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ABSTRACT - English
Classical neurophysiological studies allowed us to get fundamental insight on the neural
underpinnings of motor and cognitive functions of the premotor system. However,
traditional approaches suffer from several limitations, mostly arising from the tethered
neural recording approaches: these methodologies require physical-restrained monkeys to
make possible the connection of intracortical electrodes via cables to the amplifiers and
recording devices. Thus, monkeys can only perform structured tasks characterized by
fairly simple, repeated actions and movements in artificial conditions, which could affect
the ecological validity of the conclusions and the range of behaviors that can be
investigated. For this reason, advances in neurotechnologies have led to the development
of wireless recording and stimulation systems, which promise to expand the information
obtained with classical methodologies by recording the same neuronal cells’ activity
continuously, for long periods of time and in different ethologically relevant conditions.
In this study, using a wireless recording system synchronized with a multicamera system,
we recorded the neural activity of the ventral premotor cortex (specifically, of area F4) in
one monkey during two experimental sessions in which it was totally unrestrained, so it
could freely move within the experimental environment (the NeuroEthoRoom), interact
with some enrichment items and perform spontaneous behaviors. We built an ethogram of
observable behaviors performed by the monkey and found significative neural activation
during some of them. Moreover, by means of a hierarchical aligned cluster analysis
(HACA), we verified the possibility of inferring which behavior the monkey was
performing at a given moment by means of neural activity readout. Although preliminary,
these findings open new ways to investigate the neural basis of natural primates’ behaviors.
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ABSTRACT – Italiano
Gli studi neurofisiologici classici hanno permesso di ottenere informazioni fondamentali
sulle basi neurali delle funzioni motorie e cognitive del sistema premotorio. Tuttavia, gli
approcci tradizionali soffrono di diverse limitazioni per lo più derivanti dall’utilizzo di
sistemi di registrazione via cavo: queste metodologie richiedono la restrizione dei
movimenti della scimmia per rendere possibile la connessione degli elettrodi intracorticali,
tramite cavi, agli amplificatori e ai dispositivi di registrazione. Pertanto, le scimmie
possono svolgere solo compiti strutturati, caratterizzati da azioni e movimenti piuttosto
semplici e ripetituti in condizioni artificiali, che potrebbero influenzare la validità
ecologica delle conclusioni e la gamma di comportamenti che possono essere indagati. Per
questo motivo, i progressi nelle neuro-tecnologie hanno portato allo sviluppo di sistemi di
registrazione e stimolazione wireless, che promettono di espandere le informazioni
ottenute con metodologie classiche registrando l'attività delle stesse cellule neuronali in
modo continuo, per lunghi periodi di tempo e in diverse condizioni etologicamente
rilevanti. In questo studio, utilizzando un sistema di registrazione wireless sincronizzato
con un sistema multicamera, abbiamo registrato l'attività neurale della corteccia
premotoria ventrale (nello specifico, dell'area F4) in una scimmia durante due sessioni
sperimentali in cui era totalmente libera di muoversi all'interno dell'ambiente sperimentale
(la NeuroEthoRoom), interagire con alcuni arricchimenti ed eseguire comportamenti
spontanei. Abbiamo costruito un etogramma dei comportamenti osservabili eseguiti dalla
scimmia e riscontrato un'attivazione neurale significativa durante alcuni di essi. Una
hierarchical aligned clustered analysis (HACA) ha mostrato la possibilità di inferire quale
comportamento stesse eseguendo la scimmia in un dato momento in base alle attivazioni
neurali. Sebbene preliminari, questi risultati suggeriscono nuovi approcci per studiare le
basi neurali dei comportamenti naturali dei primati.
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1. INTRODUCTION
For so long neuroscience has been aspiring to explain how human brain activity causes
behaviour, and the results of neurophysiological studies on animals, especially on nonhuman primates, have provided pioneering information about this issue. Thanks to
Woolsey’s studies (1952), we have been able to learn that our brain contains a somatotopic
representation of our body and of the movements that we can perform with it. Subsequent
studies on motor mapping with intracortical microstimulation (ICMS) have revealed that
there is not only a single map, and that in large cortical territories local spots on the maps
represent not just simple movements but complex, multi-joint goal-directed actions, such
as reach-to-grasp or defensive behaviors (Graziano et al. 2002, 2005).
Studies on motor cortex have also found that Premotor cortex (BA6) differs from
the Primary Motor cortex (BA4) citoarchitectonically and functionally (Gentilucci et al.,
1988; Rizzolatti et al., 1998); the former contains neurons with more complex properties
than the motor neurons of the Primary Motor cortex, and it has been suggested its
involvement in higher order functions, such as sensory-motor transformations (Rizzolatti
and Luppino, 2001), goal-directed actions coding (Rizzolatti et al., 1988a; Gentilucci et al.
1988; Rizzolatti et al., 1988b), action recognition (Gallese et al., 1996; Umiltà et al., 2001)
and decision making (Pardo-Vasquez et al., 2008). Specifically, in Premotor Cortex
neurons have been found that encode the goal of the actions instead of the single
movements constituting them. For example, in F5 there are neurons that encode grasping
actions (Rizzolatti et al., 1988a) regardless of the specific sequence of movements required
to grasp the object (Umiltà et al. 2008), whereas in F4 there are neurons that encode
reaching actions toward objects but not general extension of the arm for different purposes
(Gentilucci et al. 1988; Rizzolatti et al., 1988b).
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Areas of the ventral Premotor cortex are related to specific parietal regions, with
which they form frontoparietal circuits underlying sensory-motor transformations
allowing to convert sensory input, such as the visual ones, in to appropriate motor plan to
achieve behavioural goals. Area F4 is reciprocally connected with the area VIP, forming
the reaching circuit that transforms the spatial location of objects into the appropriate motor
parameters of the arm to reach them. Area F5, together with area AIP, constitutes the
grasping circuit, which commute the physical characteristics of objects, such as shape and
size, in the correct hand posture and motor pattern to grasp them.
Even if classical neurophysiological studies allowed us to get fundamental insight
on the neural underpinning of motor and cognitive functions of the premotor system,
promoting the development of the most recent approaches to neuroprosthetics (Bouton et
al., 2016), a deep and ecological valid comprehension of the brain-behaviour relationship,
capable to open up new translational perspective and research avenues, implies to verify
the robustness and generalization of this knowledge to unconstrained, natural behaviors.
For this reason, advances in neurotechnology have led to the development of wireless
recording and stimulation systems, which promise to expand the information obtained with
classical methodologies by recording the same neuronal cells’ activity continuously, for
long periods of time and in different ethologically relevant conditions, which could not be
studied otherwise: sleep (Jackson et al., 2007; Dragoi et al., 2020), motor activity (Berger
et al., 2020), walking (Capogrosso et al., 2016) or social behaviour and interaction (Roy
and Wang, 2016) are just some of the most recent examples of spontaneous and natural
behaviors that underwent neurophysiological investigation.
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1.1 Classical neurophysiological studies on the cortical control of behaviors.
The motor cortex is composed of a mosaic of cytoarchitectonically different motor areas
(Rizzolatti et al., 1998): F1 corresponds to the primary motor cortex (BA4); F3 and F6
correspond to the supplementary and pre-supplementary motor areas (Tanji et al.,1996),
respectively; F4 and F5, on one side, and F2 and F7, on the other, correspond to the lateral
and dorsal portions of the premotor cortex (BA6), respectively. Specifically, the ventral
premotor cortex (PMv) lies on the cortical surface lateral to the spur of the arcuate sulcus,
whereas the dorsal premotor cortex (PMd) occupies the portion dorsal to the spur. Within
these two sectors, F5 and F4 represent the rostral and caudal halves of the PMv, whereas
F7 and F2 constitute the rostral and caudal halves of the PMd (Figure 1).

Figure 1. Subdivision of the frontal motor cortex in Primary Motor Cortex, Premotor Cortex,
Supplementary motor area and Pre-supplementary motor area. In particular the picture represents
areas that constitute the Premotor cortex: F2, F4, F5, F7. (Graziano and Aflalo, 2007)
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For a long period of time, students have accepted the idea that a single motor map
exists in the motor cortex: distal movements were deemed to be represented in BA4, while
proximal and axial movements in BA6 (Woolsey el al. 1952).
Further studies on PMv have showed that distal movements are represented also in
BA6 (Rizzolatti et al., 1981a), and neurons in the rostral part of BA6 are activated with
tactile stimulation of distal parts of the body (Rizzolatti et al.,1981b). Moreover,
microstimulation experiments (Gentilucci, 1988) have demonstrated that distal movements
are represented both near the central sulcus and near the arcuate sulcus, while proximal
movements are represented both in F4 and in the rostral portion of F1. However, unlike F1
where the representations of parts of the body are clearly segregated, PMv shows partially
overlapping representations of different effectors. These findings demonstrate the
existence of two independent motor maps in primates’ motor cortex, but they also showed
that even within the PMv there is a more complex organizations of movement
representation than that in primary motor cortex. In fact, electrical stimulations of area F4
frequently evokes arm movements associated to mouth, neck or face movements, while
electrical stimulations in F1 recruits typically a single joint. The work of the Michael
Graziano’s group (2002, 2005) further extended this evidence by exploring cortical motor
maps with increased duration of the intracortical microstimulations: from no more than
50/100 msec to time interval approximating the duration of ethologically-relevant
behaviours (500 msec or longer). In this way, they discovered a map of actions in PMv,
where “ethologically relevant behaviors” appears to be the organizational principle. For
example, long-trains ICMS evoked multi-joint actions such as closing the hand in a grip
while bringing the hand to the mouth and opening the mouth, extending the hand away
from the body with the grip opened as for preparing to grasp an object or bringing the hand
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inward to a region just in front of the chest while shaping the fingers as for manipulating
an object (Graziano and Aflalo, 2007) (Figure 2).

Figure 2. Action map in the motor cortex. Actions evoked by electrical stimulation on the
"behaviorally relevant timescale of 0.5s" (Graziano and Aflalo, 2007)

Furthermore, in PMv some cells show somatosensory properties, particularly in F4;
comparing motor maps with somatosensory maps, it has been discovered that in the first
one is mainly represented arm, while in the second one is mainly represented face because
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many F4 neurons are activated both by face stimulation and arm movements (Gentilucci
et al., 1988).
These differences between the motor outputs of F1 and the more complex ones of
BA6, suggest that the motor areas belonging to BA6 are not only involved in motor control
but also in higher order functions, for instance sensory-motor transformations, goaldirected action coding, decision making about actions’ execution and action recognition
(Rizzolatti and Luppino 2001).
Specifically, a functional distinction based on their “extrinsic connections”
(Rizzolatti and Luppino, 2001) has been made among BA6 sectors: posterior motor areas
(F1-F5) are mainly linked with parietal regions, so they are defined “parieto-dependent”
motor areas, while anterior areas (F6 and F7) are mainly connected with prefrontal cortex,
so they are called “prefronto-dependent” motor areas. Prefronto-dependent areas, due to
contextual and motivational information coming from prefrontal cortex, may determine
whether and when a potential motor action becomes an effective one (Rizzolatti and
Luppino, 2001). Parieto-dependent areas receive sensory inputs from different parietal
areas and use them for sensory-motor transformations, for potential motor actions
generation, for action recognition and for peripersonal space representation; F1, F3 and
part of F2, in order to perform sensory motor transformation, mainly exploit
somatosensory information, while F4, F5, F6 and the rostro-ventral part of F2 use both
somatosensory and visual information (Rizzolatti and Luppino, 2001).
Since PMv receives inputs from visual (Markowitsch et al., 1987), parietal (Borra
et al., 2008) and prefrontal (Lu et al., 1994) cortices and send outputs to motor areas
(Luppino et al., 1993) and consistent with the fact that PMv neuronal activity is modulated
during the execution of sensorimotor tasks (Rizzolatti and Luppino, 2001), it has been
hypothesized that PMv may be involved in evaluating sensory information in order to make
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behavioral decisions (Pardo-Vasquez et al. 2008). Several studies have shown the
activation of ventral premotor neurons during somatosensory (Romo et al., 2004), visual
(Pardo-Vazquez et al., 2008) and auditory (Lemus et al., 2009) discrimination tasks both
in response to sensory stimulation and during the entire process (mnemonic recall of the
first stimulus, evaluation and comparison between first and second stimulus and decision
report) which leads to a perceptual decision. Thus, these findings have suggested that PMv
play a role in decision making process.

1.1.1. Functional properties of ventral premotor neurons
Area F5 is located in the rostral part of PMv and represents mouth and hands movements
(Rizzolatti et al. 1988a): the dorsal part of F5 hosts a representation of the hand, while his
ventral portion shows a representation of the mouth, but there is also a part in which these
two representations overlap. However, the peculiarity of this area is the presence of
neurons that code the goal of the actions, not the single movements: for example, it has
been discovered that neurons can fire when the subject grasps with the mouth and even
with the right and the left hand (Rizzolatti et al.1988a), suggesting that these neurons code
the goal of the motor act “grasping” (i.e. taking possession of an object) regardless of the
single movements necessary to achieve it. The hypothesis of the existence of neurons
encoding motor goals rather than movement sequences has been confirmed by Umiltà and
coworkers (2008). These authors demonstrated that F5 neurons discharge during grasping
actions independently from the specific extension or flexion movement of the hand:
indeed, in monkeys trained to use normal pliers (used by flexing the fingers to grab an
object) and inverse pliers (used by extending the fingers to grab an object), F5 neurons
could code “grasping” regardless of the effector and even the movement pattern activated
to take possession of the target. In addition to grasping neurons, have also been found
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neuronal classes with selectivity for different motor goals, for example tearing, breaking
and holding actions (Rizzolatti et al.1988a). Furthermore, within each category there are
some neurons that specify the mode of executing the action: among grasping neurons, for
example, some fire specifically during precision grip, others during whole hand prehension
or finger prehension.
The above-mentioned neurons are classified as purely motor, but it has been shown
that in F5 there are also two other different categories of visuomotor neurons: canonical
neurons, which are mostly located in F5p, and mirror neurons, histed mostly in F5c.
Canonical neurons respond to the presentation of three-dimensional stimuli as well as
during the preparation and execution of reaching-grasping actions directed to them
(Murata et. al 1997), suggesting that these neurons transform the intrinsic physical features
of an object (size, shape, weight) into the appropriate motor repertoire required for
grasping it. Mirror-neurons, instead, fire during the execution of an action and during the
observation of the same (or a similar) action performed by another subject, suggesting they
may play a role in action recognition (Gallese et al.,1996). Finally, more recent studies
(Bonini et al. 2014) have shown that mirror and canonical neurons are often located in the
same part of F5 and that, rather than being categorically distinct neuronal classes, the
“canonical” and “mirror” properties can often apply even to the same single neuron.
Conversely, F4 is located in the caudal part of PMv cortex, it contains the
representation of neck, trunk, face and arms, and can control axial and proximal
movements, as revealed by intracortical microstimularion studies (Maranesi et al. 2012).
In 1996, Fogassi and coworkers have found that 55% of 539 neurons recorded in area F4
discharged when the monkey performed different movements: 28.4% of them fired during
neck and upper trunk movements, 24.4% discharged during different types of goal-directed
12

arm movements such as reaching and bringing to the mouth, and 9.7% of them responded
to mouth and face movements; finally, 33% of these neurons did not represent exclusively
one of the previously mentioned movements but fired during two of them, for instance,
some neurons discharged when the monkey brought the hand to the mouth but also when
it opened the mouth, while others were activated during “neck and trunk orienting
movements” (Fogassi et al., 1996a) and even during reaching movements. However, only
72 of the above-mentioned neurons were purely motor: in fact the remaining ones were
also activated by somatosensory stimuli, visual stimuli or both. In fact, in F4 there are three
classes of neurons: somatosensory neurons (30%), visual neurons (14%) and finally a third
class of cells, called bimodal neurons (56%) because they respond both to tactile and visual
stimulation (Fogassi et al.,1996b). Nonetheless, unlike classical visual neurons, bimodal
neurons do not respond to common visual stimulation, they are activated by tridimensional
stimuli moved around the subject in its peripersonal space (Rizzolatti et al., 1981c). For
example, a neuron with a tactile receptive field on the cheek discharged when the cheek is
touched but also when something is approaching this body part.
Moreover, it has been demonstrated that the visual receptive field of peripersonal
neurons is typically constituted by the extension in depth of the tactile receptive field into
the peripersonal space for about 30-40 cm. For this reason, it has been proposed that these
two receptive fields are in register. Tactile receptive field are located on the neck, trunk,
face and arms (Figure 3), they are large and mostly contralateral to the hemisphere from
which the neuron is recorded.
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Figure 3. Examples of tactile and visual receptive fields of F4 bimodal neurons. (Fogassi et al.,
1996b)

As far as the visual fields are concerned, in this area they are mostly coded in somatocentered coordinates, which implies that their position is independent from eye position
and gaze direction, but it changes when the position of the body part where the tactile
receptive field is located changes. Indeed, only 10% of the neurons have retinocentric
visual receptive fields (Fogassi et. al. 1996a). Another interesting characteristic is that
neurons with tactile RF on the head, have the visual RF in the upper portion of peripersonal
space and they are activated by reaching actions toward the upper space, while neurons
that have “peripersonal field” around the body, discharge during reaching movements
toward the lower space. Moreover, it has been detected that neurons with peripersonal field
on the right side of the body respond to reaching movement toward the right side of the
space, while neurons with peripersonal field on the left side discharged in response to
reaching movement toward the left side of the space. Thus, “the receptive field location
14

and the effective movements were organized in F4 in terms of functional relations”
(Rizzolatti and Gentilucci, 1988b).
In addition to these types of neurons, in F4 there are also trimodal neurons: they
respond to visual, tactile and auditory stimulation and their auditory receptive fields are in
register with the visual and tactile ones (Graziano et al., 1999). Finally, Gentilucci (1988)
has found a small group of F4 neurons with “complex properties”: unlike classical bimodal
neurons they discharge when visual stimuli withdraw from the subject, but they are also
activated by reaching movements, particularly by fast arm extension towards an object
(Gentilucci et al., 1988).
In the light of physiological and functional characteristics of F4, it has been
hypothesized that sensory inputs are involved in the organization of movements; in fact,
in order to avoid an object coming toward the face it’s essential knowing its position
relative to this body part. Thanks to the presence of neurons with visual RFs anchored to
tactile RFs, F4 could localize the stimulus when the face is not yet stimulated by it and
generate the appropriate movement to avoid it. Thus, F4 may use sensory inputs to localize
a target in the personal or peripersonal space and to recruit neurons that control the
appropriate movements (Fogassi et al., 1996a).
1.1.2 Parieto-frontal circuits
Different studies revealed that posterior motor areas (F1-F5) are mainly connected with
parietal regions, while anterior motor areas (F6 and F7) receive their main inputs from the
prefrontal cortex. Thus, each one of the parieto-dependent motor areas receive sensory
inputs from one specific area of the parietal lobe, creating different segregated parietofrontal circuits (Figure 4) that act in parallel and perform specific sensorimotor
15

transformations, which are necessary to generate “potential motor actions” (Rizzolatti et
al. 2002).

Figure 4. Mesial and Lateral Views of the monkey brain showing the parcellation of the motor
cortex, posterior parietal and cingulate cortices. Fronto-parietal circuits are represented by
illustrating related areas with the same color. (Rizzolatti and Luppino,2001)

Specifically, area F5 is mutually connected with AIP and, together, they form the
grasping circuit which transforms physical properties of objects, such as size, shape and
weight into the appropriate motor plan to interact with them; indeed, area F4 is reciprocally
related to area VIP, constituting the reaching circuit, which transforms extrinsic
characteristics of objects, such as their position in the space around the subject, in the
correct motor plan to reach them (Matelli and Luppino, 2001; Rizzolatti and Matelli,
2003). Furthermore, this circuit is also involved in defensive mechanism and in space
perception.
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VIP is located in the ventral portion of IPS and receives inputs from both
somatosensory and visual (MT, MST) areas (Colby et al., 1993; Bremmer et al., 2001,
2002). Accordingly, VIP contains neurons that respond to visual stimulation but also
bimodal neurons (Duhamel et al.,1991; Colby et al.1993) that discharge both during visual
and tactile stimulation and trimodal neurons which respond also to auditory stimulation
(Schlack et al.,2005). Likewise those of F4, VIP bimodal neurons have visual receptive
fields in register with tactile receptive fields, the first ones are coded in somato-centered
coordinates and extend in depth within the peripersonal space. There is no evidence that
VIP bimodal neurons discharged during movement execution; however, despite the fact
that VIP is not a motor area, microstimulation of this area, performed by using 100-150
µA electrical current, evokes facial and arms movements similar to those elicitated by
stimulating F4 (Graziano and Cooke, 2006). Moreover, lesional studies has shown that
damages of area F4 and area VIP determine similar impairments: lesions of area VIP
produce neglect for contralesional peripersonal hemispace (Rizzolatti and Matelli, 2003),
while lesions of area F4 determine contralesional neglect for peripersonal space and even
reaching deficits (Rizzolatti et al., 1983). These findings suggest that VIP-F4 circuit can
bind together visual and somatosensory information and consequently can map the space
in motor terms. However, sensory-motor transformations are not only involved in reaching
movements but also in avoiding ones and in defensive actions.
During the microstimulation of the area VIP in monkeys defensive-like movements
have been evoked: monkey blinks and squints, lifts its upper lip, retract its head, folds the
ears against the head, lift its shoulders, and makes different arm movements (Graziano and
Cooke, 2003). The same behavioral repertoire is evoked stimulating area F4. These
findings suggest that the F4-VIP network could be involved in defensive and obstacle
avoidance behaviours, specifically VIP may play a role in constructing a representation of
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the environment head-centered, whereas, F4 may be more involved in generating defensive
and avoidance actions. Thus, the F4-VIP network might be implicated in the protection of
peripersonal space, especially the space around head and arms (Clèry et al.,2015).

1.1.3. Strength and weakness of non-human primate neurophysiology
One of the main purposes of neuroscience is to investigate the neural underpinnings of
behavior and non-human primates have been and remain a crucial model to access single
cell mechanism underlying perceptual, motor and cognitive functions that cannot be
tackled with non invasive techniques in human subjects (Roelfsema and Treue 2014
Neuron; Buffalo et al. 2019 PNAS). However, traditional approaches suffer from several
limitations. Classical methods mostly involve head-restrained monkeys sitting in a primate
chair: they are limited in moving their upper limbs and cannot explore the environment or
freely interact with other subjects because of the primate chair. Most of these limitation
comes from the tethered neural recording approaches: because monkey are extremely
manipulative and destructive animals, constraints are required not only to provide the
necessary experimental control (e.g. of eye/head movements), but also to make possible
the connection of the electrodes implanted in monkeys’ brain via cables to the amplifiers
and recording devices. Due to the physical restraints, monkeys can only perform
behavioral tasks characterized by relatively limited, often stereotyped and repeated actions
and movements, sometimes requiring prior cognitive processing to make decisions in
rather artificial conditions, which could affect the ecological validity of the conclusions
reached on the neural substrates of the investigated behaviors. Thus, we can conclude that
constrained experimental conditions provide the methodological advantage of observing
controlled movements, however they are likely to differ too much from natural behavior
(Jackson et al., 2007). In fact, classical neurophysiological studies are characterized by
18

high experimental control that allow to isolate specific variables and to limit confounding
factors, offering considerable internal validity; however, they suffer of poor ecological
validity. For example, “stereotyped motion imposes correlations between movement
parameters, which could lead to spurious relationships being mistaken for neural coding
(Fetz 1992; Todorov 2000)” (Jackson et al., 2007).
In some cases, it becomes necessary the implementation of freely moving
conditions since certain behaviors cannot be investigated under constrained conditions,
which may nonetheless remain indispensable for other types of research. For example,
discoveries such as the “place cells” could not have been possible if rats had been
immobilized. However, while freely moving studies on small mammals, such as rats or
mice, can be performed even with tethered recording systems; in contrast, studies on nonhuman primates under freely moving conditions cannot be realized using this type of setup
because monkey are able to remove and damage cables and devices.
To overcome the limitations of traditional approaches, advances in technology have
led to the development of wireless recording system. This type of neurotechnology allows
investigating natural and ecologically relevant behaviors in freely moving animals and
allow researchers to improve the reliability of the collected data. For instance, different
from structured task, freely moving conditions together with wireless recording system
allow the correlations between normal behaviours, including sleep, and neurons’ activity
that can be followed long-term. Thus, even if unconstrained paradigms make it difficult to
quantify the animal’s behaviour, they are necessary to understand the natural motor
control. (Jackson et al., 2007).
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1.2. Wireless neurophysiology: new paradigms from small mammals to nonhuman primates
Wireless technology has already been successfully used in research on several animal
species, for instance on bats (Yartsev and Ulanovsky 2013; Omer et al. 2018), rats (Grieves
et al. 2020), non-human primates (Berger et al. 2020; Roy and Wang 2012) and even on
insects (Harrison et al. 2011).
The discovery of place cells in rats’ hippocampus (O’Keefe,1971) has represented
a pioneering result for studies on spatial cognition. However, because of the utilization of
tethered setup rats have been able to navigate freely only along two axes, so the study has
only investigated the encoding of bidimensional space. Indeed, Yartsev and Ulanovsky
(2013), using a wireless neural-telemetry recording system, have been able to investigate
the encoding of 3D volumetric space in bats’ hippocampus when they were freely flying.
Moreover, using wireless recording system, Omer and coworkers (2018) could
demonstrate that in the Egyptian fruit bat hippocampus exists a different type of place cells,
defined as social-place cells because they represent the position of conspecific in
allocentric coordinates, revealing the potential of freely-moving neurophysiology to shed
light on complex behavioural processes like social interaction.
Concerning non-human primates, there are still few studies carried out in freely
moving animals with wireless neural recording system. In 2007, Jackson and coworkers
compared the data collected by using a wireless system with those obtained by using a
tethered system in order to determine whether results obtained under constrained
conditions generalize to freely moving conditions. Therefore, they recorded from the
primary motor cortex neurons while monkeys (Macaca nemestrina) performed a torquetracking task, while they freely behaved and during sleep. In each of awake conditions they
20

found correlations between neural activations and EMG. Even if the single cell-muscle
correlations detected under unconstrained behavior did not correspond to those during task
performance, concerning the population activity the average strength of cell-muscle
correlations has been related to the preferred direction of the single neuron during the task
(Jackson et al., 2007). So, the results obtained by the use of these two different types of
methodologies partially overlap, but the utilization of wireless recording system in
unrestrained conditions is important to extend the data obtained under classical restrained
experimental conditions: the ultimate goal of neuroscientific studies is, indeed, to
understand the brain-behavior relationship in conditions that are as close as possible to the
ecological ones.
A fundamental advantage provided by the utilization of wireless recording
techniques is the possibility of observing natural behaviors that animals do not exhibit
under classical, constrained laboratory conditions. For instance, marmosets which are
arboreal and highly social New World monkeys make a wide use of vocalizations to
communicate with each other; however, when marmosets are restrained in a primate chair,
they show an inhibition in vocal behavior. In 2012, Roy and Wang implemented a wireless
multi-channel single-unit recording technique to sample cortical neurons’ activity from
freely roaming and vocalizing marmosets in a plexiglass cage (Roy and Wang, 2012),
demonstrating the applicability of wireless neural recordings in freely moving marmoset
as it allowed uninterrupted experimental sessions in which the marmosets produce
vocalizations continuously.
Wireless technology has also allowed investigating motor control as well. Besides
the earlier work of Jackson and coworkers (2007), Berger et. al have used wireless
recording technology to investigate goal-directed movements and movement planning in
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unrestrained monkeys. They developed an experimental environment called “the Reach
Cage” that was equipped with a visuo-haptic interaction system (MaCaQuE) where trained
monkeys performed controlled visually-guided reaching movements to a target with
instructed delay; importantly, differently from previous studies of reaching actions, the
targets could be within immediate monkey’s reach or beyond the immediately reachable
space. Using video-based motion capture they measured three-dimensional wrist
trajectories during task performance and, simultaneously, they sampled single unit activity
in three cortical areas (parietal reach region PRR, dorsal premotor cortex PMd, and primary
motor cortex M1) from a monkey performing reach and walk-and-reach movements
(Berger et al., 2020). The researchers have presented the Reach Cage because it allows
studying whole-body freely moving monkeys but at the same time it allows the monkey to
perform structured tasks and with a good level of control, likewise in restrained monkey
experiments. Thanks to this methodology they have demonstrated that premotor and
parietal cortical activity contain information not only about the position of targets located
in the peripersonal space but also of “walk-and-reach” targets located far away from the
subject during movement planning (Berger et al., 2020).
In the light of these findings it is deemed that wireless recording technique can be
used to replace the tethered systems (Fan et al., 2011) and in some cases it is necessary to
do this replacement in order to study specific behaviors.
Finally, another crucial aspect of wireless neurotechnology concerns the possibility
of using it not only to record brain activity but even to stimulate it; this opportunity
represents a turning point in the translational research because it allows the implementation
of brain-machine interfaces (BMI) capable of restoring motor functions in patients with
motor impairments. In 2016, Capogrosso and coworkers implemented a wireless control
22

system which connected the online neural decoding of extension and flexion motor signals
recorded by an intracortical microelectrode array implanted in the leg area of motor cortex
with a stimulation system located in the spinal cord that generated these movements in
real-time. This brain-spine interface was implanted in monkeys with spinal cord injury and
could restore locomotion of the surgically paralyzed leg. Moreover, the components of this
system were approved for further studies on human patients with motor impairments,
leading to clinical application in spinal lesioned patients.
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2. AIMS OF THE STUDY
Although some wireless neural recording studies have already been carried out, none of
them have ever tested non-human primates in totally free behavioural conditions. In fact,
contrary to studies on rodents that let them navigating freely within the experimental
environment (Mimica et al., 2018; Grieves et al., 2020), in non-human primate studies
monkeys are trained to perform well-structure tasks so they cannot decide on their behavior
(Jackson et al., 2007; Berger et al., 2020), or they are confined into too small cages to allow
monkeys to express a large variety of their ethologically-relevant behaviours (Berger et
al., 2020; Roy and Wang, 2012).
This study, by means of a wireless recording system synchronized with a
multicamera system, aims to provide a preliminary overview of the behaviors a monkey
can perform during freely-moving sessions and their possible neural correlates focusing
on the ventral premotor cortex (area F4).
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3. MATERIALS AND METHODS
3.1 Subjects and surgery
The subject of the study is one male Macaca mulatta (13 Kg). First, the monkey was
trained with positive reinforcement to spontaneously sit in a primate chair from its home
cage, and then it was habituated to enter the experimental environment, called
“NeuroEthoRoom” (NER), and to freely undertake a variety of spontaneous activities for
about thirty minutes. Finally, the monkey returned into the primate chair to be brought
back to its home cage.
When the training was completed, the monkey underwent surgical procedures in
deep anesthesia and aseptic conditions for the implantation of a head-holder (not employed
for the present study) and a recording chamber, for the subsequent implantation of the
chronic electrodes and the connectors to the preamplifiers.
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).

3.2 Apparatus and Paradigm
This study did not entail the use of a specific behavioural paradigm or task: the monkey
could move freely and perform spontaneous actions based on the objects and enrichment
items provided in the NER during two experimental sessions.
The NER (Figure 5) is a custom-made, plexiglass structure (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 afterwards. Each door was equipped with two smaller vertical sliding
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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. Inside the NER different enrichment items
were placed: a wooden structure (Figure 6) where to climb and sit on, a rope by which the
monkey can reach the upper level of the cage and a dangling drilled plastic ball filled with
fruit to manipulate.

Figure 6. a) Monkey within the NER during an experimental session. In this picture is clearly
represented the experimental environment and its equipment: the wooden structure, the rope, the
plastic ball filled with fruit; b) external view of the NER: the two large doors are highlighted in
green, the two sliding doors are highlighted in red.

This study analyzed two experimental sessions, one lasting 27 minutes and the
other lasts 13 minutes. During the experimental sessions, the monkey could pick up the
food from the ball or forage on the floor to eat it small food morsels; furthermore, the
experimenter gave it some waters to drink by introducing a syringe through some openings
located at different sites of the NER.
Monkeys’ behaviors were recorded by using system of eight high-resolution
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
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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.

3.3 Ethogram definition
In order to construct the ethogram, we observed many times the video recordings of several
experimental sessions within the NER.
Firstly, we distinguished between point events and state events, the former
indicating instantaneous events, while the latter indicating events with a certain duration.
For example, we considered the grasping actions as point event because they are
immediate, while manipulation actions were defined as state events because they have a
relevant duration.
Next, we categorized in general terms the most important actions performed during
the sessions: walk, grasp with mouth and grasp with hand, climb, rest, yawn, scratch and
object manipulation. However, since only a small number of F4 neurons have bilateral
receptive fields (Gentilucci et al., 1988) we decided to differentiate left hand actions and
right hand actions.
Finally, we chose to consider the grasping actions performed during the plastic ball
manipulation as different categories from the others grasping actions, in order to assess if
different context have an influence on neuronal responses.
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BEHAVIOR

TYPE OF
EVENT

Reward liquid

Point event

Grasp food frontal Left

Point event

Grasp food frontal Right

Point event

Grasp food supine Left

Point event

Grasp food supine Right

Point event

Active food to the mouth

Point event

Monkey actively places the food into the mouth.

Object manipulation

State event

Monkey manipulate the plastic ball filled with fruit.

Grasp food frontal Left
Ball
Grasp food frontal Right
Ball
Grasp food supine Left
Ball
Grasp food supine Right
Ball

OPERATIONAL DESCRIPTION
Monkey receives passively liquid reward with syringe,
directly in the mouth.
Monkey grasps food pieces with the left hand
Monkey grasps food pieces with the right hand
Monkey grasps food pieces with the left hand “supine”:
with palm of the hand up.
Monkey grasps food pieces with the right hand
“supine”: with palm of the hand up.

Grasp with mouth

Point event

Walk

State event

Climb

State event

Rest

State event

Scratch

Point event

Monkey grasps food pieces within the ball with the left
hand
Monkey grasps food pieces within the ball with the
right hand
Monkey grasps food pieces within the ball with the left
hand “supine”: with palm of the hand up.
Monkey grasps food pieces within the ball with the
right hand “supine”: with palm of the hand up.
Monkey directly grasps and eats food with its mouth (it
doesn't pick it up with hands).
Monkey walks along the floor and on the wooden
structure.
Monkey climbs to a different cage level (i.e. from the
floor to the wooden structure, or from the wooden
structure to the ceiling).
Monkey sits on the surface of the wooden structure
and stop to do other activities.
Monkey scratches itself.

Point event

Monkey yawns.

Yawn
Table 1. The ethogram

Point event
Point event
Point event
Point event

3.4 Behavioral analysis
Behavioral analysis was realized by means video recorded sessions. Behavioral scoring
was performed by using BORIS (Behavioral Observation Research Interactive Software)
project (Friard and Gamba, 2016), a free and open-source event logging software for video
and audio recordings.
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To create a project on Boris we set the ethogram, defining the types of behavior as
“point events” or “state events”, and decided a keyboard key associated to every behavior
in order to log the behavioral events during the observations. To be more accurate in
behaviors’ logging we used the frame-by-frame mode which consent to slow down the
video recordings in order to capture the exact moment in which an action happened, or
started and ended in case of state events. To increase accuracy and the trustworthiness of
behavioral scoring, the video recordings were observed many times by different people
independently and then it was calculated the inter-rater reliability using the Cohen’s kappa
statistic.
Finally, we generated one output for each observation that contained all the behaviors
with their start and stop and their duration or with the exact time in which they happened
in case of point events (Figure 8).

Figure 7. An example of Boris’ output where we can see how many times all the events observed
during the session happened and their duration (in case of state events).
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3.5 Neural recordings
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 μm, shaft
thickness 100 μm). Probes were implanted into the area F4 of the left hemisphere, the
implantation sites were estimated by using MRI brain pictures as frame of reference,
referred to stereotaxic coordinates for intraoperative identification of the implantation
sites, together with visual identification of the anatomical landmarks of cortical sulci.
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 the
connectors (OMNETICS A79025) to data logging devices (Deuteron Technologies Ltd,
Israel). Specifically, we used the RatLog64 (Figure 7) which is a small, lightweight neural
logger for recording neural activity from freely-moving animals.

Figure 8. Deuteron neural logger connected to its battery

RatLog64 allows one to record neural signals from two sets of 32 channels 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, thereby enabling to sample both LFP and
single/multi-unit activity. Signals are amplified, digitized and stored in a MicroSD
memory card (64 GB), thus preventing any possible transmission error. The device is
powered by a small external battery (two hours maximum duration) connected via a short
cable. 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.
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The 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; it allows to synchronize
static equipment in the lab to the wireless logger. Specifically, int this study, a BNC cable
is connected to the 8 cameras controlled through SIMI Motion software. The logger was
controlled from the Windows computer, where we had a general control panel for
monitoring the logger and synchronizing transceiver, in addition to the possibility to
manipulate some recording parameters (for example, both the upper and lower cutoff
frequencies). 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.
All formal signal analyses were performed off-line with fully automated software,
Mountainsort (Chung et al. 2017), using a -3.0 standard deviations of the signal-to-noise
ratio of each channel as threshold for detecting units. To distinguish between single-units
and multiunits we used the noise overlap, whose value can vary between 0 and 1,
considering as single only those units with a value below 0.10. 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 classified as single units formed the multiunit activity.
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3.6 Data analysis
3.6.1

Single units and multi units analyses

We took into account only behaviors that occurred at least seven times during each session;
for this reason, we decided to group the eight different types of grasping (grasp food frontal
left, grasp food supine left, grasp food frontal left ball, grasp food supine left ball, grasp
food frontal right, grasp food supine right, grasp food frontal right ball, grasp food supine
right ball) in two categories: grasp food with the left hand and grasp food with the right
hand. Next, on the basis of this criterion, we selected nine events: active food to the mouth
left, active food to the mouth right, grasp food with mouth, reward liquid, grasp food left,
grasp food right, climb, walk and rest.
To visualize the waveforms we plotted the firing rate of each SUA and MUA in a
4s lasting interval, binned in 200 bins of 20 ms, and smoothed it with Gaussian smoothing
(σ= 3). Single units and multiunit activity were analyzed by means of a paired samples ttest between the average firing rate during the epoch in which the event occurred and the
average firing rate during the baseline epoch, in order to determine if there is a significant
difference in neural activity between the two epochs of interest.
The significant criterion for the analysis was p<0.05.

3.6.2

Definition of epochs of interest

Cells activity was analyzed in relation to the onset of behavioral events of interest defined
according to the ethogram described above. First, we distinguished the behavioral
categories according to the primary effector (or set of effectors) used, namely: whole body
actions (climbing, walking, rest), hand actions (grasping food frontal/supine left, grasping
food frontal/supine right, object manipulation and scratching) and mouth actions (active
food to the mouth left, active food to the mouth right, reward liquid and grasping food with
mouth).
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Next, we defined the following epochs of interest: 1) baseline, from 1,5 s to 500
ms before the event and 2) movement, from the alignment point (onset of the behavior) to
1 s after this event, in case of body and hand actions events; regarding mouth actions, we
chose 1) baseline, from 2 s to 1 s before the event and 2) movement, from 500 ms before
to 500 ms after the event.
3.6.3

Population analysis

We calculated the average firing rate per bin of neurons recorded during the two
experimental sessions and normalized it. Then, we plotted it with the standard error bar in
order to visualize the waveform of the average cell response in relation to the events of
interest. We took into account a 4 second interval subdivided in 20 ms bins, aligned the
neuronal activity on the events of interest and smoothed the plot with a Gaussian
smoothing (σ= 3).
3.6.4

Hierarchical aligned cluster analysis (HACA)

To evidence the relationship between the neural activity and the behaviors performed by
the monkey and to verify the possibility of inferring which behavior it was performing at
a given moment starting from the observation of the neural activations, we performed a
hierarchical aligned cluster analysis (HACA) (Zhou et al., 2013). HACA is an
“unsupervised hierarchical bottom-up framework” that finds a segregation of a time
series into m disjointed parts; each one of these parts is included in one of k clusters. To
perform the clustering, HACA combines kernel k-means with the generalized dynamic
time alignment kernel (Zhou et al.,2013).
We chose a period of time of 1s in which searching for the behaviors, within
which a behavior is considered in relation with the pattern of activation.
We first performed principal component analysis to reduce the dimensionality of
our dataset and extract the variables for the HACA. Then, we performed HACA using
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Euclidean distance as similarity criterion. This algorithm requires the number of clusters
k and the length of patterns (Zhou et al., 2013): we decide to extract 6 clusters and we set
400 ms as minimum and 1 s as maximum length for each pattern. The HACA performs a
temporal clustering on the basis of the similarity between variables during the time series
of 3:30 minutes.
We took into account the following behaviors: active food to the mouth left and
right, grasp with mouth, climb, walk, rest, reward liquid and object manipulation; we
decided to exclude grasp food left and right because of their temporal proximity with the
active food to the mouth, in fact the temporal distance between these two behaviors is
inferior than 400 ms (the minimum length of patterns) so the HACA can’t distinguish
between these ones.
Finally, we plotted the clusters on the cartesian axes, where x corresponds to the
first PC (PC1) and y to the second PC (PC2), while the pattern-behavior matching was
plotted by means of histogram, where x corresponds to the behaviors and y to the
percentual of occurrence of each behavior (normalized for the number of occurrences of
each one) during each activation pattern.
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4. RESULTS
4.1 Single unit and multiunit activity
We isolated 11 single units and 128 multi units. The activity of each unit was analyzed by
means of a paired t-test comparing the average firing rate during a baseline epoch and the
epoch of interest identifying a specific behavior. According to the criteria described in the
Methods section, we have been able to analyze: “active food to the mouth-left” (63 trials
total), “active food to the mouth-right” (35 trials total), “grasp food with mouth” (50 trials),
“reward liquid” (46 trials), “grasp food-left” (34 trials), “grasp food-right” (32 trials),
“climb” (34 trials), “walk” (32 trials) and “rest” (17 trials).
The plots below (figure 12) show examples of the recorded units: the first one (a)
selectively discharged when the monkey placed the food in its mouth, regardless of the
hand it used; the second (b) is a multiunit that significantly discharged only when the
monkey uses the right hand to places the food in its mouth.
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a)

b)

Figure 9. a) plots of the firing rate of one single unit during three different behaviors: this neuron
significantly discharge during “active food to the mouth left”(t= 18,3, p= 0,02) and “active food
to the mouth right” (t= 31,4, p= 0,0173), while it is not significatively activated during the
“climbing”; b) plots of the firing rate of one multi unit during the precedent mentioned behaviors:
in this case the unit discharge significatively only when the monkey places the food in its mouth
with the right hand (t= 15,04, p= 0,0264).

The results (figure 10) reveal that most of units are facilitated during action
execution, except for “walking”, during which there is a greater number of suppressed
units, and for “rest”, during which the number of facilitations and inhibitions are balanced.
A sizeable fraction of units responds during mouth actions and whole body actions: for
example, 49 units are activated when the monkey receives a liquid reward from the
experimenter (it drinks water from a syringe) and 26 units respond during climbing
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behavior. Conversely, we can notice that a minor number of units are activated during hand
actions, for instance only 10 units discharge when the monkey grasps some food with the
right (contralateral) hand.

Figure 10. Pie charts that sum up how many neurons show significative facilitations or inhibitions
for each behavior.

4.2 Population activity
Population activity shows different responses depending on the effector used to perform
the action. Thus, we distinguished behaviors in three different clusters: mouth actions,
hand actions and whole-body actions. We decided to include active food to the mouth in
the first group because we aligned the activity to the moment in which the food comes into
contact with the mouth.
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The plots below (figure 11) show that, during mouth actions, the population
discharges about 500 ms before the onset of the alignment, with a variable dynamic
following this event depending on the condition. During the other two clusters of actions,
the population shows a broader tuning or no tuning at all, modulating its activity mostly
after the alignment event.

Figure 11. Plots of population activity during mouth actions, hand actions and whole-body actions.
Gray shaded regions represent the standard error.
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4.3 Unsupervised segmentation of neural activity
We performed a neural decoding analysis of one experimental session by means of HACA.
As shown in the figure below (Figure 12), we found 6 clusters, represented by different
colors. For each time point along the session it is possible to observe which cluster is
activated and to assess which behavior the monkey was most likely performing at that
time. A null hypothesis would predict equal probability for every behavior at any time
point of each cluster, obviously depending on the relative frequency of each specific
behavior. In contrast, it clearly emerges that, for example, “cluster 1” (red) corresponds to
manipulative activities directed to the fruit ball; “cluster 2” (blue) was associated with a
prevalence of climbing behaviours, “cluster 3” (green) indicated rest, “cluster 4” (pink)
was associated in most cases with the manipulation of the fruit ball, “cluster 5” (black) and
“cluster 6” (azure) indicated “active food to the mouth” with right hand.
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a)

b)

Figure 12. The plot represents six clusters, extract by the HACA, represented with six different
colors. The histograms represent each one the percentual of occurrence of behaviors that the
HACA has found in the period of time of 1 s during each cluster activation. The color of the
histograms matches the color of the cluster represented in (a).
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5. DISCUSSION
The goal of this study was twofold: first, it aims to provide a preliminary overview of the
behaviors a monkey can perform during freely-moving sessions; second, it aims to explore
the possible neural correlates of natural behaviors focusing on the ventral premotor cortex
(area F4). To these purposes, we adopted a wireless data-logging system synchronized
with a multicamera system to investigate, in parallel, monkey’s behavior and associated
neural activity. We implemented a large experimental environment, the NeuroEthoRoom
(NER), in which the animal can freely move and interact with the enrichment items placed
inside the NER. This experimental setup allowed us to observe spontaneous behaviors as
those the animal could execute in natural conditions, for example when foraging on the
ground, climbing or walking.
As mentioned in the previous chapters, we have categorized the most important
actions performed during the session. However, while some actions were performed many
times by the monkey (for instance, walking, taking liquid reward, putting actively the food
in its mouth), others showed a little number of occurrences, such as climbing. Since some
behaviors occurred few times, we could only use nine actions out of the seventeen
identified in the ethogram in order to perform the data analysis. Moreover, for the same
reason, we could not differentiate some behavioral specificities: for example, we had to
consider “grasping actions” in general, even if during the sessions we observed the monkey
using different hand configurations and wrist rotations while grasping, depending on the
food location (e.g. the monkey grasped with the palm of the hand up to take the food out
from the fruit ball, whereas when the food was located on a surface the monkey grab it
with pronation of the palm). Future studies should certainly balance the number of actions’
occurrences in order to better differentiating behaviors characterized by important and
remarkable variability in the way they are executed. To this purpose, it could be useful
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providing the monkey with solid food morsels (pieces of fresh or dried fruit) in different
location of the cage, to stimulate it to perform different types of grasping. Moreover,
manipulation behaviors could be increased by providing new objects, to be explore in order
to obtain rewards from them. Finally, more complex behaviors, like social ones, could be
investigated by putting two conspecifics within the NER, enriching the ethogram with
intersubjective actions.
By simultaneously recording neural activity, we also aimed to describe the neural
correlates of these behaviors in the premotor cortex, specifically area F4, which is widely
investigated because of the presence of polymodal neurons (Fogassi et al., 1996; Graziano
et al., 1998). In this study, we focused exclusively on possible motor properties of F4
neurons during unconstrained behavior, and found results partially consistent with those
of previous neurophysiological studies; even if these are classical studies under
constrained condition, they investigated some actions we can consider similar to those the
monkey performs in freely-moving conditions, such as grasping and mouth actions. We
found that most units respond during mouth actions (taking liquid reward from a syringe,
grasping food with mouth, taking food with mouth from hand), while only a small number
of units discharged during hand actions (grasping). These results are consistent with those
obtained in previous recording and microstimulation studies in head-fixed monkeys, which
have demonstrated that F4 contains the representation of neck, trunk, face and arms, and
can control axial and proximal movements (Fogassi et al.,1996; Maranesi et al. 2012).
Moreover, F4, in its most rostral portion (near the border with the area F5), also contains
a small group of neurons that represent distal movements, likewise those of F5 (Gentilucci
et al., 1988). The overlapping between the present results and the previous ones
corroborates the reliability of wireless recording system in investigating the neural
underpinnings of behaviors. Nonetheless, the major advantage of this technique consists
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in the possibility to extend this investigation to more complex behaviors performed in
highly variable contextual, postural and attentional conditions, as typically happens in
daily life situations.
In fact, in our study we also took into account whole body actions (walking,
climbing, rest) and found that a fair amount of units are activated especially during
climbing and walking behaviors. We could hypothesize that the discharge of these units
during climbing and walking behaviors is an anticipatory activation for an impending
action, that the monkey voluntarily plans to get a reward. Indeed, when it climbs the rope
or begins to walk, it does so with the purpose to get the food morsel it aims to eat. Future
studies should also look at the correlations between neuronal activity and behavior by
considering the forthcoming goal actually achieved by the monkey as an additional
explanatory factor for ongoing neuronal activity.
Most interestingly, HACA results suggests the feasibility of predicting a wider
range of unconstrained, ethologically classified behaviors by applying decoding algorithm
to the neural activity readout. Of course, the main limitation of this algorithm is due to the
need of presetting the number of clusters to focus on; however, other studies has
demonstrated the robustness of decoding analysis in predicting ongoing behaviors and
postures of freely moving animals (Mimica et al., 2018). In order to improve the accuracy
of this technique, it could be used a machine learning approach, whose major advantage
consists in the fact that researchers have to do significantly less assumptions about the
decoded variables (Glaser et al., 2020); in this way, we could train the system to recognize
the behaviors.
The present findings appear to be particularly promising in the context of the
increasing interest for wireless recording technologies, which have already shown their
potential in several neuroscientific fields, allowing the researchers not only to confirm data
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collected in the past under classical and more artificial experimental conditions (Berger et
al., 2020) but also to extend their investigations to more complex and natural behaviors,
which could not be studied otherwise and appear to be particularly rich and articulated
among primates: sleep (Jackson et al., 2007; Dragoi et al., 2020), motor activity (Berger et
al., 2020), walking (Capogrosso et al., 2016) or social behaviour and interaction (Roy and
Wang, 2016) are just some of the most recent examples of spontaneous and natural
behaviors that underwent neurophysiological investigation.
To conclude, we can identify this study as a proof of concept of a novel behavioral
decoding approach in freely-moving primates. Future, more extensive studies with greater
amount of data will likely enable the decoding of a large variety of complex behaviors
starting from neuronal activity readout.
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