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Neuroethology of natural actions in freely

moving monkeys
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The current understanding of primate natural action organization derives from laboratory experiments in
restrained contexts (RCs) under the assumption that this knowledge generalizes to freely moving
contexts (FMCs). In this work, we developed a neurobehavioral platform to enable wireless recording
of the same premotor neurons in both RCs and FMCs. Neurons often encoded the same hand and
mouth actions differently in RCs and FMCs. Furthermore, in FMCs, we identified cells that selectively
encoded actions untestable during RCs and others that displayed mixed selectivity for multiple
actions, which is compatible with an organization based on cortical motor synergies at different levels
of complexity. Cross-context decoding demonstrated that neural activity in FMCs is richer and more
generalizable than in RCs, which suggests that neuroethological approaches are better suited to unveil

the neural bases of behavior.

ecades of brain research on the cortical

motor system have leveraged nonhuman

primates as a model for their marked

homologies to humans (), and the find-

ings greatly expanded our knowledge
of the anatomical (2, 3) and functional (4, 5)
architecture that underlie the cortical control of
goal-directed actions. However, the concept of
“goal” and the extent to which goal-directedness
coincides with the voluntary nature of an ac-
tion are still widely debated issues.

Some studies that leveraged intracortical mi-
crostimulation (ICMS) have revealed that the
frontal motor system may have evolved to en-
code specific final postures of multiple body
parts, which resemble those that character-
ize natural actions (5, 6). Neurophysiological
studies have shown that premotor neurons
encode the achievement of a specific outcome,
such as reaching a specific spatial location (7)
or obtaining a piece of food (5). Often, pre-
motor neurons discharge with considerable
independence from the sequence of extension-
flexion movements required to accomplish
the task, differently from primary motor neu-
rons (8) and sometimes even regardless of the
effector used (9, 10). Thus, the encoding of ac-
tion goals has been proposed as a fundamental
organizational principle of the premotor cor-
tex (I1).
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A common feature of the aforementioned
results is that they have been achieved by
studying head-restrained monkeys seated on a
primate chair. When recording single-neuron
activity, the animals are trained to perform
formal motor tasks in a highly reproducible
and often stereotyped manner under the
general assumption that the findings can be
generalized to explain how the brain con-
trols natural actions in unconstrained con-
texts, but this is not necessarily the case (12).
Furthermore, neuronal recordings during spon-
taneous behaviors in freely moving contexts
(FMCs) have led to important discoveries in
small mammals (13-15) that would not have
been possible under restrained contexts (RCs)
(16). By contrast, studies in which the subjects
were freely moving have not taken hold in
the investigation of action organization in ma-
caques, mostly because of technological lim-
itations in the tethered recording devices but,
undoubtedly, also because “The breadth and com-
plexity of natural behaviors inspires awe” (17).

Despite the increasing relevance assigned
to the study of natural behaviors (18) and the
recognized priority of stepwise comparisons
of the neural codes under constrained and
unconstrained contexts (19), an in-depth in-
vestigation into the specific neural code for
the large repertoire of primate natural actions
and their cross-context invariance is lacking.

Stepwise transition from neurophysiology to
neuroethology: A neurobehavioral platform

To investigate the cortical mechanisms underly-
ing natural actions and assess their cross-context
invariance, we trained two monkeys to sponta-
neously move from their home cage to a primate
chair, which was then moved to the center of an
experimental room designed for neuroetholog-
ical recordings [the NeuroEthoRoom (NER)]
(fig. S1) (20). In each session, we recorded single-
neuron activity and the monkey’s behavior in
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a two-step approach: first, while the monkey
sat on a primate chair at the center of the NER
in a classical RC in which its head was re-
strained (Fig. 1A); then, within the same ses-
sion, while the monkey explored the NER when
it was enriched with several items to evoke the
largest variety of spontaneous actions in a FMC
(Fig. 1A). In each session, off-line frame-by-
frame analysis of synchronized videos captured
by eight cameras at 50-Hz resolution was per-
formed with well-established ethological cod-
ing software (2I), which allowed us to identify
point events related to a variety of forelimb
and face and/or mouth actions with high inter-
rater reliability and temporal precision (Fig. 1B
and fig. S1), likewise in conventional neuro-
physiological studies (22). The alignment events
(20) of each action defined in the ethogram
(fig. S2 and table S1) corresponded to critical
transition between distinct motor phases (such
as finger or mouth opening and closure) that,
in the case of transitive actions, are associated
with the contact of a body part (for example,
hand or mouth) either with the monkey’s own
body or with an external object (movie S1).
Some of the studied actions occurred in both
contexts; others were exclusive to the FMC
(Fig. 1C and fig. S2).

We recorded neuronal activity from sets of
128 electrodes (20) chronically implanted in
the precentral gyrus of two rhesus monkeys
(Fig. 1D and fig. S3). During 10 recording ses-
sions, we isolated (20, 23) 424 individual neu-
rons (n = 190 in MK1 and n = 234 in MKk2),
which remained steadily isolated along the
entire session (fig. S4) and thus demonstra-
ted the feasibility of recording the same cells
in both RCs and FMCs. We attributed to the
primary motor cortex those sites in which
we could evoke movements with shot trains
(50 ms) of ICMS of 25 pA or lower (20) and
that were located within 2 mm of the putative
anatomical border between premotor and pri-
mary motor cortices (fig. S3) on the basis of
previous anatomo-functional studies (22).
Most of the recorded neurons (84.7%) fell with-
in the premotor territory encompassing areas
F4, F5, and F2 (22), whereas the remaining were
likely located in the primary motor cortex (Fig. 1D).

By comparing the firing features of individ-
ual neurons recorded in the two contexts, we
found that they showed a slight increase in
their mean firing rate (Fig. 1E) and more
marked increase in peak firing rate (Fig. 1F)
and firing variability (Fig. 1G) in FMCs relative
to RCs, which suggests that the freely moving
condition is associated with a greater activity
and variability of individual neurons relative
to classical primate chair conditions.

Encoding and decoding of natural actions
from premotor neurons’ activity

In everyday contexts, even the simplest grasp-
ing action can be performed on different
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objects at varying distances from the body
with different speed, force, or trajectory and
may be carried out in association with dif-
ferent body postures. No natural action is
identical to another. This complexity can
account for the greater firing variability we
observed in FMCs and could make it chal-
lenging to study single-neuron correlates of
natural actions in freely moving animals.
Furthermore, the statistical analysis to test
neuronal tuning during trained laboratory tasks
in RCs often depends on comparisons with a
stable baseline activity, a concept that hardly
applies to FMCs. To overcome these prob-
lems, we tested single-neuron activity (20)
under the null hypothesis that if a neuron is
not modulated for a certain action, then its
activity should remain unchanged during ac-
tion unfolding.

Among the 424 isolated cells, we found that
343 neurons (80.9%) were significantly modu-
lated (P < 0.01) during at least one action in
the FMC. In some cases, neurons exhibited a
modulation of their discharge selectively for
one (n = 93) or two (n = 72) actions (Fig. 2A),
which indicates a certain degree of sparse cod-
ing for natural actions by premotor neurons
(18). Most of the recorded cells (n = 178) en-
coded three or more different actions (Fig. 2B)
and thus exhibited dense coding and mixed
selectivity.

This prompted us to investigate the possible
relationships between neuronal representa-
tions of different natural actions in the primate
frontal cortex. To do this, we used a variant of
the Serensen-Dice index (20) to measure the
similarity of neural responses among any pos-
sible pair of actions (Fig. 2C). We found a greater
similarity between actions (such as drink and
bite) involving the same effector (mouth) or
the synergistic control of effectors—such as the
forelimb and the mouth—typically linked in
foraging behaviors. By contrast, there was a
larger separation of actions (such as climb or
step) that recruited more complex whole-body
components. These results lead us to hypoth-
esize that axio-proximal motor components
such as those related to neck and back mus-
cles, which are recruited in many different
actions, could represent an important yet
previously neglected aspect underlying the
premotor coding of natural actions.

To verify this hypothesis, we applied long-
train (500-ms) ICMS with fixed parameters (20)
to the cortical sites where neurons modulated
for different actions were recorded. By applying
ICMS in head-free conditions, we were able to
identify even those axio-proximal components—
such as flexion or rotation of the head—that
could not be observed, or would be profoundly
altered, in head-fixed conditions. We stimu-
lated a total of 205 cortical sites in the four
hemispheres of the two monKkeys, each of which
hosted a variable number of neurons (range
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Fig. 1. Stable multielectrode recording of premotor neurons activity in RCs and FMCs. (A) Experimental
setup within the NER for neurophysiological recordings in head-fixed RCs and in FMCs (fig. S1). (B) Raster plot of
actions according to the used ethogram (fig. S2) in RCs and FMCs in an example session of MkL. (C) Frequency
distribution of the occurrences of all actions (n = 703 in RC and 2732 in FMC) performed by both monkeys
in all (n = 10) sessions. Color codes are as in (B). (D) Reconstruction of the anatomical location and frequency
distribution of all the recorded neurons (n = 424) in a template brain obtained by warping the recorded

regions in the right and left hemispheres of Mkl and

Mk2 (fig. S3). The gray and black dots correspond to

neurons recorded caudally (n = 65) and rostrally (n = 359) to the putative border (dashed line) between
the primary motor cortex and the premotor cortex (inset, colored sector), respectively. Superimposed landmarks
are AS, arcuate sulci; CS, central sulcus; and PS, principal sulcus. (E) Average firing rate of individual neurons

in RC and FMC (Wilcoxon signed-rank test, Z = 5.64, P
of individual neurons in RCs and FMCs (Z = 11.83, P

=17 x 107®). Spk, spike. (F) Absolute peak of firing rate

= 2.6 x 107, (G) Firing variability (Fano factor) of

individual neurons in RCs and FMCs (Z = 10.14, P = 3.5 x 107%%).

one to four, mean neurons per site + SD: 1.52 +
0.84) modulated during natural actions (Fig.
2D). The ICMS caused a variety of complex
motor patterns (movie S2), which replicated
those previously described (24, 25). Neurons
responding to yawning were more frequently
found in cortical sites where ICMS evoked
mouth movements (P = 1.6 x 10~°), whereas
neurons modulated during steps were signif-
icantly associated with hand-related sites (P =
9 x 10™%), and neurons tuned to climb actions
were associated with sites controlling head-
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axial movements (P < 0.05), suggesting the ex-
istence of a broad relationship between local
neuronal tuning properties and ICMS outcome
(fig. S5). A sizeable fraction (from 26 to 40%)
of the neurons modulated by each action, ex-
cept yawning, was recorded in cortical sites
contributing to head or axial movements, and
these results remain qualitatively similar even
when only cells modulated exclusively by one
or two actions were considered (fig. S6). Pre-
vious studies based on head-restrained exper-
iments in macaques support the existence of
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Fig. 2. Single-neuron activity during natural actions. (A) Neurons show selective  during one, two, or multiple (=3) actions in FMCs. con, contralateral; ip, ipsilateral.
tuning for one or two actions in FMCs. Shown from top to bottom are climb, (C) Serensen-Dice coefficient (SDC) matrix illustrating the degree of overlap
step, grasp to eat, bite, drink, and yawn. (B) Percentage of neurons modulated between neuronal tuning for each pair of actions. Dendrogram shows the distances
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(d =1 - SDC) between actions grouped according to Ward's criterion (20).

(D) Anatomical distribution of the stimulated cortical sites in terms of type of ICMS-
evoked movements (color code) and number of modulated neurons recorded in
each site (size of the dot) (conventions are as in Fig. 1D). (E) Fraction of all

the recorded neurons responsive to each of the tested actions recorded from
nonexcitable sites or sites in which ICMS triggered head/axial, hand, hand-and-
mouth, or mouth/face movements [color code as in (D)]. *P < 0.05; **P < 0.00L

cortical motor synergies that underlie the con-
trol of forelimb actions (26). Our findings sug-
gest the possible extension of this model to
include synergistic control of head and axial
components in addition to distal components.

Despite this complexity, we could accurately
decode distinct natural actions from the read-
out of single-neuron activity during FMCs by
applying a support vector machine (SVM) clas-
sifier to the time-varying (500-ms bin) neuro-
nal response profile (20) within a 2-s window
centered on the alignment point of each action
(Fig. 2F and fig. S7). Enriching single-neuron
with multiunit activity yielded even higher de-
coding accuracies in most sessions (fig. S8),
regardless of the parameters used (fig. S9). By
measuring the decoding accuracy obtained
at different time points relative to the target
action (20), we found that the highest accuracy
is obtained in correspondence and slightly after
the alignment point of the target action, which
likely corresponds to the peak of somatosen-
sory and proprioceptive feedback that charac-
terizes all actions involving contact between a
part of the body and an external object (or an-
other body part). The decoding accuracy starts
to increase more than 1 s before the reference
event (Fig. 2G and movie S3). Thus, the ac-
tivity of premotor neurons in freely moving
monkeys encodes a variety of natural actions
and generates anticipatory signals that may
be exploited to predict upcoming spontaneous
behaviors.

Single-neuron and population dynamics
largely differ in restrained and FMCs

On the basis of the current knowledge on the
organization of actions in the motor system,
the findings from head-fixed recordings should
generalize to freely moving subjects. We directly
tested this prediction by focusing on those ac-
tions that were performed in both contexts—
that is, drinking, biting, and grasping food with
the contralateral or ipsilateral hand.

For each of the tested actions (Fig. 3A), we
found that a small fraction of the neurons mod-
ulated during its unfolding exhibited context-
invariant discharge (Fig. 3B, example neuron
1), which ranged from 15.9% for drinking to
21.7% for grasping with the contralateral hand,
with no difference in this proportion across the
studied actions (Fisher’s exact test, P = 0.05 for
all pairwise comparisons). Most of the tested
cells (Fig. 3A) exhibited radically different ac-
tivity patterns between the two contexts in
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terms of temporal profile of discharge, dis-
charge intensity, or both (Fig. 3C, example
neuron 2), which indicates that context-specific
features influence neuronal responses. One
may argue that context-invariant coding is a
hallmark feature of premotor (8) but not of
the primary motor cortex (27); by contrast,
we could directly verify that the frequency of
context-invariant neurons (fig. S10) was the
same in the primary motor (14.3%) and pre-
motor (15.0%) regions (x> = 0.06, P = 0.8).
Furthermore, one might expect that context-
invariant neurons selectively encode a specific
action or body posture; yet we found that dur-
ing FMCs, context-invariant neurons were mod-
ulated by a significantly higher number of
actions (5.01 + 2.25) compared with that for
context-dependent neurons (2.70 + 1.83; Mann-
Whitney U test, P < 0.001). These findings in-
dicate that single-neuron encoding of actions
is strongly context dependent, which suggests
that premotor mechanisms of action organiza-
tion are more flexible than previously hypothe-
sized on the basis of the results of constrained
experiments.

Next, we wanted to explore whether and to
what extent individual actions during RCs and
FMCs retained similar dynamics at the popu-
lation level. To this purpose, we identified the
neural subspace optimal for each action in each
context (RC and FMC) and then projected on
this subspace the trajectory of the population
activity associated with all the other tested ac-
tions and contexts (fig. S11). Next, we expressed
the similarity in the neural population trajec-
tories as an alignment index (20) so that the
results of all possible pairwise comparisons
could be expressed in a similarity matrix (Fig.
3, D and E). Context-invariant neurons encoded
the same actions similarly across context and
segregated actions that were performed with
the mouth and the contralateral and the ipsi-
lateral hand (Fig. 3D). By contrast, context-
dependent neurons encoded more similarly
different actions that involved the same effec-
tor in the same context (Fig. 3E, branches of
the same color) than the same action across
the two contexts.

Together, these findings support the idea
that premotor representation of actions relies
on flexible motor synergies at variable degrees
of complexity, which can hardly be captured in
head-fixed settings and thereby challenges the
possibility of generalizing the findings from
RCs to FMCs.
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(F) Decoding accuracy of an example session of FMC in Mk2 (figs. S7 and S8).
(G) Classification accuracy as a function of the time lag between the neural activity
windows used to train the decoder and behavioral events (movie S3), averaged
across actions in each session. Color code of lines and arrows indicate the distinct
recording sessions. Colored arrows indicate for each session the time point when
the classification accuracy starts to increase according to the elbow method (black
arrow indicates the average) (20).

Cross-context neural readout of natural actions
Next, we leveraged our dataset to directly test
whether and to what extent the joint contri-
bution of single- and multiunit dynamics can
allow us to decode the four actions occurring
in both RCs and FMCs by using a SVM classi-
fier (20). We found a high decoding accuracy
both within RCs and FMCs, as well as in cross-
context decoding (Fig. 4A), which indicates
the presence of a certain amount of informa-
tion that is shared across contexts, at least
for this set of actions. Cross-context decod-
ing yielded an overall lower classification ac-
curacy compared with the one obtained in
both RCs and FMCs. Nonetheless, it remained
largely above chance, and in all the recording
sessions, the decoding performance was bet-
ter when the classifier was trained on FMC
data and then tested on RC data as compared
with the reverse (Fig. 4B).

By leveraging a dimensionality reduction
technique, #-distributed stochastic neighbor
embedding (20), for visualizing neural data in
the two contexts, we found that the four ac-
tions were generally more dispersed and inter-
twined in FMCs than in RCs, in which they
appeared much more distinct and clustered
in smaller areas (movie S4). Therefore, if the
SVM hyperplanes are learned in the narrower
interclass spaces of FMCs (fig. S12), decoding
the same actions in the highly clustered RC
space becomes easier, provided that each ac-
tion occupies a similar region across contexts.
Conversely, decoding actions in FMCs by using
amodel trained in RCs, in which a wider range
of hyperplanes would easily allow optimal per-
formances, leads to higher decoding error rates.

These findings indicate that neural activity
recorded during FMCs is richer, rather than
just noisier, and more generalizable than that
recorded in RCs, which supports the relevance
and value of investigating the neuronal mech-
anisms of action planning and control in more
naturalistic contexts.

Discussion

‘We used a stepwise approach to track the same
single neurons’ activity in both a classical head-
restrained laboratory context (RC) and during
spontaneous behavior in a FMC. We found
notable differences in neurons’ firing pattern
and response dynamics between the two con-
texts and showed that a FMC provides a richer
and more complex neural characterization of
spontaneous actions than a RC.
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Fig. 3. Single-neuron and population activity during
action execution in restrained and FMCs. (A) For
each action, pie charts show the number of neurons
modulated in either a similar or different manner in
RC and FMC during each of the four tested actions:
biting, drinking, and grasping with the ipsilateral and
contralateral hands (with the grasp-to-eat and catch
food categories in FMC merged). (B) Example neuron
exhibiting a similar modulation in the two contexts
during the four tested actions. (C) Example neuron
exhibiting a different modulation in the two contexts
during the four tested actions. (D) Matrix of alignment
indexes between each pair of actions within and across
contexts, defined as the fraction of residual variance
after projecting the activity of context-invariant neurons
associated with one action into the neural subspace
of another. Ward's hierarchical clustering method was
applied to the symmetrized distance matrix, defined as
1 - alignment, to generate the agglomerative dendro-
gram and sort the matrix accordingly (20). By applying
a bootstrap procedure resampling neurons 1000 times,
we found that the alignment between the same mouth
action across the two contexts is higher than that
between different mouth actions within the same
context (P = 0.037), and a similar trend emerges for
ipsilateral and contralateral grasping actions (P =
0.098); alignment between actions involving the same
effector (such as the hand or the mouth) is significantly
higher than that between actions involving different
effectors (P < 1 x 107%), independently from the
context. (E) Matrix of alignment indexes computed as in
(D) for context-dependent neurons. Alignment between
different mouth actions in the same context is
significantly higher than that between the same mouth
action across the two contexts (P < 1 x 10™%), and the
same effect emerges for ipsilateral and contralateral
grasping actions (P < 1 x 107%); alignment between
actions involving the same effector is significantly
higher than that between actions involving different
effectors (P < 1 x 1075, independently from the
context. Random resampling of smaller (n = 63) sets of
context-dependent neurons consistently leads to the
same clustering result (>95%), which indicates that
differences in clustering results between (D) and (E)
could not be accounted for by different numerosity of
the neuronal populations.

The prevailing view emphasizes the rele-
vance of dense coding in the frontal cortex,
with neuronal population dynamics shared by
multiple behaviors (28). By contrast, in FMCs,
we identified neurons with selectivity for in-
dividual natural actions, which suggests the
existence of a certain degree of sparse coding
of motor plans in the premotor cortex, like-
wise previously shown for input signals in
sensory areas (I8, 29). Apparently, this finding
confirms and extends to FMCs the classical
concept of “vocabulary of motor acts” (9) deemed
to be the premotor representational format
of actions in terms of their immediate goal
(8, 10). However, according to this notion,
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single-neuron tuning for a given action should
be context-invariant as much as its goal, whereas
we found that only a minority of the tested
neurons exhibited consistent modulations across
the two contexts. Furthermore, context-invariant
neurons encoded a larger variety of spontane-
ous actions when recorded in FMCs relative to
context-dependent cells, which suggests that
they may encode motor synergies shared by
a variety of spontaneous actions rather than a
specific motor goal. In line with this hypothe-
sis, context-dependent neuronal populations
consistently showed greater similarity in their
dynamics for different actions performed with
the same effector in the same context (RC or
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FMC) rather than for the same action performed
in the two contexts. In addition, representational
similarity measures applied to FMC data show
that natural actions relying on the same effec-
tor, such as the forelimb or the mouth, are as-
sociated with more similar neural codes, which
supports the idea that partially mixed selec-
tivity (30) could represent a strategy to facil-
itate a flexible organization of natural actions.
Together, these findings suggest that an inter-
pretation in terms of cortical motor synergies
constitutes a more parsimonious and useful
framework than the action goal hypothesis to
unravel the premotor underpinnings of spon-
taneous actions.
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Fig. 4. Cross-context decoding. (A) Confusion matrices averaged over sessions and that result from four
training-validation set combinations. The first row shows the decoding performances when RC data are
used for training the SVM model subsequently tested with RC and FMC data, respectively, and the second
row shows the decoding performance when the model is trained with FMC data and then tested with RC
and FMC data, respectively. (B) Individual decoding accuracies for each session and directionality of cross-
context decoding, as indicated with the arrows (from train to test dataset). The horizontal dashed line
corresponds to chance, and significance was determined by using the Wilcoxon signed-rank test.

An alternative and view on premotor orga-
nization of action derived from constrained
ICMS experiments is based on the concept of
final body posture coding. By performing ICMS
while the monkey was sitting on the primate
chair but with its head free, we found a wide-
spread presence of head and axial movements,
such as neck extension and flexion or head
rotation, either alone or combined with other
movements of the mouth, face, or forelimb.
This finding suggests that previous reports of
trunk movements evoked by ICMS in the pre-
motor cortex (22, 31) might be misattributions
owing to head-fixed conditions, which empha-
sizes the relevance of a combined control of
distal body parts and axio-proximal compo-
nents related to the neck and the head. All
neural representations of actions, except for
yawning, extensively co-localize with ICMS-
evoked head and neck movements, which are
shared among a variety of natural actions that
require the coordination of head movements
with those of other effectors. A model based
on static final postures that form an “action
map” hardly accounts for the variability of
motor and premotor neurons that fire during
spontaneous movement (32, 33). Thus, we
propose that a model based on a “vocabulary
of motor synergies” at various levels of com-
plexity, which encompasses primary motor
and premotor cortices, can reconcile the “vo-
cabulary of motor acts” (34) and “ethologically
relevant action map” (35) models to provide a
more flexible and useful framework to explain
the neural control of goal-directed actions as

Lanzarini et al., Science 387, 214-220 (2025)

well as the cortical modulation of motor syn-
ergies primarily controlled by subcortical mecha-
nisms, such as those required for yawning or
walking.

Despite the variety of actions and their ex-
ecution modes being considerably greater in
FMCs than in RCs, we could accurately decode
various actions in both contexts. In this re-
spect, the RC can be seen as an overfitting
model in which the limited variability ensured
by the behavioral constraints makes it possible
to achieve the highest decoding performance,
but at the expense of flexibility and general-
izability to real-world contexts. Cross-context
decoding performs better when generalizing
from FMCs to RCs than in the opposite direc-
tion, which suggests that freedom of movement
adds richness to the neural codes without com-
promising their reproducibility. By revealing
neural strategies for the control of natural ac-
tions, our findings could inform the develop-
ment of more effective neuromodulation and
robot-assisted neurorehabilitation approaches
(36) for restoring sensory-motor functions after
neurological disorders.

Together with recent technological and meth-
odological progresses in the study of naviga-
tion (87, 38), decision-making (39), and social
behavior (40, 41) in monkeys, our study con-
tributes to paving the way for the transition
from primate neurophysiology to primate neu-
roethology and advances our understanding
of the voluntary control of natural actions in
real-world situations and its possible use for
translational research.
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