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SUMMARY

In the first part of this thesis we investigated the response properties of mirror
neurons (MirNs) in the ventral premotor cortex (PMv) of the macaque brain. The
fundamental feature of these cells, characterized “tiny miracles”, is that they respond both
when a monkey reaches for an object and when the monkey watches someone else reach
for the same object. This simple response pattern led to the formulation of a wide-reaching
theory concerning the neural basis of motor cognition, according to which we understand
the actions of others because our MirNs are activated to represent these actions. Existing
evidence on the properties of MirNs is limited, and often the theories taking advantage of

MirNs to explain aspects of motor cognition are not grounded on empirical facts.

We examined key assumptions of the MirN theory, used to support the
involvement of MirNs in action understanding, and found them to be invalid. In contrast
to the claim that MirNs respond exclusively to object—directed actions, we demonstrate
that MirNs are activated by the observation of both transitive and intransitive actions.
Furthermore, our finding that the activity of MirNs is correlated with the kinematics of
actions challenges the notion that these neurons encode the goal of actions. Finally, we
demonstrate that, in contrast to previous notions, MirNs and non-MirNs of area F5 use
different codes to represent actions during execution. Our results dictate a re-evaluation
of the function of MirNs. Our finding that MirNs start discharging shortly after the onset
of observed movement, combined with the finding that they encode movement
kinematics, indicate that they may be involved in the rapid detection and monitoring of
others’ actions as they unfold. Moreover, the fact that during execution kinematics are
encoded almost in synchrony with the movement suggests the involvement of MirNs in

the online control of action.

In the second part of the thesis we investigated whether neurons that respond to
action observation also exist in the dorsal premotor cortex (PMd) of the macaque brain.
MirN theory holds that action understanding is sub-served exclusively by the fronto-
parietal circuit consisted of the ventral premotor area F5 and the inferior parietal area
PF/PFG which, according to Rizzolatti, are the only ones containing MirNs. Until
recently, these were the only areas in which the existence of MirNs was investigated using
direct methods such as the extracellular recording of single cell activity, mainly by
members of the Rizzolatti’s team. However, there is a large and constantly increasing

body of evidence indicating that the observation of an action induces widespread cortical
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activation, as does its execution. Several brain imaging studies from our lab demonstrate
that the system activated during the observation of actions of other subjects encompasses
the entire brain circuitry that supports action execution, rather than just a couple of cortical
areas supposed to be the only ones containing MirNs. We employed the same paradigm
used for the study of MirNs in area F5 to search for MirNs in the PMd, in order to

conclusively verify the existence of MirNs in this part of the brain.

We identified several neurons in the PMd that respond both during action
execution and action observation, thus proving the existence of MirNs also in this part of
the brain. Similarly to F5 MirNs, the dorsal premotor MirNs were action selective and
responded to the observation of both transitive and intransitive actions. The discharge of
the dorsal premotor MirNs started earlier than the discharge of F5 MirNs during both
observation and execution. Moreover, the activity of the dorsal premotor MirNs was
correlated with the action kinematics and this correlation preceded the corresponding one
between the activity of F5 MirNs and action kinematics. Finally, actions were encoded
similarly in the dorsal and ventral premotor cortices, either when the execution or the
observation discharges of the two areas were considered. During observation, the activity
of the dorsal premotor MirNs occurring at the initial phases of the movement was
correlated with the activity of F5 MirNs occurring at the final phases of the movement.
The properties of the dorsal premotor MirNs are fully compatible with its long standing
involvement in the online control of actions and with our proposal that MirNs may be

involved in the rapid detection and monitoring of self and others’ actions as they unfold.



ITEPIAHYH

210 TPAOTO HEPOG OVTNG TNG SLOTPPNC LEAETNOOLE TIG AEITTOVPYIKEG 1O1OTNTEG TOV
vevphvav katoéntpov (NK, mirror neurons) tg neployng F5 tov kothokod Tpokivntikon
QAOL0D TOV EYKEQUMKOV No@apiov tov pakdakov. Ot NK evepyomotovvtat 1660 dtav
10 (0o mpooeyyilel kot cvAlapPavel avtikeipeva pe v dkpo yeipo 660 Kol otav
napakolovbel Tov mepopoTior) vo ekterel v O wpdén. Avtd to mPOTLTO
gvepyomoinong odonynoe otn datvmwon g Bempiag twv NK mov agopd 10 vevpwvikod
VIOGTPOLLO TG KOTOVONONG TOV TPAEEDV TOV GAL®Y. ZOUQ®VA LE AVTY], O TOPATPNTNG
avtihappaveral Ty Tpaén mov PAETEL EMELDN EVEPYOTOLOVVTOL GTOV EYKEPAAO TOV ot NK
omwg Otav 0 1d1og ektedel v 1dw | mapdpoleg TPAEels. AvoTuydS, TO VIAPYOVIA
oTOU(El0 OYETIKA PE TIG AEITOVPYIKES 1010TNTES TV NK givan mepropiopéva Kot cuyvé ot
Bewpiec mov PaciCoviar oTov VTOTIOEUEVO POAO TOVG Y10 VAL EENYTICOVV TTTVYES YVOCIUKOV
Aertovpyldv otepovviol OepelMmong oe eumelptkd dedopéva. XPNOLUOTOMGOUE TN
péBodo g e€mrVTTAPLOG KATAYPAPNS TG OPACTNPLOTNTAG LOVIP®V VELPOVAOV OO TOV
EYKEPOAMKO PAO10 HoKAK®V oV gite ekTEAOVV pio copmepupopd mov Exovv pdbet gite
TopaKoAoLOOVV TOV TEPAUATIOT VO EKTEAEL TNV 1010 cupmepLpopd. H pnéBodog avtn €xet
VYNA (POVIKN SLOKPITIKN TKOVOTNTO KOt €vol 1 KATOAANAOTEPN Yoo TNV WEAETN TOV

TPOTOV LE TOV 0010 KWOTKOTOLOVVTOL OVATEPES EYKEPAAKEG AELTOVPYIES.

E&etboape 11¢ Packég mapadoyés g Bewpiag ocvppetoyng tov NK oty
KATAvONGoT TOV TPAEEDV TOV AAA®V Kol 0VTEG OV emaAnfevbnkay. Xe avtifeon pe tov
woyvpopd 6Tt ot NK amokpivovtol amokAEIGTIKA KOTO TNV TOPATHPNOTN UETARATIKOV
mpacemv (cVAMMMYN aviikelévav), oci&ape ott ot NK amokpivovior kot katd tnv
TOPATNPNON AUETAPBATOV KIVIGEOV (KTOOT AKPOL Kol dOKTUVA®V). Bprikape eniong o1t
N opactprotta twv NK cvoyetileton pe TIg KIVUATIKEG TAPOAUETPOVS TOV KIVIIGEWDV,
eopnua wov apeoPntel mv veodbeon o601t ot NK kwdwkomoobv 10V okomd TmV
napatnpovpevav tpacemv. Télog, deiCape Oti, og avtiBeon pe v emikpatodsa dmoyn,
ot NK kot ot un-katontpikoi vevpaveg g mepoyns FS5 kwdikomolovv pe dtapopeticd
TpOmo TG ekteAovpeveg mpael. Ta omoteAéopatd pog delyvouv TV avaykm
enava&loddynong tov poiov twv NK. To yeyovdg 61t ot NK evepyomotovvtar petd tnv
évapén g TapatnpoVUEVNC KIvnomMg, 6€ GLVOVOGUO LE TNV VTTOPEN GLOYKETIONG LETAED
TOV OTOKPICEDV KOl TOV KIVUOTIKOV TapoUETpOV, Vtodetkviet 6tt ot NK eivar mbovo
VO GUUUETEYOLV GTNV OVIYVELGOT] KO TNV TTapakolovOnon g eEEMENG TV Tpdiemv TV

dAov. Emmiéov, 10 yeyovog OtL katd tn didpkeln ¢ ektéleons Kivnoewv ot NK
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KOOIKOTOWOUV  TI§ KWNUOTIKEG TOPOUETPOVS OXeOOGV TOLTOYPOVA HE TNV Kivnon

VTOONAMVEL T1 GLUUETOYY| TOVG GTOV VIO OTTIKNY KaBodYNoN KIvNnTikd EAEYYO.

210 0e0tepo UEPOG NG OTping e€etdoape v vmapEn NK otov paytaio
TPOKIVNTIKO QAOL0 TOV EYKEQOAMK®OV MUOEAUPI®V TOL HoKAKOoL. XOU@oOve pE TNV
Kuplapyn Gmoyn, To VELP®VIKO KUKA®UA oL givol vaehBvvo yio v avtiinyn g
KWW TIKNG CLUTEPLPOPAS TV GAAV meptlapBdvel amokAeiotikd v mepoy F5 tov
KOIAMOKOU TpokvnTikov eAotov kal Tic mepoyés PF/PFG oto mpdcbio tunpo tov Katw
Bpeynatikod Aofov. Méypt mpoéG@aTa, oVTEG NTOV Ol UOVEC TEPLOYES OTIG OMOLES
dtepeuvinke n vmapén NK pe 1 ypnon duecov pebddov 6mwg n eEwkuttapla
KAToypoen e dpacTnplOTNTIS LOVIP®V VEVPOVAV. 2GTOGO, 0A0EVA KOl TEPIGGOTEPOL
dgdopéva dglyvouv OTL M TOPATAPNOT KWNGEWV €vePyomolel MOAAEC TEPLOYEG TMV
EYKEPAMKAOV Nuo@apiov. MeAETeg AEITOVPYIKNG YOPTOYPAPNONG TOV EYKEPAAOL HE TN
puéBodo g deo&uyAvkding amd to epyactpld pog deiyvovv OTL Ol TEPLOYEG OV
EVEPYOTOLOVVTAL TOGO KATH TNV Tapatnpnon 660 Kot Katd tnv ektédeon npdéemv dev
nepropilovtar otig mepoyég FS war PF/PFG alhd mepihapufdvovy 1o 6Ovolo Tov

TEPLOYDV TOV EVEPYOTOLOVVTOL KOTA TNV EKTEAECT) TPAEEWYV.

Epappédlovtag v dokipacios GUUTEPLPOPAS TOV YPTGLULOTOCOLE KOt YLo. T
peré tov NK oty meproym FS, avalnmoape NK otov payiaio mpokivntikd pAoid, £tot
wote va eEaxpPmbel  VTapEr| TOVG GE AVTN TNV TEPLOYN TOV EYKEPAAMKAOV MLULGOALPI®V.
Evtonicape vevpdveg mov amokpivovior OGO Katd TNV €KTEAESN OGO Kol KOTA TNV
nmapatnpnon npdéewv, arodsikvoovtag £1otl TNy Vapén NK oe avt v meproyr]. Onwg
kot ot NK ¢ mepoyng F5, ot NK tov paylaiov mpoxivntikod @Aotod omoviovv
EMAEKTIKO GTNV TOPOTNPNGCT KOl GTNV EKTEAECT] UETAPATIKOV KIWWNGEMV GUAANYNC.
EmmAéov, amavtodv kot kotd v mopatipnon apetdfotov kwvnoeov. Ot NK tov
poayLoiov TPoKIVNTIKOD PAO10D evepyomolovvtal vopitepa amd toug NK ¢ F5, 1000 katd
Vv mopaTnpNon 060 Kol Katd TV eKTéAeon Kiviioewv. Emiong, n dpactnpidotto toug
oLoYETICETOL LE TIG KIWNUOTIKEG TOPOUETPOVS KOL OUTH 1 GLGYETION TTPOTMYEITOL TNG
avtiotoyng tov NK g F5. Téhog, Bprxape 6tt or NK g F5 kor tov paytaiov
TPOKIVITIKOV PAO100 KMOTKOTOL0VV TIC KIVIGELS e OO0 TPOTO, TOGO KT TV EKTEAECT
000 kol Katd TV mopatnpnon. Katd m odpkela e mopatmpnong, n opactnplotnTa
tov NK tov payraiov mpokivntikod gAo100 6ta apyikd otddio TG kivnong cvuoyetiletol
pe m dpaotnprotmta v NK mc¢ F5 ota tehkd otdda g kivnong. Ot iddtteg tov

NK tov paylaiov mpoxkivntikod @Ao100 givor mApwg cvopPatés pe v mpotabeica



GUULETOYN TNG TEPLOYNG OVTHG GTOV LITO OTTIKY KaBoOYNGN KvNnTiKO EAEYY0 KOOMG Kot
pe v mpdtact pog 0t ot NK cuppetéyovy otnyv aviyvenon Kot v Tapakorlovdnon e

eEEMENC TV TPALe®V TV GAL®V.
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Chapter 1: Introduction

1 INTRODUCTION

Which is the neural substrate of social cognition, in other words which are the processes
in our brain when we watch conspecifics acting, and how do we achieve efficient
understanding of their actions? The discovery of mirror neurons (MirNs) in the ventral
premotor cortex (PMv) of the macaque offered a simple answer that gave rise to a theory
concerning the neural basis of motor cognition. MirNs fire both when a monkey reaches
for an object and when the monkey watches someone else reaching for the same object.
According to the MirN theory, we understand the actions of others because our MirNs in
cortical areas F5 and PF/PFG are activated to represent these actions.

This simple idea sprang an avalanche of speculation about the potential
importance of these MirNs. They have been implicated in a number of human abilities,
phenomena and disorders, and have profoundly influenced not only neuroscience (basic
and clinical) but also psychology, philosophy, computer science and robotics. In fact, in
numerous scientific publications in prominent journals, MirNs have been dubbed the
neural cause of action understanding, empathy, emotion recognition, imitation, mind-
reading, language, aesthetic experience and, when malfunctioning, autism, schizophrenia,
and aspects of Down’s syndrome (di Pellegrino et al. 1992; Gallese et al. 1996; Rizzolatti
et al. 1996; Rizzolatti and Arbib 1998; Gallese 2003; Arbib 2005; lacoboni 2005;
Dapretto et al. 2006; lacoboni and Dapretto 2006; Keysers and Gazzola 2006; Enticott et
al. 2008; Savaki 2010). In turn, the publicity of MirNs led to controversy and criticism,
based both on theoretical grounds and on inconsistencies that appeared in the published
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data (Csibra 2008; Jacob 2008; Hickok 2009; Jacob 2009; Heyes 2010; Kosonogov 2012;
Hickok 2013; Cook et al. 2014; Steinhorst and Funke 2014). It is worth noting that, almost
twenty five years after the discovery of MirNs, very few independent studies have
replicated or reexamined the original data. The available reports concerning the original
work on MirN contain mostly qualitative description of the properties of individual
neurons, leading to unsubstantiated speculations. Key findings are not replicated, leading
to frequent revisions of the mirror neuron theory. In this chapter, 1 will attempt to provide
a thorough review of the available MirN data, considering only the primary literature on
MirNs: reports on monkey cortical neurons that modulate their activity during both

execution and observation of a motor act.

1.1 Mirror neurons in the PMv

The first description of MirNs in the monkey brain (di Pellegrino et al. 1992)
reported 29 neurons in area F5 (rostral part of the PMv) that discharged both when the
monkey performed and observed a hand action. In this and the two other original papers
(Gallese et al. 1996; Rizzolatti et al. 1996), the responses of MirN to various observed or
performed actions were described qualitatively. Prior to these reports, F5 was considered
to be a part of the premotor cortex involved in the control of distal movements (Kurata
and Tanji 1986; Rizzolatti et al. 1988).

1.1.1 The role of area F5 in the execution of grasping actions

In the modern map of the monkey motor cortex, area F5 is the rostral part of the
ventral division of the frontal agranular cortex of the macaque (Matelli et al. 1985). Kurata
and Tanji showed that this part of the PMv is functionally related to distal rather than
proximal arm movements (Kurata and Tanji 1986). The functional properties of F5
neurons were further described by Rizzolatti (Rizzolatti et al. 1988) who reported that F5
neurons discharged during specific goal-directed actions performed with the hand and/or
the mouth such as grasping, holding, tearing or otherwise manipulating. Grasping neurons
could be classified according to grip configuration in “precision grip neurons”, “finger
prehension neurons” or “whole hand prehension neurons”. Subsequently, it was shown
that F5 neurons also respond to the mere presentation of graspable objects and that this

response follows a “grasping code” (i.e. that objects of different shape that require the
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same hand configuration to be grasped are coded similarly (Murata et al. 1997; Raos et
al. 2006)). The encoding of objects in motor terms in F5, as well as its role in the
visuomotor transformation required in grasp actions was further established recently
(Fogassi et al. 2001; Fluet et al. 2010; Vargas-lrwin et al. 2015). Moreover, PMv is
considered to encoe extrinsic parameters of performed actions. Directionally tuned
neurons in the PMv encode the direction of movement regardless of the initial hand
posture (Kakei et al. 2001; Ochiai et al. 2005). Schwartz (Schwartz et al. 2004) used a
visual illusion to dissociate the perceived trajectory from the actual movement during
figure drawing and found that most of the PMv neurons represented the perceived
trajectory and not the actual movement. Interestingly, almost half of these neurons also
responded to movements of the experimenter’s hand within the animal’s visual field.
Umilta (Umilta et al. 2008) trained monkeys to use normal and reverse pliers to grasp an
object. They showed that a subset of F5 neurons responded equally well when using the
two kinds of pliers, even though the use of the two tools required different movements
(closing or opening of the hand, respectively). This finding indicated that non-MirNs
encode movement information in an extrinsic frame of reference, independently of the
muscles used, and was interpreted by the authors as encoding of the goal of the performed

actions.

1.1.2 Responses of F5 neurons during the observation of grasping actions

In the first short report on MirNs, di Pellegrino reported 184 F5 neurons that
responded during distal movements (grasping, holding or tearing) (di Pellegrino et al.
1992). Out of them, 29 responded also to the observation of movements. The authors
divided these neurons in groups according to the matching between the selectivity of their
discharges during action execution and action observation (termed as motor — visual
congruency): in 12 neurons the action for which the neuron displayed the best response
during execution elicited also the best response during observation. Neurons of the second
group (n = 6) responded during execution to one action and during observation to this and
also to other similar actions. In the third group (n = 11), different actions evoked the
maximum response during execution and observation. None of the recorded MirNs
responded to intransitive movements of the hand, even when the object was present in the

scene. It was reported that an interaction between the hand and the object is required to
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evoke the response of MirNs during observation. Moreover, MirNs didn’t respond to the
observation of actions performed with a tool. The visual responses were “usually
stronger” when the observed movement was in the peri-personal space of the monkey and

the response of “some units” was affected by the laterality of the presented action.

In a subsequent extensive report, the properties of 92 MirNs were described
(Gallese et al. 1996). Fifty one of them were selective for a single action during
observation (such as grasping, placing, giving a piece of food to another individual) while
the rest responded to two or three different actions. Out of the 30 neurons that preferred
grasping, 18 were selective to the grip type (e.g. precision grip or finger prehension). The
responses of MirNs were also modulated by other factors such as the hand used (12/32)
or the direction of the observed movement (30/47). The motor responses of MirNs in area
F5 were reported to be similar to the responses of non-MirNs because “they (MirNs) also
showed a clear specificity for particular motor acts”. A subset of the MirNs (n= 14) were
also tested for both grasping in the light and in the dark and were found to be responsive
in both conditions. As in the previous report (di Pellegrino et al. 1992), the authors
classified the recorded neurons according to their motor — visual congruency. In 29
neurons (the so called “strictly congruent neurons”) the action evoking the strongest
activity during execution also evoked the strongest activity during observation. The
neurons displaying action selectivity during execution but not during observation (n = 56)
were classified as “broadly congruent”. “Non-congruent neurons” were selective for
different actions in execution and observation. The authors reported the absence of MirNs
in the primary motor cortex because they did not find any visual response in 49 tested
neurons. As in (di Pellegrino et al. 1992), none of the MirNs responded to pantomimed
actions (the experimenter’s hand mimicking an object-directed action while the object
was absent), or to actions performed with a tool. The lack of effector selectivity (hand or
mouth) displayed by the majority of neurons was considered to support the view that these
neurons encode the goal of the action. The motor properties of MirNs and non-MirNs
during action execution were reported to be indistinguishable. The accompanying
theoretical paper (Rizzolatti et al. 1996) used the same data to argue that the human verbal

communication system evolved from a gesture recognition system subserved by MirNs.

As reported in the first three papers, MirNs did not respond to pantomimed

actions, solidifying the view that the effector-object interaction is necessary for their
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activation. However, this result did not fit well with the proposed function of MirNs in
understanding others’ actions since we are able to understand observed actions even when
the target object is hidden. To investigate this issue, Umilta recorded 37 MirNs of area F5
while the monkey performed and observed hand actions (Umilta et al. 2001). In the
observation task, an object-directed and a pantomimed action were presented in two
different conditions: in the first the action was fully visible whereas in the second the final
phase of the grasping was hidden. In the hidden condition, the monkey knew whether the
object was behind the opaque screen or not. The authors found that 19 neurons responded
to the observation of actions in both conditions. These neurons were then separated in
three groups, depending on the relationship between the discharge in the full vision and
hidden conditions (higher, equal or lower). For most neurons (9/19) the response to the
full vision condition was higher than to the hidden condition. These results were also
verified in the normalized population activity. Hence, the authors concluded that mirror
neurons respond to the observation of grasping actions, even when the target object and
the final movement phase are not visible. The effect of object presence, in both hidden
and visible conditions, was only reported for two neurons in which cases it was found to
be significant. To rule out the possibility that this effect was due to differences in hand
movements, the authors analyzed the hand kinematics of the observed movements and
found them to be similar in the two conditions. However, the alleged kinematic similarity
between the object-directed and the pantomimed movements was not adequately tested.
The reported similarity was restricted to the distance between the travelling hand and a
stationary marker and was only qualitatively assessed. Therefore, it is not clear whether

the observed action kinematics affected the neuronal responses.

The results of the above four papers were the basis of a highly influential opinion
article in Nature Reviews Neuroscience (Rizzolatti et al. 2001). The authors introduce the
“direct matching hypothesis” according to which “we understand actions when we map
the visual representation of the observed action onto our motor representation of the same
action”. The evidence for action understanding was that MirNs were found in “motor
sectors that code actions (PF and premotor areas)”. Since MirNs are activated both
during observation and execution, the direct matching hypothesis was supported, and
these neurons are responsible for action understanding. In contrast, the alternative “visual

hypothesis” which states that understanding comes only with visual analysis, without
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involvement of the motor system, was weakened. This syllogism has two weak points that
would be later used by MirN theory opponents: Firstly, the “visual” and “direct-matching”
hypotheses are not mutually exclusive. In particular, activation of a component of the
motor system cannot be solely responsible for understanding actions, as the authors
themselves point out. Also, what part of understanding is “visual” and what is “motor”
and how can one dissociate between the two? Second, the MirN responses merely
correlate with observation. To claim that MirNs are specifically involved in action
understanding, one should try to directly correlate MirN responses to the subject’s
understanding or to prove that the specific component of the motor system is necessary

for action understanding.

In 2005, Ferrari described F5 neurons that responded to both the execution of
action and to the observation of actions performed with tools (Ferrari et al. 2005). This
finding was in contradiction to the original description of MirNs according to which
observation of actions with tools was ineffective in triggering MirN discharge. The
authors mentioned that these MirNs were found after a long exposure of the animals to
the observation of actions with tools. They concluded that, after training, MirNs
generalize the goal of the observed actions. Similar neurons that responded to both the
execution and observation of actions performed with tools were reported in a later study
(Rochat et al. 2010). The difference between the two studies is that in the latter study the
monkeys had been trained to use tools for grasping objects whereas in the former one the
monkeys could not use the employed tools, even after months of watching the

experimenters using them.

In a series of experiments, Caggiano et al studied the responses of F5 MirNs to
various characteristics of observed actions that had the same goal. They found that the
discharge of 55 out of 105 MirNs depended on the distance between the monkey-observer
and the object grasped by the experimenter (Caggiano et al. 2009). Thus MirNs were
considered to encode the space (peri-personal or extra-personal) around the observer. In
a different experiment, the same authors reported the preference of MirNs to the
observer’s viewpoint (Caggiano et al. 2011). The monkeys were shown videos of grasping
actions displayed in one of three views (0, 90 or 180 degrees with respect to the first
person perspective). Sixty out of 201 neurons preferred a single viewpoint, 89/201

preferred more than one viewpoints whereas the responses of the remaining 52 neurons
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were view-independent. Finally, in a third paper (Caggiano et al. 2012), the monkeys
observed the experimenter grasping two different objects: a small cylinder (in which case
the monkey was rewarded at the end of the trial) and a large cylinder (in which case the
monkey was not rewarded. Out of the 87 recorded MirNs, 40 preferred the observation of
grasping the object that led to reward whereas 11 preferred the observation of action that
did not lead to reward (the rest showed no preference). It was concluded that MirNs
mostly prefer actions that have a value for the observer and moreover that this value is

encoded in their discharge.

In another experiment, Bonini used a task in which the monkey or the
experimenter grasped a piece of food and either ate it or placed it in a container that was
located near the actor’s mouth (Bonini et al. 2010). The aim of this task was to examine
whether MirNs can dissociate between seemingly similar actions (grasping the object)
with different goals (to eat or to place). Nine of the 23 recorded MirNs responded
differentially to the two variations in both execution and observation. The authors
concluded that this response pattern enables the understanding of the goal of the observed
action. However, the similarity of the two observed grasping actions in terms of
kinematics was not assessed. Thus the differential discharge of the MirNs could be due to
the observation of actions with different kinematics. Moreover, the visual scene was not
identical in the two conditions. The absence or presence of a container in the grasp-to-eat
and grasp-to-place conditions, respectively, informed the monkey about the upcoming

action and thus could also affect the discharge of MirNs.

Bonini also reported MirNs that not only discharged when an actor performed a
grasp in front of the monkey (action) but also when the actor refrained from acting
(inaction) (Bonini et al. 2014b). Seventy nine out of the 188 MirNs discharged during the
observation of the “inaction” condition. Compared to the responses to ‘“action”
observation, the discharge during the observation of “inaction” was weaker and occurred
earlier in time. Because these neurons responded to both “action” and “inaction”
conditions, the authors suggested that they represent actions at a highly abstract level,
even when these actions are not actually performed. However, the response during the
inaction condition could be due to the presence of instruction cues and thus it may reflect

learned associations.
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In a subsequent study, Maranesi reported that MirNs associated with “inaction”
started firing 480ms before the cue instructing the movement (go cue) whereas MirNs
associated with “action” started firing 100ms before the go cue (Maranesi et al. 2014).
The authors interpreted the early onsets of activity as “predictive activations”.
Nevertheless, they never defined what is meant by “predictive”, nor what these neurons
predict. In fact, the early activations of the inaction neurons (the ones that started
discharging earlier) were not selective for the upcoming movement. In other words, the

neuronal responses could not be used to detect if an action was about to happen or not.

In the original studies (di Pellegrino et al. 1992; Gallese et al. 1996) the sight of
a graspable object alone did not suffice to trigger the response of MirNs. This led to the
claim that MirNs are different from “canonical neurons” (Raos et al. 2006) which
discharge upon the sight of an object to-be-grasped (Rizzolatti and Kalaska 2013). This
claim changed in 2014, when Bonini reported that MirNs also discharge, albeit weakly,
upon the presentation of graspable objects (Bonini et al. 2014a). The authors reported
three separate functional groups of neurons: 137 MirNs, 46 canonical neurons and 60
canonical-MirNs; each group spatially intermingled in area F5. Most canonical (mirror or
not) neurons responded to object presentation only when the object was in the peri-
personal space. On the other hand, most mirror (canonical or not) neurons responded to
action observation regardless of whether the action occurred in the peri- or extra-personal
space. Moreover, the authors reported that MirNs neurons were found not only in the
cortical convexity of area F5 (F5c), as previously thought (Rizzolatti and Kalaska 2013),

but also in locations deep in the posterior bank of the inferior arcuate sulcus (F5p).

Maranesi and colleagues examined the influence of gaze on the discharge of
monkey MirNs (Maranesi et al. 2013). The monkey was not required to fixate on the
observed action, so the authors were able to separate trials in “fixation” and “no fixation”
groups. The “fixation” trials were further subdivided in two groups, depending on when
the monkey fixated to the observed action or not (before or after the hand-target contact).
Thirty-eight out of the 71 MirNs responded stronger when the monkey looked at the
action, whereas the responses of the remaining ones were independent of gaze. When the
monkey looked at the object before the hand-target contact (proactive gaze), the responses
were stronger than when the monkey looked at the object after the hand-target contact

(reactive gaze). The discharge of the gaze independent neurons demonstrates that many
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MirNs respond to action observation irrespectively of whether the monkey focuses on the
action (the experimental setup did not control for the monkey’s attention). The gaze
dependent neurons also discharged in both “fixation” and “no fixation” trials, with weaker
activations in the latter case. This showed that the foveation of the observed action is not
a necessary condition for the activation of these neurons.

In the early studies, MirNs were reported to respond when the monkey grasped
objects in the dark (without visual feedback), although this report came without statistics
and example figures. The role of the visual feedback in the response of MirNs during
execution was formally assessed in 2015 (Maranesi et al. 2015). The authors examined
the role of visual feedback in both mirror and non-MirNs of area F5. In both classes of
neurons, the responses were mostly equal when the monkey grasped in the light and in
the dark. One third of the MirNs (30.3%) discharged more during grasping in the light
whereas the respective percentage for non-MirNs was 11.4%.

In all of the above studies, researchers carried out extracellular recordings from
F5 neurons that responded to grasping execution and observation. This method does not
provide much information about the cell type of the recorded cells (e.g. if a recorded
neuron is a pyramidal cell or an interneuron). In a different approach, Kraskov first used
antidromic stimulation to identify 64 pyramidal tract neurons in F5 and then tested these
neurons for mirror properties (Kraskov et al. 2009). About half of them (31/64) modulated
their activity during observation: 14 showed a facilitation of activity and 17 showed a
suppression of activity (compared to baseline). It was suggested that the suppressed

MirNs are involved in the inhibition of self-movements during action observation.

Table 1: Properties of F5 MirNs during action observation

Report Properties

Variable levels of selectivity and congruency, no
(di Pellegrino et al. 1992) | response to intransitive, preference for peri-personal
space, left or right visual field preference

Hand preference, direction preference, responding

(Gallese et al. 1996) during execution in the dark, no response to intransitive
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(Umilta et al. 2001)

Response to partially occluded actions, as long as an
object is present

(Ferrari et al. 2005)

Response to the observation of actions executed with
tools (monkeys were not trained to use tools). Various
levels of effector preference.

(Rochat et al. 2010)

Response to the observation of actions executed with
tools (monkeys were trained to use tools). Various levels
of effector preference.

(Caggiano et al. 2009)

Preference to distance of the object from the observer

(Caggiano et al. 2011)

Preference of action viewpoint

(Caggiano et al. 2012)

Preference for presence or absence of reward

(Bonini et al. 2010)

Preference for the final part of a two parts action (grasp
to eat vs grasp to place)

(Maranesi et al. 2013)

Gaze dependent modulation

(Bonini et al. 2014a)

Response to mere object presentation

(Bonini et al. 2014b;
Maranesi et al. 2014)

Response to inaction (occurs earlier than response to
action)

(Maranesi et al. 2015)

Response during execution in the dark

(Kraskov et al. 2009)

Suppression of some MirNs’ activity during action
observation

10
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1.2 Mirror neurons in other brain areas

1.2.1 Mirror neurons in the primary motor cortex

In the early papers in the MirN literature, the authors were unable to find neurons
in the primary motor cortex (area M1, Brodmann area 4) that responded during action
observation (di Pellegrino et al. 1992; Gallese et al. 1996). Since most neurons in area M1
are active during action execution, the lack of activity in M1 during observation excluded
the possibility that the monkey was making small, undetectable by visual inspection,
movements that could account for the F5 activity recorded during action observation.
However, evidence for visual responses in the primary motor cortex has been presented
repeatedly in the literature. In 1989, Wannier reported M1 neurons that responded to
“...movements of the experimentator's hand while the monkeys were obviously immobile”
(Wannier et al. 1989). They reported 36 such neurons that were located in both the rostral
bank of central sulcus and the convexity of precentral gyrus. In a series of papers,
Georgopoulos and colleagues reported neurons in the primary motor cortex that
responded to visual stimuli such as moving targets or optic flow of different directions
and speeds (Merchant et al. 2001; Port et al. 2001; Merchant et al. 2004b, 2004a;
Merchant and Georgopoulos 2006). Would these neurons respond to the observation of
transitive or even intransitive actions? Since they are supposed to be tuned to low level
characteristics of motion, the answer is likely positive. Nevertheless, they are usually

ignored in the MirN literature.

Tkach used a visuomotor tracking task to test the visual responses of primary
motor cortex (and dorsal premotor) neurons (Tkach et al. 2007). The monkeys were
trained to perform a random target pursuit task in which they used a two dimensional
manipulandum to move a cursor on a monitor towards different targets. Then, they
observed the playback of their own movement on the monitor. The authors found that
many of the recorded neurons responded to both the execution and observation tasks. For
almost all of these neurons, the preferred direction was the same in execution and
observation, indicating a high degree of visual and motor congruency (not typical of
grasping MirNs). Using Mutual Information, the authors examined the latency at which
the neuronal modulation was most related to the cursor movement. These latencies were

not statistically different between active execution and observation: neuronal activity
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preceded cursor movement both in execution (65 = 13 ms, mean + standard error of the
mean) and observation (22.5 = 24.5 ms). However, in a variation of the observation task,
with the cursor moving in constant velocity, without reaction delay between the targets,
the neuronal activity followed the cursor movement by -166 +-20.0 ms. Other variations
of the observation task showed that the presence of the target is more important than the
presence of the cursor for triggering the modulation induced by action observation. These
results were in agreement with the claim that the interaction between hand and object is

necessary in order to evoke MirN responses during action observation.

In a similar experiment, Dushanova and Donoghue reported that half of the
neurons that responded during execution in M1 were also responsive during observation
(Dushanova and Donoghue 2010). The intensity of the responses was lower during
observation, but the timing was similar (as assessed by comparison of activity onsets and
times of peak of firing). In contrast to the results of Tkach, most of the responding neurons
(62%) changed their preferred direction between execution and observation. The authors
used a Bayesian classifier to decode the cursor movement using neural data. The classifier
was successful only when trained and tested in the same task (execution or observation).
Cross-decoding success (model training in execution responses and model testing in
observation responses or vice versa) was at chance level, even when the population of

neurons with similar preferred directions was used.

The two studies described above used a behavioral paradigm different to the one
used in typical MirN studies in F5. Thus, the reported responses to observation are
referred as “mirror-like” (Rizzolatti and Fabbri-Destro 2008; Rizzolatti et al. 2014). The
existence of grasping MirNs in the primary motor cortex was unequivocally shown
recently by Vingeswaran (Vigneswaran et al. 2013). They recorded the activity of 132
pyramidal tract neurons and 58% of these (77/132) modulated their activity both during
execution and observation. As with the pyramidal tract neurons of F5, the authors reported
both facilitation (58%) and suppression (42%) of the activity of MirNs. In contrast to F5,
but in agreement to the reports of Tkach and Dushanova, the activity of MirNs during

observation was about half of their activity during execution.
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1.2.2 Mirror neurons in the dorsal premotor cortex (PMd)

The PMd is not considered part of the mirror neuron system (Rizzolatti et al.
2001; Rizzolatti and Craighero 2004; Rizzolatti and Sinigaglia 2010; Rizzolatti et al.
2014). Neuronal responses in PMd are typically associated with movement planning and
execution (Wise et al. 1983; Mauritz and Wise 1986; Kurata and Wise 1988; Wise and
Kurata 1989; Crammond and Kalaska 2000) whereas a part of this area, the ventro-rostral
sector, contains grasp selective neurons that also respond to visual stimuli (Fogassi et al.
1999; Raos et al. 2004a). Cisek and Kalaska trained monkeys to use a joystick and
perform a center out task on a monitor (Cisek and Kalaska 2004). After extensive training
in this task, the monkeys were required to simply watch the monitor while the task was
performed by the experimenter. Using this paradigm, they recorded 28 ‘mirror-like’
neurons that discharged similarly during execution and observation. They also found that
the preferred directions were the same in execution and observation, a finding similar to
that reported by Tkach et al (see 1.2.1). Since the monkey did not observe the actual
movement required for the task but only the cursor and targets on the monitor, and because
the reported neurons discharged hundreds of milliseconds before the onset of the cursor
movement, these results were interpreted by the authors as supporting the engagement of
monkeys in the mental rehearsal of the task.

1.2.3 Mirror neurons in the inferior parietal lobule

MirNs have also been described in areas PF and PFG of the inferior parietal
lobule which are reciprocally connected with area F5 (Petrides and Pandya 1984; Rozzi
etal. 2006). MirNs in areas PF and PFG display functional similarities with MirNs in area
F5 (Fogassi et al. 2005; Rozzi et al. 2008; Bonini et al. 2010). Fogassi used the grasp-to-
eat vs grasp-to-place task (described in 1.1.2) and recorded MirNs that fired selectively
for the two conditions (Fogassi et al. 2005). Out of the 41 recorded MirNs, 23 fired
significantly more for ‘eating’, 8 for ‘placing” whereas the remaining 10 did not fire
differently between the two conditions. Bonini reported similar selectivity in the 28 MirNs
recorded in area PFG using the same behavioral task (Bonini et al. 2010). As with the
analogous F5 MirNs, these parietal MirNs were associated with the understanding of
action goals. Again, the kinematic similarity of the two actions was never assessed,

therefore the influence of the different action kinematics on the neuronal discharge cannot
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be excluded. Rozzi recorded 124 MirNs from the inferior parietal lobule during the
execution and observation of various hand actions (grasp, place, break, hold etc.) and
classified them similarly to Gallese (Gallese et al. 1996) as strictly congruent (29%),
broadly congruent (54%), logically related (6%) and non-congruent (11%) (Rozzi et al.
2008). In an interesting study, Fujii recorded from the left parietal cortex of two monkeys
in a social setting: the animals observed or performed grasps towards food that was
available to either both or only one of them (Fujii et al. 2007). The authors report
observation related activity only when the two monkeys were close to each other and the
food was also available to the observer. Finally, Yamazaki, recorded the activity of 80
MirNs in the inferior parietal lobule, reporting that they have similar properties to

premotor MirNs (Yamazaki et al. 2010).

1.2.4 Mirror neurons in the anterior intraparietal area (AlP)

The anterior intraparietal area is occasionally considered to be part of the mirror
neuron system (Rizzolatti et al. 2001; Rizzolatti and Craighero 2004; Rizzolatti and
Sinigaglia 2010; Rizzolatti et al. 2014). It has strong projections (Luppino and Rizzolatti
2000; Matelli and Luppino 2001; Borra et al. 2008) and similar functional properties to
area F5 (Murata et al. 2000; Baumann et al. 2009). Two recent studies demonstrated
mirror responses in many grasp related AIP neurons. Pani recorded 104 neurons that
responded during both grasping in the light and in the dark in area AIP (Pani et al. 2014).
More than half of them (59%) were also active during the observation of a video that
displayed the monkey’s movements. These videos were recorded from a camera mounted
above the animal’s head, therefore showing the action in subjective view. To examine the
influence of the visual aspects of the observed action on the neuronal response, the authors
tested two simpler variations of the observation task in 51 of the neurons responding to
observation. In the first, the background and the object were removed, and the monkey
watched an isolated hand moving towards the location of the object, with the same speed
and trajectory but without the preshaping of the fingers. In the second, the background
and the object were intact, but the moving hand was replaced by a scrambled ellipse-
shaped body that approached the object to be grasped. All the tested neurons responded
to the view of the isolated moving hand and 76% of them also responded to the move of

the ellipse shaped body towards the object. Most of these neurons (26/42) were not
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effector selective, i.e. they responded equally well when the hand grasped the object or
when an arbitrary shape (the ellipse) approached the object. One could argue that the
responses in this experiment are not identical to the original “mirroring” because the
monkey was not observing another agent. This possibility was excluded in a subsequent
study by Murata and colleagues (Maeda et al. 2015). They recorded 54 neurons in area
AIP that responded both when the monkey grasped an object and watched a video of its
own action. Thirty three of these neurons also responded when the monkey watched the
same grasping action in lateral view, performed by the experimenter. Similar to the results
of Pani (Pani et al. 2014), 25 of 54 MirNs also responded in a manipulation of the

observed video where the object was removed and only the monkey’s hand remained.

1.2.5 Mirror neurons in the secondary somatosensory area (SII)

Recently, Hihara reported mirror responses in the secondary somatosensory area
SII which is part of the secondary somatosensory cortex located on the ceiling of the
lateral sulcus (Hihara et al. 2015). The authors reported 306 neurons that responded to
visual stimuli. Eighty nine of them were selective for the observation of actions and 73
responded to the observation of simple moving stimuli. Out of the 89 neurons responding
to action observation, 46 also responded during the execution of grasping movements and
had no somatosensory receptive fields. Apparently, these neurons fit the definition of
MirNs.
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2 AIM OF THE STUDY

This study has a two-fold aim: (i) to thoroughly investigate the response properties of
MirNs in area F5 of the PMv and (ii) to examine the presence of MirNs in the PMd. For
this purpose, we extracellularly recorded the activity of single neurons from the ventral
and dorsal premotor cortices of the macaque brain while the animals performed and

observed grasping actions.

2.1 What is encoded by MirNs in area F5?

Effective social interaction builds on the ability to grasp the meaning conveyed
by the actions of others. The discovery of MirNs (di Pellegrino et al. 1992; Gallese et al.
1996) inspired several researchers, across many disciplines, to investigate the
mechanisms of social cognition. Current theories suggest that the meaning of an action is
understood because the motor representation of the seen action, activated in the observer’s
brain, matches the homologous representation in the actor’s brain (Rizzolatti et al. 2001).
But, what is encoded in the activity of MirNs in ventral premotor area F5 when they are
triggered by others’ actions? Given the lack of empirical evidence, the answer was
obtained through deductive reasoning based on the following propositions: (a) the non-
MirNs of area F5 encode the goal of motor acts during execution, (b) non-MirNs and
MirNs of area F5 have similar properties during action execution, (c) whatever it is
encoded by MirNs during execution, is also encoded during observation. Accordingly,
MirNs have been thought to encode the goal of motor acts during observation (Rizzolatti
et al. 2014). However, a syllogism is valid and its conclusion true only if the premises are
true. So far, the only piece of evidence somewhat supportive of the first premise is the
finding that non-MirNs encode movement information in an extrinsic frame of reference,
independently of the muscles used (Umilta et al. 2008). Our present findings challenge
the second premise and demonstrate that the discharge of MirNs reflects movement
kinematics. In light of our findings, a re-evaluation of the role of MirNs is necessary.
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2.2 Do MirNs exist in the PMd?

Mirror neuron theory holds that action understanding is sub-served exclusively
by the fronto-parietal circuit and specifically the ventral premotor area F5 and the inferior
parietal area PF/PFG which, according to Rizzolatti, are the only regions containing
MirNs (Rizzolatti et al. 2001; Rizzolatti and Craighero 2004; Rizzolatti and Sinigaglia
2010; Rizzolatti et al. 2014). Until recently, these were the only areas in which the
existence of MirNs was investigated using direct methods such as the extracellular
recording of single cell activity, mainly by members of the Rizzolatti’s team. The
discovery of MirNs in the primary motor cortex (area M1 or F1) (Vigneswaran et al. 2013)
has not been sufficient to include this area in the MirN system (Rizzolatti et al. 2014).
Recent brain imaging findings from our lab indicate that the system activated during the
observation of actions of other subjects encompasses the entire brain circuitry that
supports action execution, rather than just two cortical areas, which are supposed to be
the only ones containing MirNs (Raos et al. 2004a, 2007; Evangeliou et al. 2009; Kilintari
etal. 2014; Raos and Savaki 2016). However, the resolution of the neuroimaging methods
does not allow to detect whether the same neurons are activated during execution and
observation. In other words it is not clear if the common activations are due to the
functioning of MirNs. The conclusive demonstration that neuronal responses in any area
encode specific behavioral parameters can be obtained only by employing a direct method
such as the extracellular recording of single cell activity.

One of the areas activated during both action execution and action observation
in our neuroimaging studies is the forelimb representation of the dorsal premotor area F2
(Raos et al. 2007). Other neurophysiological studies have reported the existence of
neurons in this area that discharge both when a monkey executes a conditioned task
(moving a cursor to capture targets on a computer screen) and when the animal observes
the same task executed by the experimenter (Cisek and Kalaska 2004; Tkach et al. 2007).
The activity of these neurons has been suggested to reflect mental rehearsal of a learned
motor action (acquired through learned stimulus—response associations) rather than
processes related to action recognition/understanding, which are the hallmarks of MirNs
activity. The facts that (i) the PMd is essential for conditional learning (its lesion impairs

movement selection on the basis of a visual contextual cue, (Petrides 1982, 1985;
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Passingham and Wise 2012) and (ii) it is unknown whether the identified neurons in PMd
would also respond to an interaction between a biological effector and an object (a
criterion necessary for their classification as MirNs), have been used to support the
interpretation of mental rehearsal rather than action understanding. Thus, although PMd
contains neurons displaying execution and observation neural activity, as MirNs do, a
detailed description of their properties and their relevance to previously identified MirNs
IS missing. As a result, it is still debatable whether PMd should be considered part of the
so-called mirror neuron circuit and what its exact role in such a network would be. Here,
we conclusively demonstrate the existence of MirNs in the PMd. We show that PMd
neurons respond during both the execution and observation of grasping movements.
Moreover, we compare their properties to those of MirNs of area F5 in terms of timing,
grip selectivity and action representation.
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3 MATERIALS AND METHODS

3.1 Subjects and recordings

Experiments were performed in two adult female monkeys (Macaca mulatta)
weighing between 5 and 7 kg. Animals were purpose-bred by authorized suppliers within
the European Union (Deutsches Primatenzentum, Gottingen, Germany). All experimental
protocols were approved by the Veterinary authorities of the Region of Crete and
complied with the European (directive 2010/63/EU and its amendments) and National
(Presidential Decree 56/2013) laws on the protection of animals used for scientific
purposes. For immobilization of the monkeys, a metal bolt was surgically implanted on
their head with the use of mandibular plates secured on the bone by titanium screws
(Synthes, Bettlach, Switzerland). To monitor eye movements, a scleral search coil (AS633
Cooner wire, Chatsworth, CA) was sutured on the sclera (Robinson 1963; Judge et al.
1980) After completion of the training, a recording chamber was implanted over the
cortical area of interest. The estimation of the coordinates for the implantation of the
chamber was based on anatomical landmarks of the publicly available atlas of McLaren
(McLaren et al. 2009). This atlas is an MRI-based atlas derived from the average of 112
rhesus macaques. Surgical procedures were performed under general anesthesia and

aseptic conditions.

The recordings were carried out using glass-coated tungsten microelectrodes
(Alpha Omega, Israel) inserted into the dura perpendicularly to the cortical surface
(impedance 0.5-1.5 MQ, measured at 1 kHz frequency; Bak Electronics, MD, USA) with
an oil hydraulic micromanipulator (Narishige International, UK). The electrode signal
was amplified (gain, 10,000), band-pass filtered (1 Hz to 8 kHz) and recorded digitally at
25 kHz (Cambridge Electronic Design, England) while being monitored on an
oscilloscope. The signal was band-pass filtered (0.3 to 5 kHz) offline and spike sorted
using the Spike2 software (Cambridge Electronic Design, England). Spike occurrences

were stored as binary time series at a 1 ms time resolution.
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Stainless steel recording chambers were implanted stereotactically over the left
hemisphere of each monkey (contralateral to the moving forelimb). The chamber
provided access to a large cortical territory which included ventral and dorsal premotor
cortical areas and extended from the primary motor cortex (area F1), caudally, to the
posterior part of the frontal eye fields (FEF), rostrally. After chamber implantation, the
accessible cortical area was functionally explored by means of single neuron recordings
and intracortical microstimulation to assess the location of areas F1, F2, F4, F5 and FEF.
The criteria used to characterize the different areas were the following: area F1, excitable
with low-threshold currents (<25 pA, train of cathodal pulses, train duration: 50 ms, pulse
width: 0.2 ms, pulse frequency 330 Hz), vigorous discharge during active movements,
responses to somatosensory stimulation; area F2, excitable with currents of higher
intensity (>25 pA), vigorous discharge before and during active movements, located
medial to area F5; area F4, rostral to the F1 hand field, bimodal neurons with large tactile
receptive fields on the face and body and visual receptive fields mostly driven by moving
stimuli in register with the tactile receptive fields encountered frequently, neurons
discharging during proximal forelimb and axial movements; area F5, further rostrally,
responses to the observation of actions, neurons discharging in association with goal-

directed hand movements; FEF: vigorous discharge during saccades.

MONKEY 1 MONKEY 2

Figure 3.1 Side view of the left hemispheres of Monkey 1 and Monkey 2 . Grey dots indicate loci
of penetrations in the dorsal and ventral premotor cortex of each hemisphere with a spatial
resolution of 1 mm to avoid cluttering (the spacing of the actual penetrations was 0.5mm). The
regions delimited by the grey rectangles medially and laterally to the spur of the arcuate sulcus
contain the PMd and F5 penetrations, respectively. Dashed circles indicate the perimeters of the
recording chambers. As, arcuate sulcus; Cs, central sulcus; IPs, intraparietal sulcus; Ps, principal
sulcus.

Informal testing preceded the selection of neurons tested with the behavioral
paradigm. The activity of each recorded neuron was correlated with the execution of
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active movements as well as with somatosensory and visual stimulation. Active
movements consisted of reaching for and grasping objects of different size, shape and
orientation, presented in all space sectors, or trunk movements such as orienting towards

interesting stimuli or avoiding threatening stimuli.

3.2 Behavioral apparatus and paradigm

Each monkey was seated in front of the behavioral apparatus which was a
rotating turntable on which 3D geometrical solids were accommodated. Depending on
whether the monkey or the experimenter was performing the task, the apparatus was
positioned in front of the monkey at a distance of 25 cm or 45 cm, respectively. The
topographic arrangement of the object, the monkey and the actor (experimenter) in
execution and observation tasks is schematically illustrated in Figure 3.2A. The objects
(illustrated in Figure 3.3) were presented one at a time, in blocks of trials, always in the
same central position. The following objects and grips were used: large sphere (diameter:
40 mm), whole hand prehension with all the fingers wrapped around the object and the
palm in contact with the object; cylinder (length: 40 mm, base diameter: 20 mm), finger
prehension, using all fingers but the thumb; ring (diameter: 15 mm), hook grip with the
index finger inserted into the ring; cube in vertical groove (side: 10 mm), advanced
precision grip using the pulpar surface of the distal phalanx of the index finger opposed
to the pulpar surface of the distal phalanx of the thumb. The monkeys were trained to use
identical hand postures for grasping the same objects and the overall similarity of the grips
performed by the two monkeys was confirmed by comparing the video images of their
hand postures during grasp. Eye movements were measured with the scleral search coil
technique and recorded at 500 Hz (Remmel 1984). Both behavioral tasks were managed
by custom built software and all behavioral events were synchronously stored with the

neural data.

Execution task: At the beginning of each trial of the execution task, a LED above the
selected object turned on and the monkey was required to fixate it and place its hand on a
push button. Following a fixation period (delay), a dimming of the LED signaled the onset
of the reaching and grasping movement. The monkey was required to reach for, grasp,
pull and hold the object while maintaining fixation. After a holding period, the LED was

turned off and the monkey had to release the object in order to get the reward. The monkey
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was required to keep its gaze within a circular window of 10° diameter, centered on the
object. The delay and hold period lengths were randomly chosen from uniform

distributions between 800 to 1200 ms and 400 to 900 ms, respectively.

EXECUTION OBSERVATION
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B
_ S S LED
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Figure 3.2 . Behavioral task. (A) Topographic arrangement of the apparatus, the monkey and the
actor (experimenter) in execution and observation tasks. (B) Diagrammatic representation of the
time sequence of the task events in the two tasks. Upward deflection: on; downward deflection:
off.

Observation task: The experimenter performed reaching to grasp actions with the right
hand, on the same objects, while standing next to the animal on its right side. Transport
and hand preshaping of the experimenter’s movement were visible to the monkey. The
sequence of the task events in the observation task was identical to that of the execution
task. The duration of the object presentation/delay period preceding movement and of the
holding period were drawn from the same uniform distributions that were used for the
execution task. However, the LED above the object was not turned on for the entire

duration of the trial and the experimenter was instructed from cues appearing on a screen
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out of the monkey’s view. In addition to the four transitive actions, the monkey also
observed a fifth, intransitive action. The task was performed in blocks of 10 trials for the
intransitive as well as for each one of the four transitive actions. When the monkeys
observed the intransitive action, the carousel of the behavioral apparatus was positioned
in a way that a side with no object mounted on was presented to the monkey. In other
words, the monkey knew from the beginning of the block of trials that the actions to
follow were going to be intransitive. The intransitive action consisted of an out-reaching
non object-directed movement with extended wrist and fingers towards the side of the
carousel. A diagrammatic representation of the time sequence of the task events in
execution and observation is illustrated in Figure 3.2B.

In the observation task the animals were trained to observe the experimenter
performing reaching-to-grasp actions and were rewarded at the end of each one of them.
Contrary to the fixation requirement used in the execution task, no restriction was posed
on the animals’ oculomotor behavior during observation. To verify the animals’
engagement in the task, an eye position window of 9.5° in diameter, centered either at the

object (transitive actions) or the end point of the intransitive action was used.

3.3 Tracking of actions

Arm and hand movements of the observed actions were tracked using an
extension of the electromagnetic method for eye movement recording (Remmel 2006) in
4 different sessions, each consisting of 30 repetitions for each action (total data set:
n=120). Small coils, mounted either on elastic bands or on a custom made glove, were
positioned on the arm, forearm, hand dorsum, thumb and index finger of the experimenter.
Three alternating magnetic fields in the X, Y, and Z directions (at 48, 60, and 80 KHz)
were generated by field coils with a side length of 1.5 m (Remmel Labs, TX, USA). The
three magnetic fields induce three voltages into each of the small coils by Faraday’s law
of induction. As the action unfolds, the induced voltages vary with the position and
orientation of the small coils. These voltages can be used to estimate the angles of each
joint. The following rotation angles were recorded: shoulder joint (3 DoF:
flexion/extension in sagittal or horizontal plane, abduction/adduction); elbow joint (2
DoF: flexion/extension, wrist pronation/supination); wrist joint (2 DoF:

flexion/extension, abduction/adduction); index finger metacarpo-phalangeal joint (2 DoF:
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flexion/extension, abduction/adduction), proximal inter-phalangeal joint (1 DoF: flexion)
and distal inter-phalangeal joint (1DoF: flexion); thumb carpal-metacarpal joint (2 DoF:
flexion/extension, abduction/adduction), metacarpo-phalangeal joint (1 DoF: flexion) and
inter-phalangeal joint (1 DoF: flexion). All coil voltages were digitized and stored at 500
Hz. Bone endpoint trajectories (Figure 3.3) were calculated using forward kinematics.
The travelled distance of each endpoint is the magnitude of its position vector as measured
from the initial location. Endpoint speed is the rate of change of the travelled distance.
The aperture is defined as the Euclidean distance of the endpoint of the index to the

endpoint of the thumb.
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HUMAN kinematics

index thumb wrist

Figure 3.3 Kinematics of the observed actions. Mean trajectories of the ulnar styloid process
(blue), tip of the index finger (red) and thumb (green) during object grasping (transitive actions)
and the out-reaching non object-directed movement (intransitive action) in a representative
session (n=30). Each circle represents the mean instantaneous position of an endpoint with a
resolution of 12 ms and each line represents the path of each marker at different trials.

The actions performed by the monkey were recorded at 120 frames per second
by a digital camera positioned perpendicular to the trajectory of the forelimb movement.
Videos were recorded in 12 different sessions, each consisting of 10 repetitions for each
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action (total data set: n=120 for each action). The videos were background subtracted to
identify the area occupied by the monkey’s moving arm, forearm and hand in each frame.
A simple skeletal model of three parts (arm, forearm and hand) was then fitted in each
frame. This model allowed the reconstruction of the monkey’s hand trajectory during the
movements. Our setup did not permit the use of a more detailed hand model that would
include the individual fingers due to occlusion of fingers that occurred during the hand-

object interactions.

3.4 Analysis of neural activity

Only neurons recorded for at least 8 trials for each action in each task were
included in the dataset and were further analyzed. For each trial, spikes were aligned to
the movement onset and firing rates were computed in a sliding 200 ms window with a
slide step of 5 ms. To account for the varying timings in the firing of the neurons, a
dynamic criterion, instead of the behavioral events, was used for the definition of the
activity epochs. Consequently, three epochs were defined for each action in each task:
baseline epoch, 500 ms before trial start; modulation epoch, at least 40 consecutive bins
(200 ms) with activity above the mean plus one standard deviation of the baseline epoch;
burst epoch, at least 12 consecutive bins (60 ms) with activity above the mean plus one
standard deviation of the modulation epoch (Figure 3.4). Thus, the start and end time of
the modulation and burst epochs varied across actions, tasks and neurons. The burst epoch
activity, capturing the period displaying the peak activity, was used to rank the transitive

actions from preferred to non-preferred for each neuron and task.

The net response of each neuron for each task and action was obtained by
subtracting the corresponding baseline activity from each 200 ms sliding window. To
account for the different activity amplitudes of the neurons in the population, the obtained
net response in each window was divided by the response in the window displaying the
highest activity of the neuron across actions and tasks (maximum normalized activity =
1). To calculate the population activity, the obtained net normalized responses of each
rank (preferred to non-preferred) were averaged separately for each task. Selectivity
among the ranked transitive actions, at the population level, was assessed by a one-way
ANOVA (p<0.01), calculated separately in each bin. To define the period at which at least

one transitive action differed from the intransitive one, the same procedure was used for
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the comparison of all five (ranked transitive and the intransitive) actions, followed by a

Dunnett test. The intransitive action was used as the single control group in this test.

firing rate (Hz)
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Figure 3.4 Burst epoch definition. Double thresholding process for the definition of the
modulation and burst epochs. Activity of one F5 mirror neuron during the observation of a
grasping action, presented in spike rasters and corresponding firing rate, both aligned at movement
onset (cyan vertical line). In the rasters, cyan marks on the left indicate the start of the trial and
cyan marks after the movement onset indicate the end of movement; brown marks indicate action
potentials and each line is a different trial. The lower grey horizontal line depicts the threshold for
the modulation epoch (baseline epoch mean plus one standard deviation) and the upper grey
horizontal line depicts the threshold for the burst epoch (modulation epoch mean plus one standard
deviation). The yellow rectangle highlights the burst epoch on the rasters.

3.5 Neural activity representational similarity analysis
Representational dissimilarity matrices (RDMs) were used to compare the
representations between (a) execution and observation activity of MirNs (either at the
population or single neuron level), (b) execution activity of MirNs and non-MirNs (c) the
activity of F5 and PMd MirNs or non-MirNs during execution or observation and (d)
execution activity of non-MirNs from two datasets. The RDM (Figure 3.5) is a distance
matrix, that is, a two-dimensional array containing the pairwise distances between the
elements of a set, which in our case was the set of actions. The Euclidean distance between

each action pair is given by:

d(ay, az) = \JXILi(ay — az)? (1)
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where a,is action k (k = 1,..,4) and n is the number of neurons (neural RDM). For
example, when computing the RDM of a neural population during a given task, a,; equals
to the normalized burst epoch activity of neuron i during action k. The RDM of a single
neuron is calculated similarly. By definition, RDMs are symmetrical and the entries of

the main diagonal are all zero.

= Q - H
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Figure 3.5 Representational Dissimilarity Matrix. Illustration of a generic representational
dissimilarity matrix. In each cell, d(a4, a,) is the Euclidean distance between actions a; and a,
and can be calculated in either neuronal or kinematics spaces.

The relation between two dissimilarity matrices can be inferred by classical
correlation measures. However, such methods assume independent measurements for the
two variables and this cannot be assumed for pairwise distances as they are derived from
common points. To overcome this, the significance of the correlation coefficient between
a pair of RDMs was assessed by the Mantel test (Mantel 1967). Briefly, correlation
between RDMs was evaluated by calculating the Pearson product-moment correlation
coefficient between the upper triangular parts of each matrix. Then, the correlation null
distribution was estimated by permuting the rows and columns of the distance matrix 1000
times (equivalent to permuting the action labels). The significance of the observed
correlation coefficient is equal to the proportion of such permutations that result to a
coefficient higher than the observed one. To verify that the resulting correlations were not
disproportionately affected by certain individual neurons, the distributions of the r values
were approximated by 1000 bootstrap resamplings (that is, with replacement) of the

neural populations under consideration.
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To investigate representational similarity across time, the same procedure was
used to evaluate correlations between RDMs at leading, synchronous and lagging time
points along the trial. Neural responses were aligned at the movement onset, binned in 50
ms sliding windows with a step of 10 ms and net normalized. For example, to test the
correlation between the activity of MirNs during observation and execution, the RDM of
each observation activity bin was separately correlated with the RDMs of all the execution
activity bins. These correlations can be visualized in two dimensional heat maps (referred
as temporally detailed maps) that illustrate periods of representational similarity across

time.

3.6 Representational similarity analysis between neural activity
and action kinematics

The same analysis was used to investigate representational similarity between
the stimulus properties (kinematics) and the activity of MirNs during observation or
execution. The position and speed of the ulnar styloid process described the transport of
the hand. The aperture and its rate of change described the hand preshaping. The four
kinematic features were separately normalized to a range of 0 to 1 and binned in 50 ms
sliding windows with a step of 10 ms. Kinematics normalization allows the use of
combinations of kinematic features (where each feature is regarded as a different
dimension of the kinematics space) and at the same time does not affect individual feature

correlations.

The construction of the kinematics RDM for a given bin is similar to the
construction of the neural RDM and is done by using eg.1 where n is the number of
kinematic features (either one for the individual features or four for the full kinematics
space). Similarly to the temporally detailed neural maps, we evaluated correlations
between the kinematics and neural RDMs at leading, synchronous and lagging time points
along the trial. This way, two dimensional heat maps of RDM correlations were
constructed for each kinematic feature and for the full kinematics space (resulting in a

total of five maps).
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In each map, the count of points with significant correlations in a certain
reference period (score) was used to quantify the degree of representational similarity

between each kinematic feature f and the activity of MirNs:
¢r = i 2jlpij < 0.05] (2),

1if Aistrue;

0 otherwise: ) and Pij is the p value of the

where [] is the Iverson bracket ( [A] ={
comparison between points i and j.

The reference periods (denoted by the range of i and j in eq. 2) were constructed to contain
all the points with significant correlations in all five maps of each region (F5 or PMd).
For the neural population of area F5, this region extended from the diagonal to the end of
the movement in the axis of the neural space (abscissa) and from 150 to 450 ms after the
movement onset in the axis of the kinematics space (ordinate; total number of points =
1132). For PMd, it extended from start to the end of the movement in the axis of the neural
space (abscissa) and from 150 to 450 ms after the movement onset in the axis of the
kinematics space (ordinate; total number of points = 1798). The regions are outlined in
Figure 4.11 and Figure 4.25. To verify whether the score of each feature was higher than
chance, the same procedure was used to compare the kinematics representations with the
neural RDMs that were now calculated for the baseline activity. For each feature, the
baseline and movement activity scores were compared with the Fisher's exact test. The
movement activity scores of the features were compared with each other with a Tukey-

type multiple comparison test for proportions (Zar 1999).

To explore the effect of the neuronal population size on the representational
similarity between the kinematics and the responses during observation and to verify that
the resulting correlations were not disproportionately affected by certain individual
neurons, neuronal populations of different sizes (n<=120 for area F5 or n<=140 for PMd)
were created by random selection with replacement. The representational similarity
analysis was run for each population size and the mean r of a reference period was
estimated. This process was iterated 1000 times to approximate r distributions for each
subpopulation. The r distributions of the different neuronal populations were compared
with an ANOVA followed by a Tukey-Kramer post hoc test. The reference period for this

analysis extended from the diagonal to the end of the movement in the axis of the neural
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space (abscissa) and from 250 to 350 ms after the movement onset in the axis of the
kinematics space (ordinate) for area F5. For PMd, it extended from the start to the end of
the movement in the axis of the neural space (abscissa) and from 100 to 500 ms after the
movement onset in the axis of the kinematics space (ordinate). Each reference period
included all the points with significant correlations in the map of the original population
of each area.

3.7 Selectivity assessment

A preference index (PI) was computed for each neuron and task according to the
formula PI = (n — (Z ri/rpref))/(n — 1) where n is the number of actions, r; the burst

activity for action i, and r,,..; the burst activity for the preferred action The PI ranges
between 0 and +1; a value of 0 indicates the same amplitude of response for all actions
and a value of 1 indicates preference for only one action. Statistical significance of the
selectivity was assessed by a permutation test. The PI null distribution was approximated
by permuting the action labels of the trials 1000 times and computing the corresponding
Pls. A Pl was deemed significant if the observed value lied in or above the top 5% of the

null distribution.

To assess the selectivity between the four transitive actions through time, a one
way ANOVA was performed at each time bin, comparing the means of the four different
actions. The onset of transitive action selectivity was defined as the time stamp of the first
of at least 12 consecutive bins (60 ms) with p-value<0.01. To define the time at which at
least one transitive action differed from the intransitive one, the same procedure was used
for the comparison of all the five (transitive and intransitive) actions, followed by a

Dunnett test with the intransitive action being the single control group.

3.8 Amplitude comparison
To quantify the difference between the amplitude of the response to the

observation of transitive and intransitive actions, the following amplitude index was

calculated: Al = [r—Tintr  M&XCerTiner) \yhere 1 s the burst activity for the

Ttr+ Tiner Tpref

observation of the intransitive action, r,. is the burst activity for the observation of a given
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(preferred or non-preferred) transitive action and 7, is the burst activity for the

preferred action (over all five actions). The Al ranges between -1 to +1 with negative
values corresponding to a higher response for intransitive than transitive action and vice
versa. To quantify the difference between the amplitude of the response of MirNs during
action observation and action execution, the following task amplitude index (tAl) was

calculated: tAl = 27 \where Tyer IS the mean activity for the execution of the four

Tper™ Tobs
grasping actions and r,, IS the mean activity for the observation of the four grasping
actions. The tAl ranges between -1 to +1 with negative values corresponding to a higher

response for observation than execution and vice versa.

3.9 Gaze-related modulation of activity
To investigate the dependence of premotor neurons on gaze position we

performed the analysis described by Boussaoud et al (Boussaoud et al. 1998) and Cisek
and Kalaska (Cisek and Kalaska 2002) on 122 PMd and 120 F5 MirNs of our dataset
during both execution and observation conditions. Briefly, gaze fixation episodes with a
duration of at least 100 ms were identified as time periods in which eye speed did not
exceed 50 °/s. Long lasting episodes were divided in fragments of 200 ms. For each 100
ms fragment of a fixation episode the average gaze direction and the average firing rate
was calculated within each epoch of interest. Three epochs were considered for this
analysis: an 800 ms period prior to movement onset, the movement epoch from movement
onset to the beginning of object pulling and the holding epoch from the beginning of
object pulling to object release. The gaze related modulation was studied separately for
each cell, epoch and condition using planar regression (Boussaoud et al. 1998) in which
the neuronal activity in each fragment of a fixation episode was expressed as a function
of the horizontal and vertical components of gaze direction in the two-dimensional linear
regression model: response (spikes/s) = ¢ + a*gazenorizontal + 0*gazeverical (Where c is the

intercept, a and b the slopes along the horizontal (X) and vertical (Y) axes, respectively).
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The strength of the modulation was assessed by the coefficient of determination (r?) of

the regression (p<0.01). The results of this analysis are summarized in Table 3.

3.10 Location of recordings

Histological analysis was carried out in both monkeys. Before perfusion, pins
were inserted at the periphery of the chamber and at points delimiting the studied area.
The animals were euthanized with a lethal dose of barbiturate [pentobarbital sodium
(Dolethal), 50 mg/kg] and perfused transcardially with buffered saline followed by
fixative. The brain was then removed and photographed with and without a grid
superimposed over the area of the chamber. Penetration entry points were estimated and
transferred on the drawings of the hemispheres Figure 3.1.
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4 RESULTS

4.1 Mirror neurons in area F5

4.1.1 Neuronal properties of MirNs and non-MirNs in area F5

Two monkeys were trained initially to grasp objects with specific grips
(execution task), and subsequently to observe the experimenter performing the same
object-directed reaching-to-grasp actions as well as an outreaching intransitive movement
(observation task). We recorded the activity of 192 neurons from a cortical strip extending
3 mm in the anteroposterior and 4 mm in the mediolateral dimensions, oriented parallel
to the inferior limb of the arcuate sulcus, and thus corresponding to the ventral premotor
area F5 (Figure 4.1). The majority of the recorded neurons (77 %) were located in the first
3 mm of cortex, as measured from the most superficial point at which neuronal activity
was encountered. Neurons from both monkeys displayed similar properties and thus data

from both monkeys were combined.
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MONKEY 1 mirror neurons non-mirror neurons
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Figure 4.1 Location of recorded neurons in F5. Map of the cortical area exposed under each
recording chamber. Grey rectangles at the left panels include the area of each hemisphere from
which neurons were recorded. These areas are enlarged in the central and right panels of the figure
and the number of mirror and non-mirror neurons recorded in each location is illustrated by the
size of the black filled circles. Dashed lines indicate the location of the arcuate sulcus (AS) and
the spur based on penetration lengths and functional criteria. The asterisks at the left panels
indicate the chamber’s centers (anteroposterior stereotaxic coordinates at 16 in monkey 1 and 21
in monkey 2). A, anterior; L, lateral; M, medial; P, posterior.

Statistical analysis demonstrated that 122 neurons responded to both tasks
whereas the remaining 70 were active only in the execution task. For each neuron of the
population, we calculated a task amplitude index (tAl) to quantify the difference between
discharges for execution and discharges in response to observation. The distribution of
the tAls of all neurons (Figure 4.2) was not unimodal (Hartigan’s Dip Test, null
hypothesis of unimodality rejected, p=0), thus indicating that the cells we found belong
to two different groups. The 122 neurons that were active in both tasks were classified as

MirNs, whereas the remaining 70 were classified as non-MirNs.
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Figure 4.2 Amplitude difference between execution and observation responses of F5 neurons.
Histogram of the task amplitude index of the recorded neurons.

Single-neuron and population activity was selective for actions during both
execution (MirNs and non-MirNs) and observation (MirNs, Figure 4.3 and Figure 4.4).
Both MirNs and non-MirNs displayed action selectivity during execution, and this was
already present at movement onset (Figure 4.5). The selectivity of MirNs was lower
during observation than during execution, and began 350ms after movement onset
(median of selectivity onset distribution; Figure 4.6, A and B). Moreover, activity bursts
of MirNs and non-MirNs begun at the same time but the maximum activity and burst end
occurred earlier in non-MirNs than in MirNs. The above temporal characteristics of MirN

activity occurred later in observation than in execution (Figure 4.6, C to E).
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Figure 4.3 Examples of F5 mirror neurons. Activity of five F5 mirror neurons (A to E) during
observation (left) and execution (right) presented in spike rasters and firing rates, both aligned at
movement onset (cyan vertical line). In the rasters, cyan marks indicate the end of movement;
colored marks indicate action potentials during observation/execution of a grip (from top to
bottom: finger prehension for the cylinder, whole hand prehension for the sphere, hook grip for
the ring, advanced precision grip for the cube in groove) and grey marks indicate action potentials
during observation of the intransitive action. Firing rates follow the same color code and the bands
represent mean = standard error of the mean (SEM).

OBSERVATION EXECUTION

50

firing rate (Hz)

time (s)

Figure 4.4 Examples of F5 non-mirror neurons. Activity of three F5 non-mirror neurons during
observation and execution. Neuron in A was recorded simultaneously with the neuron in Figure
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4.3C and neuron in B was recorded simultaneously with the neuron in Figure 4.3E. All
conventions as in Figure 4.3.

OBSERVATION EXECUTION
A
0.25 A
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Figure 4.5 Population activity of area F5 during action observation and execution. Ranked net-
normalized population activity of mirror (A) and non-mirror (B) neurons during observation (left)
and execution (right), aligned at movement onset (cyan vertical line). Ranking of transitive actions
is indicated by colored shading (preferred to non-preferred, dark to light). The grey line and band
indicate the activity during observation of the intransitive action. Colored marks and horizontal
lines below the population activity denote the median and the 25th to 75th percentile times of the
behavioral events (from left to right: go cue, movement end). Horizontal lines at the top of each
panel denote the period displaying statistically significant selectivity among transitive actions
(colored) and between transitive and intransitive actions (grey). Other conventions as in Figure
4.3.

preference index selectivity onset burst epoch onset peak activity burst epoch end
A B C D E
E:0.26 E: 0.015 E: 0.020 E: 59 E: 117
LQL s} 0:0.19 0: 0.350 0: 0.195 0:85 0:139
o° X:0.31 X:-0.110 X:-0.047 X: 37 X 91
E#0 & X=0 E=0 & X#O E#O & X=0 E#O0=X E#0=X
0 Pl (a.u.) 1 0 05 time (s) 0 05 time (s) 0 100 normalized 0 100 normalized
time (%) time (%)

Figure 4.6 Activity characteristics of MirNs and non-MirNs in area F5. (A) Preference index
(arbitrary units, a.u.). (B) Onset of action selectivity measured from movement onset. (C) Start of
burst epoch measured from the movement onset. (D) Time of peak activity expressed as
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percentage of movement duration. (E) End of burst epoch expressed as percentage of movement
duration. In all panels, curves represent the empirical cumulative distribution function of MirN
activity characteristics during execution (red) and observation (green) as well as non-MirN
activity characteristics during execution (blue). Distribution medians and statistical comparisons
(Kruskal-Wallis followed by Bonferroni, p<0.05) are reported in each panel (E: MirNs execution,
O: MirNs observation, X: non-MirNs execution).

4.1.2 Response of F5 MirNs during the observation of intransitive actions
We found that 110/122 (90%) of the recorded MirNs responded to the
observation of both intransitive and transitive actions. The response of all recorded MirNs
to the observation of transitive and intransitive actions is shown in Figure 4.7 and Figure
4.8. The responses to the intransitive action shared similar characteristics with those to
the transitive ones. The onsets of the burst activity for transitive and intransitive actions
coincided. The activity seemed to reach its maximum and end earlier during the
observation of intransitive than transitive actions (Figure 4.9, A to C) but this difference
was abolished when the timing of these temporal landmarks was normalized to the
duration of the movement (Figure 4.9, D to F). In addition, both the amplitude and the
slope of the response to the observation of the intransitive action were equal to those of
the observation of the non-preferred transitive action. (Figure 4.5A, Figure 4.9, G and H).
These results suggest that the activity of MirNs during observation may be modulated by
the kinematics of the observed actions. For this purpose we recorded the kinematics of
both transitive and intransitive observed actions (Figure 3.3). Several kinematic features
of the intransitive action were different from those of the transitive actions. We found that
movement duration, travelled distance and maximum speed of wrist, maximum aperture
of grip as well as maximum speeds of opening and closing of grip for the intransitive
action were different from those for the transitive ones. The four transitive actions also

differed with each other in terms of the examined kinematic features (Figure 4.10).
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Figure 4.7 Baseline and burst activity of F5 MirNs during observation of actions. Box plots
showing baseline and burst activity of MirNs during observation of four transitive and one
intransitive actions. The circle in the box marks the median, the edges of the box are the 25th and
75th percentiles, and the whiskers extend to the most extreme data points not treated as outliers.
The red points next to each box plot represent the activity of individual MirNs
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Figure 4.8 Net normalized activity of F5 MirNs during observation of actions. Time course of the
net normalized activity of F5 MirNs during observation of transitive (preferred, non-preferred)
and intransitive actions aligned at movement onset (grey vertical line). Each horizontal line of the
map represents one neuron and the intensity of the activity is represented by color as indicated by
the bar at the right side of the figure. Neurons are ordered by the intensity of the activity during
the observation of the intransitive action.
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Figure 4.9 Activity characteristics of F5 MirNs during observation of transitive and intransitive
actions. (A) Start of burst epoch. (B) Time of peak activity. (C) End of burst epoch. Characteristics
in (A) to (C) are measured from the movement onset. (D-F) same as in A-C but relative onsets are
expressed as percentage of movement duration. (G) Slope of activity from onset to peak of burst
epoch measured by linear regression on the firing rate. In panels (A) to (G), curves represent
cumulative distribution functions of activity characteristics during observation of preferred (dark
green) and non-preferred (light green) transitive actions as well as during observation of the
intransitive action (grey). (H) Amplitude index between the preferred transitive and the
intransitive action (dark green) and between the non-preferred transitive and the intransitive action
(light green) (1) Onset of action selectivity between transitive actions (green) and between
transitive and intransitive actions (grey) measured from the movement onset. Distribution
medians and statistical comparisons (Kruskal-Wallis followed by Bonferroni, p<0.05) are
reported in each panel (b: preferred transitive, w: non preferred transitive, i: intransitive action,
a.u.: arbitrary units).
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Figure 4.10 Human kinematic features. Box plots showing six kinematic features of intransitive
and transitive actions performed by the experimenter. The circle in each box marks the median,
the edges of the box are the 25th and 75th percentiles, and the whiskers extend to the most extreme
data points not treated as outliers. The red points next to each box plot represent the values of
kinematic features at different trials. Grey horizontal lines at the top of each panel denote
statistically significant differences between the four transitive actions (one-way ANOVA
followed by Tukey-Kramer post hoc, p<0.05). Grey asterisks at the bottom of each panel denote
statistically significant differences between intransitive and transitive actions (one-way ANOVA
followed by a Dunnett test, p<0.05).
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4.1.3 Representational similarity between action kinematics and activity of
F5 MirNs

To explore whether the pattern of activity across MirNs during action
observation represents the kinematics of the observed actions we used representational
similarity analysis (Kriegeskorte et al. 2008). We recorded the kinematics of the observed
actions (Figure 3.3) and constructed representational dissimilarity matrices (RDMs) at the
kinematics and neural spaces. Two correlated RDMs indicate a structural similarity
between internal representations of different origin (Shepard and Chipman 1970). The
similarity between pairs of RDMs was assessed by the Pearson correlation and
statistically verified by the Mantel test.

The hand transport was described by the instantaneous position and speed of the
wrist. The hand preshaping was described by the grip aperture (the distance between the
tips of the index finger and the thumb) and its rate of change. These kinematic features
were used to construct a four dimensional kinematic space. The representation of actions
in this kinematic space around the middle third of the movement was correlated both with
the burst activity of MirNs during observation (r=0.902, p=0.024; Figure 4.11 A and B)
and with activity in the period when the population of MirNs displayed selectivity, as
illustrated in the temporally detailed map (Figure 4.11 C). Furthermore, the neural
representation followed the kinematics, as indicated by the scatter of points displaying
statistically significant correlations below the diagonal. The neural RDMs were
significantly correlated with the RDMs of each kinematic feature examined individually,
as indicated by the proportion of time points with significant correlations (p<0.05) in a
reference period (wrist position: 11%, wrist speed: 11%, aperture: 17%, aperture rate of
change 18%, four dimensional kinematic space: 32%). Statistical comparison revealed
that the proportions obtained by the features describing the hand preshaping were
significantly higher than those obtained by the features describing the hand transport, and
that the proportion achieved at the four dimensional kinematic space was the highest
(Fisher's exact test, p<0.01). It is important to note that 75 neurons randomly selected
from the population sufficed to obtain significant correlations with coefficients as high as
those achieved with the entire population (Figure 4.12).
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Figure 4.11 Representational similarity between action kinematics and activity of F5 MirNs
during observation. (A) Plot of the normalized action distances of the kinematic features (ordinate)
versus the normalized action distances of the observation burst activity of MirNs (abscissa). Solid
line is the least squares linear regression line through the data and dashed lines indicate the 95%
confidence intervals. (B) Distribution of the representational correlation coefficients between the
combination of the kinematic features and observation burst activity of MirNs. (C) Map of
representational similarity across time between the combination of the kinematic features and
observation activity of MirNs. Time points on the representational similarity maps displaying
statistically significant correlations are depicted with different shades of yellow as indicated by
the color bar. Median and the 25th to 75th percentile times of the movement end are depicted by
a black mark and lines parallel to each axis. Dashed lines indicate the reference period.
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Figure 4.12 Effect of the neuronal population size on the representational similarity between
kinematics and neural activity of F5 MirNs during observation. Median and 25th to 75th
percentiles of the correlation coefficient bootstrap distribution for neural populations of different
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sizes. Distributions of population sizes with less than 120 neurons were compared with the
distribution of the full set of 120 neurons. Significant and non-significant differences are
represented by red and blue circles, respectively.

Given that MirNs are also active during execution, we explored whether the
pattern of activity across MirNs during action execution represents movement kinematics.
For that purpose we recorded the monkey’s wrist movement during the execution of the
four transitive actions. As in the case of the human actor, the four transitive actions
differed with each other in terms of the examined kinematic features. (Figure 4.13). In
accordance to previous psychophysical results, (Roy et al. 2000), the pattern among the
four actions performed by the human was similar to that among the four actions performed
by the monkey for each of the examined kinematic features, as indicated by the correlation
of their RDMs (movement duration, r = 0.884, p=0.045; wrist travelled distance, r=0.779,
p = 0.040; wrist maximum speed, r = 0.989, p = 0.039). Subsequently, we assessed the
representational similarity between these kinematic features and the activity of MirNs
during execution. The burst activity of MirNs during execution was significantly
correlated with the available monkey kinematics around the middle third of the monkey’s
movement (r=0.914, p=0.042; Figure 4.14 A and B). In the temporally detailed map, the
points displaying statistically significant correlations gathered around the middle third of
the movement as in observation (Figure 4.14 C, Figure 4.11 C). Moreover, the period of
significant correlations was closer to the diagonal during action execution as compared to

action observation.
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Figure 4.13 Monkey kinematic features. Box plots showing three kinematic features of transitive
actions performed by the monkey. Conventions as in Figure 4.10
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Figure 4.14 Representational similarity between action kinematics and activity of F5 MirNs
during execution. (A) Plot of the normalized action distances of the kinematic features (ordinate)
versus the normalized action distances of the execution burst activity of MirNs (abscissa). (B)
Distribution of the representational correlation coefficients between the combination of the
kinematic features and burst activity of MirNs during execution. (C) Map of representational
similarity across time between the combination of the kinematic features and execution activity
of MirNs. Conventions as in Figure 4.11.

4.1.4 Representational similarity between execution and observation
activities of F5 MirNs

The criterion used at the original studies for characterizing a neuron as congruent
was whether the action for which the neuron displayed the best response during execution
elicited also the best response during observation (di Pellegrino et al. 1992; Gallese et al.
1996; Rizzolatti et al. 1996). With this criterion, the response to other grips performed or
observed was neglected. Using this criterion, 27% of our neurons could be considered
congruent, a percentage compatible with that reported in the original studies. To take into
consideration all grips tested and not only the one displaying the maximum response, we
used RDMs to investigate congruency between execution and observation either at the
single neuron or the population level. Only 9% of MirNs were found to be congruent
when considered individually (Figure 4.15). On the contrary, at the population level the
burst activity RMDs of MirNs during execution and observation were significantly
correlated (r=0.915, p=0.041; Figure 4.16 A and B). Early phases of the execution activity
(before movement onset) were correlated with the period of the observation activity that
displayed selectivity as revealed by the detailed two-dimensional map of correlations

(Figure 4.16 C). Moreover, during movement, earlier phases of the execution activity
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were correlated with later phases of the observation activity as indicated by the

concentration of significant points below the diagonal.

[_]non-congruent units
I congruent units
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% neurons
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- 0 1
correlation (r)

Figure 4.15 Distribution of the representational correlation coefficients as calculated for the burst
activity of individual MirNs of area F5. The proportions of congruent units (p<0.05) are depicted

with black colored bars.
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Figure 4.16 Representational similarity between execution and observation activities of F5 MirNs.
(A) Plot of the normalized action distances of the execution burst activity of MirNs (ordinate)
versus the normalized action distances of the observation burst activity of MirNs (abscissa). (B)
Distribution of the representational correlation coefficients between observation and execution
burst activity of MirNs. (C) Map of representational similarity across time between observation
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and execution activity of MirNs. Conventions as in Figure 4.11.Representational similarity
between the activities of MirNs and non-MirNs of area F5 during execution

We used representational similarity analysis to compare the action encoding of
MirNs and non-MirNs during execution. Population RDMs, which contain dissimilarity
values for each pair of activity patterns elicited by a given action, characterize the
encoding of actions in different populations (Kriegeskorte 2009). Therefore, their
similarity indicates similar action encoding. If the claim that the motor properties of F5
MirNs are similar to those of other neurons in this area is correct (Rizzolatti et al. 2014),
then the RDMs of the discharge of MirNs should be correlated to those of the discharge
of non-MirNs. No correlation was seen between MirNs and non-MirNs when the activity
during the burst epoch was considered (r=0.605, p=0.121; Figure 4.17 A and B). At the
temporally detailed map of representational similarity, points with statistically significant
correlations were concentrated into a period around the last quarter of the movement and
extended also to the holding period (Figure 4.17 C). The proportion of time points with
significant correlations (p<0.05) in a reference period around the diagonal (containing
both leading and lagging time points in a 100ms wide strip) was 16%. To obtain a point
of comparison, we assessed the representational similarity between the non-MirNs of this
study and the F5 non-MirNs of a previous study (Raos et al. 2006). As expected, the burst
activity RDMs of the two populations were significantly correlated (r=0.915, p=0.034;
Figure 4.18 A and B) and the proportion of time points with significant correlations in the

reference period on the temporally detailed map was 85% (Figure 4.18 C).
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Figure 4.17 Representational similarity between the activities of MirNs and non-MirNs of area
F5 during execution. (A) Plot of the normalized action distances of the execution burst activity of
MirNs (ordinate) versus the normalized action distances of the execution burst activity of non-
MirNs (abscissa). (B) Distribution of the representational correlation coefficients between
execution burst activity of MirNs and non-MirNs (C) Map of representational similarity across
time between execution activity of MirNs and non-MirNs. .Conventions as in Figure 4.11.
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Figure 4.18 Representational similarity between neural activities of F5 non-MirNs from two
different datasets. (A) Plot of the normalized action distances of the execution burst activity of
two populations of non-MirNs [present study (abscissa) and 26 neurons from Raos et al 2006
(ordinate), tested with similar grips]. (B) Distribution of the representational correlation
coefficients between the execution burst activities of the same populations. (C) Map of
representational similarity across time between execution activities of the same populations.
Abscissa and ordinate as in (A). Conventions as in Figure 4.11.

4.2 Mirror neurons in dorsal premotor cortex

4.2.1 Neuronal properties of MirNs and non-MirNs in PMd

Single-unit activity was recorded from the dorsal premotor cortex in two
hemispheres of two monkeys that were trained initially to grasp objects with specific grips
(execution task), and subsequently to observe the experimenter performing the same
object-directed reaching-to-grasp actions (observation task). The same monkeys were
used in the study of mirror neurons in the ventral premotor area F5. The location of the
recorded neurons is illustrated in Figure 4.19. It is evident that the cluster of penetrations
presumably corresponding to PMd is well distinct from that of F5 (Figure 3.1). A total of
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218 task-related PMd neurons were recorded. Neurons from both monkeys displayed

similar properties and thus data from both monkeys were combined..

Statistical analysis demonstrated that 140 neurons responded to both tasks
whereas the remaining 78 were active only in the execution task. The differential response
to the two tasks employed was used as a criterion for the classification of the recorded
neurons. To quantify the difference between discharges for execution and discharges in
response to observation we calculated the task amplitude index (tAl) for each neuron of
the population. Similarly to the F5 neurons, the distribution of the tAls of all the PMd
neurons (Figure 4.20) was not unimodal (Hartigan’s Dip Test, null hypothesis of
unimodality rejected, p=0), thus indicating that the cells we found belong to two different
groups (140 MirNs and 78 non-MirNs).

Single-neuron and population activity was selective for actions during both
execution (MirNs and non-MirNs) and observation (MirNs, Figure 4.21, Figure 4.22 and
Figure 4.23). MirNs and non-MirNs displayed action selectivity during execution which,
for the majority of the neurons, was already present at movement onset (Figure 4.24, A
and B). The selectivity of MirNs was similar during observation and execution. However,
the selectivity onset during observation occurred later (about 150ms after movement
onset) than that during execution (Figure 4.24, A and B). Activity bursts of MirNs and
non-MirNs began and reached their maximum at the same time during execution.
Nevertheless, the above temporal characteristics of MirN activity occurred later in

observation than in execution (Figure 4.24, C to E).
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Figure 4.19 Location of recorded neurons in the PMd. Map of the cortical area exposed under
each recording chamber. Conventions as in Figure 4.1.
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Figure 4.20 Amplitude difference between execution and observation responses in the PMd.
Histogram of the task amplitude index of the recorded neurons.
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Figure 4.21 Examples of PMd mirror neurons. Activity of five PMd MirNs (A to E) during

observation and execution presented in spike rasters and firing rates, both aligned at movement
onset. All conventions as in Figure 4.3.

OBSERVATION EXECUTION

[sy)

firing rate (Hz)

50

time (s)

Figure 4.22 Examples of PMd non-mirror neurons. Activity of two PMd non-MirNs during

observation and execution Neuron in B was recorded simultaneously with the neuron in Figure
4.31E. All conventions as in Figure 4.3.
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Figure 4.23 Population activity of PMd neurons during action observation and execution. Ranked
net-normalized population activity of mirror (A) and non-mirror (B) neurons during observation
(left) and execution (right), aligned at movement onset (cyan vertical line). Ranking of transitive
actions is indicated by colored shading (preferred to non-preferred, dark to light). Colored marks
and horizontal lines below the population activity denote the median and the 25th to 75th
percentile times of the behavioral events (from left to right: go cue, movement end). Colored
horizontal lines at the top of each panel denote the period displaying statistically significant
selectivity among transitive actions.

preference index selectivity onset burst epoch onset peak activity burst epoch end
B c D E

E:-0.215 E:-0.175 E: 0 E: 42

% 0O: 0.155 0: 0.085 0: 41 0: 82

O X: -0.095 X:-0.155 X 6 X: 55
E+0O & X20 E=O & X0 E=0 & X0 E=O=X

0 Pl (a.u.) 1 0 05 time (s) 0 05 time (s) 0 100 normalized 0 100 normalized

time (%) time (%)

Figure 4.24 Activity characteristics of MirNs and non- MirNs in PMd. (A) Preference index
(arbitrary units, a.u.). (B) Onset of action selectivity measured from the movement onset. (C) Start
of burst epoch measured from the movement onset. (D) Time of peak activity expressed as
percentage of movement duration. (E) End of burst epoch expressed as percentage of movement
duration. In all panels, curves represent the empirical cumulative distribution function of MirN
activity characteristics during execution (red) and observation (green) as well as non-MirN
activity characteristics during execution (blue). Distribution medians and statistical comparisons
(Kruskal-Wallis followed by Bonferroni, p<0.05) are reported in each panel (E: MirNs execution,
O: MirNs observation, X: non-MirNs execution).
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4.2.2 Representational similarity between action kinematics and activity of
MirNs in the PMd

Prompted by the results in area F5, we used RDMs to investigate the
representational similarity between neural activity in PMd and action kinematics. The
representation of actions in the full kinematic space around the middle third of the
movement was correlated with the burst activity of PMd MirNs during observation
(r=0.885, p=0.028; Figure 4.25 A and B). As illustrated at the two-dimensional map of
representational similarity across time, the points displaying statistically significant
correlations between neural and kinematic spaces are gathered on and around the diagonal
(Figure 4.25 C).

The neural RDMs were significantly correlated with the RDMs of each
kinematic feature examined individually, as indicated by the proportion of time points
with significant correlations (p<0.05) in a reference period (wrist position: 7%, wrist
speed: 7.2%, aperture: 13%, aperture rate of change 18%, four dimensional kinematic
space 25%). Similarly to F5, statistical comparison revealed that the proportions obtained
by the features describing the hand preshaping were significantly higher than those
obtained by the features describing the hand transport, and that the proportion achieved
at the four dimensional kinematic space was the highest (Fisher's exact test, p<0.01).

To examine the effect of the neuronal population size on the representational
similarity between the kinematics and the responses during observation, neuronal
populations of different sizes (n<=140) were created by random selection with
replacement. The representational similarity analysis was performed for each population
size and the mean r of a reference period was estimated. This analysis revealed that ninety
five neurons randomly selected from the population were sufficient to obtain significant
correlations with coefficients as high as those achieved by the entire population (Figure
4.26) thus excluding the possibility that the resulting correlations were affected by certain

individual neurons.

As in F5, we assessed the representational similarity between the proximal
kinematics of the monkey’s actions and the activity of PMd MirNs during execution. The
burst activity of MirNs during execution was significantly correlated with the kinematics
around the middle third of the movement (r=0.865, p=0.048; Figure 4.27 A and B). In the

temporally detailed map, the points displaying statistically significant correlations
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gathered around the middle third of the movement in the kinematics representation, as in
observation (Figure 4.27 C, Figure 4.25 C).
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Figure 4.25 Representational similarity between action kinematics and activity of PMd MirNs
during observation. (A) Plot of the normalized action distances of the kinematic features (ordinate)
versus the normalized action distances of the observation burst activity of MirNs (abscissa). (B)
Distribution of the representational correlation coefficients between the combination of the
kinematic features and observation burst activity of MirNs. (C) Map of representational similarity
across time between the combination of the kinematic features and observation activity of MirNs.
Conventions as in Figure 4.11.
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Figure 4.26 Effect of the neuronal population size on the representational similarity between
kinematics and neural activity of PMd MirNs during observation.. Distributions of population
sizes with less than 140 neurons were compared with the distribution of the full set of 140 neurons.
Other conventions as in Figure 4.12.
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Figure 4.27 Representational similarity between action kinematics and activity of PMd MirNs
during execution. (A) Plot of the normalized action distances of the kinematic features (ordinate)
versus the normalized action distances of the execution burst activity of MirNs (abscissa). (B)
Distribution of the representational correlation coefficients between the combination of the
kinematic features and burst activity of MirNs during execution. (C) Map of representational
similarity across time between the combination of the kinematic features and execution activity
of MirNs. Conventions as in Figure 4.11.

4.2.3 Representational similarity between execution and observation
activities of PMd MirNs

To investigate representational similarity of execution and observation activity
of PMd MirNs, we compared the representations of the two tasks either at the single
neuron or the population level. At the single neuron level, only 3% of PMd MirNs
displayed representational similarity between execution and observation activities (Figure
4.28). At the population level, the burst activity RMDs of PMd MirNs during execution
and observation were significantly correlated (r=0.950, p=0.020; Figure 4.29 A and B).
In the temporally detailed two-dimensional map of correlations, the period of observation
activity that displayed selectivity was correlated with a long period of execution activity
that started before the movement onset and extended through the whole movement epoch
(Figure 4.29 C).
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Figure 4.28 Distribution of the representational correlation coefficients as calculated for the burst
activity of individual MirNs of PMd. The proportions of congruent units (p<0.05) are depicted
with black colored bars.
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Figure 4.29 Representational similarity between execution and observation activities of PMd
MirNs. (A) Plot of the normalized action distances of the execution burst activity of MirNs
(ordinate) versus the normalized action distances of the observation burst activity of MirNs
(abscissa). (B) Distribution of the representational correlation coefficients between observation
and execution burst activity of MirNs. (C) Map of representational similarity across time between
observation and execution activity of MirNs. Conventions as in Figure 4.11.
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4.2.4 Representational similarity between the activities of MirNs and non-
MirNs of PMd during execution

The RDMs of MirNs and non-MirNs in PMd during execution where correlated
when activity during the burst epoch was considered (r=0.962, p=0.050; Figure 4.30 A
and B). In the temporally detailed map of representational similarity, the activity on non-
MirNs before the movement onset was correlated with the activity of MirNs at a period
that started hundreds of milliseconds before the movement onset and extended in the first
150ms of the movement (Figure 4.30 C).
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Figure 4.30 Representational similarity between the activities of MirNs and non-MirNs of PMd
during execution. (A) Plot of the normalized action distances of the execution burst activity of
MirNs (ordinate) versus the normalized action distances of the execution burst activity of non-
MirNs (abscissa). (B) Distribution of the representational correlation coefficients between
execution burst activity of MirNs and non-MirNs (C) Map of representational similarity across
time between execution activity of MirNs and non-MirNs. Conventions as in Figure 4.11.

4.2.5 Response of PMd MirNs during the observation of intransitive
actions

We examined the response of a subset of MirNs (n = 61) to the observation of
both transitive and intransitive actions (examples are shown in Figure 4.31). We found
that all tested MirNs responded to the observation of both transitive and intransitive
actions. The baseline and burst activity of all MirNs studied during observation of the
four transitive and the one intransitive actions is illustrated in Figure 4.32 and their

normalized rates are illustrated in Figure 4.33. Observation of both transitive and
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intransitive actions elicited similar response patterns (Figure 4.34 and Figure 4.35). The
onsets and endings of the burst activity, as well as the time of maximum discharge
occurrence for transitive actions coincided with those of the intransitive ones (Figure 4.35,
A to C). The amplitude of the response to the observation of the intransitive action was
lower than that of the response to the preferred transitive action but higher than that of the
response to the non-preferred transitive action (Figure 4.35, D). The onset of action
selectivity between transitive actions coincided with the onset of selectivity between

transitive and intransitive actions (Figure 4.35, E).
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Figure 4.31 Examples of PMd mirror neurons. Activity of five PMd mirror neurons (A to E)
during observation (left) and execution (right) presented in spike rasters and firing rates, both
aligned at movement onset (cyan vertical line). All conventions as in Figure 4.3.

1207
1007 s
80 .: < N .
P . - :
S . 3 . . 3
g 601 . 5 ‘ . ‘4 .
A= . ., ., .
2 B B e
. f L s H -
404 , - : : 2 . v ¢
N Y ] RS B - B
: . . . S - » )
- s I R 2 : E A . :-
ag tL o1l ig < <0 30 T} >
¢ ? 3 'y . o . - .
204 . i, T % v K .- o : 3
4 H - H Y - d - g o
1 3 \E ) H o t :
L] H -..
1] 3] g] iV &
od ° . O Fl o

T T T T T T T T T T
best second third worst, intran- |best second third  worst, intran-
transitive sitive | transitive sitive |

L L

baseline activity burst activity

Figure 4.32 Baseline and burst activity of PMd MirNs during observation of actions. Box plots
showing baseline and burst activity of MirNs during observation of four transitive and one
intransitive actions. All conventions as in Figure 4.7.
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Figure 4.33 Net normalized activity of PMd MirNs during observation of actions. Time course of
the net normalized activity of MirNs during observation of transitive (preferred, non-preferred)
and intransitive actions aligned at movement onset (grey vertical line). Conventions as in Figure
4.8.
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Figure 4.34 Population activity of PMd neurons during action observation of transitive and
intransitive actions. Net-normalized population activity of PMd MirNs (n = 61) during
observation, aligned at movement onset (cyan vertical line). Preferred and non-preferred transitive
actions are indicated by colored lines and bands (dark and light color respectively). The grey line
and band indicate the activity during observation of the intransitive action. Other conventions as
in Figure 4.5.
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Figure 4.35 Activity characteristics of PMd MirNs during observation of transitive and
intransitive actions. (A) Start of burst epoch. (B) Time of peak activity. (C) End of burst epoch.
Characteristics in (A) to (C) are measured from movement onset and curves represent cumulative
distribution functions of activity characteristics during observation of preferred (dark green) and
non-preferred (light green) transitive actions as well as during observation of the intransitive
action (grey). (D) Amplitude index between the preferred transitive and the intransitive action
(dark green) and between the non-preferred transitive and the intransitive action (light green) (E)
Onset of action selectivity between transitive actions (green) and between transitive and
intransitive actions (grey) measured from the movement onset. Distribution medians are reported
in each panel (b: preferred transitive, w: non preferred transitive, i: intransitive action, a.u.:
arbitrary units).

4.3 Comparison of neuronal properties and action representation
between F5 and PMd

In this study, we recorded 192 neurons from area F5 and 218 neurons from the

PMd of the macaque brain during the execution and observation of a reach to grasp task.
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This dataset allows the interareal comparison of the functional properties of the recorded

neuronal populations.

4.3.1 Neuronal properties

During observation, MirNs of the dorsal and ventral premotor cortex displayed
similar levels of grip selectivity (Figure 4.36, A). However, the grip selectivity emerged
earlier in PMd than in F5 (Figure 4.36, B). This was also reflected in the temporal
landmarks of the burst epoch: the start and end of the burst epoch as well as the time of
peak activity of MirNs during observation occurred earlier in PMd than in F5 (Figure
4.36, C to E). The comparison of the MirNs responses during execution in the two areas
revealed analogous similarities and differences between them. Specifically, the grip
selectivity of PMd MirNs was similar to that of F5 MirNs (Figure 4.36, F). The selectivity
onset, the onset and end of the burst epoch and the time of peak activity occured earlier
in PMd compared to F5 (Figure 4.36, G to J). Non-MirNs of area F5 were more selective
than non-MirNs of area PMd (Figure 4.36, K). As in the case of MirNs, all the temporal
landmarks occurred earlier in PMd than in F5 (Figure 4.36, L to O).
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Figure 4.36 Comparison of activity characteristics of homologous populations in PMd and F5. (A,
F and K) Preference index (arbitrary units, a.u.). (B, G and L) Onset of action selectivity effects
measured from movement onset. (C, H and M) Start of burst epoch measured from movement
onset. (D, I and N) Time of peak activity expressed as percentage of movement duration. (E, J
and O) End of burst epoch expressed as percentage of movement duration. In panels Ato E, curves
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represent the empirical cumulative distribution function of PMd (green solid line) and F5 (green
dashed line) MirN activity characteristics during observation. In panels F to J, curves represent
the empirical cumulative distribution function of PMd (red solid line) and F5 (red dashed line)
MirN activity characteristics during execution. In panels K to O, curves represent the empirical
cumulative distribution function of PMd (blue solid line) and F5 (blue dashed line) non-MirN
activity characteristics during execution. Distribution medians and statistical comparisons
(Kruskal-Wallis followed by Bonferroni, p<0.05) between the two areas (PMd and F5) are
reported in each panel.

To explore whether the temporal differences of firing between the two areas are
affected by different behaviors either observed or executed we compared the durations of
the movements performed either by the experimenter or the monkeys in the observation
and execution conditions, respectively. The durations of the experimenter’s movements
performed during the acquisition of the neuronal activity in PMd did not differ from those
during the recording in F5 (Table 2). During the PMd recordings the monkeys executed
the movements slightly faster (3 to 27 ms) than during F5 recording (Table 2). Therefore,
it is unlikely that the lag of F5 in relation to PMd during both observation and execution

is due to temporal differences in behavior.

Table 2 Duration of movements (in ms) executed by the experimenter and the monkey.

observation task (experimenter) execution task (monkey)
cylinder | sphere ring cube | cylinder | sphere ring cube
F2 5354421 | 507+46 | 584+47 | 700457 | 357+25 | 357425 | 40433 | 674+107
F5 531450 | 499+48 | 589+54 | 707456 | 366123 | 359+24 | 415+40 | 70186
t-value 0.744 1.261 | -0.677 | -1.037 | -3.071 | -0.930 | -2.390 -2.223
p value 0.457 0.208 | 0.499 | 0.300 0.002 0.353 0.018 0.027

! standard deviation

To quantify the difference of the magnitude of the discharge between execution
and observation we calculated a task amplitude index (tAl) for each neuron. In both
cortical areas, the response during execution was higher than that during observation (Xtal-
pmd=0.10, Xia1-rs=0.15). These values of tAl reflect absolute amplitude differences
between execution and observation of 20% and 35%, respectively. The distributions of

amplitude indices of the two areas were not statistically different ((p = 0.056; Figure 4.37).
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Figure 4.37 Amplitude index between the execution and observation activity of MirNs in PMd
and F5. Solid line represents the empirical cumulative distribution function for the PMd neurons
and the dashed line the empirical cumulative distribution function for the F5 neurons. The
distribution medians are reported in the panel. The two distributions were not significantly
different (Kruskal-Wallis, p>0.05).

4.3.2 Representational similarity between homologous populations in PMd
and F5

We described MirNs in PMd that display similar levels of grip selectivity to
MirNs in area F5. Moreover, MirNs in the PMd start discharging earlier than those of F5
both during execution and observation. To explore the action encoding of the different
populations, we performed representational similarity analysis in the burst epoch rates

and in a sliding bin that covered pre-movement, movement and hold epochs.

The burst activity RMDs of PMd and F5 MirNs during observation were
significantly correlated (r=0.951, p=0.039; Figure 4.38 A and B). In the temporally
detailed two-dimensional map of correlations, the period at which the observation
activities of the two areas were significantly correlated extended from the middle of the
movement to the beginning of the object holding epoch (Figure 4.38 C). Action encoding
in area F5 followed the action encoding in PMd, as indicated by the scatter of significant
time points below the diagonal. During execution, the burst activity RMDs of PMd and
F5 MirNs were also significantly correlated (r=0.762, p=0.048; Figure 4.39 A and B). The
detailed two-dimensional map of correlations revealed similar action encoding in the pre-
movement period, a result compatible with the early selectivity onsets of both populations
(Figure 4.39 C). The RDMs of PMd and F5 non-MirNs during execution where not
correlated when the activity during the burst epoch was considered (r=0.684, p=0.104;
Figure 4.40 A and B). At the temporally detailed map of representational similarity, points
with statistically significant correlations were concentrated into a period around the

second half of the movement (Figure 4.40 C).
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Figure 4.38 Representational similarity between observation activities of PMd and F5 MirNs. (A)
Plot of the normalized action distances of the observation burst activity of PMd MirNs (ordinate)
versus the normalized action distances of the observation burst activity of F5 MirNs (abscissa).
(B) Distribution of the representational correlation coefficients between burst activity of PMd and
F5 MirNs during observation (C) Map of representational similarity across time between activity
of PMd and F5 MirNs during observation. Conventions as in Figure 4.11.
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Figure 4.39 Representational similarity between execution activities of PMd and F5 MirNs. (A)
Plot of the normalized action distances of the execution burst activity of PMd MirNs (ordinate)
versus the normalized action distances of the execution burst activity of F5 MirNs (abscissa). (B)
Distribution of the representational correlation coefficients between burst activity of PMd and F5
MirNs during execution (C) Map of representational similarity across time between activity of
PMd and F5 MirNs during execution. Conventions as in Figure 4.11.
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Figure 4.40 Representational similarity between execution activities of PMd and F5 non-MirNs.
(A) Plot of the normalized action distances of the execution burst activity of PMd non-MirNs
(ordinate) versus the normalized action distances of the execution burst activity of F5 non-MirNs
(abscissa). (B) Distribution of the representational correlation coefficients between burst activity
of PMd and F5 non-MirNs during execution (C) Map of representational similarity across time
between activity of PMd and F5 non-MirNs during execution. Conventions as in Figure 4.11.

4.4 Additional controls

4.4.1 Effect of individual neurons on the representational similarity
Representational similarities presented in this study are the outcome of
computations done on the population level. The distances used for the construction of
RDMs (Eq 1) is the sum of the contribution of each individual neuron comprising the
population. Some neurons may contribute large amounts to the sum to the sum and thus
may disproportionately affect the result. To verify that the observed significant
correlations in the time detailed maps illustrate a consistent result and not an artifact
caused by small number of individual neurons, we used a bootstrap procedure. The time
detailed maps of representational similarity were constructed 100 times, each time using
a random resampling (with replacement) of the original neuronal populations. Figure 4.41
reports the resulting maps for the representational similarity maps between F5 observation
and human kinematics (Figure 4.41A), PMd observation and human kinematics (Figure
4.41B) and observation activities of F5 and PMd (Figure 4.41C). It is evident that periods
of significant correlations were consistent across different populations of neurons, and

these periods correspond to the ones highlighted in the original maps.
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Figure 4.41 Bootstrapped representational similarity maps of key comparisons. Map of
representational similarity across time between (A) the combination of the kinematic features and
observation activity of F5, (B) the combination of the kinematic features and observation activity
of PMd and (C) the activity of F5 and PMd MirNs during observation. Color indicates the number
of times each comparison was significant (p<0.05). Other conventions as in Figure 4.11

4.4.2 Gaze-related modulation of activity in dorsal and ventral premotor
cortex.

To investigate the effect of orbital eye position on the neuronal activity we
performed planar regression analysis (Boussaoud et al. 1998; Cisek and Kalaska 2002) in
which the neuronal activity during fixation periods was expressed as a function of the
horizontal and vertical components of gaze direction. The strength of the modulation was
assessed by the coefficient of determination (r?) of the regression. The results of this
analysis are summarized in Table 3. It is evident that more than half of the neurons in
each area, condition and epoch do not display any statistically significant modulation of
the activity by the gaze. Furthermore, for 75% of the rest of the cells the statistically
significant gaze effect accounted for <15% of the observed response variance. Thus, the
gaze related modulation in the present dataset is weak and is unlikely to account for the
selective activity reported during both execution and observation. Analogous results were
obtained also by Cisek and Kalaska (Cisek and Kalaska 2004) who investigated the
strength of gaze related modulation of PMd neurons similar to ours that discharged both
when a monkey executed a conditioned task and when the monkey observed visual stimuli
associated with the performance of the same task either replayed or executed by the

experimenter.

Recent studies reported that about 50% of the F5-MirNs were gaze—dependent

(i.e. their discharge was stronger when the monkey looked at the action than when it did
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not look at it). In addition, the response of these gaze-dependent MirNs was more intense
and started earlier when the fixation onset occurred before than after hand—target contact
(Maranesi et al. 2013). Thus, to verify the animals’ engagement in the task, an eye position
window of 9.5° in diameter, centered at the object, was used to count the trials at which
monkey’s gaze was within this window before the contact of the hand with the object. We
found that this was the case in the vast majority of the trials (98.4% for PMd and 96.2%
for F5). This high percentage indicates that our monkeys reliably gazed at the reference
window before the end of the observed movement and guarantees that action observation

evoked the optimum response of the gaze dependent MirNs.
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Table 3: Impact of gaze position on the neuronal discharge

significant
r2 regressions
AREA | CONDITION | EPOCH (p<0.01)
. 1st . 3rd 0
min. quartile median quartile max. # )
800 ms
prior to 0.016 0.037 0.052 0.076 0.195 34 28
move

observation
movement | 0.000 0.007 0.018 0.041 0.130 31 25

hold 0.010 | 0.039 0.049 0.066 | 0.190 | 48 39

PMd
800 ms
prior to 0.021 0.039 0.048 0.066 0.214 46 38
. move
execution
movement | 0.039 0.063 0.096 0.137 0.328 48 39
hold 0.029 0.048 0.069 0.096 0.230 53 43
800 ms
prior to 0.029 0.034 0.036 0.056 0.168 11 9
. move
observation
movement | 0.028 0.039 0.057 0.071 0.130 20 16
- hold 0.027 0.036 0.054 0.079 0.181 44 36
800 ms
prior to 0.022 0.036 0.048 0.071 0.276 41 34
move

execution
movement | 0.051 0.072 0.093 0.126 0.311 31 25

hold 0.022 | 0.049 0.070 0.100 | 0.351 | 47 39

4.5 Summary of results

e Mirror neurons in area F5 respond to the observation of both transitive and

intransitive actions.
e The discharge of MirNs in area F5 is correlated with the action kinematics.

e Mirror and non-mirror neurons of area F5 represent actions differently during

execution.
e Mirror neurons exist in the PMd.

e Mirror neurons in the PMd respond to the observation of both transitive and

intransitive actions.
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e The discharge of MirNs in PMd is correlated with the action kinematics.

e The discharge of PMd MirNs starts earlier than the discharge of F5 MirNs during
both observation and execution.

e PMd and F5 MirNs represent actions similarly in both execution and observation.
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5 DISCUSSION

5.1 Mirror neurons in area F5

One of the few claims regarding MirNs that has not been revised over the years
is the claim that they require an interaction between effector and object in order to be
triggered (di Pellegrino et al. 1992; Gallese et al. 1996; Rizzolatti et al. 1996; Rizzolatti
et al. 2001; Rizzolatti and Craighero 2004; Rizzolatti and Sinigaglia 2010; Rizzolatti et
al. 2014). In contrast to this claim, we demonstrate that MirNs are activated by the
observation of both transitive and intransitive actions. Moreover, our study is the first to
show that MirNs represent kinematic features of the transport and preshaping of the hand
during observation of actions. Finally, in contrast to previous notions (Rizzolatti et al.
2014), we demonstrate that the motor properties of MirNs and non-MirNs of area F5 are
not similar. Therefore the claim that MirNs encode the goal of the observed action,

because non-MirNs do so (Umilta et al. 2008; Rizzolatti et al. 2014), is unsubstantiated.

5.1.1 Methodological considerations

Already in the early studies it was evident that the discharge of MirNs can be
influenced also by factors other than the mere action observation. Among these factors
are the hand used by the experimenter and the direction of the observed reaching-to-grasp
action (Gallese et al. 1996). Recent studies revealed additional factors that modulate the
discharge of MirNs. Caggiano et al. (Caggiano et al. 2009) found that the location, relative
to the observer, at which the motor act takes place influences the discharge of MirNs. The
perspective from which the motor acts of others are observed is another factor that
modulates the discharge of the majority (74%) of MirNs (Caggiano et al. 2011). Many
MirNs are also sensitive to the importance that the observed action has for the monkey
(Caggiano et al. 2012). In our study, during observation, the actions were executed by the
experimenter with its right hand, at the monkey’s extrapersonal space, always at the same
distance from the animal, with the same direction (from right to left) and a 45° perspective.
Moreover, the monkey received the same amount of water as reward at the end of each

74 Vassilis Papadourakis



Chapter 5: Discussion

trial. By keeping constant all the factors found to modulate MirNs’ response we
eliminated the possibility that factors other than the characteristics of the observed action
contributed to MirNs’ differential discharge. In our study the observed actions were
performed at the extrapersonal instead of the peripersonal space. This arrangement
provided the animal with a better view of the actions as they unfold and prevented
monkey’s own movements that might had occurred if the observed actions were executed
in the monkey’s reaching distance. Consequently, the observation elicited discharge was
not contaminated with movement execution related activity. Finally, in the present study
no cues were visible by the monkey during action observation. This way any influence of
the presence of a contextual cue on the timing and the intensity of the activity during

observation has been eliminated (Papadourakis and Raos 2013).

As is the case in the majority of electrophysiological studies of MirNs (Gallese
et al. 1996; Umilta et al. 2001; Caggiano et al. 2009; Kraskov et al. 2009; Caggiano et al.
2012), a free-gazing observation condition has been adopted in our study. Animals’ eye
movements were recorded during the observation task only to ensure that the monkeys
observed the presented action without any intention to pose restrictions on animals’
oculomotor behavior. However, it has been reported recently that the discharge of half of
the recorded MirNs was stronger when the monkey looked at the action than when it did
not look at it. Moreover, the discharge of these gaze-dependent neurons was stronger and
started earlier when fixation onset occurred before hand-target contact compared with
when fixation onset occurred after hand-target contact (Maranesi et al. 2013). The
consistency of the oculomotor behavior of our monkeys, as indicated by the high
percentage of trials at which the gaze was within the reference window before the end of
the observed movement, guarantees that the optimum response of the gaze dependent
MirNs was evoked by action observation. Moreover, the gaze related modulation in the
present dataset is weak and is unlikely to account for the selective activity reported during
both execution and observation. Analogous results were obtained also by Cisek and
Kalaska (Cisek and Kalaska 2004) who investigated the strength of gaze related
modulation of PMd neurons similar to ours that discharged both when a monkey executed
a conditioned task and when the monkey observed visual stimuli associated with the

performance of the same task either replayed or executed by the experimenter
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In our behavioral paradigm, the monkeys observed real natural actions instead
of filmed ones because the former actions evoke stronger responses than the later
(Caggiano et al. 2011). Inevitably, this choice lost us the opportunity to study
characteristics of MirNs that are not possible using naturalistic stimulation. For example,
the use of filmed actions would allow us to have transitive and intransitive movements
with identical kinematics. This set up would allow us to quantify the contribution of the
object presence and hand-object interaction at the discharge of single neurons. The choice
of real hand actions has also the disadvantage of introducing variability in the kinematics
across the sessions. This variability however was rather limited because the observed
actions were well-practiced movements executed by the experimenter on a daily basis for

months.

5.1.2 MirNs respond to the observation of intransitive actions

A previous study stated that pyramidal tract neurons in macaque ventral
premotor cortex are modulated by the observation of intransitive hand actions, without
providing any relevant data but the percentage of neurons endowed with this property
(Kraskov et al. 2009). Our study confirms and extends these findings by providing a
detailed description of the temporal profile and the intensity of MirNs’ responses to the
observation of both transitive and intransitive hand actions. Our findings are also
compatible with the reports that MirNs in the inferior parietal areas AIP and PFG, which
are reciprocally connected with area F5 (Petrides and Pandya 1984; Matelli et al. 1986;
Cavada and Goldman-Rakic 1989; Luppino et al. 1999; Rozzi et al. 2006; Borra et al.
2008), respond to the visual presentation of an intransitive hand action (Maeda et al. 2015)
or during the passive observation of movements of a simple shape in the visual field (Pani
et al. 2014).

Our study resolves a contradiction in earlier reports concerning human and
monkey MirN data. Observation of intransitive/meaningless movements activated the
MirN system in humans (Fadiga et al. 1995; lacoboni et al. 1999; Nishitani and Hari 2000;
Buccino et al. 2001; Maeda et al. 2002; Grezes et al. 2003; Johnson-Frey et al. 2003;
Patuzzo et al. 2003; Wheaton et al. 2004; Caspers et al. 2010), whereas did not activate
MirNs of monkeys (Rizzolatti et al. 2014). In contrast to the last report, we had previously

demonstrated by the quantitative *C-deoxyglucose method that intransitive movements
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activate area F5 in monkeys, and that the intensity of this activation is half as strong as
that induced by observation of a transitive action (Raos et al. 2007; Raos et al. 2014). In
the present study we conclusively show that MirNs in the monkey brain respond to the
observation of both transitive and intransitive actions and that the intensity of the MirNs’
response to the observation of an intransitive action is lower than the response to the
observation of the preferred transitive action. Consequently, there is no longer any reason
to think that the human and monkey MirN systems respond differently to the observation

of intransitive actions.

Contrary to our finding that the observation of intransitive actions activates
MirNs, earlier studies did not report such responses (Umilta et al. 2001). What could be
the reason for this discrepancy? It has been proposed that the training of the monkey in
the execution task and its interaction with the experimenter might have augmented
monkey’s ability to build associations between executed and observed actions and this
led to the high proportion (73%) of pyramidal tract MirNs responding to the observation
of intransitive hand actions (Kraskov et al. 2009). A similar proposal was also advanced
to explain the responses of MirNs to the observation of actions made with tools (Ferrari
et al. 2005). Although the monkeys, either in ours or in Kraskov’s study, were not trained
to perform the intransitive actions, the impact of the frequent view of these actions during

the experimental sessions on the neuronal response cannot be excluded.

5.1.3 Modulation of MirNs’ responses by the kinematics of the observed
actions

The hand motion, which can be described by kinematics parameters, is the
common characteristic between transitive and intransitive actions and suffices to trigger
the response of MirNs during observation. The strong representational similarity between
the kinematics and the neural responses revealed in our study, suggests that MirNs in area
F5 may provide a kinematics based representation of actions. The kinematic differences
between transitive and intransitive actions (Goodale et al. 1994; Laimgruber et al. 2005;
Fukui and Inui 2013) may contribute to the differential amplitude of the response to the
observation of transitive and intransitive actions. Our finding is also consistent with the
selective activation of the action observation network in humans observing actions that

obey the kinematic laws of biological movements (Dayan et al. 2007; Press et al. 2011;

May 2018 77



Mirror neurons in the macaque premotor cortex

Agosta et al. 2016). Moreover, it is in agreement with the prediction of different families
of models that MirNs are sensitive to the speed of the observed action (Demiris and
Khadhouri 2006; Bonaiuto et al. 2007; Demiris et al. 2014). The sensitivity of MirNs to
low—level features of the observed actions has also been proposed by other researchers
(Cook and Bird 2013; Cook et al. 2014).

The kinematics of actions can be affected by various factors such as the quality
of the object on which the action is directed (Jakobson and Goodale 1991; Paulignan et
al. 1991; Castiello et al. 1993; Churchill et al. 2000; Gentilucci 2002; Schettino et al.
2003; Winges et al. 2003; Rand et al. 2007) or the lack of visual information for the
movement guidance (Jakobson and Goodale 1991; Paulignan et al. 1991; Castiello et al.
1993; Churchill et al. 2000; Gentilucci 2002; Schettino et al. 2003; Winges et al. 2003;
Rand et al. 2007). Moreover, the details of the kinematics available to the observer depend
on the hand used by the actor or on the direction of the action as well as on the observer’s
view point. We suggest that the reported modulation of MirNs by factors such as the type
of grasped object (Caggiano et al. 2012), used hand (Gallese et al. 1996), action direction
(Gallese et al. 1996), viewpoint (Caggiano et al. 2011) and actor’s gaze direction (Coude
etal. 2016) may not be due to these factors per se. Based on our finding that the kinematics
of the observed actions are represented in the discharge of MirNs, we propose that the
alteration of the kinematics or of their availability to the observer induced by these factors

may account for the reported differential responses of MirNs.

Umilta et al. (Umilta et al. 2001) reported that about half of the recorded MirNs
fire during the observation of a transitive hand action even when the part of the action
containing the interaction of the hand with the object is not available to the monkey
because it takes place behind an occluder. The response in this “hidden” condition is
obtained only if the monkey knows that an object exists behind the occluder. In the light
of our finding it could be hypothesized that the view of the initial part of the action is
sufficient to trigger the kinematic representation of the observed action and this results in
similar observation elicited responses during the “early movement” epoch. The occlusion
of the action kinematics during the “late movement” epoch may be responsible for the
lower discharge obtained in the hidden condition as compared to the condition with the

unconstrained view of the action.
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Fogassi et al. (Fogassi et al. 2005) trained monkeys to perform and observe two
actions: grasping a piece of food and putting it into the mouth (grasp-to-eat), or grasping
a metallic solid and putting it into a container (grasp-to-place). They found that the
discharge of many parietal MirNs during the execution or observation of the first part of
the above actions (grasping) is influenced by the subsequent act (eating or placing). It has
been proposed that the activation of these MirNs reflects ‘intention understanding’ in
monkeys. The authors mention that the activation of MirNs may be modulated by factors
such as the type of the object (food or metallic solid) or the context in which the action
occurs (presence or absence of the container). On the other hand, the differences in
movement kinematics were not considered to contribute to the neuronal selectivity. The
authors recorded the kinematics of the monkey’s actions and reported them to be different
across conditions. By qualitatively inspecting neuronal and kinematic differences, they
argued that the motor discharge of the parietal MirNs was not linearly correlated with the
monkey’s wrist speed. Unfortunately, the kinematic profile of the experimenter’s actions
observed by the monkey was not reported at all, making it hard to draw any conclusions
on the influence of the kinematics to the modulation of the neuronal discharge during

observation.

In an elegant experiment, Umilta and collaborators trained monkeys to grasp
objects using tools that required different hand movement for the achievement of the
action (Umilta et al. 2008; Rochat et al. 2010). They demonstrated that the representation
in motor and mirror neurons is independent of joint or muscle-related details of
movement. It has been speculated that the activity of motor and mirror neurons encodes
the goal of a movement, regardless of how the goal is accomplished. However the goal of
the movement is not the only extrinsic parameter that may be represented by the neuronal
activity. Other extrinsic factors such as the direction of action in space (Kakei et al. 2001)
or the motion of the end effector (fingers or tool) (Arbib et al. 2009) may also be
represented. Both these latter factors can be described in kinematic terms that may be

represented in the neuronal discharge as suggested in our study.

An argument used against the contribution of kinematics to the differential discharge of
MirNs is the existence of equal proportions of neurons displaying opposite preferences

(e.g. congruent and incongruent directions of gaze and hand actions) (Coude et al. 2016).
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In this argument it is assumed that all neurons should exhibit the same direction of
relationship between discharge and kinematics, i.e. a homogeneous group of neurons
exists. Although appealing due to its simplicity, this assumption has never been verified
experimentally. Another argument used to rule out the kinematic account is the timing at
which the maximum differential discharge exists (Umilta et al. 2001; Coude et al. 2016).
The rationale is that if the maximum differential discharge occurs at the contact of the
hand with the object or later, when the hand does not move and its configuration is no
longer changing, then the kinematics of the observed action cannot influence the
discharge. In other words, it is assumed that the encoding of the kinematics of the
observed movement by the discharge of premotor neurons should be synchronous, not
affected by any transmission and processing delays. However, the response of premotor
neurons is delayed in relation to the appearance of visual stimuli that trigger the neuronal
activity and the average latency has been estimated to 127 ms (Lamme and Roelfsema
2000). In our study, 68% of the neurons exhibited their maximum differential discharge
before the contact of the hand with the object. This percentage increased to 89% at 127
ms following this landmark. Thus, the response profile of the vast majority of the neurons
is compatible with the processing of the kinematics. Moreover, the presence of differential
discharge during the static phase of the action in the holding epoch has been also used to
argue against the encoding of the kinematics by MirNs. Our analysis revealed that
although the contribution of the object features to the regression model rose from 9.5 to
23.9 % as the hand changed from moving in the movement epoch to static in the holding
epoch, the impact of the kinematics exceeded that of the object even when the hand was

immobile.

Psychophysical studies have demonstrated that kinematics are influenced by the
intention of the reaching-to-grasp action even when the object to-be-grasped is the same
(Marteniuk et al. 1987; Ansuini et al. 2006; Ansuini et al. 2008). These results led to the
proposal that the ability to perceive the intentions of others may be related to our
competence to detect the kinematic dissimilarities between actions with different
intentions (Ansuini et al. 2014). Although the evidence about the ability of the observers
to use action kinematics in order to obtain intention information is contradictory (Manera
et al. 2011; Sartori et al. 2011; Stapel et al. 2012; Naish et al. 2013), we cannot rule out

the possibility that MirNs are involved in capturing some sort of high level cognitive
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information concerning the observed actions by detecting subtle differences in the

kinematics of actions with different intentions.

Models of the system of action observation, which take into account the fact that
MirNs are active during both observation and execution, propose that MirNs may
contribute to monitoring the progress of a self-action and in evaluating whether the
performed action deviates from the intended one (Oztop and Arbib 2002; Oztop et al.
2005; Bonaiuto and Arbib 2010; Oztop et al. 2013). This function of MirNs would be
consistent with our findings. The involvement of MirNs in action monitoring is further
supported by the report that inactivation of area F5 on the convexity, where the majority
of MirNs reside, results in a slowing down of the movement with no other cognitive or
motor deficits (Fogassi et al. 2001). Moreover, the prediction of different families of
models that MirNs are sensitive to the speed of the observed action is in agreement with
our finding that action kinematics are encoded by MirNs (Demiris and Khadhouri 2006;
Bonaiuto et al. 2007; Demiris et al. 2014).

All in all, these results dictate a re-evaluation of the function of MirNs. Our
finding that MirNs start discharging shortly after the onset of the observed movement,
combined with the finding that they encode movement kinematics, indicate that these
neurons may be involved in the rapid detection and monitoring of others’ actions as they
unfold. In other words, action mirroring may also be performed at the level of the

observed action kinematics.

5.2 Mirror neurons in PMd

The existence of mirror neurons in PMd documented in our study is in agreement
with a neuroimaging study reporting that observation of others’ actions activates dorsal
premotor areas F2 and F7 of the macaque brain (Raos et al. 2007). It is also compatible
with neurophysiological studies reporting that neurons in the dorsal premotor cortex
discharge both when a monkey executes a conditioned task (moving a cursor to capture
targets on a computer screen) and when the monkey observes the same task done by the
experimenter (Cisek and Kalaska 2004; Tkach et al. 2007). Although these neurons
displayed a response pattern similar to that of mirror neurons, they were not considered

to be “mirror neurons” and PMd was not considered to be a node of the mirror neuron
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circuit. Our study conclusively demonstrates that PMd contains neurons that fulfil the
“mirror neuron” criteria as defined in the original studies (di Pellegrino et al. 1992;
Gallese et al. 1996) .i.e. they fire both when the animal performs goal-directed actions

and observes another agent performing similar actions.

5.2.1 Origin of visual responses of PMd

The presence of neurons that are influenced by the mere observation of a motor
act in the PMd raises the question of the origin of their visual input. The first candidates
for supplying this kind of information are the cortical areas containing MirNs, i.e. the
ventral premotor area F5 (di Pellegrino et al. 1992; Gallese et al. 1996) and the areas of
the rostral half of the inferior parietal lobule (Fogassi et al. 2005; Rozzi et al. 2008). Area
F5 is heavily connected with the lateral part of F2, F2vr (Marconi et al. 2001). However,
the fact that the responses of F5 neurons to action observation follow those of PMd
neurons favors a direction of information flow from dorsal to ventral premotor cortex
rather than the reverse. Therefore, area F5 is not a possible source of action-related visual
input to PMd. On the other hand the possibility that the parietal cortical areas transmit
this kind of information to PMd cannot be excluded, although the parietofrontal projection
is weak (Rozzi et al. 2006).

F2vr is the only premotor area that receives input from an area specifically
devoted to motion perception. The ventral part of area F7 (excluding the SEF) and area
F2vr are both targets of the caudal part of the upper bank in the STS (USTS). Specifically,
F2vr is the target of projections from a relatively more rostral and ventral sector of the
uSTS, close to the fundus of the sulcus, which presumably corresponds to area MST
(Luppino et al. 2001). Area MST plays an important role in visual motion processing
(Komatsu and Wurtz 1988) and is the target of projections from the motion-sensitive
visual area MT/V5 (Maunsell and van Essen 1983; Ungerleider and Desimone 1986).
Consequently, areas of the superior temporal lobe could supply motion related
information directly to the dorsal premotor cortex. Interestingly, observation of others’
actions activates components of the motion complex in STS, including the medial superior
temporal area (MST), the fundus of superior temporal area (FST), and the middle
temporal area (MT) (Kilintari et al. 2014).
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Another possible, not mutually exclusive, hypothesis is that visual information
is provided to the dorsal premotor cortex by superior parietal areas endowed with visual
properties. F2vr receives its major visual input from areas V6A and MIP of the superior
parietal lobe whereas ventral and caudal parts of F7 are targets of area PGm in the medial
wall of the hemisphere and the ventral part of V6A (Cavada and Goldman-Rakic 1989;
Johnson et al. 1996; Matelli et al. 1998; Shipp et al. 1998; Marconi et al. 2001) (Petrides
and Pandya 1984). Motion-related visual information is conveyed to the posterior parietal
areas from extrastriate areas of the occipital lobe, including V6, and from visual areas of
the superior temporal sulcus (Galletti et al. 2001; Gamberini et al. 2009; Passarelli et al.
2011). It should be noted that the posterior parietal areas V6A, MIP, and PGm, suggested
to be nodes of the circuit transmitting visual information to the dorsal premotor cortex,
were found activated by observation of others’ transitive and/or intransitive actions
(Evangeliou et al. 2009; Raos et al. 2014).

5.2.2 Role of PMd MirNs in action observation and execution

A reasonable question would be, which is the role of MirNs in PMd. PMd is the
premotor hub of the dorso-dorsal (Rizzolatti and Matelli 2003) or dorsomedial (Galletti
et al. 2003) pathway of the dorsal visual stream (Ungerleider and Mishkin 1982; Goodale
and Milner 1992; Milner and Goodale 1995) which originates from the superior parietal
lobule. It is widely accepted that this pathway is implicated in the “on line” control of
actions (Desmurget et al. 1999; Pisella et al. 2000; Galletti et al. 2003; Rizzolatti and
Matelli 2003; Galletti and Fattori 2017).To guide forelimb movements visually,
information about the location and configuration of the hand as well as about the location
of the target is necessary. PMd neurons carrying such information have a central role in
the visual control of movements. It was reported that neuronal activity in the PMd during
planning a target-capturing task co-varied with the image motion rather than with the
actual movement of the arm, in other words PMd was involved in processing visual
information for the spatial guidance of the movement trajectory (Ochiai et al. 2002). Raos
et al (Raos et al. 2004b) found that many reaching-to-grasp neurons were influenced by
the visual input concerning the scene in which the action occurred and, in particular, by
the vision of the hand approaching to and interacting with the object. In agreement with
these findings, the ventral part of the dorsal premotor area F2 was activated exclusively
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for visually-guided forelimb movements in neuroimaging studies (Gregoriou and Savaki
2003; Gregoriou et al. 2005; Raos and Savaki 2011). Archambault et al (Archambault et
al. 2011) examined the hand trajectories of monkeys performing reaching movements
either to stationary targets or to targets that were displaced to a new spatial location at the
movement onset. In the former case the trajectories of the planned and the executed
movements were the same whereas in the latter case the trajectory of the planned
movement had to be updated to account for the changed location of the target. It was
demonstrated that the same neurons were active during both direct and corrected reaches
and that PMd neurons were recruited earlier than the parietal ones. This timing of the
responses prompted the investigators to suggest that the role of the PMd is to detect the
need for trajectory corrections while the parietal cortex is crucial for the update of the
trajectory by providing an estimation of the kinematics of the new movement.

The participation of PMd in the online correction of movements is manifested
by its transient inactivation and its lesion. Perturbation of PMd by transcranial magnetic
stimulation during a visuomotor adaptation task disrupted the ability of the subjects to
make online adjustments only when the vision of the hand was available but not when
prevented (Lee and van Donkelaar 2006). Patients with premotor lesions needed more
time to correct the trajectory of their movements to displaced targets than controls or
patients with lesions to other cortical areas whereas did not display any deficit in accuracy
(Buiatti et al. 2013).

The fact that the view of the continuously changing configuration of the hand as
it approaches the object to be grasped triggers the discharge of MirNs renders these cells
ideal for monitoring the progress of actions as they unfold. We propose that MirNs may
be part of a physiological process detecting whether the ongoing response deviates from
its goal. In the execution mode, this information may be used by the motor system of the
actor to modulate the motor control signals in order to specify/formulate a corrected plan
for the achievement of the goal, thus providing real-time visual guidance of movements.
In the observation mode, it may allow the observer to appraise whether the observed

movement will be successful or not in order to organize its own behavior.

The proposed function of MirNs complements rather than excludes the
involvement of MirNs in action understanding. Visual control parameters sub-serving

sensorimotor control have been used for the development of computational models that
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could effectively infer mental states of others (Oztop et al. 2005). The involvement of
MirNs in monitoring the success of a self-action was originally advanced by Bonaiuto
and Arbib (Bonaiuto and Arbib 2010) who predicted that the discharge of MirNs during
execution would be modulated by the view of the monkey’s hand. Maranesi et al
(Maranesi et al. 2015) confirmed this prediction showing that MirNs encode, in addition
to the view of the other’s hand, the visual feedback of monkey’s own hand. The validity
of our proposal could be verified in future experiments that will study whether, how and
when the alteration of the view of one’s own or other’s hand influence the discharge of

MirNs during execution and observation.

May 2018 85



Mirror neurons in the macaque premotor cortex

6 REFERENCES

Agosta S, Battelli L, Casile A. 2016. Human movements and abstract motion displays
activate different processes in the observer's motor system. Neurolmage 130:184-193.
doi: 10.1016/j.neuroimage.2016.01.066.

Ansuini C, Cavallo A, Bertone C, Becchio C. 2014. The visible face of intention: why
kinematics matters. Front Psychol 5:815. doi: 10.3389/fpsyg.2014.00815.

Ansuini C, Giosa L, Turella L, Altoe G, Castiello U. 2008. An object for an action, the
same object for other actions: effects on hand shaping. Exp Brain Res 185:111-119. doi:
10.1007/s00221-007-1136-4.

Ansuini C, Santello M, Massaccesi S, Castiello U. 2006. Effects of end-goal on hand
shaping. J Neurophysiol 95:2456-2465. doi: 10.1152/jn.01107.2005.

Arbib MA. 2005. From monkey-like action recognition to human language: An
evolutionary framework for neurolinguistics. Behavioral and Brain Sciences 28:105-+.
doi: Doi 10.1017/S0140525x05000038.

Arbib MA, Bonaiuto JB, Jacobs S, Frey SH. 2009. Tool use and the distalization of the
end-effector. Psychol Res 73:441-462. doi: 10.1007/s00426-009-0242-2.

Archambault PS, Ferrari-Toniolo S, Battaglia-Mayer A. 2011. Online control of hand
trajectory and evolution of motor intention in the parietofrontal system. J Neurosci
31:742-752. doi: 10.1523/JNEUROSCI.2623-10.2011.

Baumann MA, Fluet MC, Scherberger H. 2009. Context-specific grasp movement
representation in the macaque anterior intraparietal area. J Neurosci 29:6436-6448. doi:
10.1523/JNEUROSCI.5479-08.2009.

Bonaiuto J, Arbib MA. 2010. Extending the mirror neuron system model, II: what did |
just do? A new role for mirror neurons. Biol Cybern 102:341-359. doi: 10.1007/s00422-
010-0371-0.

Bonaiuto J, Rosta E, Arbib M. 2007. Extending the mirror neuron system model, I.
Audible actions and invisible grasps. Biol Cybern 96:9-38. doi: 10.1007/s00422-006-
0110-8.

Bonini L, Maranesi M, Livi A, Fogassi L, Rizzolatti G. 2014a. Space-dependent
representation of objects and other's action in monkey ventral premotor grasping neurons.
J Neurosci 34:4108-4119. doi: 10.1523/JNEUROSCI.4187-13.2014.

Bonini L, Maranesi M, Livi A, Fogassi L, Rizzolatti G. 2014b. Ventral premotor neurons
encoding representations of action during self and others' inaction. Curr Biol 24:1611-
1614. doi: 10.1016/j.cub.2014.05.047.

Bonini L, Rozzi S, Serventi FU, Simone L, Ferrari PF, Fogassi L. 2010. Ventral premotor
and inferior parietal cortices make distinct contribution to action organization and
intention understanding. Cereb Cortex 20:1372-1385. doi: 10.1093/cercor/bhp200.

86 Vassilis Papadourakis



Chapter 6: References

Borra E, Belmalih A, Calzavara R, Gerbella M, Murata A, Rozzi S, Luppino G. 2008.
Cortical connections of the macaque anterior intraparietal (AIP) area. Cereb Cortex
18:1094-1111. doi: 10.1093/cercor/bhm146.

Boussaoud D, Jouffrais C, Bremmer F. 1998. Eye position effects on the neuronal activity
of dorsal premotor cortex in the macaque monkey. J Neurophysiol 80:1132-1150.

Buccino G, Binkofski F, Fink GR, Fadiga L, Fogassi L, Gallese V, Seitz RJ, Zilles K,
Rizzolatti G, Freund HJ. 2001. Action observation activates premotor and parietal areas
in a somatotopic manner: an fMRI study. Eur J Neurosci 13:400-404.

Buiatti T, Skrap M, Shallice T. 2013. Reaching a moveable visual target: dissociations in
brain tumour patients. Brain Cogn 82:6-17. doi: 10.1016/j.bandc.2013.02.004.

Caggiano V, Fogassi L, Rizzolatti G, Casile A, Giese MA, Thier P. 2012. Mirror neurons
encode the subjective value of an observed action. Proc Natl Acad Sci U S A 109:11848-
11853. doi: 10.1073/pnas.1205553109.

Caggiano V, Fogassi L, Rizzolatti G, Pomper JK, Thier P, Giese MA, Casile A. 2011.
View-based encoding of actions in mirror neurons of area f5 in macaque premotor cortex.
Curr Biol 21:144-148. doi: 10.1016/j.cub.2010.12.022.

Caggiano V, Fogassi L, Rizzolatti G, Thier P, Casile A. 2009. Mirror neurons
differentially encode the peripersonal and extrapersonal space of monkeys. Science
324:403-406. doi: 10.1126/science.1166818.

Caspers S, Zilles K, Laird AR, Eickhoff SB. 2010. ALE meta-analysis of action
observation and imitation in the human brain. Neurolmage 50:1148-1167. doi:
10.1016/j.neuroimage.2009.12.112.

Castiello U, Bennett KM, Stelmach GE. 1993. Reach to grasp: the natural response to
perturbation of object size. Exp Brain Res 94:163-178.

Cavada C, Goldman-Rakic PS. 1989. Posterior parietal cortex in rhesus monkey: II.
Evidence for segregated corticocortical networks linking sensory and limbic areas with
the frontal lobe. J Comp Neurol 287:422-445. doi: 10.1002/cne.902870403.

Churchill A, Hopkins B, Ronngvist L, Vogt S. 2000. Vision of the hand and
environmental context in human prehension. Exp Brain Res 134:81-89.

Cisek P, Kalaska JF. 2002. Modest gaze-related discharge modulation in monkey dorsal
premotor cortex during a reaching task performed with free fixation. J Neurophysiol
88:1064-1072. doi: 10.1152/jn.00995.2001.

Cisek P, Kalaska JF. 2004. Neural correlates of mental rehearsal in dorsal premotor
cortex. Nature 431:993-996. doi: 10.1038/nature03005.

Cook R, Bird G. 2013. Do mirror neurons really mirror and do they really code for action
goals? Cortex 49:2944-2945. doi: 10.1016/j.cortex.2013.05.006.

Cook R, Bird G, Catmur C, Press C, Heyes C. 2014. Mirror neurons: from origin to
function. Behav Brain Sci 37:177-192. doi: 10.1017/S0140525X13000903.

Coude G, Festante F, Cilia A, Loiacono V, Bimbi M, Fogassi L, Ferrari PF. 2016. Mirror
Neurons of Ventral Premotor Cortex Are Modulated by Social Cues Provided by Others'
Gaze. J Neurosci 36:3145-3156. doi: 10.1523/JNEUROSCI.3220-15.2016.

May 2018 87



Mirror neurons in the macaque premotor cortex

Crammond DJ, Kalaska JF. 2000. Prior information in motor and premotor cortex:
activity during the delay period and effect on pre-movement activity. J Neurophysiol
84:986-1005.

Csibra G. 2008. Action mirroring and action understanding: an alternative account. In:
Haggard P, Rossetti Y, Kawato M, editors. Sensorimotor foundations of higher cognition
Oxford ; New York: Oxford University Press p 435-459.

Dapretto M, Davies MS, Pfeifer JH, Scott AA, Sigman M, Bookheimer SY, lacoboni M.
2006. Understanding emotions in others: mirror neuron dysfunction in children with
autism spectrum disorders. Nat Neurosci 9:28-30. doi: 10.1038/nn1611.

Dayan E, Casile A, Levit-Binnun N, Giese MA, Hendler T, Flash T. 2007. Neural
representations of kinematic laws of motion: evidence for action-perception coupling.
Proc Natl Acad Sci U S A 104:20582-20587. doi: 10.1073/pnas.0710033104.

Demiris Y, Aziz-Zadeh L, Bonaiuto J. 2014. Information processing in the mirror neuron
system in primates and machines. Neuroinformatics 12:63-91. doi: 10.1007/s12021-013-
9200-7.

Demiris Y, Khadhouri B. 2006. Hierarchical attentive multiple models for execution and
recognition of actions. Robot Auton Syst 54:361-3609.

Desmurget M, Epstein CM, Turner RS, Prablanc C, Alexander GE, Grafton ST. 1999.
Role of the posterior parietal cortex in updating reaching movements to a visual target.
Nature neuroscience 2:563-567. doi: 10.1038/9219.

di Pellegrino G, Fadiga L, Fogassi L, Gallese V, Rizzolatti G. 1992. Understanding motor
events: a neurophysiological study. Exp Brain Res 91:176-180.

Dushanova J, Donoghue J. 2010. Neurons in primary motor cortex engaged during action
observation. Eur J Neurosci 31:386-398. doi: 10.1111/j.1460-9568.2009.07067.x.

Enticott PG, Hoy KE, Herring SE, Johnston PJ, Daskalakis ZJ, Fitzgerald PB. 2008.
Reduced motor facilitation during action observation in schizophrenia: a mirror neuron
deficit? Schizophr Res 102:116-121. doi: 10.1016/j.schres.2008.04.001.

Evangeliou MN, Raos V, Galletti C, Savaki HE. 2009. Functional imaging of the parietal
cortex during action execution and observation. Cereb Cortex 19:624-639. doi:
10.1093/cercor/bhn116.

Fadiga L, Fogassi L, Pavesi G, Rizzolatti G. 1995. Motor facilitation during action
observation: a magnetic stimulation study. J Neurophysiol 73:2608-2611.

Ferrari PF, Rozzi S, Fogassi L. 2005. Mirror neurons responding to observation of actions
made with tools in monkey ventral premotor cortex. J Cogn Neurosci 17:212-226. doi:
10.1162/0898929053124910.

Fluet MC, Baumann MA, Scherberger H. 2010. Context-specific grasp movement
representation in macaque ventral premotor cortex. J Neurosci 30:15175-15184. doi:
10.1523/JNEUROSCI.3343-10.2010.

Fogassi L, Ferrari PF, Gesierich B, Rozzi S, Chersi F, Rizzolatti G. 2005. Parietal lobe:
from action organization to intention understanding. Science 308:662-667. doi:
10.1126/science.1106138.

88 Vassilis Papadourakis



Chapter 6: References

Fogassi L, Gallese V, Buccino G, Craighero L, Fadiga L, Rizzolatti G. 2001. Cortical
mechanism for the visual guidance of hand grasping movements in the monkey: A
reversible inactivation study. Brain 124:571-586.

Fogassi L, Raos V, Franchi G, Gallese V, Luppino G, Matelli M. 1999. Visual responses
in the dorsal premotor area F2 of the macaque monkey. Exp Brain Res 128:194-199.

Fujii N, Hihara S, Iriki A. 2007. Dynamic social adaptation of motion-related neurons in
primate parietal cortex. PLoS One 2:€397. doi: 10.1371/journal.pone.0000397.

Fukui T, Inui T. 2013. How vision affects kinematic properties of pantomimed prehension
movements. Front Psychol 4:44. doi: 10.3389/fpsyg.2013.00044.

Gallese V. 2003. The roots of empathy: the shared manifold hypothesis and the neural
basis of intersubjectivity. Psychopathology 36:171-180. doi: 72786.

Gallese V, Fadiga L, Fogassi L, Rizzolatti G. 1996. Action recognition in the premotor
cortex. Brain 119 ( Pt 2):593-6009.

Galletti C, Fattori P. 2017. The dorsal visual stream revisited: Stable circuits or dynamic
pathways? Cortex; a journal devoted to the study of the nervous system and behavior. doi:
10.1016/j.cortex.2017.01.009.

Galletti C, Gamberini M, Kutz DF, Fattori P, Luppino G, Matelli M. 2001. The cortical
connections of area V6: an occipito-parietal network processing visual information. Eur
J Neurosci 13:1572-1588.

Galletti C, Kutz DF, Gamberini M, Breveglieri R, Fattori P. 2003. Role of the medial
parieto-occipital cortex in the control of reaching and grasping movements. Exp Brain
Res 153:158-170. doi: 10.1007/s00221-003-1589-z.

Gamberini M, Passarelli L, Fattori P, Zucchelli M, Bakola S, Luppino G, Galletti C. 2009.
Cortical connections of the visuomotor parietooccipital area V6Ad of the macaque
monkey. J Comp Neurol 513:622-642. doi: 10.1002/cne.21980.

Gentilucci M. 2002. Object motor representation and reaching-grasping control.
Neuropsychologia 40:1139-1153.

Goodale MA, Jakobson LS, Keillor JM. 1994. Differences in the visual control of
pantomimed and natural grasping movements. Neuropsychologia 32:1159-1178.

Goodale MA, Milner AD. 1992. Separate visual pathways for perception and action.
Trends Neurosci 15:20-25.

Gregoriou GG, Luppino G, Matelli M, Savaki HE. 2005. Frontal cortical areas of the
monkey brain engaged in reaching behavior: a (14)C-deoxyglucose imaging study.
Neurolmage 27:442-464. doi: 10.1016/j.neuroimage.2005.02.038.

Gregoriou GG, Savaki HE. 2003. When vision guides movement: a functional imaging
study of the monkey brain. Neurolmage 19:959-967.

Grezes J, Armony JL, Rowe J, Passingham RE. 2003. Activations related to "mirror" and
"canonical™ neurones in the human brain: an fMRI study. Neurolmage 18:928-937.

Heyes C. 2010. Where do mirror neurons come from? Neurosci Biobehav Rev 34:575-
583. doi: 10.1016/j.neubiorev.2009.11.007.

May 2018 89



Mirror neurons in the macaque premotor cortex

Hickok G. 2009. Eight problems for the mirror neuron theory of action understanding in
monkeys and humans. J Cogn Neurosci 21:1229-1243. doi: 10.1162/jocn.2009.21189.

Hickok G. 2013. Do mirror neurons subserve action understanding? Neurosci Lett 540:56-
58. doi: 10.1016/j.neulet.2012.11.001.

Hihara S, Taoka M, Tanaka M, Iriki A. 2015. Visual Responsiveness of Neurons in the
Secondary Somatosensory Area and its Surrounding Parietal Operculum Regions in
Awake Macaque Monkeys. Cereb Cortex 25:4535-4550. doi: 10.1093/cercor/bhv095.

lacoboni M. 2005. Neural mechanisms of imitation. Curr Opin Neurobiol 15:632-637.
doi: 10.1016/j.conb.2005.10.010.

lacoboni M, Dapretto M. 2006. The mirror neuron system and the consequences of its
dysfunction. Nat Rev Neurosci 7:942-951. doi: 10.1038/nrn2024.

lacoboni M, Woods RP, Brass M, Bekkering H, Mazziotta JC, Rizzolatti G. 1999.
Cortical mechanisms of human imitation. Science 286:2526-2528.

Jacob P. 2008. 'Mirror neurons' or ‘concept neurons'? Mind Language 23:190-223. doi:
DOI 10.1111/j.1468-0017.2007.00337.X.

Jacob P. 2009. A Philosopher's Reflections on the Discovery of Mirror Neurons. Topics
in Cognitive Science 1:570-595. doi: 10.1111/j.1756-8765.2009.01040.x.

Jakobson LS, Goodale MA. 1991. Factors affecting higher-order movement planning: a
kinematic analysis of human prehension. Exp Brain Res 86:199-208.

Johnson-Frey SH, Maloof FR, Newman-Norlund R, Farrer C, Inati S, Grafton ST. 2003.
Actions or hand-object interactions? Human inferior frontal cortex and action
observation. Neuron 39:1053-1058.

Johnson PB, Ferraina S, Bianchi L, Caminiti R. 1996. Cortical networks for visual
reaching: physiological and anatomical organization of frontal and parietal lobe arm
regions. Cerebral cortex 6:102-119.

Judge SJ, Richmond BJ, Chu FC. 1980. Implantation of magnetic search coils for
measurement of eye position: an improved method. Vision Res 20:535-538.

Kakei S, Hoffman DS, Strick PL. 2001. Direction of action is represented in the ventral
premotor cortex. Nat Neurosci 4:1020-1025. doi: 10.1038/nn726.

Keysers C, Gazzola V. 2006. Towards a unifying neural theory of social cognition.
Understanding Emotions 156:379-401. doi: 10.1016/S0079-6123(06)56021-2.

Kilintari M, Raos V, Savaki HE. 2014. Involvement of the superior temporal cortex in
action execution and action observation. J Neurosci 34:8999-9011. doi:
10.1523/JNEUROSCI.0736-14.2014.

Komatsu H, Wurtz RH. 1988. Relation of cortical areas MT and MST to pursuit eye
movements. I11. Interaction with full-field visual stimulation. J Neurophysiol 60:621-644.

Kosonogov V. 2012. Why the Mirror Neurons Cannot Support Action Understanding.
Neurophysiology 44:499-502. doi: 10.1007/s11062-012-9327-4.

Kraskov A, Dancause N, Quallo MM, Shepherd S, Lemon RN. 2009. Corticospinal
neurons in macaque ventral premotor cortex with mirror properties: a potential

90 Vassilis Papadourakis



Chapter 6: References

mechanism for action suppression? Neuron 64:922-930. doi:
10.1016/j.neuron.2009.12.010.

Kriegeskorte N. 2009. Relating Population-Code Representations between Man, Monkey,
and Computational Models. Front Neurosci 3:363-373. doi: 10.3389/neuro0.01.035.2009.

Kriegeskorte N, Mur M, Bandettini P. 2008. Representational similarity analysis -
connecting the branches of systems neuroscience. Front Syst Neurosci 2:4. doi:
10.3389/neuro0.06.004.2008.

Kurata K, Tanji J. 1986. Premotor cortex neurons in macaques: activity before distal and
proximal forelimb movements. J Neurosci 6:403-411.

Kurata K, Wise SP. 1988. Premotor cortex of rhesus monkeys: set-related activity during
two conditional motor tasks. Exp Brain Res 69:327-343.

Laimgruber K, Goldenberg G, Hermsdorfer J. 2005. Manual and hemispheric
asymmetries in the execution of actual and pantomimed prehension. Neuropsychologia
43:682-692. doi: 10.1016/j.neuropsychologia.2004.09.004.

Lamme VA, Roelfsema PR. 2000. The distinct modes of vision offered by feedforward
and recurrent processing. Trends Neurosci 23:571-579.

Lee JH, van Donkelaar P. 2006. The human dorsal premotor cortex generates on-line error
corrections during sensorimotor adaptation. J Neurosci 26:3330-3334. doi:
10.1523/JNEUROSCI.3898-05.2006.

Luppino G, Calzavara R, Rozzi S, Matelli M. 2001. Projections from the superior
temporal sulcus to the agranular frontal cortex in the macaque. Eur J Neurosci 14:1035-
1040.

Luppino G, Murata A, Govoni P, Matelli M. 1999. Largely segregated parietofrontal
connections linking rostral intraparietal cortex (areas AIP and VIP) and the ventral
premotor cortex (areas F5 and F4). Exp Brain Res 128:181-187.

Luppino G, Rizzolatti G. 2000. The Organization of the Frontal Motor Cortex. News
Physiol Sci 15:219-224.

Maeda F, Kleiner-Fisman G, Pascual-Leone A. 2002. Motor facilitation while observing
hand actions: specificity of the effect and role of observer's orientation. J Neurophysiol
87:1329-1335.

Maeda K, Ishida H, Nakajima K, Inase M, Murata A. 2015. Functional properties of
parietal hand manipulation-related neurons and mirror neurons responding to vision of
own hand action. J Cogn Neurosci 27:560-572. doi: 10.1162/jocn_a _00742.

Manera V, Becchio C, Cavallo A, Sartori L, Castiello U. 2011. Cooperation or
competition? Discriminating between social intentions by observing prehensile
movements. Exp Brain Res 211:547-556. doi: 10.1007/s00221-011-2649-4.

Mantel N. 1967. The detection of disease clustering and a generalized regression
approach. Cancer Res 27:209-220.

Maranesi M, Livi A, Bonini L. 2015. Processing of Own Hand Visual Feedback during
Object Grasping in Ventral Premotor Mirror Neurons. J Neurosci 35:11824-11829. doi:
10.1523/JNEUROSCI.0301-15.2015.

May 2018 91



Mirror neurons in the macaque premotor cortex

Maranesi M, Livi A, Fogassi L, Rizzolatti G, Bonini L. 2014. Mirror neuron activation
prior to action observation in a predictable context. J Neurosci 34:14827-14832. doi:
10.1523/JNEUROSCI.2705-14.2014.

Maranesi M, Ugolotti Serventi F, Bruni S, Bimbi M, Fogassi L, Bonini L. 2013. Monkey
gaze behaviour during action observation and its relationship to mirror neuron activity.
Eur J Neurosci 38:3721-3730. doi: 10.1111/ejn.12376.

Marconi B, Genovesio A, Battaglia-Mayer A, Ferraina S, Squatrito S, Molinari M,
Lacquaniti F, Caminiti R. 2001. Eye-hand coordination during reaching. I. Anatomical
relationships between parietal and frontal cortex. Cereb Cortex 11:513-527.

Marteniuk RG, MacKenzie CL, Jeannerod M, Athenes S, Dugas C. 1987. Constraints on
human arm movement trajectories. Can J Psychol 41:365-378.

Matelli M, Camarda R, Glickstein M, Rizzolatti G. 1986. Afferent and efferent
projections of the inferior area 6 in the macaque monkey. J Comp Neurol 251:281-298.
doi: 10.1002/cne.902510302.

Matelli M, Govoni P, Galletti C, Kutz DF, Luppino G. 1998. Superior area 6 afferents
from the superior parietal lobule in the macaque monkey. J Comp Neurol 402:327-352.

Matelli M, Luppino G. 2001. Parietofrontal circuits for action and space perception in the
macaque monkey. Neurolmage 14:S27-32. doi: 10.1006/nimg.2001.0835.

Matelli M, Luppino G, Rizzolatti G. 1985. Patterns of cytochrome oxidase activity in the
frontal agranular cortex of the macaque monkey. Behav Brain Res 18:125-136.

Maunsell JH, van Essen DC. 1983. The connections of the middle temporal visual area
(MT) and their relationship to a cortical hierarchy in the macaque monkey. J Neurosci
3:2563-2586.

Mauritz KH, Wise SP. 1986. Premotor cortex of the rhesus monkey: neuronal activity in
anticipation of predictable environmental events. Exp Brain Res 61:229-244.

McLaren DG, Kosmatka KJ, Oakes TR, Kroenke CD, Kohama SG, Matochik JA, Ingram
DK, Johnson SC. 2009. A population-average MRI-based atlas collection of the rhesus
macaque. Neurolmage 45:52-59. doi: 10.1016/j.neuroimage.2008.10.058.

Merchant H, Battaglia-Mayer A, Georgopoulos AP. 2001. Effects of optic flow in motor
cortex and area 7a. J Neurophysiol 86:1937-1954.

Merchant H, Battaglia-Mayer A, Georgopoulos AP. 2004a. Neural responses during
interception of real and apparent circularly moving stimuli in motor cortex and area 7a.
Cereb Cortex 14:314-331.

Merchant H, Battaglia-Mayer A, Georgopoulos AP. 2004b. Neural responses in motor
cortex and area 7a to real and apparent motion. Exp Brain Res 154:291-307. doi:
10.1007/s00221-003-1664-5.

Merchant H, Georgopoulos AP. 2006. Neurophysiology of perceptual and motor aspects
of interception. J Neurophysiol 95:1-13. doi: 10.1152/jn.00422.2005.

Milner AD, Goodale MA. 1995. The visual brain in action. Oxford: Oxford University
Press.

92 Vassilis Papadourakis



Chapter 6: References

Murata A, Fadiga L, Fogassi L, Gallese V, Raos V, Rizzolatti G. 1997. Object
representation in the ventral premotor cortex (area F5) of the monkey. J Neurophysiol
78:2226-2230.

Murata A, Gallese V, Luppino G, Kaseda M, Sakata H. 2000. Selectivity for the shape,
size, and orientation of objects for grasping in neurons of monkey parietal area AlIP. J
Neurophysiol 83:2580-2601.

Naish KR, Reader AT, Houston-Price C, Bremner AJ, Holmes NP. 2013. To eat or not to
eat? Kinematics and muscle activity of reach-to-grasp movements are influenced by the
action goal, but observers do not detect these differences. Exp Brain Res 225:261-275.
doi: 10.1007/s00221-012-3367-2.

Nishitani N, Hari R. 2000. Temporal dynamics of cortical representation for action. Proc
Natl Acad Sci U S A 97:913-918.

Ochiai T, Mushiake H, Tanji J. 2002. Effects of image motion in the dorsal premotor
cortex during planning of an arm movement. J Neurophysiol 88:2167-2171.

Ochiai T, Mushiake H, Tanji J. 2005. Involvement of the ventral premotor cortex in
controlling image motion of the hand during performance of a target-capturing task.
Cerebral cortex 15:929-937. doi: 10.1093/cercor/bhh193.

Oztop E, Arbib MA. 2002. Schema design and implementation of the grasp-related mirror
neuron system. Biol Cybern 87:116-140. doi: 10.1007/s00422-002-0318-1.

Oztop E, Kawato M, Arbib MA. 2013. Mirror neurons: functions, mechanisms and
models. Neurosci Lett 540:43-55. doi: 10.1016/j.neulet.2012.10.005.

Oztop E, Wolpert D, Kawato M. 2005. Mental state inference using visual control
parameters. Brain Res Cogn Brain Res 22:129-151. doi:
10.1016/j.cogbrainres.2004.08.004.

Pani P, Theys T, Romero MC, Janssen P. 2014. Grasping execution and grasping
observation activity of single neurons in the macaque anterior intraparietal area. J Cogn
Neurosci 26:2342-2355. doi: 10.1162/jocn_a_00647.

Papadourakis V, Raos Program No 263.08 2013 Neuroscience Meeting Planner
Washington, DC: Society for Neuroscience, 2013 Online.

Passarelli L, Rosa MG, Gamberini M, Bakola S, Burman KJ, Fattori P, Galletti C. 2011.
Cortical connections of area V6AV in the macaque: a visual-input node to the eye/hand
coordination system. J Neurosci 31:1790-1801. doi: 10.1523/JNEUROSCI.4784-
10.2011.

Passingham RE, Wise SP. 2012. The neurobiology of the prefrontal cortex : anatomy,
evolution, and the origin of insight. Oxford, United Kingdom: Oxford University Press.

Patuzzo S, Fiaschi A, Manganotti P. 2003. Modulation of motor cortex excitability in the
left hemisphere during action observation: a single- and paired-pulse transcranial
magnetic stimulation study of self- and non-self-action observation. Neuropsychologia
41:1272-1278.

Paulignan Y, Jeannerod M, MacKenzie C, Marteniuk R. 1991. Selective perturbation of
visual input during prehension movements. 2. The effects of changing object size. Exp
Brain Res 87:407-420.

May 2018 93



Mirror neurons in the macaque premotor cortex

Petrides M. 1982. Motor conditional associative-learning after selective prefrontal lesions
in the monkey. Behav Brain Res 5:407-413.

Petrides M. 1985. Deficits in non-spatial conditional associative learning after periarcuate
lesions in the monkey. Behav Brain Res 16:95-101.

Petrides M, Pandya DN. 1984. Projections to the frontal cortex from the posterior parietal
region in the rhesus monkey. J Comp Neurol 228:105-116. doi: 10.1002/cne.902280110.

Pisella L, Grea H, Tilikete C, Vighetto A, Desmurget M, Rode G, Boisson D, Rossetti Y.
2000. An ‘automatic pilot' for the hand in human posterior parietal cortex: toward
reinterpreting optic ataxia. Nature neuroscience 3:729-736. doi: 10.1038/76694.

Port NL, Kruse W, Lee D, Georgopoulos AP. 2001. Motor cortical activity during
interception of moving targets. J Cogn Neurosci 13:306-318.

Press C, Cook J, Blakemore SJ, Kilner J. 2011. Dynamic modulation of human motor
activity  when  observing actions. J  Neurosci  31:2792-2800.  doi:
10.1523/JNEUROSCI.1595-10.2011.

Rand MK, Lemay M, Squire LM, Shimansky YP, Stelmach GE. 2007. Role of vision in
aperture closure control during reach-to-grasp movements. Exp Brain Res 181:447-460.
doi: 10.1007/s00221-007-0945-9.

Raos V, Evangeliou MN, Savaki HE. 2004a. Observation of action: grasping with the
mind's hand. Neurolmage 23:193-201. doi: 10.1016/j.neuroimage.2004.04.024.

Raos V, Evangeliou MN, Savaki HE. 2007. Mental simulation of action in the service of
action perception. J Neurosci 27:12675-12683. doi: 10.1523/JNEUROSCI.2988-
07.2007.

Raos V, Kilintari M, Savaki HE. 2014. Viewing a forelimb induces widespread cortical
activations. Neurolmage 89:122-142. doi: 10.1016/j.neuroimage.2013.12.010.

Raos V, Savaki HE. 2011. Frontal cortical areas of the monkey brain engaged in visual
and somatosensory guidance of reaching-to-grasp. Program No 80307 2011
Neuroscience Meeting Planner Washington, DC: Society for Neuroscience, 2011 Online.

Raos V, Savaki HE. 2016. Perception of actions performed by external agents
presupposes knowledge about the relationship between action and effect. Neurolmage
132:261-273. doi: 10.1016/j.neuroimage.2016.02.023.

Raos V, Umilta MA, Gallese V, Fogassi L. 2004b. Functional properties of grasping-
related neurons in the dorsal premotor area F2 of the macaque monkey. J Neurophysiol
92:1990-2002. doi: 10.1152/jn.00154.2004.

Raos V, Umilta MA, Murata A, Fogassi L, Gallese V. 2006. Functional properties of
grasping-related neurons in the ventral premotor area F5 of the macaque monkey. J
Neurophysiol 95:709-729. doi: 10.1152/jn.00463.2005.

Remmel RS. 1984. An inexpensive eye movement monitor using the scleral search coil
technique. IEEE Trans Biomed Eng 31:388-390. doi: 10.1109/TBME.1984.325352.

Remmel RS. 2006. Use of an electromagnetic eye movement monitor for easy
measurement of arm movements. IEEE Trans Biomed Eng 53:2356-2361. doi:
10.1109/TBME.2006.883657.

94 Vassilis Papadourakis



Chapter 6: References

Rizzolatti G, Arbib MA. 1998. Language within our grasp. Trends Neurosci 21:188-194.
doi: Doi 10.1016/S0166-2236(98)01260-0.

Rizzolatti G, Camarda R, Fogassi L, Gentilucci M, Luppino G, Matelli M. 1988.
Functional organization of inferior area 6 in the macaque monkey. Il. Area F5 and the
control of distal movements. Exp Brain Res 71:491-507.

Rizzolatti G, Cattaneo L, Fabbri-Destro M, Rozzi S. 2014. Cortical mechanisms
underlying the organization of goal-directed actions and mirror neuron-based action
understanding. Physiol Rev 94:655-706. doi: 10.1152/physrev.00009.2013.

Rizzolatti G, Craighero L. 2004. The mirror-neuron system. Annu Rev Neurosci 27:169-
192. doi: 10.1146/annurev.neuro.27.070203.144230.

Rizzolatti G, Fabbri-Destro M. 2008. The mirror system and its role in social cognition.
Curr Opin Neurobiol 18:179-184. doi: 10.1016/j.conb.2008.08.001.

Rizzolatti G, Fadiga L, Gallese V, Fogassi L. 1996. Premotor cortex and the recognition
of motor actions. Brain Res Cogn Brain Res 3:131-141.

Rizzolatti G, Fogassi L, Gallese V. 2001. Neurophysiological mechanisms underlying the
understanding and imitation of action. Nat Rev Neurosci 2:661-670. doi:
10.1038/35090060.

Rizzolatti G, Kalaska JF. 2013. VVoluntary movement: the parietal and premotor cortex.
In: Kandel ER, J. S, T. J, S. S, A.J. H, editors. Principles of neural science 5th ed. New
York: McGraw-Hill p 1, 1709 p.

Rizzolatti G, Matelli M. 2003. Two different streams form the dorsal visual system:
anatomy and functions. Exp Brain Res 153:146-157. doi: 10.1007/s00221-003-1588-0.

Rizzolatti G, Sinigaglia C. 2010. The functional role of the parieto-frontal mirror circuit:
interpretations and misinterpretations. Nat Rev Neurosci 11:264-274. doi:
10.1038/nrn2805.

Robinson DA. 1963. A Method of Measuring Eye Movement Using a Scleral Search Coll
in a Magnetic Field. IEEE Trans Biomed Eng 10:137-145.

Rochat MJ, Caruana F, Jezzini A, Escola L, Intskirveli I, Grammont F, Gallese V,
Rizzolatti G, Umilta MA. 2010. Responses of mirror neurons in area F5 to hand and tool
grasping observation. Exp Brain Res 204:605-616. doi: 10.1007/s00221-010-2329-9.

Roy AC, Paulignan Y, Farne A, Jouffrais C, Boussaoud D. 2000. Hand kinematics during
reaching and grasping in the macaque monkey. Behav Brain Res 117:75-82.

Rozzi S, Calzavara R, Belmalih A, Borra E, Gregoriou GG, Matelli M, Luppino G. 2006.
Cortical connections of the inferior parietal cortical convexity of the macaque monkey.
Cereb Cortex 16:1389-1417. doi: 10.1093/cercor/bhj076.

Rozzi S, Ferrari PF, Bonini L, Rizzolatti G, Fogassi L. 2008. Functional organization of
inferior parietal lobule convexity in the macaque monkey: -electrophysiological
characterization of motor, sensory and mirror responses and their correlation with
cytoarchitectonic areas. Eur J Neurosci 28:1569-1588. doi: 10.1111/j.1460-
9568.2008.06395.x.

May 2018 95



Mirror neurons in the macaque premotor cortex

Sartori L, Becchio C, Castiello U. 2011. Cues to intention: the role of movement
information. Cognition 119:242-252. doi: 10.1016/j.cognition.2011.01.014.

Savaki HE. 2010. How do we understand the actions of others? By mental simulation,
NOT mirroring. Cognitive Critique 2: 99-140.

Schettino LF, Adamovich SV, Poizner H. 2003. Effects of object shape and visual
feedback on hand configuration during grasping. Exp Brain Res 151:158-166. doi:
10.1007/s00221-003-1435-3.

Schwartz AB, Moran DW, Reina GA. 2004. Differential representation of perception and
action in the frontal cortex. Science 303:380-383. doi: 10.1126/science.1087788.

Shepard RN, Chipman S. 1970. Second-order isomorphism of internal representations:
Shapes of states. Cognitive Psychology 1:1-17.

Shipp S, Blanton M, Zeki S. 1998. A visuo-somatomotor pathway through superior
parietal cortex in the macaque monkey: cortical connections of areas V6 and V6A. Eur J
Neurosci 10:3171-3193.

Stapel JC, Hunnius S, Bekkering H. 2012. Online prediction of others' actions: the
contribution of the target object, action context and movement kinematics. Psychol Res
76:434-445. doi: 10.1007/s00426-012-0423-2.

Steinhorst A, Funke J. 2014. Mirror neuron activity is no proof for action understanding.
Front Hum Neurosci 8:333. doi: 10.3389/fnhum.2014.00333.

Tkach D, Reimer J, Hatsopoulos NG. 2007. Congruent activity during action and action
observation in motor  cortex. J Neurosci 27:13241-13250. doi:
10.1523/JNEUROSCI.2895-07.2007.

Umilta MA, Escola L, Intskirveli I, Grammont F, Rochat M, Caruana F, Jezzini A, Gallese
V, Rizzolatti G. 2008. When pliers become fingers in the monkey motor system. Proc
Natl Acad Sci U S A 105:2209-2213. doi: 10.1073/pnas.0705985105.

Umilta MA, Kohler E, Gallese V, Fogassi L, Fadiga L, Keysers C, Rizzolatti G. 2001. |
know what you are doing. a neurophysiological study. Neuron 31:155-165.

Ungerleider L, Mishkin M. 1982. Two cortical visual system. In: Ingle DJ GM, Mansfield
RWJ, editor. Analysis of motor

behavior. Cambridge, MA: MIT Press p 549-586.

Ungerleider LG, Desimone R. 1986. Cortical connections of visual area MT in the
macaque. J Comp Neurol 248:190-222. doi: 10.1002/cne.902480204.

Vargas-lIrwin CE, Franquemont L, Black MJ, Donoghue JP. 2015. Linking Objects to
Actions: Encoding of Target Object and Grasping Strategy in Primate Ventral Premotor
Cortex. J Neurosci 35:10888-10897. doi: 10.1523/JNEUROSCI.1574-15.2015.

Vigneswaran G, Philipp R, Lemon RN, Kraskov A. 2013. M1 corticospinal mirror
neurons and their role in movement suppression during action observation. Curr Biol
23:236-243. doi: 10.1016/j.cub.2012.12.006.

Wannier TM, Maier MA, Hepp-Reymond MC. 1989. Responses of motor cortex neurons
to visual stimulation in the alert monkey. Neurosci Lett 98:63-68.

96 Vassilis Papadourakis



Chapter 6: References

Wheaton KJ, Thompson JC, Syngeniotis A, Abbott DF, Puce A. 2004. Viewing the
motion of human body parts activates different regions of premotor, temporal, and parietal
cortex. Neurolmage 22:277-288. doi: 10.1016/j.neuroimage.2003.12.043.

Winges SA, Weber DJ, Santello M. 2003. The role of vision on hand preshaping during
reach to grasp. Exp Brain Res 152:489-498. doi: 10.1007/s00221-003-1571-9.

Wise SP, Kurata K. 1989. Set-related activity in the premotor cortex of rhesus monkeys:
effect of triggering cues and relatively long delay intervals. Somatosens Mot Res 6:455-
476.

Wise SP, Weinrich M, Mauritz KH. 1983. Motor aspects of cue-related neuronal activity
in premotor cortex of the rhesus monkey. Brain Res 260:301-305.

Yamazaki Y, Yokochi H, Tanaka M, Okanoya K, Iriki A. 2010. Potential role of monkey
inferior parietal neurons coding action semantic equivalences as precursors of parts of
speech. Soc Neurosci 5:105-117. doi: 10.1080/17470910802625306.

Zar LA. 1999. Biostatistical analysis. London, UK: Prentice-Hall.

May 2018 97



