 2009): in both cases, modulations in motor excitability varied with the distance of the
object from the hand, independently of the retinal position of the visual stimulus.
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Figure 2. A. Example of different types of tactile and visual receptive field of F4 bimodal neurons.
Shadowed areas: tactile receptive fields. Solids around different body parts: visual receptive fields.
Neurons M8023-MU25 and neurons M9207-M9362 were recorded from the left hemisphere; neurons
M8567-M8739 were recorded from the right hemisphere (Modified by Fogassi et al., 1996a).
B. Example of a neuron with RF independent of eye position. Each panel shows horizontal and
vertical eye movements; Rasters illustrating the neural activity during the individual trials (large dots:
fixation point dimming); response histogram (abscissas: time; ordinates: spikes per bin; binwidth 20
ms) and variation in time of the distance between the approaching stimulus and the animal. In A1 and
A2 the stimulus was moved inside the tactile receptive field while the monkey looked in two different
directions. In Bl and B2 the stimulus was moved outside the RF, along a trajectory parallel to that in
A1, but on the opposite side of the face midline. CI and C2: control trials with no moving
stimulus. (Modified by Fogassi et al., 1996a)

Graziano et al. (1999) also found trimodal neurons, which, as well as tactile and visual stimuli,
they also respond to an acoustic stimulus that is approaching towards the same region where the visual
and tactile responses are elicited. In addition, it has been suggested that F4 is also implicated in the
control of spatially guided defensive movements: indeed, prolonged electrical stimulation of this area
leads to a characteristic set of defensive-like movements consistent with avoiding, withdrawing, or
protecting the part of the body on which the tactile receptive field is located (Graziano et al., 2002;
Graziano et al., 2005); moreover, if chemically manipulated with muscimol, a gamma-aminobutirric
acid (GABA) agonist that inhibits neuronal activity, the animal’s defensive reactions decreased
significantly (Cooke & Graziano, 2004).
Compared to the traditional concept of “maps of movement" according to which different
points of the motor cortex stimulated with short trains are linked to the movement of different parts
of the body, Graziano (2016) proposed a new prospective: through long trains stimulation and single
neurons recording, it has been demonstrated how neurons of the motor and premotor cortex are
specifically tuned for specific motor goals indicating the existence of motor maps of the peripersonal
space organized in terms of potential actions. Therefore, the sensory stimuli access different maps
that are activated following the analysis of the nature of the stimulus and the type of context in which
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the stimulus is located. These results suggested the presence of spatially organized "action and
reaction maps", that is a representation of finalized actions formed by complex multi-effect motor
sequences and linked to the ethological and motor repertoire of the species.
Besides being avoided, objects can also be targets of grasping actions and, as it has been said
before, these actions are mediated by sensorimotor transformations which turn the physical properties
of the object into a motor representation of the potential grasping actions, and these transformations
are performed by the AIP-F5 circuit. Studies of F5 neurons properties had shown that the motor
encoding of objects strictly depends on their presence in a nearby space and the possibility of
interacting with them. In fact, the presence of a physical barrier between the agent and the object
reduces or cancels the neural representation of the object itself, just as, in the same way, an object out
of reach located in the extrapersonal space does not evoke any motor representation in the same
neurons. (Bonini et al., 2014). Moreover, an emerging body of evidence had shown that PPS
representation is also affected by the presence of other individuals, as well as by the nature of
interactions with others; and actions performed by others may lead to different behavioral responses,
depending on the regions of space in which they are executed. In fact, it was demonstrated that mirror
neurons from area F5, activated by both execution and observation of motor acts, are differentially
modulated by the location in space of the observed motor acts, with about half of them preferring
either the monkey’s peripersonal or extrapersonal space. A portion of these mirror neurons encoded
space according to a metric representation, whereas other neurons encode space in operational terms,
changing their properties according to the monkey’s possibility of interacting with the object
(Caggiano et al., 2009). In addition, single-cell recordings in monkeys showed that some PPS neurons
respond to visuo-tactile stimulation not only within one’s own PPS, but also related to the PPS of
others. Ishida et al. (2010) recorded visuo-tactile neurons in the macaque intraparietal area VIP and
identified some neurons (10%) responding to visual stimuli approaching not only the same part of the
animal’s body, but also the body of an experimenter facing the animal. In a similar way, through
fMRI data, Brozzoli et al. (2013) demonstrated in humans that activity in PPS-related vPMc regions
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was modulated not only accordingly to the distance of an object from the participant’s hand, but also
by the distance of the same object from another person’s hand.
All these data and results suggest that the sense of space arises from our motor interactions
with the world and most importantly, it refers to a space that is not simply 'metric' (physical distance),
but an operational space, encoded in motor terms as potential actions and/or reactions within the
surrounding environment.

2.2.2 Posterior parietal cortex and the perception of space
It is well known that, similarly to the premotor cortex, the posterior parietal cortex (PPC) contains
several distinct areas: it is localized between the visual cortex in the occipital lobe and the
somatosensory cortex in the postcentral gyrus; and it is divided into superior parietal lobe (SPL) and
inferior parietal lobules (IPL) by the intraparietal sulcus. According to early studies based on
cytoarchitectonic criteria, the superior parietal lobule (SPL) consisted of the PE area (rostral) and the
PEc area (caudal); while the inferior parietal lobule (IPL) was divided into three areas, that is the PF
area, the PG area and the Opt area (Pandya & Selzter, 1982). However, later studies of the IPL
identified the presence of a fourth area defined as PFG and located between the PF area and the PG
area (Gregoriou et al., 2006). Moreover, within the intraparietal sulcus there are many areas lying in
the dorsal bench (PEip, MIP) and in the lateral bench (AIP, LIP, VIP). Both SPL and IPL receive
visual and somatosensory imputs and each parietal area has connections with several motor areas
showing also similar functional properties (Figure 3).
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Figure 3. Parcellations of the macaque posterior parietal cortex (PPC) based on cytoarchitectonic
criteria [Pandya and Seltzer (1982), Rizzolatti and Luppino (2001) and Grefkes and Fink (2005)].
Areas of the SPL convexity are highlighted in green, areas of the IPS in red, and areas of the IPL
convexity in blue. ce, central sulcus; ps, principal sulcus; lf, lateral fissure; lu, lunate sulcus; ias,
inferior arcuate sulcus; sas, superior arcuate sulcus; sts, superior temporal sulcus. Modified from
Caspers et al. 2012.

A large body of work, involving rats, monkeys, and humans, has supported the idea that PPC
is essential for specific aspects of spatial representation, especially for sensory or perceptual
functions. For example, in the case of visual information, a distinction has been made between dorsal
and ventral visual streams (Ungerleider & Mishkin, 1982). According to these authors, the ventral
stream, which provides the major source of visual input to the temporal lobe, seems to be critical in
representing features of objects enabling their identification or recognition (What stream); while the
dorsal stream is critical for spatial perception, enabling the representation of the locations of objects
in space (Where stream) (Figure 4A). This distinction fits well with symptoms of visual agnosia, the
inability to recognize objects, displayed by patients with temporal neocortical injury and with the
different forms of spatial disorientation shown by patients with PPC damage. Years later, Milner and
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Goodale (1992) suggested a new functional interpretation of the two visual streams: the ventral stream
conveys visual information for the stimulus perception, while the dorsal stream carries visual
information that are necessary for the control of actions. Finally, Rizzolatti and Matelli (2003)
proposed a new point of view regarding the functional role of the dorsal visual stream. The authors
believed that the dorsal stream may be divided into two distinct functional systems: the dorsal-dorsal
stream and the ventro-dorsal stream (Figure 4B). The dorso-dorsal stream has its center in V6/V6A
which is the major source of visual information for the SPL; whereas the ventro-dorsal stream has its
center in V5/MT area which projects mostly to the IPL.

Figure 4. A. The original formulation of the dorsal and ventral streams in the macaque monkey
according to the model proposed by Ungerleider and Mishkin (1982). The ventral stream was termed
“What pathway” supporting object vision, whereas the dorsal stream was labelled “Where pathway”
supporting spatial vision. Milner and Goodale (1992) agreed with this view, however they defined
the dorsal stream as a “How pathway”. B. Schematic representation of the anatomical organization
of the three pathways of vision according to the model proposed by Rizzolatti and Matelli (2003).
16

The ventral stream is the same as in the previous model, while the dorsal stream is divided into a
dorsal-ventral pathway that ends in the inferior parietal lobe (IPL), and a dorsal-dorsal pathway that
reaches the superior parietal lobe (SPL). Parallel visual streams: d-d stream, dorso-dorsal stream; vd stream, ventro-dorsal stream; v stream, ventral stream.
Moreover, while the dorso-dorsal stream seems to be involved in the online control of the
motor organization, the ventro-dorsal stream is involved in the visuomotor transformations necessary
for reaching/grasping actions, perception of space and others’ actions (Rizzolatti & Sinigaglia, 2006).
From this new concept, Whitlock and colleagues (2008) pointed out how the emphasis in
works regarding the PPC in primates has shifted toward the notion that there are multiple spatial
representations, each specialized to support a different action, such as eye movements, head
movements, or grasping (Andersen et al., 1987; Taira et al.,1990; Snyder et al., 1998). On this view,
much of the information processing in the PPC aims to link sensory information with the different
coordinate systems of the eye, head, and body axis to support accurate eye, head, limb, and wholebody movements to targets, through several direct connections to the motor system (Milner &
Goodale, 1996; Andersen & Buneo, 2002).
Another interesting electrophysiological study (Rozzi et al., 2008) showed that in the inferior
parietal cortex of the monkey, the different areas contain neuronal representations of finalized motor
acts performed with different effectors, such as reaching or moving away with the arm, grasping,
breaking, or manipulating with the hand, biting and licking with the mouth. These areas follow one
another in a topographically ordered manner, with partial overlaps and they also contain neurons with
different types of sensory responses: somatosensory, somatosensory and visual, related to the type of
object or peripersonal space in the hand region, and mainly visual related to the peripersonal and
extrapersonal space in the arm region.
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2.3 Peripersonal space: the role of VIP-F4 Network
Executing appropriate movements towards objects or away from them requires the solution of a
complex spatial problem, given that in order to perform such movements, signals about limb starting
position, eye position and target location all have to be integrated in preparation of an appropriate
motor plan. It is possible to identify many different cortical networks formed by parietal and motor
areas and physiological studies have revealed that each one of these circuits is specifically involved
in different aspects of sensory-motor transformation, such as arm reaching and/or hand grasping,
along with body mapping and space representation (e.g., Rizzolatti et al., 1998; Rizzolatti and
Sinigaglia, 2006).
Area F4 connected with the ventral intraparietal area VIP, located in the deepest portions of
the intraparietal sulcus, which receives a major source of visual input from various areas belonging
to the ‘dorsal visual stream”, such as the middle temporal area (MT) and medial superior temporal
area (MST), that are involved in the analysis of optic flow and motion (Maunsell & Van Essen, 1983);
indeed, several studies have shown that VIP neurons respond similarly to those in MT, in terms of
sensitivity to speed and direction of motion of visual stimuli (Colby et al., 1993). Moreover, VIP
neurons have multisensory properties very similar to F4 neurons, responding not only to visual but
also to tactile, auditory, and vestibular stimulation; these responses have a bias for objects that are
near or approaching the body, that is the peripersonal space (Figure 5 A-B). In particular, VIP neurons
tactile and visual receptive fields are linked with each other and many of these neurons also share
directional preferences for the movement of tactile and visual stimuli (Duhamel et al., 1998; Bremmer
et al., 2002; Schlack et al., 2002). The tactile receptive fields are mostly on the head, but also on the
chest, shoulder, or arm, and the visual ones match their body-centered location, but there are also
neurons with retinocentric visual receptive fields.
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Figure 5. A. Schematic representation of somatosensory and visual receptive fields (RFs) of 11
representative bimodal ventral intraparietal area (VIP) neurons mapped in alert monkeys. Tactile
responses were elicited with the monkey blindfolded, and visual responses were elicited with the
monkey looking at a central fixation target on the tangent screen. Shaded areas on the monkey and
screen represent tactile and visual RF surfaces. B. Cell with direction selective responses to tactile
and visual stimulation. Unit was recorded in the left hemisphere. Cartoons (left) indicate that a tactile
stimulus (a cotton tip applicator) moved from left to right (top) and right to left (bottom) across the
cell’s tactile RF while the monkey was blindfolded. Neuron responded selectively to the leftward
moving stimulus and it was also most active for the same direction of motion of a spot of light moving
across the visual RF. (Duhamel et al., 1998)

Finally, similarly to area F4, it has been seen that intracortical electrical stimulation of area
VIP evokes defensive movements of the shoulder, arms, and face (Cooke et al., 2003; Graziano et al.,
2006a). All these properties and several studies, in both humans and monkeys, suggest that the
pathway from the VIP to F4 has a crucial role in encoding peripersonal space and it is involved in the
representation of body parts (Rizzolatti et al., 1997; di Pellegrino & Ladavas, 2015), along with
hand/arm movement control (Brozzoli et al., 2014; Makin et al., 2012), transforming object locations
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in appropriate movements towards and/or away from them (Graziano & Cooke, 2006; Rozzi et al.,
2008; Rizzolatti et al., 2014). This interpretation proves once again that what is encoded by neurons
of these parieto-frontal circuits is the goal of the action; and, concerning VIP–F4 circuit, the goal is
bringing different body parts to a certain spatial location.

2.3.1 Peripersonal space plasticity
According to Iannetti and Bufacchi (2018), several studies regarding interactions occurring within
the peri-personal space have mainly focused on the proximity of stimuli to the body, often leading to
the definition of PPS as a single, distance-based, in-or-out zone. However, neurophysiological and
behavioral studies in both humans and monkeys have also shown that many PPS-related neurons are
influenced by different parameters other than proximity, such as walking, tool use, stimulus
parameters such as trajectory, valence, distance, speed and direction (Fogassi et al.,1996; Iriki et al.,
1996; Noel et al., 2014; ; Cléry et al., 2015; Wallwork, et al., 2016). These findings suggest that the
concept of PPS cannot be reduced to a matter of centimeters (absolute distance) with defined
boundaries, but it seems to show dynamic and plastic properties.
In monkeys, the visual receptive fields of neurons in area F4 are not fixed, but rather
modifiable and shaped by experience. Fogassi and colleagues (1996) showed that an increase in the
velocity of approaching stimuli lead to an expansion in depth of visual receptive fields in most F4
neurons, so that fast-moving stimuli were signaled earlier in order to facilitate the preparation and/or
execution of actions in response to the approaching stimuli. This means that beside the spatial location
of stimuli within the PPS, F4 neurons convey information about other features of the stimulus such
as its movement direction or its velocity and this information can be used to program and guide
various movement parameters such as movement onset and movement amplitude, according to the
surrounding co text to execute the appropriate action in the most suitable way. In addition to velocity,
PPS responses are affected by stimulus direction: bimodal neurons in the ventral-intraparietal area
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(VIP) respond stronger to stimuli moving in a preferred direction (Colby et al., 1993). In fact, because
of differential sensitivity to movement, two VIP neurons with the same tactile receptive field could
show different response magnitudes even when the visual stimulus is identical (Duhamel et al.,1998).
It has been proposed the peripersonal space may also be modified by a given action aimed to
reach objects in far space, such as when individuals use a tool. Iriki and colleagues (1996) trained
monkeys to use a rake to retrieve food dispensed beyond the reach of the animal's hand, that is located
“outside” the peripersonal space. Single-unit activity was recorded in the intraparietal region, where
neurons respond to both tactile and visual stimuli delivered to the hand. They have shown that, after
an extensive period of tool-use, the visual receptive fields of IPS neurons included the rake in the
body scheme and treated it as an extension of the body; whereas this modulation does not happen
when the instrument is held passively in the hand (Figure 6). Moreover, the expanded visual receptive
fields shrank back to their original size once the monkey stopped using the rake. In humans, Farnè
and Làdavas (2000) investigated cross-modal extinction in a group of right brain-damaged (RBD)
patients. Visual stimuli, presented at the tip of rake, held in the ipsilesional hand, induced more
contralesional tactile extinction immediately after tool use than before tool use. A similar remapping
of space had been shown in humans by Berti and Frassinetti (2000) in a patient suffering from neglect
with a clear dissociation between “near” and “far” space. In fact, the patient displayed clear deficits
only in different tasks that required to act in the peripersonal space, while the deficits disappeared
with stimuli placed far away. However, if asked to perform the same tasks in the extrapersonal space
with the use of a stick that allowed to reach the “far” space, the patient manifested the same deficits
as those within the peripersonal space.
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Figure 6. Changes in bimodal receptive field properties following tool-use. The somatosensory
receptive fields (sRF) of cells in this region were identified by light touches, passive manipulation of
joints, or active hand-use. The visual RF (vRF) was defined as the area in which cellular responses
were evoked by visual probes (the most effective ones being those moving towards the sRF). (a) sRF
(blue area) of the “distal type” bimodal neurons and their vRF (pink areas) (b) before tool-use, (c)
immediately after tool-use, and (d) when just passively grabbing the rake. (e) sRF (blue area) of
“proximal type” bimodal neurons, and their vRF (pink areas), (f) before, and (g) immediately after
tool-use. (Edited by Iriki et al., 1996)

All these findings demonstrate once again that the extent of space representations is
dynamically and functionally shaped by action; and in particular, the PPS is encoded in motor terms
as possibilities of action and interaction with the surrounding environment (Bufacchi & Iannetti,
2018). According to this view, Iannetti and Bufacchi proposed an action-field theory of peripersonal
space: they defined the PPS as a set of continuous fields describing physiological responses, which
reflect the behavioural relevance of actions aiming to create or avoid contact between objects and the
body.
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2.4 Spatial navigation
During navigation, that is the ability to move in a 3D environment populated with objects, animals
have several strategies for optimizing movement toward goal locations. The repertoire of navigation
strategies ranges from simple approach and avoidance, such as following odor trails or moving toward
prominent visual beacons, to the use of complex representations, such as internal maps based on
perceived and remembered spatial relationships between distributed landmarks (Tolman, 1948;
McNaughton et al., 1996), and path integration based on the continuous flow of motion-generated
speed and direction signals ( McNaughton et al., 2006; Buzsaki & Moser, 2013). In addition, spatial
navigation involves several cognitive processes, such as memory and learning, planning, attention,
and decision making (O'Keefe & Nadel, 1978; Gallistel, 1990; McNaughton et al., 1991; Skaggs &
McNaughton, 1996).
To date, neurophysiological mechanisms enabling whole-body navigation have been most
extensively studied in the rat hippocampus, where “place cells” representing spatial locations and
navigation parameters were originally reported by O’Keefe and Dostrovsky in 1971. By using
microelectrodes chronically implanted in freely behaving rats, these authors found that the firing of
putative pyramidal cells in the dorsal hippocampus (CA1) exhibited a striking behavioral modulation,
where cells fired only when animals occupied particular locations, or ‘‘place fields,’’ in the recording
environment. Following these observations, it was proposed that cell populations throughout the
hippocampus maintain a coherent, up-to-date representation of allocentric space and the animal’s
location in that space at any point in time. Place cells have also been identified in other species,
including mice (McHugh et al.,1996), bats (Ulanovsky & Moss, 2007; Yartsev & Ulanovsky, 2013),
and humans (Ekstrom et al., 2003). However, the mechanism is not so simple, and there is a much
broader and more complex hippocampal coding of spatial coordinates. In fact, place cells also exhibit
place-selective firing in darkness when animals explore familiar environments (McNaughton et al.,
1989; Quirk et al., 1990), suggesting that they are also capable of keeping track of animal position
using self-motion information (McNaughton et al., 1996; Knierim et al., 1998). Hippocampal neurons
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have also been shown to exhibit spiking activity correlated with speed (McNaughton et al., 1983;
Wiener et al., 1989; O’Keefe et al., 1998; Ekstrom et al., 2001), with a linear relationship between
speed and the discharge frequency. Furthermore, some of them have no delimited place field, they do
not have directional selectivity but have a discharge directly and exclusively modulated by speed
(speed cells). O'Keefe and Burgess (1996) also hypothesized the existence of boundary vector cells
which encode points, but adjacent to each other, which delimit physical edges. These cells firing
parallel to environmental boundaries were later shown to be present in the medial entorhinal cortex
(MEC), the parasubiculum, and the subiculum (Savelli et al., 2008; Solstad et al., 2008; ; Boccara et
al., 2010).
Still other cells encode the position of the head along a vector of movement (head direction
cells), in which what is important is the direction towards which the head points (Taube et al., 1990;
Chen et al., 1994). Adjacent structures of the hippocampal formation and the medial septum are likely
to convey information about head direction and locomotion speed (Taube et al., 1990; Hafting et al.,
2005; McNaughton et al., 2006; Fuhrmann et al., 2015; Ye et al., 2018).
Much more complex are the grid cells: a closer look at the firing properties of entorhinal
neurons finally revealed that neurons in more dorsomedial parts of the structure (MEC) exhibit spatial
tuning similar to that observed in CA1 (Fyhn et al., 2004; Hafting et al., 2005). The multiple firing
fields of cells in this region of entorhinal cortex formed a strikingly regular grid-like pattern composed
of equilateral triangles tessellating the environment covered by the animal. Grid cells in the entorhinal
cortex appear to represent spatial location via a triangular coordinate system. Such cells, identified in
rats, bats, monkeys and humans (Fyhn et al., 2008; Yartsev et al., 2011; ; Jacobs et al., 2013), are
believed to support a wide range of spatial behaviors.
Another interesting discovery came from studies on the hippocampus of bats where there are
cells that encode a vector representation of the spatial goal (Sarel et al., 2017). Sarel and colleagues
discovered a subpopulation of neurons with angular tuning to the goal direction and many of these
neurons were also tuned to an occluded goal, suggesting a memory-based representation of the goal’s
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direction. Furthermore, it was seen that some of these cells discharged in different ways according to
the distance. The goal direction and goal-distance signals create a vectorial representation of spatial
goals, suggesting a possible neuronal mechanism for goal-directed navigation.
Another condition able to modulate place cells’ activity in the hippocampus is the presence of
another individual. In 2018, Omer and colleagues designed a spatial observational learning task, in
which an observer bat watched the flight trajectory of another bat (demonstrator bat) while recording
hippocampal dorsal-CA1 neurons. They found a subpopulation of neurons, named Social place-cells,
which represented the position of the other bat in allocentric coordinates.
As regarding to the non-human primates, equally capable of 3D navigation and exocentric
spatial representations, there are very few studies, carried out with a totally different paradigm than
the traditional navigation paradigm, due to technical limitations about the possibility of the animal to
move in a free environment. Research examining similar neurons in the non-human primate
hippocampus has been dominated by experiments in which restrained subjects explore space either
by looking at images or exploring virtual space using a joystick. For example, in one study, the
monkey is tied to a chair, free to explore only visually by moving the eyes: the entorhinal cortex of
the hippocampus is recorded during the observation of new and different images to evaluate the
correlation between gaze position and neuronal discharge in the entorhinal cortex (Killian et al.,
2012). What is observed is the presence of characteristics similar to those of Grid cells in rats: this
indicates the existence of a sort of spatial map also in primates, a structure similar to the modules
found in the hippocampus of rats. On the other and, experiments in which the activity of hippocampal
neurons was recorded as freely moving primates navigated a spatial environment have been notably
limited. Some recent studies on rhesus monkeys have shown that cortical motor (M1 and PMd) and
somatosensory (S1) areas contribute to the encoding of body position during whole-body navigation
(Rajangam et al., 2016; Yin et al., 2018). Yin and colleagues used a new experimental paradigm,
where monkeys navigate in a room through a motorized wheelchair that can be controlled using a
brain-machine interface (BMI). A significant number of cortical neurons in M1, S1, and PMd were
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tuned to the distance between the monkey and the target of navigation; moreover, in addition to
representing arm reaching and wheelchair kinematics in egocentric coordinates, M1, S1 and PMd
neurons seem to allocentrically represent the monkey’s body location, and head and body orientation.
Much less neurophysiological research has been conducted in nonhuman primates, employing
virtual navigation tasks and whole-body motion. In humans, neural correlates of navigation have been
investigated using electroencephalography (EEG), neuroimaging, and intracranial recording, through
exploration with Virtual Reality, and it has been shown that there are cells with selectivity for specific
spatial patterns in the virtual space that resemble of place cells in rats. By recording neuronal activity
from neurosurgical patients performing a virtual-navigation task, it also has been identified cells
exhibiting grid-like spiking patterns in the human brain (Jacobs et al., 2013), suggesting that humans
and simpler animals rely on homologous spatial-coding schemes, although clearly the model is
difficult and not entirely reliable since the subjects were mainly clinical and exploration takes place
in a virtual environment.

2.4.1 Interactions between Peripersonal and Extrapersonal space
At this point it is fair to ask if there are relationships between the two navigation systems in
egocentric coordinates (peripersonal space and body-referenced system) and exocentric coordinates
(extrapersonal space and external environment referenced system), and how they could interact:
considering that we have phenomenological experience of a unitary and continuous space, it is right
to affirm the existence of an interaction between the two systems. According to the evidence
discussed in previous paragraphs (see 4.3.1), it is fair to assume that the representation of a "near"
and "far" space is linked to the motor behavior implemented to interact with objects. An interesting
fact is that we know what happens when an object is moving towards the monkey within the
peripersonal space, but what happens to the peripersonal representations when it is the animal who
moves towards objects? This field of investigation is completely open, and these systems could reflect
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a similar property and create connections between different representational formats. In 2008,
Whitlock and colleagues published a review regarding spatial navigation and how animals are able
to translate coordinate information from spatial maps in the entorhinal cortex and hippocampus into
body-centered representations that can be used to direct locomotion. They proposed a new hypothesis
according to which, the possible connection between an exocentric hippocampal representation and
a purely pre-motor somatocentric representation could take place in the mesial parietal cortex, the
region between the two hemispheres also connected to the entorhinal cortex (EC). Indeed, a large
body of work, involving rats, monkeys, and humans, has supported the conclusion that the posterior
parietal cortex (PPC) is essential for important aspects of spatial representation. The emphasis on the
PPC in primates has shifted toward the idea that there are multiple spatial representations, each
specialized to support a different action, such as eye movements, head movements, or grasping and
avoiding movements. According to this view, much of the information processing in the PPC consists
in putting together visual and other sensory information into register with the different coordinate
systems of the eye, head, and body to assure accurate whole-body movements towards targets. Thus,
the response characteristics are defined by a complex co-registration of target location, movement
type, and position of body parts. Whitlock and colleagues suggest that this mechanism is exactly what
is needed to translate allocentric entorhinal representation into goal-directed movements. This
emphasis on a specialized role of the PPC was motivated mainly by data from electrophysiological
recordings in monkeys (Taira et al., 1990; Snyder et al., 1998), also using a computer-based virtual
navigation where animals can plan and follow long paths despite the physical constraints (Sato et al.,
2006; Crowe et al., 2005).
In humans, the activation of the PPC has been observed during spatial navigation along
remembered routes: when participants were asked to virtually navigate or imagine navigating in a
familiar real-world environment, activity increased in the PPC, as well as the hippocampus,
parahippocampal regions, and retrosplenial cortex (Spiers & Maguire, 2007). However, movement
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restrictions inherent to the head-restrained system prevent an accurate analysis of the specific
contributions made by the PPC during free locomotion. Because of this limitation, most investigations
of the PPC in navigational tasks have used freely behaving rats, mostly testing behavioral
performance after PPC lesions.
At this point, it is fair to wonder what kind of connections there are between the PPC and the
hippocampal formation and if there is a particular pathway that can facilitate the exchange of
information needed to integrate exocentric and egocentric formats. It has been seen that a component
of the medial entorhinal output may reach the PPC indirectly through the postrhinal, retrosplenial,
and prefrontal cortices, but the strongest and shortest projection is through the postrhinal cortex
(Burwell & Amaral, 1998). However, the contribution of this pathway is still uncertain because
animals can learn a simple water-maze task after large lesions of the postrhinal cortex.
An alternative set of pathways passes through the medial prefrontal cortex: there are direct
connections of this area with the entorhinal and postrhinal cortices, posterior CA1, and adjacent
subiculum. Their projections target the orbitofrontal cortex, the prelimbic domain, and the dorsally
adjacent part of the anterior cingulate cortex; and these regions have strong connections with the PPC
in both rats and primates (Naber & Witter, 1998; Delatour & Witter, 2002; Kerr et al., 2007).
Although many experiments have supported the idea that hippocampal-prefrontal connections are
important for certain spatial behaviors, with preoperative training or extended postoperative training
rats with medial prefrontal cortex damage are able to navigate using self-motion information.
Whitlock and colleagues suggested that another intermediate may be the retrosplenial cortex,
which receives excitatory input from MEC and subiculum. In non-human primates, retrosplenial
cortex project indirectly via strong connections to the medial frontal cortex, specifically the anterior
dorsal cingulate cortex (Jones &, Witter, 2007), which projects to the PPC. In this case, unlike
postrhinal and prefrontal lesions, damage to the retrosplenial cortex causes strong and lasting damage
of spatial navigation (Whishaw et al., 2001; Aggleton & Vann, 2004).
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Most recently, anatomical and theoretical work has argued that the retrosplenial cortex
participates in spatial behavior in concert with input from the parietal cortex. Although the nature of
these interactions is unknown, a central position is that the functional connectivity is hierarchical with
egocentric spatial information processed in the parietal cortex and higher-level allocentric mappings
generated in the retrosplenial cortex (McNaughton et al.,1995; Wilber et al.,2014). In a review based
on studies investigating the neural correlates of these regions during spatial behavior, Clarke and
collegues (2018) suggested the retrosplenial-parietal circuitry does not represent a strict hierarchical
parcellation of function between the two regions but instead a mixture of egocentric-allocentric
coding and integration across frames of reference, with more specialized encoding of global
allocentric frameworks within the retrosplenial cortex and more specialized egocentric and local
allocentric representations in parietal cortex.
To summarize, a number of hippocampal-entorhinal output pathways could be involved in
transferring information about the animal’s current location to the posterior parietal cortex and further
on to the motor-planning system, using connections from PPC to premotor and motor areas (Cavada
& Goldman-Rakic, 1989; Wise et al., 1997). The relative contributions of each of the various
pathways remain uncertain: research has just begun to scratch the surface of this multitude of
navigational control pathways.
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2.5 Neural correlates of space coding in freely moving animals
Neurophysiological studies in non-human primates (NHPs) typically have been carried out with the
use of primate chairs in constrained laboratory settings to maximize control over the experiments and
to facilitate neural activity recordings. However, it remains unclear whether phenomena observed in
laboratory conditions, can be replicated when animals behave in their natural environment. Indeed,
this strongly limits the possibility to understand brain functioning and dis-functioning underlying
unconstrained behavior. In recent years, thanks to new developing technologies, laboratory settings
with unrestrained animals, along with untethered neural recording, are becoming more and more
operable, enabling scientists to explore the nervous system in close-to-natural but well-controlled
conditions, since subjects are free to walk, forage, sleep, climb. As for non-human primates, several
experiments over the last decade have been carried out promoting unrestrained conditions. For
example, some studies have examined the behavior of unrestrained monkeys in different cages using
3D markerless motion capture, without neurophysiological recordings (Nakamura et al., 2016; Bala
et al., 2020); in another study researchers have designed a cage-based training system with only
minimal physical restraints (Calapai et al., 2017). Moreover, a new experimental environment, the
Reach Cage, have been developed to investigate goal-directed whole-body movements, combined
with wireless recording (Berger & Gail, 2018; Berger et al., 2020).
According to the aim of this study, the possibility of eliminating movement restrictions for
neurophysiological studies using the animal in conditions of complete freedom, will allow to explore
the complexity of the species-specific behavioral repertoire during spatial navigation, while a wireless
recording system is used to analyze neural activity, with considerable benefits both in terms of
ecological validity and generalizability of the experimental results, and in terms of quality-of-life
experience of the animals.
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3. AIM OF THE STUDY
Several studies have demonstrated that the non-human primates’ premotor cortex (PM) plays a crucial
role not only in organizing movement, but also in sensorimotor transformations, in the encoding of
goal-directed actions and in the representation of the peripersonal space. However, these studies have
been carried out in laboratory settings, which limit the possibility to fully understand the neural
mechanisms underlying natural behaviors. This study will focus on neuronal activity of the ventral
premotor area F4 recorded from unrestrained monkeys during spatial navigation and unconstrained
interactions within an environment (NeuroEthoRoom) equipped with food and non-food items.
The main goals of this study consist in providing a preliminary description and assessment of
the possible relationship of the neural activity of the premotor cortex with the spatial and kinematic
parameters (e.g. spatial location and head orientation) of the freely moving monkey, as well as to
assess the possible modulations of neuronal activity during spatial navigation.
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4. MATERIALS AND METHODS
Experiments were carried out in one male Macaca mulatta (13 kg). Before the implantation of the
electrodes and head-holding system (required for other studies) performed with surgical procedures
in deep anesthesia and aseptic conditions, the monkey was habituated to enter and sit in a primate
chair from its home cage, and to interact with the experimenters through a positive reinforcement
training. Once the training was completed, the monkey was gradually habituated to perform
visuomotor tasks similar to those used in previous studies (Bonini et al., 2014), initially with the headfree and then with the head restrained. Next, the monkey was habituated to be moved, after the headfixed session, in the NeuroEthoRoom (NER, see paragraph 4.1.1 below). Thanks to the previous
training to spontaneously enter in and exit from the primate chair, the monkey was allowed to enter
the NER where it was able to explore the environment and interact with all the available items, and
to return into the chair at the end of the freely moving session. Each daily session in the NER lasted
about thirty minutes.
All experimental protocols complied with the European (Directive 2010/63/EU) and national
(D.lgs 26/2014) laws on the protection of animals used for scientific purposes, they were approved
by the Veterinarian Animal Care and Use Committee of the University of Parma (Prot.
52/OPBA/2018) and authorized by the Italian Ministry of Health (Aut. Min. 802/2018-PR).
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4.1 NeuroEthoRoom.
The environment for the neural recording in freely moving conditions was constituted by a custommade, transparent Plexiglas enclosure called NeuroEthoRoom (NER, W x H x D: 208 x 205 x 181cm).
One of the four side walls of the NER was endowed with two large doors allowing the experimenter
to enter for preparing the environment before each session and to clean it up after each session. Each
door was equipped with two smaller vertical sliding apertures, in front of which the monkey's chair
had to be place in order to allow it to move into the NER at the beginning of each session (Figure
7A). The NER could be equipped with food and non-food enrichment items, such as a wooden
structure where to climb on, a rope hanging high in one of the walls and a dangling plastic ball filled
of pieces of fruit to manipulate (Figure 7B). The NER makes it possible to study a large variety of
ethologically relevant behaviors in the macaques’ repertoire, which are otherwise impossible to
investigate with conventional methods.

Figure 7. A. Drawing of the plastic cage for wireless recording sessions. There are two main doors,
through which the experimenter enters for preparing the environment, highlighted in blue and two
small doors, through which the monkey enters, highlighted in red. B. Front image of the actual room
with some of the slits scattered in different locations on the walls highlighted by the red arrows and
through which it is possible, for example, to insert food for the monkey.
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4.2 Video monitoring system
Animal behavior and head movement kinematics have been recorded by means of a system of eight
high-resolution synchronized cameras mounted on movable arms attached to the four corners of the
room at two different height levels. We use Dual Gigabit Ethernet Machine vision cameras
(mvBlueCOUGAR-XD, Matrix Vision) with a resolution of 1936×1214 at up to 164 frames per
second, set to 50Hz. The cameras are equipped with a global shutter with sensor size 1/2” format
(5.86μm pixel), a manual C-Mount Lenses with 5 mm focal length (CCTV Lens, KowaOptical
Products Co., Ldt) and LEDs ring lights. Each camera has two RJ-45 Gigabit Ethernet connectors
with screw-locking and two Industry standard 12-pin locking connectors to provide transmission of
images and signals to the Windows computer, and to synchronize all cameras through a
synchronization box connected to both cameras and computer. A dedicated, commercially available
software for 3D motion data acquisition and analysis (SIMI Motion) was used to load, visualize and
preliminary extract the 3D position of the retroreflective markers attached to a custom-made structure
secured to the monkey’s head-post (Figure 8 A-B).
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Figure 8. A. Main interface of the software for 3D motion data acquisition and analysis (SIMI
Motion) with all the 8 synchronized cameras. B. Image of the 4 retroreflective markers attached to a
custom-made structure secured to the monkey’s head-post to extract the 3D position of the animal.

4.3 Recording system
Neuronal recordings were performed by means of semi chronic arrays of 8 linear silicon probes with
16 recording channels per shaft (shaft length 8 mm, shaft width 140 μ m, shaft thickness 100 μ m).
Probes were implanted into the ventral premotor cortex of the left hemisphere by estimating the angle
of penetration with MRI brain images, referred in terms of stereotaxic coordinates and visual
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identification of the Spur of the arcuate sulcus, which delimits the ventral sector of the premotor
cortex consisting of areas F4 and F5. The probe shaft was attached to a highly flexible polyimide
(PI)-based ribbon cable with a zero-insertion-force (ZIF) connector that was electrically connected
through OMNETICS A79025 connectors to the wireless recording device (See below).

4.3.1 Wireless recording device
We used neural logger device (RatLog-64) that allows the recording of neural signals for two sets of
32 channels on freely moving animals (Deuteron Technologies Ltd), with a digital high-pass filter
with low frequency limit (Hz) set to 0.16 and a conversion rate of 32000 samples per second on each
channel. The device is equipped with a small external battery (two hours endurance) connected via
cable, and a MicroSD memory card with a capacity of 64GB to record and upload the necessary data
during the session (Figure 9A). Once the logger device was linked to the electrode arrays into the
chamber, all the components were sealed with a cover on top of the chamber. Moreover, Deuteron’s
logger communicates with a computer by means of a transceiver, which is connected via USB to the
host Windows computer. This transceiver has four BNC connectors for digital inputs and one BNC
for digital outputs and it allows to synchronize static equipment in the lab to the wireless logger; in
our case a BNC cable is connected to the 8 cameras controlled through SIMI Motion software. From
the Windows computer, we had a general control panel for monitoring the logger and the
synchronizing transceiver and manipulating some recording parameters (for example, both the upper
and lower cutoff frequencies) (Figure 9B). In addition, the Logger has a magnetic on/off switch, so
that if there is a problem during a recording session (system crash or malfunction) when the device is
sealed in the chamber, there is no need to physically touch the animal and remove all the components
from the head to turn the logger on/off; instead, all that needs to be done is to attract the monkey near
the bars of the front door and bring the magnet close to the chamber.
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Figure 9. A. RatLog-64 logger device (Deuteron Technologies Ltd) equipped with a small external
battery connected via cables, and a MicroSD memory card with a capacity of 64GB. B. General
control panel from the Windows computer for monitoring the logger and manipulating some
recording parameters.

4.4 Behavioral Paradigm.
The present study focuses exclusively on the recordings carried out in freely moving conditions.
Before entering the NER, while the monkey was quietly sitting in the primate chair, the experimenter
secured the device with the four retroreflective markers to the headpost and connected the wireless
neural data logging system. Once the monkey was free in the environment, we started the video
recording through SIMI Motion system and the neural recording via the wireless device, controlled
by two different computers but synchronized with each other. In addition to the wooden structure, the
rope and a dangling plastic ball filled of fruit pieces, we placed some fruit in different parts of the
room (top and bottom corners, above the wooden structure, on the floor and inside small slits scattered
throughout the room) in order to enhance the monkey’s exploration and movements in the
environment (Figure 10). Moreover, to prevent the monkey from staying still in a certain position for
a long period of time, after eating all the food available in the environment, we administered 40 ml
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of water in syringes from the outside of the room through some slits in the walls favoring a continuous
active movement (see Figure 7B).

Figure 10. Example frame taken from a video camera in one of the four upper corners showing a
macaque monkey freely moving in the NER. Note that the environment is large enough for allowing
the animal to move in 3D by walking, climbing, jumping, while potentially interacting with its cage
partner.

4.5 Data analysis
All formal signal analyses were performed off-line with fully automated software (Mountain Sort,
Chung et al., 2017), using a – 3.0 standard deviation of the signal-to-noise ratio of each channel as
threshold for detecting units. To distinguish single-units from multi-units we used the noise overlap,
a parameter between 0 and 1, with units with a value below 0.10 considered as single. Single unit
isolation was further verified using standard criteria (ISI distribution, refractory period > 1 ms, and
absence of cross-correlated firing with time-lag of ≈ 0 relative to other isolated units to avoid
oversampling), possible artifacts were removed, and all the remaining waveforms that could not be
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classified as single units formed the multiunit activity. All the statistical computations were carried
out with MATLAB (MathWorks, Inc).
Analysis is based on a single ∼16 min recording session of one monkey in which, based on
the criteria defined above, we identified 6 single-units and 64 multi-units. Due to some problematic
factors arised in both the recording session and the offline observation of the recorded data, only the
first four minutes of the session were considered for the statistical analysis.

4.5.1 Regression analysis
Population activity was studied by combining single-units and multi-units. Analysis was carried out
by means of Generalized Linear regression Models (GLMs) to deciphering how the activity of many
neurons jointly encodes external inputs/outputs. Data were converted from raster format into binned
format: specifically, we created binned data that contained the firing rate of 400 ms intervals,
regarding the spatial position and the distance from the walls during monkey’s navigation, and we
computed mean firing rate of each unit for every bin. Since the distribution of our data is not Gaussian
(Lilliefors test, p<0.5), before fitting the regression models, the data has been normalized by
calculating 200 random values with a Gaussian distribution using mean and standard deviation of the
original data.
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5. RESULTS
The following analysis is based on a single ∼16 min recording session of one monkey in which, based
on the criteria defined above, we identified 6 single-units and 64 multi-units. Population activity was
studied by combining single-units and multi-units. The first four minutes of the session were
considered for the statistical analysis.
5.1 Spatial position.
We began to analyze the spatial position of the animal inside the NeuroEthoRoom during navigation
by calculating the instantaneous three-dimensional position between time points (Figure 11). We
searched for a correlation between the firing rates and the animal’s spatial position, wondering
whether the neuronal population could be predictive of the monkey's position in the NER during free
navigation.

Figure 11. Graphic representation of the monkey’s navigation in the NeuroEthoRoom obtained by
the 3D marker tracking extrapolated using Simi software and the instantaneous 3D position between
time points along the three axes (X, Y and Z) during the first four minutes of the session.
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Since data representing the values of monkey’s position along the three axes (X, Y, Z) are not
normally distributed (Lilliefors test, p<0.05), we created a vector of 200 random values drawn from
a normal distribution with mean and standard deviation calculated from the original data (Figure 12).

Figure 12. Histograms representing the distributions of values along the three axes X, Y. and Z
combined with the three respective normalized distributions used to fit the regression model. The
blue bars represents the distribution of values along the three axes while the red bars indicates the
new set of normalized data used for the GLMs.

Afterwards, we generated three different regression models, one for each axis, using the new
normalized values:
N=β0+β1x1+ β2x2+...+βnxn+ ε,
where the dependent variable (N) is one of the three coordinates (X, Y and Z), and the
predictors (x1, x2... xn) are the firing rates of the recorded neurons. The goodness of fit of the model
is given by multiple R-squared, that is the square of the correlation between the N observed values
(spatial position along one of the three axes X, Y and Z) and the N values predicted by the model
(Figure 13). For the X-axis, the variability of our dependent variable (position) explained by all the
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predictors (firing rates) was equal to 0.48 (R2-adjusted= 0.10); for the Y-axis was 0.56 (R2-adjusted=
0.25) and finally for the Z-axis the multiple R-squared was 0.55 (R2-adjusted= 0.21).

Figure 13. Graphic representations of the correlation between the animal’s position along the three
axes (X, Y and Z) and the position along the three axes predicted by the regression models. The
straight line represents the ordinary least squares (OLS) line. The R-squared of the three regression
models (one for each axis) are shown above the graphs.
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5.2 Distance
A parallel analysis carried on the same neurons while the monkey is restrained in the chair showed a
significant neuronal modulation for approaching stimuli, visual and tactile stimuli on the face and
upper body (Peripersonal space, see paragraph 2.2.3). Thus, in addition to the animal's spatial
position, we focused our statistical analysis on the animal's distance from the walls of the NER, and
we investigated the presence of a similar significant modulation of firing rates when the animal is
freely moving towards different stimuli. We expect to find, like the modulation observed in the
restrained condition, a possible modulation when the monkey is actively approaching the wall.
The distance was calculated by considering the minimum value along the monkey’s position
on the X-axis between two walls and the minimum value of monkey’s position along the Y-axis
between two walls, both estimated using the same formula:
MinX=1-abs(X), MinY=1-abs(Y)
and then considering the minimum between them, thus generating a range of values between
0 and 1 in which the value 1 refers to the center of the NER (Figure 14).

Figure 14. Grafich 2D reconstruction of the NER showing how the monkey’s distance from the wall
was calculated. Dx and Dy refer to the different values of monkey’s position along the X-axis and Yaxis calculated between two walls.
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As it was shown in the previous paragraph, the data representing the monkey’s position along
the three axes (X, Y and Z) are not normally distributed. Since the same data were used to calculate
the monkey’s distance from the walls, the distribution of the distance values is not normally
distributed as well. Thus, we created a vector of 200 random values drawn from a normal distribution
with mean and standard deviation both calculated from the original data. (Figure 15).

Figure 15. Histogram showing the distribution of the calculated distance’s values (Blue bars),
combined with the respective normalized distribution used to fit the regression model (Red bars).
Note that the range of values is between 0 and 1 where the value 1 refers to the center of the NET:
the closer the values get to zero, the more the monkey's distance from the wall decreases.

Then, we generated a regression model:
N=β0+β1x1+ β2x2+...+βnxn+ ε),
where the dependent variable (N) is the monkey’s position in terms of distance from the wall, and the
predictors (x1, x2... xn) are the firing rates of the recorded neurons. The goodness of fit of the model
is given by multiple R-squared, that is the square of the correlation between the N values calculated
(position in terms of distance from the wall along the X and Y axes) and the same N values predicted
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by the model (Figure 16). In this case, the proportion of variance of the dependent variable (distance)
that can be explained by parameters in the model (firing rates) was equal to 0.43, meanwhile the Rsquared adjusted, drops dramatically to 0.05.

Figure 16. Graphic representations of the correlation between the calculated distance from the wall
and the monkey’s distance from the wall predicted by the regression model. The straight line
represents the ordinary least squares (OLS) line along with the calculated value of the goodness of fit
(R2) of the regression model.

To be able to represent neuronal firing rate in terms of a smaller number of spatially distributed
activation patterns, somewhat lightening the regression model and improving its goodness of fit, we
applied Principal Component Analysis (PCA) to the instantaneous firing patterns. Then we repeated
the same statistical computations as before: we created a new vector of 200 random values drawn
from a normal distribution with mean and standard deviation both calculated from the original data
referring to the position in terms of distance from the walls (Figure 17).

45

Figure 17. Histogram showing the distribution of the calculated distance’s values (Blue bars),
combined with the respective normalized distribution used to fit the regression model after executing
Principal Components Analysis (Red bars).

The first 15 principal components (PCs), taken together, explained about 50% of Variance of
the total variance of the original variable (Firing rates). Afterwards, we fitted the regression model
using only these 15 PCs:
N=β0+β1x1+ β2x2+...+βnxn+ ε),
where the dependent variable (N) is always referring to the monkey’s position in terms of
distance from the wall, and the predictors (x1, x2... xn) are the set of principal components generated
from the original set of variables (Firing rates). In this case, the proportion of variance of the
dependent variable (distance) that can be explained by parameters in the model (PCs) was equal to
0.11, meanwhile the R-squared adjusted, drops dramatically to 0.02. (Figure 17).
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Figure 17. Graphic representations of the correlation between the calculated distance from the wall
and the monkey’s distance from the wall predicted by the regression model (GLM) after computing
the PCA on firing rates along with its goodness of fit (R2). The straight line represents the ordinary
least squares (OLS) line.
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5.3 Discussion and conclusions
In the present study we investigated the functional properties of neurons in the ventral premotor area
F4, which are known for their visual and tactile receptive fields and their involvement in encoding
PPS, while the monkey was freely moving in an environment equipped with different items.
Our findings showed that, at the population level, neurons recorded from the ventral premotor
area F4 do not apparently exhibit significant modulation linked to the monkey’s spatial position or
its distance from the walls of the room during navigation. Although the R-squared of the regression
model resulted to be fairly high, especially regarding the spatial position, the R-squared adjusted
drops considerably, because the R-squared adjusted increases only when a new predictor improves
the goodness of fit of the model significantly, while predictors that add more error (noise) than
explanation increase the difference with the model's R-Squared. Although these findings may appear
unexpected, there are several possible explanations which may account for them.
First, these findings are clearly preliminary, and several technical issues due to the pioneering
technologies and approaches used in this experiment may have influenced the observed results. The
solution of these issues will likely allow the achievement of a greater amount of much more reliable
data in future trials. Indeed, the exclusion of a considerable amount of data because of technical issues
has certainly negatively influenced the possibility to get significant results.
Second, although it is true that under freely moving conditions researchers have the advantage
to be able to study neuronal activity with a more ethological approach, this condition has also several
drawbacks that need to be considered since there is not the possibility to obtain the same level of
experimental control of typical primate chair conditions. Specifically, the lack of a behavioral task
and the baiting of fixed enrichment items (e.g. the feeding ball at the center of the NER) induced the
monkey to limit its exploratory activities, preventing from measuring neural activity related to a larger
variety of positions in the cage, which is important to increase the possibility to get significant results
with correlation analyses.
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Third, adopting more uniform testing conditions, to increase the variety of the tested situation
in the NER but, at the same time, limiting the variability in (for example) the experimenters’ position,
movement, type of reward, etc. will likely improve the signal-to-noise ratio in the possible neuronal
tuning for body-object distances.
Neuroscience research can benefit substantially from the possibility of quantifying free
behavior and simultaneously recording large-scale brain activity with wireless technology while
motion capture provides the related movement kinematics (e.g., Berger et al., 2020; Bala et al., 2020;
Nakamura et al., 2016), followed by neural decoding techniques, in the attempt to verify whether and
what behaviors can be accurately decoded based on the neural activity. Therefore, the analysis carried
out on the present study, once applied to greater amount of simultaneously recorded data will allow
to open new opportunities in studying motor control of multi-joint and whole-body movements,
spatial cognition in complex workspaces, and/or social interactive behavior so that the detailed
knowledge that has been gained from controlled experimental settings could generalize to more
naturalistic behaviors.

Taking for reliable the present, preliminary findings, despite the limits described above,
impose some comparative considerations relative to previous studies carried out on different species
that have shown the presence of allocentric spatial tuning of neurons outside the hippocampalentorhinal structures. For instance, Yin and collegues (2018) found that a significant number of
neurons in M1, S1, and PMd were tuned to the distance between the monkey and the target of
navigation. Moreover, the same M1, S1 and PMd neurons seem to allocentrically represent the
monkey’s location and head-body orientation. However, they implemented a very different paradigm
in which the monkey was operantly conditioned to drive a sort of wheelchair with a joystick toward
a food reward (grape dispenser) from one of three fixed starting locations, unlike the present study
where no task was used, and the monkey could behave freely in the environment. Therefore, there
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are several potential explanations that could account for their findings. For example, neurons in the
sensorimotor and premotor cortical areas have been shown to encode rewards, so it is possible that
expectation of reward could explain neuronal tuning to the distance from the monkey to the grape
dispenser.
A final consideration is that it cannot be excluded that internal predictive models of timevarying sensory feedback caused by one’s own motion prevent the so-called peripersonal neurons of
the ventral premotor cortex from discharging during active movement in the free behaving monkey:
to test this intriguing hypothesis it will be crucial to record from the same neurons in a restrained
primate-chair setting as well as during unconstrained sessions, with the improvement suggested
above. If a significant discrepancy will be detect in these situations, then it may be assumed that F4
peripersonal space coding essentially refers to a defensive, rather than an actively reachable, space
(Bufacchi & Iannetti, 2018), and testing F4 neurons activity during social interaction will then be
crucial to appreciate possible changes in the capacity of these neurons to fail in tracking distances
from inanimate objects but being selectively tuned to track distances from freely-moving
conspecifics.
In conclusion, this work provides some important premises and proof-of-concept approaches
informing future investigations on the possible involvement of the premotor cortex in the
representation of space during monkey’s spatial navigation, in addition to a viable option to more
refined and echologically-valid approach to the investigation of brain-behavior relationship in
nonhuman primates.
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