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Abstract

The desynchronization of alpha and beta oscillations (mu rhythm) in the central scalp EEG
during action observation and action execution is thought to reflect neural mirroring
processes. However, the extent to which mirror neurons (MNs) or other populations of
neurons contribute to such EEG desynchronization is still unknown. Here, we provide the
first evidence that, in the monkey, the neuronal activity recorded from the ventral premotor
cortex (PMv) strongly contributes to the EEG changes occurring in the beta band over
central scalp electrodes, during executed and observed actions. We simultaneously
recorded scalp EEG and extracellular activity, Multi Unit Activity (MUA) and Local Field
Potentials (LFP), from area F5 of two macaques executing and observing grasping
actions. We found that MUA highly correlates with an increase in high gamma LFP power
and, interestingly, such LFP power increase also correlates to EEG beta *and in part also
to alpha *desynchronization. In terms of timing of signal changes, the increase in high
gamma LFP power precedes the EEG desynchronization, during both action observation
and execution, thus suggesting a causal role of PMv neuronal activity in the modulation of
the alpha and beta mu-rhythm. Lastly, neuronal signals from deeper layers of PMv exert a
greater contribution than superficial layers to the EEG beta rhythm modulation, especially
during the motor task. Our findings have clear implications for EEG studies in that they
demonstrate that the activity of different populations of neurons in PMv contribute to the

generation of the mu-rhythm.
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1 Introduction

The discovery of mirror neurons (MNs) in the monkey cerebral cortex has
stimulated the field of cognitive neuroscience by suggesting that these neurons have an
DFWLYH UROH LQ HQFRGLQJ RWKHUKN RBEWLIRID/O DS R QW W (
through extracellular recording of neurons in the premotor and parietal cortices (Fogassi et
al., 2005; Gallese, Fadiga, Fogassi, & Rizzolatti, 1996). The fact that these neurons fire
both during the observation of an action and during its execution prompted the idea that
they map the visual description of an action onto its cortical motor representation, thus
facilitating the process of recognition and imitation of the action performed by others.
Reports in humans have described what appears to be neural mirroring using methods
that are at best indirect assessments of the presence of MNs. One of these methods, the
electroencephalography (EEG), showed that preparation, execution and imagination of
movements, or the observation of movements performed by others, desynchronizes EEG
oscillations within the alpha (8-13 Hz) and beta (15-30 Hz) frequency bands recorded from
electrodes placed over the sensorimotor cortex. These alpha and beta EEG oscillations,
also known as the mu rhythm, are thought to reflect neural responses related to the MN
system (Cuevas, Cannon, Yoo, & Fox, 2014; Fox et al.,, 2015a; Muthukumaraswamy,

Johnson, & McNair, 2004; Pineda, 2005; Vanderwert, Fox, & Ferrari, 2013a)

Investigations using magnetoencephalography (MEG) have revealed that the mu
rhythm results from two different frequency components: one that peaks in the alpha band
at around 10 Hz and originates from the primary somatosensory cortex, and another that
peaks in the beta band at around 20 Hz and clusters anterior to the central sulcus. This
latter component would primarily reflect the contribution of the precentral motor cortex
(Riitta Hari & Salmelin, 1997). Several EEG studies in humans confirmed these MEG

findings and showed desynchronization in both alpha (Cochin, Barthelemy, Lejeune, Roux,
p



& Martineau, 1998; Cochin, Barthelemy, Roux, & Martineau, 1999; Muthukumaraswamy &
Johnson, 2004) and beta (Avanzini et al., 2012; Babiloni et al., 2002; Muthukumaraswamy
& Johnson, 2004) frequencies in central electrodes while subjects executed or observed
actions. Thus, both the alpha and beta EEG components may reflect the activation of
functional fronto-parietal circuits involved in sensorimotor transformations underlying

action production DQG RU LQ WKH SURFHVVLQJ Rl WIRVRD/& HQVR LEFHX

Simultaneous EEG and fMRI recordings were used as a first approach aimed at
investigating the contribution of MN activity to mu rhythm desynchronization. Using these
techniques, Arnstein and colleagues (2011) have found that the activation of different areas,
beyond the motor cortex (i.e. primary somatosensory cortex), correlate with the EEG alpha
suppression over central electrodes. Also, Ritter and collaborators (2009) have showed an
inverse correlation between suppression of the EEG central alpha and fMRI BOLD activity
in the postcentral cortex, and also between the EEG beta band suppression and BOLD
activity in the precentral cortex. These studies, while suggestive of a relation between mu
suppression and MN activity, do not indicate which of the activated areas is the main
source that directly causes EEG suppression, and which neuronal population contributes
to it. More important, the use of fMRI in those studies made it impossible to know if the
neuronal populations involved during action observation and execution included or were
related to MNs. No direct evidence of the contribution of MNs to the mu rhythm has
ever been explored so far and the link between activity of MNs in premotor and parietal
regions and EEG changes recorded at the scalp level is still not understood (Fox et al.,

2015a).

In order to fill this gap, here we simultaneously recorded EEG scalp activity and,
multiunit activity (MUA) and local field potential (LFP) activity from the PMv cortex of two

adult macaque monkeys. The aim of the study was to clarify whether PMv MNs and EEG
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desynchronization reflect the same underlying mechanisms during the execution and
observation of goal-directed actions. Previous studies have investigated the relation
between spiking activity, LFP and EEG signals (Logothetis et al., 2004; Buzsaki et al.
2003). They showed that the action potential from a neuron have a short propagation
distance in the extracellular medium and EEG is an emergent signal from activity of a very
high number of neurons far more distant. The LFP gamma band instead is an index of
spikes' synchrony and can be locked in phase with low frequency oscillations (Logothetis
et al., 2004; Buzsaki et al. 2003). This is because there are a large number of neurons that
emit spikes in synchrony that generate rhythmic currents in the extracellular medium.
Thus, the information carried by the gamma band of LFP is an important connection
between the macroscopic activity of EEG and the microscopic activity at the neuronal level
(Buzsaki et al, 2012). In our study we therefore first assessed whether the firing activity of
mirror neurons and motor neurons in PMv correlated with the LFP activity in the high
gamma frequency band. Once this was established, we then analyzed the relation
between the high gamma band in the LFP signal and the EEG activity recorded at the

scalp level.

2 Materials and Methods

2.1 Animals and surgical procedures

Two captive-born and individually housed adult female rhesus macaques (Macaca
mulatta) served as subjects. The animal handling, as well as surgical and experimental
procedures, complied with the European guidelines (86/609/EEC 2003/65/EC Directives
and 2010/63/EU) and Italian laws in force on the care and use of laboratory animals, and

were approved by the Veterinarian Animal Care and Use Committee of the University of
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Parma (Prot. 78/12 17/07/2012) and authorized by the Italian Health Ministry (D.M.
294/2012-C, 11/12/2012). The monkeys were housed and handled in strict accordance
with the recommendations of the Weatherall Report about good animal practice. The well-
being and health conditions of the monkeys were constantly monitored by the institutional

veterinary doctor of the University of Parma.

A titanium head post (Crist Instrument, Hagerstown, MD, USA) was surgically
implanted on the skull using titanium screws. Later, when the monkeys were trained to
perform the tasks, a cilux recording chamber (18X18 mm, Alpha-Omega, Israel) was
stereotaxically implanted and secured with dental cement. For both procedures, each
animal was deeply anaesthetized with ketamine hydrochloride (5 mg/kg i.m.) and
medetomidine hydrochloride (0.1 mg/kg i.m.) and his heart rate, temperature and
respiration were carefully monitored and kept within physiological range. Pain medication
was routinely given after surgery: (Dexamethasone, 2mg/kg, every 12 hours, from 1 day
before to 3 days after surgery; Ketoprofen, 5mg/kg, every 12 hours for 3 days following

surgery).

2.2 Testing procedures

2.2.1 Grasping execution task (ET)

The task is illustrated in Figure 1A. The monkey sat facing a table (60X60 cm) onto
which a metallic cube was placed along the monkey body midline, at 13 cm from
P R Q N Hhafid/starting position. The monkey had to reach and grasp the object and then

place it in a small container located 10 cm to the left of the grasping location. At the
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beginning of each trial, the monkey had to keep the right hand on a handle attached to the
table for at least 1000 ms (FigurelA-l), after which, a transparent barrier was removed
WR JLYH WKH 3JR”™ VLJQDO DQG W KHWRE&MHI) ahd pac&Htth WKH F
the container (Figure 1A-Ill). A juice reward was delivered after 500-1000 ms, if the
monkey correctly executed the trial (Figure 1A-1V). The ET was run in one or more blocks
of trials and reached a minimum total of 12 trials per condition. Any trial in which the

grasping action was not properly executed was aborted and no reward was delivered.

2.2.2 Grasping observation task (OT)

This task is illustrated in Figure 1B. The monkey SAT facing a table (60X60 cm)
onto whichtwo PHWDOOLF FXEHV WKH WDUJHW KRKEMHFQWNWH\ZY U BF
one on the right and one on the left side of the experimenter (or corresponding to the ipsi-
and contralateral side, with respect to the left side recorded hemisphere). The
experimenter (or agent) sat at the other end of the table, in front of the monkey, with his
right hand resting on a starting pad located on the table between the two targets. The
monkey was trained to orient its gaze on the target object, located either on the left or right
side of the experimenter (randomly selected and indicated by a laser pointer). A task trial
started if the monkey was leaning its hand on the handle (Figure 1B-I). After 1000 ms, the
monkey had to fixate the target object (red square) and to maintain fixation for 1000 ms
(Figure 1B-11). While the monkey was fixating, the agent grasped the target object (Figure
1B-IIl). A juice reward was delivered if the monkey correctly fixated the target object for
1000 ms (Figure 1B-I1V). The monkey was also required to hold the handle throughout the
entire trial to get the reward. The release of the handle automatically aborted the trial and

no reward was delivered. Within the OT, we implemented a further condition- No grasp
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condition (NG)- in order to control for possible attentional factors. In this condition the
agent seated in front of the monkey but did not perform any grasping and kept his hand on
the starting platform throughout the trial. The monkey was required to fixate the target
object and to hold the handle throughout the entire trial to get the reward, as in the OT

task.

2.3 Task control

Contact-detecting electric circuits (Crist Instruments, MD, USA) and a PC equipped
with a customized LabView™ software (National Instruments, USA) were employed in order to
monitor and control every aspects of the tasks and align all neuronal signals with behavioral
events. The recorded events were: a) contact of the PRQNH\ H[S HU h&d @iV thé) T V
starting point; b) detachment of the PRQNH\ H[S H U hahéi fQoW khe §teiting point; c)
contact of the PRQNH\ H[S HU lhand @il Hhd fprasping target. 7KH PRQNH\{V H\}
position was monitored by means of a customized eye-tracking system composed by a 50
Hz CCD camera (Ganz, model ZC-F11CH4) and two spots of infrared light. The eye
position signal was processed through a dedicated software (University of TYbingen,

Germany) and fed to the Lab-View" software to be monitored and recorded .

2.4 Data recording

All neural signals were recorded with a 16-channel Omniplex Neural Data Acquisition
System (Plexon inc, TX, USA) with a sampling frequency of 40 KHz. Eight channels were
dedicated to MUA and LFP recordings using a linear multielectrode array (LMA; U-probe,

Plexon inc., TX, 86% ZLWK HLJKW PLFURHOHFWURGHV SDIFIRQDPH



HPEHGGHG LQ D VWDLQOHVYVY QHHGOH UMFKKHEHOMKMRWURGWRYV L
(measured at 1 KHz). The most superficial electrode was maintained at the subdural level
during recordings and served as reference electrode, while the remaining seven electrodes
were dedicated to multiunit and LFP recordings. Eight additional channels were used for
EEG recordings and were connected to an external bioamplifier (James Long Company,
NY, USA). The EEG signal was amplified, band-pass filtered from 0.1 to 100 Hz, sampled at
1 KHz, and recorded through the Omniplex recording system. The EEG signal was recorded
with a customized lycra cap (Electro-Cap International, OH, USA) designed to fit around the
recording chamber for neuronal activity and leave it accessible for MUA and LFP recordings.
The EEG cap was fitted with seven tin electrodes, with impedances kept under 20 N and
measured at 1 KHz. The electrodes were referenced to an eighth electrode, localized at the

vertex, and grounded to the U-Probe stainless needle to limit noise and artifacts.

2.5 Preliminary testing of neuronal activity

Before proceeding with the neuronal testing using our testing procedures, single and
multiunit activity were systematically tested for visuomotor properties to identify recording
sites endowed with MNs activity (Maranesi et al., 2012a; Rozzi, Ferrari, Bonini, Rizzolatti,
& Fogassi, 2008). Briefly, we required the monkey to grasp food items in various
conditions (i.e. with eyes closed, or without flexing the wrist, elbow or shoulder) enabling
us to disentangle neuronal activity related to visual stimulation, reaching or grasping
objects. Also, to exclude the possible presence of mouth-related responses, we tested any
neural activity changes related to the delivery of small pieces of food directly into the
PRXWK ZKLOH WKH PRQNH\VY H\HVVXBDOHSEHGRBWHWHG/LHWQ ZEOM

presenting the monkeys with 3D-objects (e.g. food items and solids) of different shapes,



sizes and orientations, moved in various space locations, direction and distances from the

monkey, as well as different manual actions performed by the experimenter.

2.6 Data pre-processing

MUA was extracted from raw neuronal recordings with the application of a forward-reverse
Butterworth high pass filter at 1 KHz, followed by a spike detection procedure selecting only
action potentials with an amplitude between 3 and 15 standard deviations (SD) of the
estimated signal noise. Histograms describing the spiking activity were calculated with a bin
ZLGWK RI PV DQG VPRRWKHG ZDWHKID AQLQHPBPUQA XV K HDWDHAH
were used to detect LFP with a forward-reverse Butterworth low pass filter at 500 Hz,
followed by a down-sampling of data from 40 KHz to 1KHz (to match EEG data). Finally a
linear whitening filter (Staude, 2001) and a 50 Hz notch filter were applied in order to filter
out pink noise common component of the signals. The raw EEG signal was down-sampled
to 250 Hz in order to remove power spectral density (PSD) distortion above 100 Hz, due to
the bio-amplifier internal filter. A linear whitening filter was applied, and the signal was up-
sampled to 1 KHz to match the LFP sampling frequency. Finally, a 50 Hz notch filter was

applied.

2.7 Behavioral epochs

All recorded brain signals were analyzed and compared considering two epochs =*
baseline and stimulus *of 500 ms duration for each task. The baseline epoch for both ET
and OT was recorded during the first 500 ms of the trial, when the monkey remained still

and was leaning her hand on the handle. The stimulus epoch for ET started at the
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P R Q N Hhafid/approaching and contacting the object and ended 500 ms later, while for
OT it corresponded to the 500 ms preceding the D JH QN#fdvcontact with the target

object.

2.8 Spectral analysis

All data pre-processing and analyses were performed in Matlab (R2013A, Mathworks,
USA). Multi-taper spectrograms, for both LFP and EEG, were calculated, using Chronux =+
a Matlab-based software package (Mitra & Bokil, 2008) *on data segments of 7 sec,
centered on the agent (OT) or the PRQNH\ (7 KDQGTW th& ap)ach Bighals L W
were band-pass filtered from 7 Hz to 100 Hz. All spectrograms were computed using a
moving window of 1 sec (time step=10 ms) with a bandwidth of 3 Hz and using 5 tapers.
The baseline PSD was subtracted to every calculated time =+ frequency bin of the
spectrograms expressed in dB. All trials were averaged. Three frequency bands were
considered for all subsequent data analyses: EGG alpha (7-15 Hz), EEG beta (15-31 Hz)

and LFP high gamma (63-100 Hz).

2.9 Correlation analysis

The correlation analysis between spiking activity and EEG was performed in two steps. In
the first step, we aligned spike emission and LFP power using the Spike Triggered Time
Frequency Average (STTFA) method (Ray, Hsiao, Crone, Franaszczuk, & Niebur, 2008).
The STTFA was calculated by first creating LFP segments of 7 seconds around the
emission of each spike. All spike-centered LFP segments were then averaged for each
trial and across all trials. To compensate for the time H#requency components that are not

phase-locked to the spikes, the STTFA data needed to be normalized. This normalization

*p "



consisted in subtracting a randomized STTFA (rSTTFA) from the original STTFA data
(dSTTFA). The rSTTFA was created by calculating an STTFA on randomly generated
spikes.

The normalized STTFA zhere denoted nSTTFA xwas calculated as follows:
J566(# sr :Z5%@566(F Z'%N566(#
This analysis was performed on the data recorded from all microelectrode depths.

In a second step of our correlation DQDO\VLY ZH FDOFXODWHG 3HDU
coefficients between LFP and EEG power. The Pearson correlation coefficients were

calculated between LFP (high gamma) and EEG (alpha and beta) signals as follows:

P - TR
?KN,M%MﬁLm—A

A

€y, €4
where:

~ ~

vvdl ST 1 Z5%08, 5,0 F Z 0%, 5, A

AcEL ST i Z5%5 6 F Z %% &
DQG GHQRWH 3WWLRMDOQEDVHOUGINSHFWLYHO\ 7KH FRUUHOD
REWDLDOWH®J WKH 3HDUVRQ FRUUHODWLRQ WRHHII((FLHQMWRMNDE
SRVLWLRQV ZLWK FXELF VSOLQHYV HRA¥YHG DQVDO@L AF®Q FHC
WKH PDSV ZHUH FRQVWUXFWHG WKH WRIQDL IFFEDQHE DAHYRD D
HQWLUH PDSV ZDV FDOFXODWHG AKIHVKROQUMHDW LR Y HFRFRIQ P U
SUREDELOLW\ FORVH WR WKBH VLIQAKLVDRWFIHVHUILWEUZRY WK
HVWDEOLVK WKH FRORU WKUHVKRO® I\ RKHVERQIRUFWQ WHS R R/d

EHAMHQ (7 \HOORZ DQG 27 JUHHQ GQXXPWRUGLIIHUHQFH LQ W
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2.10Time-course analysis of alpha and beta EEG activity and high gamma

LFP activity.

We performed a time course analysis in order to detect the onset time of the rise of high-
gamma LFP activity and the onset time of the alpha and beta EEG suppression, for ET,
OT and No-grasp. Note that the No-grasp condition was subtracted from OT, in order to
remove any signal changes not directly related to the observed grasping actions. We then
used the onset time values to calculate the latency time between LFP increase and EEG
suppression for both ET and OT-No Grasp.

The EEG and LFP time-frequency data from each electrode were first averaged across all
trials and then multiple Wilcoxon rank *sum tests were applied, along the entire trial
duration, between the baseline activity (50 bins of 10 ms), from 1250 ms to 750 ms before
the KD Q Gofitdct with the object, and a 100 ms moving window (10 bins of 10 ms), with a
time step of 10 ms. The Bonferroni correction for multiple comparisons was applied to all
Wilcoxon rank sum tests.

The onset time of both EEG suppression and LFP increase was defined as the first time
after 10 consecutive statistically significant tests. Finally, the onset times were averaged
across the four central EEG electrodes and across all the seven LFP electrode depths and
the difference between the resulting values was calculated to detect the LFP-EEG latency

time.

2.11Statistical analysis

7KH PHDQ 36" IRU VWLPXOXV DQG EDVHG LQH HDFRFWW IZIHOQ H R

DQWKH3I 7KH VWDWLVWLFDO VLJQLILFDQRHWR P XMXOHY OLQIG EHDQ

ZDV FDOFXODWHGVRY?P SQ@HBODLVYVHREGEHSDUDWHO\ IRU HDFK

I[UHT X
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DOSKD EHWBPD®AQG KLJK JDPPD $ VLJQBSILFDADAHXAUHGVHUL

7KH Q677)%$ VWDQ&DW G- HZHRIW FDOFXODWHG IRU HYHU\ WULD

IRUPXOD

%_‘x's”es%‘(\# GillA
5aIII<,°|— &

JAOLEGAO

'KHUM.jj,o DQ@%jij,o0 DUH UHVSHFWLYHO\ WKH VWDQGDUG G
UDQGRPL]JHG 677)$ RYHU DOO VSLNB VEIGHGWKHHI QWREBDO® RDYG

HYHU\ WULDO

2.12Histological assessment of recording sites

At the end of the neurophysiological experiments, electrolytic lesions (10 IA cathodic
pulses per 10 s) were performed in one monkey at known coordinates, in order to delimit
the external borders of the studied region and to allow the subsequent anatomical
reconstruction of the penetration grid. At 1 week after the lesions, the monkey was
DQDHVWKHWL]HG ZLWK NHWDPLQH LKPGUIRFKXORAH G E\ LPWWDN
injection of pentobarbital sodium and perfused through the left cardiac ventricle with saline,
3.5 #% paraformaldehyde and 5% glycerol in this order, prepared in phosphate buffer 0.1
M, pH 7.4. The brain was then removed from the skull, photographed, cryoprotected, and
then frozen and cut in coronal sections. Each second and fifth section of a series of five

was stained using the Nissl method (Maranesi et al., 2012b).

Subsequently, the cytoarchitectonic features of the primary motor and premotor cortices
were identified according to the criteria of Belmalih and colleagues (2007, 2009). In

particular, the convexity of area F5, in its most rostral part, is characterized by a relatively
A



poor lamination, by an overall small cell size of layer Il and V pyramids, and by a radial
organization in layers IlI, V and VI. Considering that cytoarchitectonic features often
change gradually from one region to another, the borders between adjacent areas have

been established based on previous published work (Maranesi et al., 2012b).

3 Results

Neuronal spiking activity and LFP signals were recorded from the hand sector of area F5
of the left hemisphere of two behaving macaques. We first characterized the neuronal
properties of F5 area through systematic testing. After having identified the cortical sector
containing MNs, we carried out a series of cortical penetrations in which single unit, MUA
and LFP were simultaneously recorded with scalp EEG. This report includes data from
four recording sessions (i.e. four multielectrode penetrations, each paired with EEG scalp
recording). Overall, we analyzed the data from a total of 104 trials for the grasping
execution task (ET) (50 trials in M1 and 54 in M2) and 151 trials for the grasping

observation task (OT) (65 trials in M1 and 86 in M2).

Figure 2 illustrates the results of the EEG, LFP and MUA recordings. First, we found
a robust task-related EEG power spectrum density (PSD) modulation. Specifically, the
EEG spectrograms showed a statistically significant decrease in power in the alpha and
beta frequency bands (blue color, p<0.05), for anterior and central electrodes (number 1 to
5, Figure 2B) during both ET and OT. In contrast, an increase in power (red and yellow
color, p<0.05) was found in beta, gamma and high gamma frequency bands over the
posterior scalp locations (number 6 and 7, Figure 2B). The mean MUA firing rate is
presented in Figure 2C (black lines overlaying the spectrograms). Overall, for all

microelectrodes, the firing rate increases and reaches a peak when the hand of the
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monkey (ET) or the experimenter (OT) touches the target object (dashed vertical lines).
The firing rate during the grasping epochs (see Behavioral epochs in Methods section),
averaged across all electrodes (not showed), was significantly different from their
respective baselines in ET (baseline=38.9 + 1.7 Hz, stimulus=71.5 = 2.5 Hz, t=7.95, df =
12, p <0.0001) and in OT (baseline=43.1 + 1.2 Hz, stimulus=61.9 + 0.6 Hz, t=9.60, df = 12,
p <0.0001; paired two-tailed t-test), confirming that we recorded neurons with clear motor
and mirror properties. Finally, LFP spectrograms (Figure 2C, color maps) showed a
significant increase of the PSD in the high gamma frequency band and a significant
decrease in the beta frequency band, around the hand contact with the object (vertical

dashed lines), for both tasks (ET and OT) and in all microelectrodes.

3.1 Correlations between MUA and LFP

To analyze the relationship between MUA spiking activity and the LFP differential power
(see Spectral analysis in the Materials and Methods section), we calculated the normalized
Spike Triggered Time Frequency Average (nSTTFA), which consists in the averaged
power spectrum of the LFP associated with spike emission (see Correlation analysis in
Methods section). We included an average of 21162 and 33755 spikes for each
microelectrode in ET and OT, respectively. Figure 3 shows the result of the nSTTFA where
the red to yellow color maps denote significant LFP power increase (p<0.01) associated
with spike emission and implies a positive correlation, while the blue color range
represents significant power decrease (p<0.01) implying a negative correlation. The green
color represents values that did not show any significant change in power (in dB). We
observed a high and positive correlation between LFP in the high gamma band and

spiking activity at all microelectrodes depths. Spikes and LFP high gamma oscillatory
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signals showed an increase in activity during both ET and OT, thus validating the use of

LFP high gamma activity as a reliable index of MNs MUA spiking activity.

3.2 Correlations between LFP and EEG

WH LPSOHPHQWHG D VHULHV RIiQHDWEFRWD YWR FRRAigMHRMBAY R QN3
activity with EEG activity in the alpha and beta bands at each scalp location (Figure 4; See
also the same plot for the two separated monkeys on Supplementary Figure 1 and 2). The
colors represent the correlation coefficients and the significance thresholds (ST) of the
correlations for p<0.05 (ST = -0.19 (yellow) for ET; ST = -0.16 (green) for OT). The
correlation maps between the EEG alpha and LFP high gamma bands did yield few
significant values over central-frontal electrodes, which are somehow more evident in the
correlation matrix of non-interpolated data (See Supplementary Figure 3). However,
extensive and significant negative correlations were found between EEG beta and LFP
high gamma frequency bands, during both ET and OT tasks (See also correlation matrix in
Supplementary Figure 3). Indeed, for ET we found an inverse correlation between the
central EEG electrodes and the microelectrodes located at 750 to 1250 pym in the cortex,
while for OT the inverse correlation involved central and frontal EEG electrodes and

microelectrodes spreading from 250 to 1500 pum in depth.

3.3LFP and EEG time course analysis

We compared the onset time of high gamma LFP power increase to that of the alpha and
beta EEG power decrease (Figure 5; see also two examples of time course in

Supplementary Figure 4). If the EEG desynchronization was appearing simultaneously or
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in anticipation to the onset of LFP increase, we would conclude that neuronal activity in the
PMv cortex has little or no contribution to the generation of the EEG desynchronization
recorded over the central electrodes. We found instead that during the ET the mean onset
of the LFP power increase preceded EEG desynchronization in the alpha band by 840 ms
(+/- 10) and in the beta band by 143 ms (+/- 22). We observed an anticipation of LFP
increase compared to the onset of EEG desynchronization also in OT. For the alpha band

the latency was 544 ms (+/- 102) while for beta band it was 145 ms (+/- 68).

3.4 Histological assessment

In order to approximately assess at which cortical depth the different microelectrodes were
recording from, we performed a histological analysis of the convexity of F5 in one monkey.
Through photographic analysis, we overlaid the linear multieloectrode array layout on the
Nissl-stained section of the recorded region. This allowed us to identify from which cortical
layers the different microelectrodes were recording and therefore to clarify whether the
correlations between LFP and EEG signals were associated with neuronal activity
generated from superficial or deeper cortical layers. This analysis revealed that, on
average, the array with its 8 microelectrodes could record at different depths covering all
the 6 cortical layers (Figure 6). Although there is variability in the cortical organization of
the layers in the F5 convexity, it was possible to estimate the positions of some electrodes
in relation to the histological properties of the PMv cortex. The results showed that our

recording sites ranged in depth from 250 P WR50 P ,Q SDUWLFXODU
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cortical layer which is characterized by relatively high density of pyramidal cells.



4 Discussion

This study is the first to investigate the relationship between spiking activity of PMv
neurons and simultaneously scalp recorded EEG mu rhythm. It shows that the activity of
mirror and motor neurons recorded from the PMv contributes to the EEG mu rhythm
desynchronization occurring over central scalp locations, during action execution and

observation.

4.1 Specificity of EEG desynchronization during action execution and

observation

The EEG data revealed a significant desynchronization in power recorded from central
electrodes in the alpha and beta frequency bands for both ET and OT tasks, and, in
contrast, a strong synchronization in these frequency bands over posterior electrodes.
These results are consistent with - and extend to action execution - previous findings from
our lab showing desynchronization in the beta band during grasping observation in adult
monkeys (CoudZ et al., 2014). They are also in line with human EEG and MEG studies in
literature describing desynchronization in both the alpha and beta bands during action
observation (Hari et al. 1997, 1998; Cochin et al. 1998; Babiloni et al. 2002;
Muthukumaraswamy and Johnson 2004a, 2004b; Muthukumaraswamy et al. 2004).
Importantly, the EEG bands, here described as sensitive to action execution and action
observation, are similar in both their spectral and topographical characteristics to the alpha
(around 10 Hz) and beta (around 20 Hz) bands that have been extensively described in
the investigations of the human mirror system (Rizzolatti, Cattaneo, Fabbri-Destro, &

Rozzi, 2014; Vanderwert, Fox, & Ferrari, 2013b).
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Although scalp EEG activity recorded in particular electrodes does not necessarily
reflect the cortical activity that is taking place directly below them, the prominence of mu
desynchronization for action execution and in central sites that overlay the sensorimotor
cortex has led researchers to consider mu desynchronization as an index of motor and/or
somatosensory cortical activation. Indeed, a recent meta-analysis of over 70 such studies
(Fox et al., 2015b) found evidence for topographical specificity to central electrode
locations for mu ERD only for execution but not for observation. The current data indicate
that, at least in the non-human primate, there is a topographic specificity of EEG
frequencies during action execution and observation and that this event-related

desynchronization is correlated with neuronal activity in the PMv.

4.2 Local field potentials as a marker of spiking activity

We found that on average the spike emission was positively correlated with the increase in
LFP power within the high gamma band, across different cortical depths. The link between
spiking activity and LFP has been supported by several investigations showing that the
power increase in LFP high frequencies (>40 Hz) may reflect the firing rate of small
neuronal populations lying near each recording electrode (Goense & Logothetis, 2008;
Katzner et al., 2009; Ray, Crone, Niebur, Franaszczuk, & Hsiao, 2008; Ray, Hsiao, et al.,
2008; Ray & Maunsell, 2011; Whittingstall & Logothetis, 2009; Xing, Yeh, & Shapley,

2009) together with other non-synaptic events (Kocsis, Bragin, & Buzstki, 1999).

The increase of the high gamma LFP power in PMv, during action observation,
probably reflects the increase of the spiking activity recorded at multiunit and single cell
level, and may be the result of the activity of MN populations in the hand sector of F5,

similarly to what was also found by Caggiano and colleagues (Caggiano, Giese, Thier, &

*)



Casile, 2015). However, a stronger correlation between high gamma LFP and spiking
activity during action execution could be the result of the activation of more than one
neuronal population. In fact, it is possible that in addition to MNs, purely motor neurons,
which represent the great majority of the neurons in this sector (Maranesi et al., 2012a),

contribute to the multiunit activity and LFP signals recorded during action execution.

4.3 Action execution/observation, LFP and EEG desynchronization

Partly in line with our expectations, the data show that there are weak significant
correlations between LFP high gamma increase and EEG alpha desynchronization in both
ET and OT. These results were somehow expected, but the correlations were relatively
modest, considering the broad literature describing desynchronization in the alpha band as
a marker of mirror activity (Fox et al., 2015b; Muthukumaraswamy et al., 2004). Our data
therefore support this view only in part. However, the current findings should be viewed
within a particular frame. First, we only recorded extracellular activity in the PMv while
MNs are located within a broader cortical network (Bonini, 2015) which includes the
parietal cortex. It is therefore possible that mirror activity in the parietal cortex better
correlates with scalp recorded EEG changes in the alpha band. In fact, other studies using
EEG, ECoG, MEG or combining fMRI and EEG have found that alpha desynchronization
is correlated with parietal activity or likely generated in the parietal cortex, with the
somatosensory cortex as a possible main cortical source (Andrew & Pfurtscheller, 1997,
Arnstein et al., 2011; Babiloni et al., 1999; Crone et al., 1998; Hari, 2006; Pfurtscheller,
2003; Pfurtscheller & Berghold, 1989; Pfurtscheller, Neuper, Andrew, & Edlinger, 1997,

Pfurtscheller, Zalaudek, & Neuper, 1998). Clearly, further studies should attempt to



reconcile the different results generated with different methodological approaches in order

to understand the nature of these cortical oscillations.

An important finding of this study is the strong inverse correlation between high
gamma LFP activity and beta EEG desynchronization during both execution and
observation of grasping actions. During execution, the correlations were specifically
distributed over the central electrodes and the highest correlation coefficient was present
at 1250um. Histological assessments confirmed that the highest levels of correlation
between LFP and EEG were present in electrodes mainly located around deeper cortical
layers (likely around the 5"), which are characterized by rich pyramidal cells and
represents the main motor output of this cortical sector. It is therefore likely that EEG
desynchronization within the beta band during ET is the result of the activity of populations
of motor neurons in the PMv cortex associated with the control of grasping movements.
However, our data do not exclude the possibility that other cortical sectors contribute to the
source of this signal. Our data also confirm findings first presented by Hari and colleagues
(1997; 1998) in which they reported, using MEG with human participants, beta
desynchronization in the PMv cortex during both action execution and action observation.
More recent studies showed that observing and executing actions recruit a broader
network which includes, in addition to the classical parietal-premotor network, the
intraparietal sulcus, the primary motor cortex, the dorsal premotor cortex, and the
supplementary motor areas (Bonini, 2015; Bruni et al. 2017). Thus, neurons in the PMv
might represent one key hub of this extended mirror network contributing, more or less
directly, to the EEG mu rhythm desynchronization.

For OT, the correlations were more distributed across different microelectrode
depths than for ET, likely including the 2" and 3" layers. The highest level of LFP-EEG

correlation was present over the central EEG electrodes, while it was not significant over



the occipital electrodes. The fact that the correlations are extended across different
microelectrodes depths possibly reflects the activity of a broader cortical network, with
input and output currents from/to the PMv cortex that contribute to the generation of the
EEG desynchronization recorded over central electrodes during action observation. The
analysis of the time course of LFP and EEG activity showed that during grasping execution
and observation the LFP power increase in the high gamma band anticipates the EEG
desynchronization in both the alpha and beta bands. This finding would be compatible with
the idea that the neuronal activity in the premotor cortex could play an important role in the
generation of the signal recorded at the level of the scalp in the central electrodes.
However, it must be noted that the timing of anticipation of LFP in the beta band is shorter
(approximately 150 ms for both the OT and ET) than the alpha band (approximately 550
ms for the OT and 850 ms for the ET). Such finding could be interpreted by the fact that
the spiking activity of neurons in F5 probably have a more profound impact on the brain
structures that are nearby the recording electrodes, and could contribute to the rapid EEG
changes observed in the beta band. Longer latencies observed between LFP-alpha EEG
compared to LFP-beta EEG probably reflect the fact that the brain activity changes
recorded over the scalp are linked to a network that is less functionally connected to the
premotor cortex. This result would further support the correlation analysis discussed
previously, and overall would further strengthen the hypothesis that the EEG
desynchronization within the beta frequency band has its main source in the motor cortex.
Further studies, however, should better investigate the possible causal link between LFP
activity and the EEG desynchronization.

These findings represent the first evidence that the activation of neurons in the PMv
cortex correlates with EEG desynchronization in the beta band. This supports the
hypothesis that the pattern of desynchronization within this specific EEG frequency band is

an important marker of neuronal activity and, more specifically, that it is highly correlated
n"



with the activity of MNs in the PMv cortex during action observation. There is growing
evidence from MEG and ECoG studies that the beta rhythm originates predominantly in
the motor cortex (Collinger et al., 2014; Crone et al., 1998; Hari et al., 1997; Hari, 2006).
Most of these studies have investigated this rhythm during the planning or the
performance of voluntary movements and through the analysis of cortex-muscle
coherence in isometric muscle contraction (Salenius, Portin, Kajola, Salmelin, & Hari,
1997). Studies using MEG have consistently found desynchronization around 20 Hz over
the primary motor cortex during observation, hearing and execution of actions involving the
hand or the mouth (Caetano, JousmSki, & Hari, 2007; Hari et al., 1998; JSvelSinen,
Sch¥Yrmann, & Hari, 2004; Nishitani & Hari, 2002). Our data for ET support these findings.
The OT data seems to only partly support this hypothesis as the correlation pattern seems
to be more distributed along the different depths of the cortex, thus suggesting that during
action observation, the PMv could represent an important node in a network that likely
involves other cortical areas. Therefore, not only the neuronal output, but also the input
from other regions seems to be important in contributing to the EEG beta

desynchronization.

The pattern of correlation between high gamma LFP and EEG found during
grasping observation revealed two important features: 1) it is more distributed at different
electrode depths, and 2) it is more prominent in the anterior/central electrodes. Since we
have recorded in an area previously selected for the richness of MNs at all electrode
depths, it is very likely that the type of neurons that contribute to this pattern are MNSs.
However, the presence of such correlation at all cortical depths suggests that both the
input and the output from area F5 might contribute to generate the EEG

desynchronization.
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Legends

Figure 1 Tasks. A) Grasping execution task (ET). A-l) The monkey has his right hand at
rest on the starting handle for at least 1000ms (baseline). A transparent barrier is in place
between the monkey and the target object. A-ll) The barrier is removed (go signal). The
monkey is reaching and grasping the target object; A-Ill) The monkey places the object in
the container; A-IV) A liquid reward is delivered if the task is successfully executed. B)
Grasping observation task (OT). B-I) The agent and the monkey have their hands in the
starting position; B-Il) The monkey fixates the target object; B-1ll) The agent grasps the

object; B-1V) The monkey receives a liquid reward if the trial is correctly executed.

Figure 2 Simultaneous recording of EEG from scalp electrodes, and of MUA and LFP from

a linear multielectrode array (LMA) during grasping execution (ET) and observation (OT).

#*u

7K



A) Schematic view of the monkey head with approximate position of scalp electrodes and
single-unit recording chamber. In inset, diagram of LMA layout indicating relative electrode
depth. B) Spectrograms of the EEG signal recorded from seven different sites on the
scalp. Yellow and red colors denote significant power increase (synchronization), while
blue color shows significant power decrease (desynchronization). Green color denotes not
significant variations. In inset: enlarged view of two EEG spectrograms. C) Spectrograms
of LFPs (color map) and MUA histograms (black line) recorded at different electrodes. In
inset: enlarged view of two LFP spectrograms/MUA histograms. For all graphs the activity
is aligned with the hand contact with the target object during grasping (indicated by the
vertical dashed line at time = 0). The horizontal dashed lines separate the frequency
bands of interest (from top to bottom: high gamma +not showed for EEG, low gamma,

beta and alpha).

Figure 3. Spike-Triggered Time-Frequency Average (STTFA). The color maps represent
the averaged PSD of the LFPs time-aligned with neuronal spike emission (time = 0).
Yellow and red colors represent significant PSD increase (i.e. direct correlation PSD-spike
emission), while blue color denotes significant PSD decrease (i.e. inverse correlation PSD-

spike emission). p values <0.01.

Figure 4. Maps of Pearson { orrelation coefficients calculated between the LFP high
gamma band, recorded at each microelectrode, and the EEG alpha and beta bands
desynchronization, recorded at each EEG scalp location. The significance thresholds are

in the yellow color range for ET and in the green color range for OT. p values <0.05.

Figure 5. Mean latency (in milliseconds +/- SEM) between the onset time of EEG

desynchronization and LFP power increase.

Figure 6. Histological assessment. (A) Lateral view drawing of the macaque brain; the

dashed line indicates the level at which the coronal section, shown in B, was taken. (B)
#"



Coronal section drawing where the dashed box indicates the location of the
photomicrograph shown in C. (C) Photomicrograph of the Nissl-stained section. (D)
Schematic drawing of the linear multielectrode array (LMA) superimposed on a high
magnification view of the cytoarchitectonic area F5c. The location of the photomicrograph
is indicated by the dashed box in the photomicrograph shown in C. Roman numerals
correspond to the different cortical layers. White squares indicate the relative depth (in Bn)
of the LMA electrodes. C, central sulcus; Cg, cingulate sulcus; IA, inferior arcuate sulcus;
IP, intraparietal sulcus; L, lateral sulcus; Lu, lunate sulcus; P, principal sulcus; SA, superior

arcuate sulcus; ST, superior temporal sulcus.
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