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Brief Communications

Processing of Own Hand Visual Feedback during Object
Grasping in Ventral Premotor Mirror Neurons

Monica Maranesi,' Alessandro Livi,2 and Luca Bonini!
'stituto Italiano di Tecnologia, Brain Center for Social and Motor Cognition, 43125 Parma, Italy, and 2Dipartimento di Neuroscienze, Universita di Parma,
43125 Parma, Italy

Mirror neurons (MNs) discharge during action execution as well as during observation of others’ actions. Our own actions are those that
we have the opportunity to observe more frequently, but no study thus far to our knowledge has addressed the issue of whether, and to
what extent, MNs can code own hand visual feedback (HVF) during object grasping. Here, we show that MNs of the ventral premotor area
F5 of macaque monkeys are particularly sensitive to HVF relative to non-MNs simultaneously recorded in the same penetrations.
Importantly, the HVF effect is more evident on MN activity during hand- object interaction than during the hand-shaping phase.
Furthermore, the increase of MN activity induced by HVF and others’ actions observed from a subjective perspective were positively
correlated. These findings indicate that at least part of ventral premotor MNs can process the visual information coming from own hand

interacting with objects, likely playing a role in self-action monitoring.
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Significance Statement

We show that mirror neurons (MNs) of area F5 of the macaque, in addition to encoding others’ observed actions, are particularly
sensitive, relative to simultaneously recorded non-MNs, to the sight of the monkey’s own hand during object grasping, likely

playing a role in self-action monitoring.

Introduction

Mirror neurons (MNs) have the intriguing property of firing not
only during the execution of an action but also when one observes
asimilar action performed by another individual (Rizzolatti et al.,
2014). Recent evidence indicates that the majority of MNs in the
monkey premotor area F5 respond, sometimes even selectively,
to the observation of filmed actions viewed from a subjective
perspective (Caggiano et al., 2011). Interestingly, the same inves-
tigators showed that observing an action from a first-person per-
spective produce local field potentials more similar to those
generated by action execution (in the dark) than by the observa-
tion of the action from a frontal view (Caggiano et al., 2015).
Indeed, our own actions are those that we have the opportunity to
observe more frequently, but whether and to what extent the
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sight of one’s own hand during grasping affects MN motor dis-
charge remains unknown.

Here, we addressed this issue by studying MN activity while
monkeys grasped an object with and without hand visual feed-
back (HVF) and when they observed (from a “first-person” per-
spective) an experimenter grasping.

Materials and Methods

Subjects

Experiments were performed on two male adult monkeys: Mk1 (Macaca
nemestrina, 9 kg) and Mk2 (Macaca mulatta, 7 kg). Before recordings,
monkeys were trained to perform the task described below with the hand
(left) contralateral to the hemisphere to be recorded (right). A head
fixation system and a recording chamber were implanted under general
anesthesia (ketamine hydrocloride, 5 mg/kg, i.m., and medetomidine
hydrocloride, 0.1 mg/kg, i.m.), followed by postsurgical pain medica-
tions, as described previously (Bonini et al., 2012). All experiments were
performed in accordance with protocols approved by the Veterinarian
Animal Care and Use Committee of the University of Parma and with the
European law on the humane care and use of laboratory animals.

Recorded region and behavioral paradigm

Recordings were performed from the hand region of the ventral premo-
tor area F5 (Fig. 1A) (see Bonini et al., 2014b for detailed functional
mapping of the investigated sector). Monkeys were trained to perform a
visuomotor task (execution) and, in a subsequent block of trials, to ob-
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A, Highlighted sector denotes the portion of the ventral premotor area F5 from which neurons were recorded. IPS, Intraparietal sulcus; CS, central sulcus; SAS, spur of the arcuate sulcus;

IAS, inferior arcuate sulcus; PS, principal sulcus. B, Schematic representation of the three main tested conditions: grasping with (HVF ) and without (HVF ) hand visual feedback and observation
of the experimenter’s grasping from a first-person perspective (OBS). €, Schematic representation of the temporal structure of the task events. The sequence of events of HVF * and OBS condition

was the same.

serve the experimenter (from a first-person visual perspective) perform-
ing the same task in their stead (observation).

The apparatus used for the task has been described in detail previously
(Bonini et al., 2014b). The execution task included two basic conditions
(Fig. 1B): (1) grasping in the light (i.e., with hand visual feedback,
HVF ") and (2) grasping in the dark (i.e., without hand visual feedback,
HVE—). The observation task (Fig. 1B) required the monkey to remain
still with its hand on the starting position while observing the experi-
menter grasping the object. Although the animal grasped three different
objects during the execution task (Bonini etal., 2014b), only one object (a
big metallic cone, base diameter 30 mm, length 45 mm) was used for
testing action observation from a subjective perspective: therefore, we
focused on this same object for the analysis of motor responses in the two
conditions.

Execution task. For the execution task (Fig. 1C), a fixation point was
presented in the exact position of the (not yet visible) target object in
complete darkness and the monkey was required to start fixating it within
1.2 s. Fixation onset determined the presentation of a cue sound (a 1200
Hz sine wave). After 0.8 s, the target object became visible. After a variable
time lag (0.8—1.2 s), the sound ceased (go signal). At this point during
HVE ", the light remained switched on until the end of the trial, whereas
during HVF 7, the light switched off simultaneously with the go signal
and the monkey reached, grasped, and pulled (for atleast 0.8 s) the object
in the light (HVF *) or in the dark (HVF ™), respectively. The two con-
ditions were randomly interleaved, thus ensuring that the monkey could
not predict in advance of the go signal whether it had to grasp in the light
or in the dark. The fixation point remained visible for the entire duration
of the task, serving as a visual guidance, particularly for reaching in the

dark.

Observation task. For the observation task, the temporal sequence of
sensory events was the same as the execution task, but the monkey re-
mained still and maintained fixation while observing the experimenter
performing the action. The experimenter’s (left) hand starting position
was located 10 cm to the left of the monkey’s left hand. LabView-based
software monitored the tasks stages: if the monkey broke fixation, made
an incorrect movement, or did not respect the task’s temporal con-
straints, the trial was aborted and no reward was delivered. After the
monkey correctly performed trials, a fixed amount of juice was delivered
automatically.

Recording techniques

Neuronal recordings were performed by means of 16 channels multielec-
trode linear arrays: U-probes (Plexon,) and silicon probes developed in
the EU project NeuroProbes (Herwik et al., 2011) and distributed by
ATLAS Neuroengineering (Belgium). Details on the devices and tech-
niques used to handle the probes have been provided previously (Bonini
et al., 2014a, 2014b). The signal was amplified and sampled at 40 kHz
with a 16-channel Omniplex system (Plexon). Online spike sorting was
performed with dedicated software (Plexon), but all final quantitative
analyses were performed offline.

Recording of behavioral events and definition of epochs of interest
Contact-sensitive devices (Crist Instruments) were used to detect when
the monkey or the experimenter touched the metal surface of the starting
position or the target object. A switch located behind the object signaled
the onset of object pulling. Each of these devices provided a TTL signal
that is used by LabView-based software to monitor and control the task
unfolding and is recorded in parallel with neuronal activity, enabling
subsequent alignment of neuron response and statistical analyses.
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Figure 2. A, Each panel shows the raster plot (top) and peristimulus spike density function (bottom) of two MNs aligned on
object presentation (first dashed line) and then (after the gap) on the onset of object pulling performed by the monkey (execution,
HVF *: orange; HVF ~: blue) or experimenter (observation: gray). Note that most of the differential activity in the HVF ™ MN occurs
during the statichand— object interaction epoch (holding) rather than during the hand-shaping epoch. Colored triangular markers
represent the go signal (green) and the detachment of the hand from the starting position (red). B, C, Population responses of
HVF ™ and HVF ~ MNs aligned as the neuron examples in A. Shaded regions represent 1 SEM. The median time of the go signal and
reaching onset are indicated with the green and red markers, respectively: the shaded areas around each marker represent the 25 ™
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Eye position was monitored with an eye
tracking system (pupil) composed of a 50 Hz
infrared-sensitive CCD video camera and two
spots of infrared light. The monkey was re-
quired to maintain its gaze on the fixation
point (tolerance radius 5°) during all task
phases.

Different epochs of interest were defined:
(1) baseline, 500 ms before object presentation;
(2) object presentation, from 50 to 450 ms after
switching on the light; (3) hand shaping, from
the detachment of the hand from the starting
position to the beginning of object pulling
(note that this epoch is subject to trial-by-trial
variability, enabling us to capture specifically
the hand movement phase in each trial); and
(4) object holding, from pulling onset to 500
ms after this event. The same epochs were used
to analyze neuronal responses during both
grasping execution and observation.

We recorded the EMG activity in both mon-
keys by placing couples of surface Ag—AgCl
electrodes over two muscles, the left extensor
digitorum communis and the deltoid. Data
were band-pass filtered between 30 and 500 Hz
(fourth-order Butterworth), rectified, and av-
eraged across trials for plotting. The muscle
activation was analyzed with 2 X 2 repeated-
measures ANOVAs (factors: condition and ep-
och, with a significance criterion of p < 0.01)
for each muscle separately.

Single neuron analyses

Single units were isolated using principal com-
ponent and template matching techniques
provided by dedicate offline sorting software
(Plexon), as described previously (Bonini et al.,
2014b).

Preliminary analyses of the recorded data
were performed to identify grasping neurons
with mirror properties. To identify grasping
neurons, we applied a one-way repeated-
measures ANOVA (4 levels of the factor ep-
och, with a significance criterion of p < 0.01)
to each neuron response in HVF™ and
HVF ~ conditions of the execution task sep-
arately: the activity had to be significantly
stronger during the hand-shaping and/or
object-holding epoch relative to both base-
line and object presentation epochs (p <
0.05, Bonferroni corrected). To identify
MNs, we analyzed the activity of grasping
neurons during the observation task: those
showing stronger discharge during hand
shaping and/or object holding relative to
both baseline and object presentation epochs
of the observation task were classified as
MNs. Each neuron was considered to be
modulated in a specific condition if it
reached a firing rate of at least 5 spikes/s in at
least 1 epoch of that condition. Neurons with

<«

and 75™ percentile times of other events of the same type.
Black arrows indicate the time of the first of a series of at least
five consecutive 100 ms bins in which population activity dif-
fered significantly between the two conditions (paired-
samples ¢ tests, p << 0.05).
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MN). In contrast, neuron 2 discharged

similarly ( p > 0.05) in the two conditions,
. thus showing no sensitivity to the hand
visual feedback (HVF ~ MN). The major-
ity of HVF * MNs showed the HVF effect
during hand—object interaction: 76%
were significantly modulated during both
the hand-shaping and object-holding ep-
ochs, 17% during the holding epoch only,
and the remaining 7% showed an HVF
- effect selectively during hand shaping.
Population analyses showed that the HVF
effect started 220 ms before hand—target

14 0 10
Shaping Holding

Figure3. A, Differential activity between HVF * and HVF ~ conditions during shaping and holding epochs in all the recorded
neurons (HVF ™ and HVF ~) with (MNs) and without (non-MNs) mirror properties. *p << 0.001. B, Correlation plot between HVF
and grasping observation activity in HVF  MNs (see Materials and Methods). The dashed line represents the function x = y. Note
that, by performing the same analysis after removal of pairs of entries in which one or both of the values exceeded 2 SDs from the
mean of their distribution (n = 3), the correlation remained significant (r = 0.4, p = 0.0013).

inhibitory responses are not included in the present dataset because
they represented <4% of all recorded neurons. Single neuron sensi-
tivity to HVF was assessed by comparing their response during hand
shaping and object holding epochs of HVE * and HVF ~ conditions by
means of a 2 X 2 repeated-measures ANOVA (factors: condition and
epoch, with a significance criterion of p < 0.01 for either condition or
condition X epoch effects). Neurons were recorded for 15 correctly
performed trials in each condition.

Possible correlation between the modulation induced by HVF (HVF
effect) and that associated with other’s observed action was assessed as
follows: the HVF effect was computed by subtracting the activity during
grasping in HVF ~ condition to the one of the corresponding epoch/s of
the HVF ™ condition based on the results of single neuron analysis. To
estimate the activity induced by other’s observed action, we subtracted
the neuron response during the object presentation epoch from that
during grasping observation in the observation task.

Population analyses

Neuronal activity was first normalized to the highest firing rate of each
neuron by taking into account both the execution and observation tasks
and then averaged across trials to obtain a population vector for each
neuron in each condition. The population response was computed by
averaging activity across neurons and analyzed with 2 X 2 repeated-
measures ANOVAs (factors: condition and epoch), followed by Bonfer-
roni post hoc tests. Because trial-by-trial data could not be used in this
case, we considered the following epochs: (1) hand shaping, the epoch
corresponding to 500 ms before pulling onset, and (2) object holding, the
500 ms epoch after the same event.

Results
We recorded 376 grasping neurons from the ventral premotor
area F5 of the two monkeys. Almost half of them (n = 181,
48.1%) showed mirror properties (MNs), whereas the remaining
did not respond during action observation (non-MNs, n = 195,
51.9%). Only 3.5% of the recorded neurons discharged stronger
during grasping in the dark than in the light (n = 3 MNs, n = 10
non-MNs): due to their low number, these cells were not consid-
ered in the subsequent analyses. Importantly, a higher propor-
tion of MNs (54/178, 30.3%) than non-MNs (21/185, 11.4% x>
=19.95, p < 0.001) discharged more strongly when the HVF was
available.

Figure 2A shows examples of the recorded MNs. Neuron 1
discharged stronger during the HVF * than the HVF ~ condition,
thus being influenced by monkey’s hand visual feedback (HVF *

Light - dark (spk/s)

contact, but it characterized the whole
object-holding epoch in HVF © MNs (Fig.
2B). Interestingly, although not signifi-
cant when assessed at the single neuron
level, a significant HVF effect emerged
also among HVF ~ MNs when considered
at the population level (interaction condi-
tion X epoch: F; 1,3y = 28.14, p < 0.001),
but only during the object-holding epoch
(Bonferroni post hoc p < 0.001; Fig. 2C). This did not occur
among HVF ™ non-MNs despite their high number (n = 164),
suggesting that the HVF influences more specifically the response
of the neurons with mirror properties.

To better scrutinize this effect, we performed a 2 X 2 repeated-
measures ANOVA on the light—dark differential activity during the
hand-shaping and object-holding epochs, including neuronal cate-
gory (MNs and non-MNs) as an additional grouping factor. The
results showed significant main effects for both factors (p < 0.001),
as well as a significant interaction effect (F(, 55,y = 4.63, p = 0.03):
Bonferroni post hoc tests indicated that MNs are more affected by the
HVF than non-MNs (p < 0.001) during the hand—object interac-
tion (holding) epoch (Fig. 3A). In addition, the modulations in-
duced by the HVF and other’s observed action on HVF* MN
activity were positively and significantly correlated (r = 0.74, p <
0.001), suggesting that these neurons process in a similar way the
visual information on self and others’ action (Fig. 3B).

20 30 40

Control behavioral data

Both monkey (Fadiga et al., 2013) and human (Winges et al.,
2003) studies suggest that grasping in the dark can cause an in-
crease of the reach-to-grasp time relative to grasping in the light.
However, this does not affect hand shaping (Winges et al., 2003),
particularly when the availability of visual feedback is unpredict-
able until movement onset (Jakobson and Goodale, 1991), as in
the case of our task. Indeed, we found that the reaching time did
not differ between HVF * and HVF ~ conditions in either mon-
key (Fig. 4A).

In further control experiments, we recorded EMG activity
during HVF ¥ and HVF ~ conditions, as well as during grasping
observation (Fig. 4B). It is clear that, for both the proximal (del-
toid) and distal (extensor digitorum communis) recorded limb
muscles, no modulation occurred during action observation,
which is consistent with previous MN studies with different par-
adigms (Kraskov et al., 2009). Furthermore, no significant differ-
ence was observed between muscle activity during HVF " and
HVE ™ conditions in either monkey, thus supporting the idea that
the modulations of neuronal activity reflect the processing of own
hand visual feedback during object grasping.
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Figure4. A, Reaching time during graspingin HVF * and HVF ~ conditions. Although the two animals performed the action at different speed, there is no significant difference between the two
experimental conditions (Mk1:t = 0.14, p = 0.89; Mk2: t = 1.66, p = 0.17). B, EMG activity during grasping in HVF  and HVF ~ conditions and during the observation of others’ action. EDC,

Extensor digitorum communis; Delt, deltoid.

Discussion

The main goal of this study was to verify whether, and to what
extent, the motor discharge of area F5 MNs, which typically fire
during the observation of others’ action, also encodes the visual
feedback of monkey’s own hand during action execution. Previ-
ous studies described neurons influenced by HVF in the ventral
premotor (Raos et al., 2006; Fadiga et al., 2013), dorsal premotor
(Raos et al., 2004), and posterior parietal (Sakata et al., 1995;
Battaglia-Mayer et al., 2001; Bosco et al., 2010; Maeda et al., 2015)
cortex, but nothing was known concerning MNs, fueling the
original idea (Gallese et al., 1996) that these cells are specifically
sensitive to the sight of others’ action.

Here, we report that the motor discharge of ~30% of F5 MNs
isinfluenced by HVF. However, alternative interpretations of this
finding need to be considered. For example, the HVF effect could
have been caused by possible differences in the monkeys’ perfor-
mance of the task during light and dark conditions. To avoid this
problem, we designed the task on the basis of previous studies
(Winges et al., 2003) to render the visibility of both the hand and
the target object not necessary for action execution. In particular,
monkeys were overtrained in performing the task, the availability
of HVF was unpredictable until the go signal, and the fixation
point remained visible on the center of the object during the
whole trial to provide a visual guidance during grasping in the
dark. Indeed, the similarity of reaching times and EMG activation
profiles recorded during HVF " and HVF ~ conditions in both
monkeys suggest that the lack of HVF does not alter the monkeys’
performance and thus cannot account for the HVF effect on neu-
ron discharge. Another possible interpretation is that the HVF
effect depends on the sight of the target object. However, even
this interpretation is unlikely because virtually all (48/54) HVF *
MN:s failed to show any significant activation to the visual pre-
sentation of the target. Furthermore, recent single neuron studies
on inferior parietal lobule, a crucial source of visual information
for area F5 (Rizzolatti et al., 2014), used videos of actions in which
the presence/absence of the target object could be accurately ma-
nipulated (Pani et al., 2014; Maeda et al., 2015) and showed that
neurons with mirror-like properties discharged similarly during
action observation regardless of the presence/absence of the tar-
get object. Our finding that the HVF influences F5 MN activity
during hand-object interaction (when the monkey’s hand hides

the object), together with the previous data, suggest that the sight
of the grasping hand, rather than of the object or the hand visual
image by themselves, is the crucial factor that modulates F5 MN
activity.

We also showed that MNs are particularly sensitive to HVF
relative to non-MNs, although both of these types of cells do
activate during grasping execution. In addition, even those MNs
that did not show a significant HVF effect when analyzed indi-
vidually did show a significant modulation at the population
level. This effect was specific for MNs because it did not occur in
grasping neurons lacking mirror properties, despite their even
higher number, and it specifically occurred during the hand—
object interaction phase (Fig. 3A). These findings may appear to
be in contrast with recent data in monkeys (Fadiga et al., 2013)
showing that the discharge of more than half of F5 non-MNs
exhibited light/dark modulation. However, in that study, the in-
vestigators very likely explored mainly those sectors of area F5
devoid of visual responses (Maranesi et al., 2012), whereas mirror
and non-MNs in our study were recorded simultaneously during
the same penetrations. Indeed, Fadiga et al. (2013) found that the
majority (64%) of light/dark-modulated neurons discharged
stronger in the dark, whereas this type of neuron was virtually
absent (3.5%) in our dataset. Therefore, the HVF modulation is
very likely the result of different mechanisms and plays different
roles depending on the cortical region in which it occurs.

Why does HVF affect MNs more specifically than non-MNs?
Based on most ontogenetic hypotheses on MN origin (Del Giu-
dice et al., 2009; Casile et al., 2011; Oztop et al., 2013), all of the
cells destined to become MNs are originally sensitive to the sight
of infant’s own actions and experience-based generalization pro-
cesses would then endow neuronal responses with different de-
gree of selectivity for self- or others’ observed actions. Therefore,
the visual feedback from own hand during grasping might have
retained a particular relevance for MNs. Indeed, we found signif-
icant correlations between the magnitude of the modulation in-
duced by the HVF and that caused by others’ observed action in
HVF * MNs (Fig. 3B), supporting the idea that this particular set
of MNs can process in a similar way visual information on both
self and others’ action. The existence of neuronal populations
with selective responses for self or others’ action has also been
documented in both mesial premotor (Yoshida et al., 2011) and
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inferior parietal (Maeda et al., 2015) cortex, which are anatomi-
cally linked to area F5 (Rozzi et al., 2006; Borra et al., 2008;
Gerbella et al., 2011), suggesting that a wide system of intercon-
nected areas is involved in the processing of HVF and others’
observed actions.

MN sensitivity to own hand visual feedback during object
grasping was predicted by previous computational models (Bo-
naiuto and Arbib, 2010) suggesting that a possible additional
function of the MN system consists of self-action monitoring. If
one accepts this view, then HVF © MNs can represent a valuable
resource of neural plasticity for the fine tuning of MN properties
during sensorimotor learning (Wiggett et al., 2012; Oztop et al.,
2013).
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