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Abstract

Mirror neurons (MNs) are a class of cells originally discovered in the monkey ventral premotor cortex (PMv) and inferior
parietal lobule (IPL). They discharge during both action execution and action observation and appear to play a crucial role
in understanding others’ actions. It has been proposed that the mirror mechanism is based on a match between the visual
description of actions, encoded in temporal cortical regions, and their motor representation, provided by PMv and IPL. How-
ever, neurons responding to action observation have been recently found in other cortical regions, suggesting that the mirror
mechanism relies on a wider network. Here we provide the first description of this network by injecting neural tracers into
physiologically identified IPL and PMv sectors containing hand MNs. Our results show that these sectors are reciprocally
connected, in line with the current view, but IPL MN sectors showed virtually no direct connection with temporal visual
areas. In addition, we found that PMv and IPL MN sectors share connections with several cortical regions, including the
dorsal and mesial premotor cortex, the primary motor cortex, the secondary somatosensory cortex, the mid-dorsal insula and
the ventrolateral prefrontal cortex, as well as subcortical structures, such as motor and polysensory thalamic nuclei and the
mid-dorsal claustrum. We propose that each of these regions constitutes a node of an “extended network”, through which
information relative to ongoing movements, social context, environmental contingencies, abstract rules, and internal states
can influence MN activity and contribute to several socio-cognitive functions.
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Introduction

Observing others’ action recruits the motor system. Indeed,
Stefania Bruni and Marzio Gerbella contributed equally to this mirror neurons (MNs), originally discovered in the monkey
work. ventral premotor area F5 (di Pellegrino et al. 1992; Gal-
lese et al. 1996; Rizzolatti et al. 1996) and inferior parietal
areas PFG and AIP (Fogassi et al. 2005; Rozzi et al. 2008;
Pani et al. 2014; Maeda et al. 2015), become active dur-
ing both action execution and observation of others’ action.
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This property has prompted the idea that the ‘mirror mecha-
nism’ plays a role in the understanding of other’s actions,
by matching their visual description with the corresponding
motor representation in the observer’s brain. What is the
anatomical substrate underlying this visuomotor matching?

It is widely assumed that the superior temporal sul-
cus (STS) is the main source of visual information about
others’ action (Barraclough et al. 2009; Jellema and Per-
rett 2006; Perrett et al. 1989). In fact, STS projects to the
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inferior parietal areas PFG and AIP, which in turn are linked
with the ventral premotor area F5 (Rozzi et al. 2006; Borra
et al. 2008; Bonini et al. 2010; Gerbella et al. 2011; Nelis-
sen et al. 2011). However, accumulating evidence in the last
decade indicates that this picture of the MN network is, at
least, too simplistic (see Ferrari et al. 2009, 2017; Rizzolatti
et al. 2014; Bonini 2016). Neurophysiological studies in the
monkey have shown that neurons with properties similar to
those of hand MNs are also present in the primary motor
(Tkach et al. 2007; Dushanova and Donoghue 2010; Vigne-
swaran et al. 2013), dorsal premotor (Cisek and Kalaska
2004; Tkach et al. 2007), and mesial frontal cortex (Yoshida
etal. 2011). In addition, anatomical (Borra et al. 2011; Ger-
bella et al. 2013, 2016a) and functional (Nelissen et al. 2005,
2011; Raos and Savaki 2016; Simone et al. 2017) evidence
suggests that also prefrontal areas and basal ganglia could
be included in an extended MN network.

Although MNs are present in large sectors of premo-
tor (Maranesi et al. 2012) and parietal regions (Rozzi et al.
2008), they are often densely clustered in functional spots
(Gallese et al. 1996; Kraskov et al. 2009; Bonini et al. 2010;
Maeda et al. 2015). Since, neural tracing experiments typi-
cally targeted the core of architectonic areas, such as F5
(Matelli et al. 1986; Gerbella et al. 2011) and PFG (Pan-
dya and Seltzer 1982; Rozzi et al. 2006), it is possible that
previous neural tracing experiments did not hit the cortical
sectors that contain a high density of MNs. Such limitations
left unclear the anatomo-functional link between neuronal
properties and anatomical connections. To overcome this
problem, here we first employed electrophysiological tech-
niques to identify the parietal and premotor sectors hosting
hand MNs, and then we injected neural tracers to assess
their specific pattern of cortical and subcortical connections.

Materials and Methods

Experiments were carried out on three adult macaque mon-
keys (Macaca nemestrina), one male (Mk1) and two females
(Mk2 and Mk3). All monkeys were previously employed in
extensive electrophysiological studies of parietal (Fogassi
et al. 2005; Bonini et al. 2010) and premotor (Bonini et al.
2010; Maranesi et al. 2012, 2013) MNs, and in an anatomi-
cal study of the insula (Jezzini et al. 2015), allowing a pre-
cise anatomical identification of the sectors where MNs were
mostly located.

The animal handling, as well as the surgical and experi-
mental procedures complied with the European law on
the humane care and use of laboratory animals (directive
2010/63/EU), they were authorized by the Italian Ministry
of Health (D.M. 294/2012-C, 11/12/2012) and approved by
the Veterinarian Animal Care and Use Committee of the
University of Parma (Prot. 78/12 17/07/2012).
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Electrophysiological recordings, choice
of the injections location, and functional
characterization of the injected sectors

Neuronal activity was recorded by means of single glass-
coated microelectrodes (impedance 0.5-1 MQ) inserted
through the intact dura. The microelectrodes were mounted
on an electrode holder and connected to a computer-con-
trolled microdrive. The electrode holder was fixed to a
stereotaxic arm mounted on the monkey head-holder, to
move the electrode over the region of interest. A dedicated
software package (EPS, Alpha Omega, Nazareth, Israel)
allowed us to control the microdrives for the vertical elec-
trode displacement. During each experimental session, the
electrode was inserted through the intact dura until the first
neuronal activity was detected. The electrode was then
deepened into the cortex in steps of 500 um.

Neuronal activity was filtered and amplified through
a dedicated system (MCPplus, Alpha Omega, Nazareth,
Israel), and then sent to an oscilloscope and an acoustic
amplifier (Grass Technologies, West Warwick, USA). The
signal could also be sent to a dual voltage—time window
discriminator (Bak Electronics, Germantown MD) to iso-
late single neurons’ action potentials. Then, isolated spikes
were fed to a PC to be recorded, stored and subsequently
analyzed in relation to the behavioural events of interest.

Contact-detecting electric circuits were employed to gen-
erate TTL signals in correspondence of the main behavioural
events. These signals were sent to the PC and stored in par-
allel with the neuronal activity, enabling to subsequently
align the neurons activity with the behavioural events of
interest (e.g., the contact with the object during monkey’s or
experimenter’s grasping; see Rozzi et al. 2008 and; Maranesi
et al. 2012 for further details). Response histograms were
constructed by averaging at least ten trials.

The regions to be injected were selected on the basis of
the results obtained during the previous electrophysiologi-
cal experiments (Fogassi et al. 2005; Bonini et al. 2010;
Maranesi et al. 2012). We targeted the specific parietal and
premotor sectors where hand MNs were mostly recorded.
By means of the methodology employed in previous studies
(Rozzi et al. 2008; Maranesi et al. 2012), we provide a func-
tional description of the injected sector in terms of proper-
ties of single neuron and multiunit activity identified at each
recoding depth (“site”) in each penetration, focusing on a
2.5 X 2.5 mm region centered on the injection’s coordinates.

Tracers injections and histological procedures

Retrograde neural tracers were injected through the intact
dura, at specific coordinates of the recording grid in PMv
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(Mk1 and Mk2) and IPL (Mk2 and Mk3), corresponding
to the core of functionally identified hand MN sectors.
A recording session performed immediately before the
tracer injection was carried out to confirm the presence
of reliable hand mirror neuron activity. Electrodes and
injecting needles were inserted through the same guiding
tube, left in place for all the recording/injection session.
Tracers were slowly pressure injected about 1.2—1.8 mm
below the cortical surface through a Hamilton microsy-
ringe (Reno, NV). In PMv of Mk1, we injected Fast Blue
(FB, 3% in distilled water, Drilling Plastics GmbH, Breu-
berg, Germany). In PMv and IPL of Mk2, we injected
cholera toxin B subunit, conjugated with Alexa 488 and
Alexa 594 (CTB-g and CTB-r, 1% in phosphate-buffered
saline; Molecular Probes), respectively. In IPL of Mk3,
we injected wheat germ agglutinin (WGA, 4% in saline;
Vector Laboratories, Burlingame, CA). The details of the
injections are provided in Table 1.

About 1 week before killing the animals, electrolytic
lesions (10 pA cathodic pulses per 10 s) were performed
at known coordinates at the external borders of the
recorded regions. After electrolytic lesions and appro-
priate survival period for tracers transport (14 days for
FB, CTB-g and CTB-r, and 2 days for WGA), each ani-
mal was deeply anesthetized with an overdose of sodium
thiopental 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.
Each brain was then blocked coronally on a stereotaxic
apparatus, removed from the skull, photographed, and
placed in 10% buffered glycerol for 3 days, followed by
20% buffered glycerol for 4 days. Finally, each brain was
cut frozen into coronal sections of 60 pm thickness. In
Mk1 and Mk2, in which FB and CTB were injected, one
section of each five was mounted, air-dried and quickly
cover-slipped for fluorescence microscopy. In Mk3, one
section of each five was processed for WGA immunohis-
tochemistry. For all monkeys, each second and fifth sec-
tion of a series of five was stained using the Nissl method
(thionin, 0.1% in 0.1 M acetate buffer, pH 3.7).

Reconstruction of the injection sites, identification
of the recorded regions, distribution of labeled
neurons and quantitative analysis

The criteria used to histologically identify the injection
sites and to recognize the neural tracers labeling have been
described in previous studies (Luppino et al. 2003; Rozzi
et al. 2006). All the injection sites presented in this study
were completely confined within the cortical gray matter.
Their location was reported on a two-dimensional (2D)
reconstruction of the injected hemisphere (Figs. 1a, d, g,
2). The penetration grid was reconstructed based on elec-
trolytic lesions, stereotaxic coordinates, penetrations depth
and observed functional properties, and finally superim-
posed onto the anatomical reconstruction. In addition, to
define the areas involved by the injections, cytoarchitectonic
features of IPL and PMv areas were identified according to
the criteria defined by Gregoriou et al. (2006) and Belmalih
et al. (2009), respectively.

The distribution of retrograde cortical labeling was plot-
ted in sections spaced 600 um apart from each other, together
with the outer and inner cortical borders, using a computer-
based charting system. The distribution of the labeling in
the lateral fissure (LF) was visualized in 2D reconstructions
obtained using the same software, as follows. The cortex
was unfolded at the level of the border between layers III and
IV. The unfolded sections were then aligned to correspond
with the fundus of the upper bank of the LF and the labeling
distributed along the space between two consecutive plot-
ted sections (for more details, see Matelli et al. 1998). Data
from individual sections were also imported into dedicated
software (Bettio et al. 2001) allowing us to create 3D recon-
struction of the hemispheres from individual histological
sections containing labeled cells. The result of this process-
ing provides a realistic visualization of the labeling distri-
bution for a precise comparison of data relative to different
hemispheres.

Labeled neurons, plotted in the hemisphere ipsilateral
to the injected site in sections spaced 600 um apart from
each other, were counted. The criteria and maps adopted
for the areal attribution of the labeling were the same as
adopted in previous studies (Rozzi et al. 2006; Borra et al.
2008; Gerbella et al. 2011). Specifically, in the IPL, the gyral

Table 1 Monkey species,

) e Monkey Species Hemisphere Injected region Tracer Amount
hemispheres, localization of
the injection sites, and tracers Mk Nemestrina ~ Left PMv FB 3% 1x0.2 uL
employed in the experiments Mk2 Nemestrina  Right IPL CTB-Alexa-594 1% 1x 1L
Right PMv CTB-Alexa-488 1% Ix1puL
Mk3 Nemestrina Right IPL WGA 4% 1x0.2uL

WGA wheat germinal agglutinin conjugated with peroxidase, CTB cholera toxin b subunit conjugated with
Alexa 594 and Alexa 488, FB fast blue
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Fig. 1 Reconstruction of the recorded regions and of the grid of pen-
etrations in which MNs have been found. a, d and g, Reconstruction
of brain and injection sites in the premotor and parietal cortex of the
three monkeys (Mk1, a; Mk2, d; and Mk3, g). Al Inferior arcuate sul-
cus, AS superior arcuate sulcus, C central sulcus, /P intraparietal sul-
cus, L lateral sulcus, Lu lunate sulcus, P principal sulcus, ST superior
temporal sulcus. b, e, f and h, Left side: enlargement of the injected
cortical sectors with superimposed the map of penetrations in which
MNs were recorded. The white circles within each map indicate the

convexity areas were defined according to Gregoriou et al.
(2006) and those of the lateral bank of the intraparietal sul-
cus according to Borra et al. (2008). The mesial parietal cor-
tex and the superior parietal lobule were defined according
to Luppino et al. (2005) and Pandya and Seltzer (1982). The
labeling in the dysgranular and agranular frontal, opercular
frontal and rostral cingulate areas was attributed in accord-
ance with Walker (1940), Matelli et al. (1985, 1991) and
Belmalih et al. (2009). In the prefrontal cortex, the caudal
VLPF was subdivided according to Gerbella et al. (2007)
and Carmichael and Price (1994).

For the quantitative analysis of the labeling distribution,
we excluded the injected region (PMv or rostral IPL). The
cortical afferents to different injected sectors were expressed

@ Springer

penetration shown on the right. Right side, schematic representation
of paradigmatic penetrations with details regarding the depth distribu-
tion of the sites where MN have been recorded: Black circles indicate
sites with MNs, gray circles represent sites in which purely motor
neuron were present. ¢ and i, Examples of MNs recorded in PMv (c)
and IPL (i) during both grasping execution and grasping observation.
Rasters and histograms are aligned on the monkey’s and experiment-
er’s hand-target contact (dashed line)

in terms of percentage of labeled neurons found in a given
cortical region relative to the overall labeling.

We plotted thalamic-labeled cells in sections spaced
300 pum apart together with the outline of the ventricles and
blood vessels, using the aforementioned computer-based
charting system. Borders of thalamic nuclei, defined in adja-
cent Nissl-stained sections, were then superimposed on the
plots of labeled cells using the outline of the ventricles and
of blood vessels, with the aid of a microprojector and a cam-
era lucida (see Matelli et al. 1989; Contini et al. 2010; Ger-
bella et al. 2014). The borders of the thalamic nuclei were
defined according to the cytoarchitectonic criteria and the
nomenclature used by Olszewski (1952), except for nucleus
ventralis lateralis defined according to previously described
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Fig.2 Cytoarchitectonic definition of the injected sectors in Mk2. a
Dorsolateral view of the studied hemisphere showing the location of
the injection sites. Dashed lines indicate the levels at which the coro-
nal sections, shown in (b, ¢ and d), were taken. b, ¢ and d, Left draw-
ings of coronal sections taken at the level of the injection sites. The
dotted rectangles indicate the position from which the photos shown
on the right were taken. Right high-power photomicrographs of three
Nissl-stained coronal sections, showing the architectonic features of
area PFG (b), F4 (c) and F5 (d). Briefly, area PFG is characterized
by a columnar organization. Layer III shows medium-sized pyra-
mids mainly in its lowest part and some pyramids appear to invade
the upper part of granular layer IV. Layer V is prominent and mainly

cytoarchitectonic criteria (Matelli et al. 1989; Matelli and
Luppino 1996).

Results

Anatomical and functional description
of the injection sites

Figure 1 shows, for each monkey, the reconstruction of the
injection sites (Fig. 1a, d, g) and the location of penetrations
in which PMv (Fig. 1b, f) and IPL (Fig. le, h) hand-related
MNs were recorded. In PMy, the location of the injection
site is very similar in the two monkeys, involving its rostral
and dorsal part, close to the rim of the inferior branch of the

10 mm

PFG

Spur

populated by medium-sized as well as by a few scattered large pyra-
mids. In area F4, pyramid size tends to increase from superficial to
deep layer III. Layer V is clearly sub-laminated: layer Va is denser
and populated by small pyramids and layer Vb is more cell sparse and
hosts some relatively large pyramids. On the convexity, area F5 (F5c)
is rather homogeneous in cells size and density and shows a very
poor lamination. Layer III is quite homogeneous and layer V is rela-
tively cell dense and populated by small pyramids. Roman numbers
correspond to the different cortical layers. IPL and PMv areas have
been identified according to the criteria defined by Gregoriou et al.
(2006) and Belmalih et al. (2009), respectively. Other conventions as
in Fig. 1

arcuate sulcus (rostrally) and to the spur (dorsally). In both
animals, the injection sites involve the posterior part of area
F5 and the rostral portion of area F4 (Fig. 2c, d). The dis-
charge of a MN recorded in the PMv injected site of Mkl is
shown in Fig. 1c. The parietal injections are located, in both
monkeys, in the rostral part of the IPL, close to the ventral
lip of the intraparietal sulcus, involving the border between
areas PFG and AIP (Fig. 2b). An example of the discharge
of a parietal MN recorded from the injected region of Mk3
is presented in Fig. 1i.

Within a 2.5 X 2.5 mm cortical region centered on the
injected coordinates (approximately the extension of the
tracers injection sites), we recorded neural activity from
85 sites in 21 penetrations in PMv of Mkl, 117 sites in 20
penetrations in PMv of Mk2, 106 sites in 30 penetrations

@ Springer
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in IPL of Mk2, and 136 sites in 31 penetrations in IPL of
Mk3. Table 2 summarizes the percentage of recorded sites
in which different functional properties were recorded in
each injected sector. It is clear that in both PMv and IPL the
large majority of the recorded sites hosted motor neurons,
mostly related to hand grasping. The most represented type
of visual response in both sectors was evoked by the obser-
vation of other’s grasping actions, and about one third of
the recorded sites contained neurons responding both dur-
ing the execution and the observation of grasping (MNs).
Neuronal visual responses evoked by stimuli moved within
the monkey’s peripersonal space and by the presentation of
three-dimensional objects were more rarely found.

Cortical connections of the PMv MN sector

The injections in the PMv MN sectors show a pattern of
cortical connections remarkably similar in the two monkeys
(Fig. 3; Table 3). Indeed, in both cases, labeled cells have
been observed in the dorsal (F2) and ventral (F2vr) portions
of the PMd, in the primary motor cortex (M1), in the cingu-
late motor cortex (areas 24¢ and 24d) and in the mesial pre-
motor cortex (although in this latter region the labeling was
relatively stronger in Mk1 than Mk2). The labeled territory,
especially in Mk2, extends to the ventralmost part of PMy,
where besides hand motor neurons, face and mouth motor
neurons have been described (Maranesi et al. 2012). Out-
side the frontal lobe, relatively strong connections have been
observed with the rostral IPL (areas PF, PFG and AIP) and
the parietal operculum (area PGop and the secondary soma-
tosensory cortex (SII)). Labeled neurons were also observed
in the frontal operculum and in the mid-dorsal part of the
insula. Weak connections have also been observed with the
ventrolateral prefrontal cortex (VLPF, Area 46v). Finally, in
line with previous studies (Matelli et al. 1986; Gerbella et al.
2011; Gharbawie et al. 2011), no labeled neuron was found
in temporal regions of both monkeys, indicating that the

Table 2 Percent (%) of recorded sites responding to different func-
tional properties. Note that multiple activities can be recorded from
the same site

Injected region PMv (%) IPL (%)
Case Mkl Mk2 Mk2 Mk3
General properties
Motor 95 97 86 92
Somatosensory 31 42 61 54
Visual 54 34 42 50
Visual responses
Mirror 28 32 31 41
Peripersonal 14 1 8 6
Object presentation 7 1

@ Springer

premotor MNs region does not have direct access to infor-
mation processed in the ventral visual pathway.

Cortical connections of the IPL MN sector

The injections in the IPL MN sectors show a pattern of
connections remarkably similar in Mk2 and Mk3 (Fig. 4;
Table 3). In particular, in both cases, we found strong con-
nections with portions of IPL convexity adjacent to the
injection site (namely area PF, rostrally, and PG, caudally),
as well as with areas lying in the intraparietal sulcus (mainly
AIP), whereas weaker connections were observed with the
posterior part of the inferior parietal cortex (areas LIP and
Opt). Strong projections to the injected fields, especially
in MKk3, also originate from the parietal operculum (areas
PGop and SII), and the superior parietal lobule (areas PEip,
MIP and V6A), particularly in Mk2.

Outside the parietal cortex, strong connections have been
found with the dorsal part of PMv (areas F5 and F4): here,
the labeled neurons are mainly located in the sector where
hand MNs were recorded (see Fig. 1, Mk2 and Fig. 4). Addi-
tional connections within the frontal lobe were found with
the primary motor cortex (F1), the dorsal and the ventroros-
tral part of PMd (areas F2d and F2vr) and with the mesial
premotor cortex (at the border between areas F3 and F6).
Weak labeling was found in both monkeys in the cingulate
motor cortex (areas 24¢ and 24d). Additional connections
were observed in the mid-dorsal part of the insula, in the
frontal operculum, and in the VLPF cortex, mainly at the
level of the ventral crown of the principal sulcus (area 46v).
It is worth noting that in both monkeys we found just a few
labeled cells in the temporal cortex.

Reciprocal and shared cortical connections
of the PMv and IPL MN sectors

In Mk2, we recorded and injected both the PMv and IPL
MN sectors. This allowed us to track the reciprocal con-
nections between the two functionally identified sectors
as well as their shared connections in the same animal. In
each injection site and its immediate proximity, we identi-
fied neurons labeled by the tracer injected in the other MN
sector (PMv: Fig. 5d, IPL: Fig. 5j; see also Bonini et al.
2010). In addition, we found that the parietal and premotor
MN sectors receive common afferents from a large set of
cortical regions (Fig. 5). In the frontal cortex, the PMv and
IPL MN sectors share connections with the mesial (at the
border between areas F3 and F6) and the dorsal premotor
cortex (mainly in area F2) and with the primary motor area
F1 (Fig. 5d-h). Note that the anatomical location of labeled
cells in all these regions is compatible with that of hand/
arm motor representation demonstrated by previous studies
(Buys et al. 1986; Luppino et al. 1991; Schieber and Hibbard
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Fig.3 Labeling distribution following PMv injections in Mk1 (blue
dots) and Mk2 (green dots). a and b, Dorsolateral and mesial views of
the 3D reconstruction of the injected hemispheres. Scale bar applies
to both 3D reconstructions. ¢, 2D unfolded maps of the lateral fis-
sure (LF), aligned to correspond with the fundus of the upper bank
of the sulcus. Arrows mark the rostralmost level of the central sul-
cus (C) and of intraparietal sulcus (IP). Scale bar applies to both LF
unfolded maps. For the 3D reconstructions and the unfolded maps,

1993; Raos et al. 2003; Schieber and Santello 2004; Rathelot
and Strick 2009). A further region strongly projecting to
both PMv and IPL MN sectors is the parietal operculum,
including areas SII and PGop (Fig. 5f—j and unfolded view
of the lateral fissure in Fig. 5). Weaker common projections
to the injected fields originate from the mid-dorsal insula
(Fig. 5f and unfolding of the lateral fissure), the cingulate
motor Area 24 (Fig. 5f and g), the VLPF area 46v (Fig. 5a),
and the frontal opercular area GrFO (Fig. 5c).

Neurons projecting to both PMv and IPL. MN sectors form
clusters mainly located side-by-side and only partially over-
lapping (Figs. 5, 6). In the regions where the two populations

D
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each dot corresponds to one labeled neuron. d, relative strength of the
connections of each PMv MN sector expressed in terms of percentage
distribution of labeled cells in different cortical regions. /PL inferior
parietal lobule, MFC mesial frontal cortex, OpFr frontal operculum,
OpPar parietal operculum, PMd dorsal premotor, SPL superior pari-
etal lobule, VLPF ventrolateral prefrontal. Other abbreviations as in
Fig. 1

of neurons are intermingled, some double-labeled neurons
have been also observed (Fig. 6, white arrows). These cells
constitute long-range projection neurons conveying common
information to the two MN sectors.

Subcortical connections of the PMv and IPL hand
MN sectors

To provide a comprehensive view of the anatomical con-
nections of parietal and premotor hand MN regions, we
also analyzed for the first time the distribution of retrograde
labeling in subcortical structures, and found consistent

@ Springer
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Table 3 Percent distribution (%) and total number (n) of labeled neu-
rons observed following retrograde tracer injections of all cases of
tracer injections in PMv and IPL

Injected region PMv (%) IPL (%)

Case Mkl Mk2 Mk2 Mk3
Caudal IPL * * 26.4 17.8
Rostral IPL. 10.6 10.8 / /
SPL 1.5 1 31.8 14.9
PGop/SII 44 8.6 22.6 48.9
Ml 29.7 532 37 *
PMv / / 6.8 11.5
PMd 14 10.1 2 *
PMm 224 3.1 * *
VLPF 1.5 * 1 1.9
OpFr 39 1 * 1.2
Cingulate 8.4 3.4 * 1
Insula 2.1 1.5 * 1.3
Temporal - - * *
Others * * * *
Total n 3699 17,259 31,692 16,527

/ Injected region; * labeling < 1%; — no labeling

projections to the MNs sectors from the thalamus and the
claustrum.

Figure 7a, b shows the distribution of retrograde labeling
at different rostro-caudal levels of the thalamus following
tracers injection in the PMv MN sectors of Mk1 and Mk2.
In the rostral portion of the thalamus-labeled cells were
observed in the thalamic nuclei associated with motor func-
tions, such as the ventral anterior nucleus (VA), area X, the
oral and medial parts of the ventral lateral nucleus (VLo
and VLm) and the oral part of the ventral posterior lateral
nucleus (VPLo). The observed labeling extends posteriorly
in the parvocellular part of the mediodorsal nucleus (MDpc),
well-known to be connected with the prefrontal cortex, and
in the intralaminar central lateral and median nuclei (CI and
Cn.Md). Furthermore, labeling was observed in the lateral
posterior nucleus (LP) and the oral part of the pulvinar
(Pul.o), which are related to high-order perceptual functions.

Figure 7b, ¢ shows the distribution of retrograde labeling
at different rostro-caudal thalamic levels following tracers
injection in the IPL MN sectors of Mk2 and Mk3. A few
labeled cells were observed in a relatively rostral portion of
the thalamus at the level of motor nuclei such as the VPLo.
This labeling extended posteriorly in the MDpc and in the
intralaminar Cn.Md nucleus. Finally, more caudally, the
strongest labeling was observed in the pulvinar complex
(LP, Pul.o and Pul.m).

The relative amount of labeled thalamic neurons is shown
in Fig. 7d. It is evident that the premotor and parietal MN
sectors are mainly connected with the nuclei involved in

@ Springer

processing somato-motor (VA, VL/X and VPLo) and per-
ceptual (LP, Pul.o and Pul.m) information, respectively.
Thalamic connections shared between the two parietal and
premotor MN sectors were consistently observed almost
exclusively within the polysensory and associative thalamic
nuclei (MDpc, the LP and the Pul.o), where partially over-
lapping clusters of labeled neurons have been observed (see
Fig. 7b). The presence of these shared connections suggests
the existence of a trans-thalamic interplay between the PMv
and IPL MN sectors.

Additional subcortical afferents to both the PMv and IPL
MN sectors come from the mid-dorsal claustrum (Fig. 8).
Following both the PMv and IPL injections, a common sec-
tor of the claustrum shows, side by side, clusters of labeled
cells as well as intermingled labeled neurons covering the
central part of the claustrum for about 5 mm in the rostro-
caudal direction. The labeling further extends 2—-3 mm ros-
trally after PMv injections and 2-3 mm caudally after IPL
injections. These data are in agreement with a previous study
describing the connections of the claustrum with the frontal
and parietal cortex (Tanné-Gariepy et al. 2002).

Discussion

The available knowledge about the connections of the hand
MN system derives from purely anatomical studies based on
neural tracer injections placed in the core of architectonic
areas F5 and PFG (Petrides and Pandya 1984; Matelli et al.
1986; Luppino et al. 1999; Lewis and Van Essen 2000; Rozzi
et al. 2006; Gerbella et al. 2011), in which MNs have been
originally described. However, neurophysiological investiga-
tions showed that MNs are sparsely present in large sectors
of premotor (Maranesi et al. 2012) and parietal cortex (Rozzi
et al. 2008), but often densely clustered in functional spots,
typically targeted by neurophysiological studies (e.g., Gal-
lese et al. 1996; Kraskov et al. 2009; Maeda et al. 2015).
The specific connections of these functional spots are to
date unknown. Thus, we injected neural tracers in function-
ally identified IPL and PMv sectors hosting hand MNs. Our
results show that the parietal and premotor sectors (1) are
reciprocally connected, in line with the existing literature,
(2) share cortical connections with parietal, motor, prefron-
tal, and opercular regions, but (3) show virtually no direct
connection with temporal areas, and (4) they share connec-
tions with subcortical structures such as the thalamus and
the claustrum.

It is noteworthy that the large majority of neurons
recorded in the sites of injection (in both parietal and premo-
tor cortices) responded during forelimb movement, mostly
hand grasping, in line with their involvement in the so-called
“lateral grasping network” (Borra et al. 2017). Furthermore,
we found neurons responding to visual stimuli moved within



Brain Structure and Function (2018) 223:1713-1729

1721

Mk2

=" Upper bank ~ ¥l Upper bank
i sl

< sInsula

g
“'Insula

Lower bank
Lower bank

Fig.4 Labeling distribution following IPL injections in Mk2 (red
dots) and Mk3 (brown dots). a and b, Dorsolateral and mesial views
of the 3D reconstruction of the injected hemispheres. Scale bar
applies to both 3D reconstructions. ¢, 2D unfolded maps of the LF,
aligned to correspond with the fundus of the upper bank of the sul-
cus. Arrows mark the levels of the rostralmost level of the central sul-

the peripersonal space, as well as to the presentation of
graspable objects. Thus, although the most represented type
of visually responsive neurons in the injected regions were
those with mirror properties, it should not be neglected that
these cortical sectors do participate to multiple motor-based
functions besides action recognition, ranging from action
planning, space representation and visuomotor transforma-
tions for reaching and grasping objects.

Cortical nodes of the mirror neuron network
It is widely assumed that the main source of visual infor-

mation about observed actions is the STS sector whose
neurons discharge during the observation of visual stimuli,

50%
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cus (c) and of intraparietal sulcus (IP). Scale bar applies to both LF
unfolded maps. For the 3D reconstructions and the unfolded maps,
each dot corresponds to one labeled neuron. d, Relative strength of
the connections of each IPL. MN sector expressed in terms of percent
distribution of labeled cells in different cortical regions. Abbrevia-
tions as in Figs. 1 and 3

including biological movements (Perrett et al. 1989; Jellema
and Perrett 2006; Barraclough et al. 2009). Nonetheless, in
this study we found almost no labeled cells in the temporal
cortex following injections in the studied parietal sectors.
This lack of temporal connections suggests that parietal
neurons can show mirror properties despite the absence of
direct, monosynaptic input from temporal visual neurons.
Accordingly, by comparing the present data with those of a
functional mapping of IPL by Rozzi et al. (2008), it emerges
that visual responses are less frequent in the parietal sec-
tors investigated in the present study than in the whole PFG
(42-50 vs. ~ 50-70% of recorded sites). In particular, there
are fewer responses to stimuli moved in the peripersonal
space (6-8 vs. 27%) and to the presentation of 3D objects
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Lateral Fissure

Mk2 PMv and IPL
cortical connections

Lower bank

Fig.5 Distribution of the labeling observed following PMv (green
dots) and IPL (red dots) injections in Mk2, shown in a 3D reconstruc-
tion of the hemisphere, in an unfolded view of the lateral fissure, and
in drawings of representative coronal sections. Sections are shown in

(47 vs. 15%). On the contrary, hand-related MNs and motor
responses are more frequent in the injected sectors of the
present study than in the whole PFG according to Rozzi
et al. (2008) (i.e., mirror neurons: 31-41 vs. ~ 15%; motor
responses: 86-92 vs 80%). The lack of consistent tempo-
ral connections could appear in contrast with the study by
Nelissen et al. (2011), in which, based on fMRI activations
and tracers injections, different temporo-parieto-premotor
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a rostral to caudal order (a—k), the dorsolateral view of the injected
hemisphere (upper left) shows the levels at which the sections were
taken. Abbreviations and conventions as in Figs. 1 and 3

circuits involved in action observation were described.
However, in that study, it was not possible to discriminate
whether and to which extent the fMRI signal depended on
the activation of purely visual neurons sensitive to action
observation or of MNs. Our findings complement those by
Nelissen et al. (2011) indicating that the most plausible path-
way through which visual information encoded in the tem-
poral cortex can influence parietal MN activity is via other



Brain Structure and Function (2018) 223:1713-1729

1723

A
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Halo of
injection site

Fig.6 Photomicrographs of the labeling observed in MK2 follow-
ing PMv (green neurons) and IPL (red neurons) injections. Exam-
ples show areas where red and green cells were intermixed and some
neurons (white arrows) were labeled by both tracers (double-labeled
neurons). A, Drawing of coronal sections in which the dashed boxes
indicate the location of the microphotograph showed in (b—e). b—e,
Low-power photomicrographs showing the distribution of labeled
cells observed in PMv (b), M1 (c), mesial premotor cortex (d), and in

parietal visual neurons. Indeed, a large IPL region including
areas AIP, PFG and PG is connected with STS (Seltzer and
Pandya 1978, 1984; Rozzi et al. 2006; Borra et al. 2008;
Nelissen et al. 2011) and contains visual and visuomotor
neurons sensitive to biological motion (Fogassi et al. 2005;
Rozzi et al. 2008; Evangeliou et al. 2009; Nelissen et al.

SII (e). Images were obtained by overlapping two photos taken using
standard filters for fluorescein and rhodamine. C1-C2 and E1-E2,
higher magnification views, taken from c and e, respectively, in which
double-labeled cells (white arrows) are visible in both photos taken
with different filters. Dashed boxes in ¢ and e mark the location of the
higher magnification views. Scale bar in b and ¢ applies also to d-e.
Scale bar in C1 applies also to C2, E1, and E2. Other abbreviations as
in Figs. 1 and 2

2011; Pani et al. 2014; Maeda et al. 2015). In turn, this
region is strongly connected with the parietal and premotor
sectors here investigated. Thus, parietal visual neurons could
constitute the most important source of visual information
for building mirror neuron responses. A similar mecha-
nism, involving sequentially different classes of visual and
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Fig.7 Distribution of labeling
in the thalamus following tracer
injections in the PMv and IPL
MN sectors. a, PMv injection in
Mk, blue dots. b, PMv (green)
and IPL (red) injections in Mk2.
¢, IPL injection in Mk3, brown
dots. The labeling is shown in
drawings of coronal sections
arranged in a rostro-caudal
order and selected at different
AP levels according to the atlas
of Olszewski (1952). Each dot
corresponds to a single-labeled
neuron. d, Relative strength

of the thalamo-cortical con-
nections observed following
tracer injections in PMv and
IPL MN sectors expressed in
terms of percent distribution of
retrogradely labeled cells in dif-
ferent groups of thalamic nuclei.
AM anterior medial nucleus,
AV anterior ventral nucleus,

ClI central lateral nucleus,
CnMd centromedian nucleus,
LD lateral dorsal nucleus, LP
lateral posterior nucleus, MD
mediodorsal nucleus; MDdc
mediodorsal nucleus, densocel-
lular part, MDmc mediodorsal
nucleus, magnocellular part,
MDmf mediodorsal nucleus,
multiform part, MDpc medi-
odorsal nucleus, parvicellular
part, Pcn paracentral nucleus,
Pf parafascicular nucleus, Pul.i
inferior pulvinar, Pul.m medial
pulvinar, Pul.o oral pulvinar, SG
suprageniculate nucleus, THI
habenulointerpeduncular tract,
VA ventral anterior nucleus,
VAmc ventral anterior nucleus
magnocellular part, VLc ventral-
lateral nucleus, caudal part,
VLm ventral lateral nucleus,
medial part, VLo ventral lateral
nucleus, oral part, VPI ventral
posterior lateral, inferior part,
VPLo ventral posterior lateral,
oral part, VPM ventral posterior
medial nucleus, VPMpc ventral
posterior medial nucleus, parvi-
cellular part
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Fig. 8 Distribution of labeling in the claustrum following injections
in PMv and IPL MN sectors. a, PMv injection in Mk1, blue dots. b,
PMv (green) and IPL (red) injections in Mkl. ¢, IPL injections in
MKk3, brown dots. The labeling is shown in drawings of coronal sec-
tions arranged in a rostro-caudal order and taken from two different
representative AP levels. CI claustrum, L lateral sulcus, Put putamen

visuomotor neurons, has been proposed to underlie visuomo-
tor transformation of object properties for grasping (Fagg
and Arbib 1998; Arbib and Mundhenk 2005). In addition,
we have found that several other areas hosting neurons with
mirror properties constitute common sources of information
to both parietal and premotor MN sectors.

Within the parietal cortex, the projections to the IPL and
PMv MN sectors originate also from a sector of area SII
corresponding to the hand somatosensory representation
(Robinson and Burton 1980; Fitzgerald et al. 2004). Single
neuron (Ishida et al. 2013; Hihara et al. 2015) and auto-
radiography (Raos and Savaki 2016) experiments showed
that this region is active during manual action execution and
observation, particularly when the viewpoint is a first per-
son perspective (Hihara et al. 2015). These findings suggest
that SII provides an observer-centered, haptic description
of actions.

Projections to both the investigated MN sectors originate
from limbic structures. In particular, we found connections
with a portion of the insula where long-train microstimula-
tion evokes forelimb movements (Jezzini et al. 2012) and
the frontal opercular area GrFO (Belmalih et al. 2009; Ger-
bella et al. 2016b). These projections may provide MNs
with information related to the internal states underlying
executed and observed actions and their emotional signifi-
cance (Di Cesare et al. 2015; de Gelder et al. 2015). It has
been shown that connections with these limbic structures
are even stronger after injections in the sector where mouth-
MNs have been recorded (Ferrari et al. 2017), that is, the
ventral part of area F5 and the adjacent frontal opercular
cortex. This region is deemed to be involved in the motor
control of mouth and face for feeding and in communicative
behaviour (Ferrari et al. 2017).

In the frontal lobe, shared sources of projections to the
MN sectors are the ventrorostral part of the PMd (area F2vr),
the mesial motor cortex (F3/F6) and the adjacent cingulate
motor cortex, as well as the primary motor cortex. Previous
studies described PMd neurons related to mental rehearsal
of learned actions that discharge when the monkey performs
an over-learned motor task and when it simply observes the
sensory events associated with it, even in the absence of a
direct observation of the action (Cisek and Kalaska 2004,
Tkach et al. 2007). Accordingly, this node of the network
could play a role in the flexible recruitment of motor rep-
resentations based on previous experience and memory
(Ohbayashi et al. 2016).

Neurons with mirror properties have been recorded also
in the mesial frontal cortex, and appear to contribute to self-
other distinction and social error monitoring (Yoshida et al.
2011, 2012). On the same line is the recent demonstration
of “other-predictive neurons” in the cingulate motor cortex,
very likely playing a role in mediating social interactions
between monkeys (Haroush and Williams 2015). Thus, these
nodes of the network could convey contextual information
about other’s actions for appropriate social interactions.

The connection between the MN sectors investigated
in this study and the primary motor cortex is in line with
previous anatomical literature (Rozzi et al. 2008; Gerbella
et al. 2011; Gharbawie et al. 2011; Frey et al. 2014), and
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with functional evidence showing that M1 corticospinal
neurons discharge can be modulated by the observation
of hand actions (Vigneswaran et al. 2013). Whereas the
PMv-M1 corticocortical pathway mainly drives facilitatory
effects (Kraskov et al. 2011; Maier et al. 2013), the role of
the IPL-M1 connections remains virtually unknown. Based
on a recent proposal, they could mediate a fast, bottom-up
recruitment of the final motor output during action obser-
vation, which can be then further modulated by top-down,
experience-dependent influences likely deriving from pre-
frontal cortex (Ubaldi et al. 2015).

In line with this proposal, we also showed both direct
and indirect sources of prefrontal influence on MNs. In
particular, a region of the VLPF (area 46v) is directly con-
nected with both the IPL, and though relatively weakly, the
PMv MN sectors. Another indirect but consistent source
of prefrontal information reaches the PMv MN sector via
intrinsic F5 connections, notably with area F5a, which is in
turn strongly connected with the prefrontal areas 46v and
12 (Gerbella et al. 2011). Area 46v becomes active during
forelimb action observation (Nelissen et al. 2005; Raos and
Savaki 2016; Simone et al. 2017) and execution (Hoshi et al.
1998; Bruni et al. 2015; Simone et al. 2015), and plays an
important role in coding social and contextual information
for action planning (see Tanji and Hoshi 2008; Rozzi and
Fogassi 2017). Thus, these areas could provide the MN net-
work with abstract and contextual-related information for
both action generation and recognition, but further studies
are needed to clarify their specific role in this network.

Subcortical nodes of the mirror neuron network

Beyond the subcortical structures that are connected with
either PMV or IPL MN sectors, our study demonstrates that
these sectors share connections with polysensory thalamic
nuclei (Cl, MDpc, and Pulvinar complex), and the mid-
dorsal claustrum. Thus, our data suggest the existence of a
trans-thalamic interplay between MN sectors in parallel with
cortico—cortical connections. In this ‘triangular’ organiza-
tion, the direct and the indirect pathways would carry more
specific vs. more general information, respectively (Russ-
chen et al. 1987; Ray and Price 1993). Furthermore, the
pulvinar could constitute an additional source of sensory
information to the MN network by means of its connections
with cortical areas belonging to dorsal and ventral visual
streams (Chalfin et al. 2007; Kaas and Lyon 2007) and to
auditory areas (Cappe et al. 2009). Similarly, in the claus-
trum, the observed labeling involves a territory connected
with both visual and auditory cortices (Gattass et al. 2014).
Altogether, these data suggest that subcortical pathways may
constitute previously neglected routes for conveying infor-
mation about other’s action to the MNs.
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Concluding remarks

In the present study, we demonstrate that several cor-
tical and subcortical sectors constitute the nodes of an
“extended MN network”, which integrate information
about ongoing movements, social context, environmental
contingencies, abstract rules, and internal states underly-
ing self and others’ action processing. Different patterns
of activation of the network nodes likely underpin a flex-
ible recruitment of motor representations, allowing the
observer to position others’ actions in the current context
and to organize an appropriate reaction. The presented
data could be critical in guiding future neurophysiologi-
cal studies aimed at demonstrating the presence of mirror
neurons in the nodes of the network nodes in which they
have not been identified yet, and to define their role in the
mirror mechanism.

Because of the use of retrograde monosynaptic tracers,
we could not verify whether subcortical structures, includ-
ing the basal ganglia and the cerebellum, could be part of
the MN network (see Wolpert et al. 1998; Dum and Strick
2003; Rizzolatti and Wolpert 2005; Gazzola and Keysers
2009; Alegre et al. 2010; Caligiore et al. 2013; Gerbella
et al. 2016a; Bonini 2016), possibly playing a role in cou-
pling or decoupling cortical motor representations from their
motor output. Thus, further studies are needed to investigate
this issue.
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