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EYXAPIZTIEZ

Katd 10 Xpoviké dlaoTnua TTou ektTovnoa 1n OI100KTOPIKA pou diatpifl Apba o€
ETTAPN PE aVOPWTTOUG TTOU €iTE WG BAOKAAOI, €iTE WG PIAOI, €ITE KATEXOVTES Kal TIG OUO
1I016TNTEG PPOVTIOAV va HE OTnpPigouv. Ze OAOUG auToUG TOUG AVBPWTTOUG TTOU YIa
KAAR Mou TUXN ATAV TTOAAOI, XPWOTW VA HEYAAO EUXOPIOTW.

ISiaitepa Ba ava@epBW OTOUG AVBPWTTOUG WE TOUG OTToIOUG NPBa e GuEDN €TTAPN
MEOW auToUu Tou OIBAKTOPIKOU. Oa ABeAd va euxXapIoTAOW TIPWTA AT OAd TNV
emBAETTOUCA pou EAévn ZafBBdkn kal To Pdo BaagiAn yia Tnv kaBodrynon Toug, Tnv
QuéPIOTN oupTTapdoTaon Kal TIG EUOTOXEG TTAPATNPEAOCEIS TOUG KABOAN Tn SidpKela
QUTAG TNG MeEAETNG. ETTiong Ba nBeAa va euxapiotThiow Tov Avtwvn MooxoBdkn kai To
Mavvn AaAédio TTou oav daGokahol aAAd Kal oav cuvepydaTeg fTav TTOAUTIMOI KaBWS
Kal Ta uttOAoIta pEAN TNG eTTTapEAOUG €EeTAOTIKAG emITpoTG Kwota XploTdko,
Mavayiwtn Tpaxavid kar  Aviwvn Apyupd yia Tov KOTTO Kal Tnv €uBuvn Trou
avéhapav.

Euxapiotwy Toug @iAoug Kal oup@oItnTéG pou MTTakdAa Zogia, Epnudkn Zooia,
Xat¢ndnuntpdkn KwoTta, Karouha Mavo, Ocoxdpn Mapaokeud, Kapdaudkn Avopéa,
Eiprivn Ocodwpou, Z1dpo AAEEN kai KIAivTdpn Mapiva yia Tnv cugtmapdoTacr Toug
O€ QUTA MOU TNV TTPOCTTABEIq, yia TO OTI £éKavav eUXAPIOTES TIG WPEG MOU eVTOC Kal
eKTOG €pyaoTnpiou Kal yiaTti Kal auToi PE TN oe€Ipd TOUug ATAvV €KEi OTTOTE TOUG
XpPeIagououy.

Euxapiotwy 11 Mapieg Tou epyacTtnpiou pag, Tnv Kegpahoyidvvn Mapia kai Tnv
Maywpuévou Mapia yia TV ApioTn TEXVIKA KAl YPAPUATEIOKA UTTOOTAPIEN OGAAG KAl TV
NBIKr cuuTTapdoTacn TTou pou £8Ivav g€ OAO auTd TO XPOoVIKO dIACTNA.

TéNog, Ba nBeAa va guxapioTAOW TNV OIKOYEVEIA HOU, YIATi Xwpi¢ auToug autd TO
ovelpo dev Ba yIVOTAV TTPAYHUATIKOTNTA KAl TOUG @IAOUG Pou TTou av Kal Ogv
KivoUuaoTav OTOUG idIoug Xwpoug HoipaléuacTtav Kal Ba poipaléuacTe KOAEG Kal
OUOKOAEG OTIYUEG padi.

Mnyn xpnuatodotnong: NMET- 01ED111
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INTRODUCTION

In normal, everyday life conditions, humans and primates continuously interact
manually with objects of interest. This interaction entails two partially distinct
processes; the transport phase (reaching) in which the arm moves towards the object
to be grasped and the grasping phase in which the hands’ shape and orientation
adapts to the form and orientation in space of the object to be grasped. Specifically,
during that interaction there is a progressive opening of the hand with straightening of
the fingers which is followed by a closure of the grip until it matches the size of the
object and finally grasps it. Reaching requires spatial information about object
location and involves proximal muscles of the arm, whereas grasping involves distal
muscles and is based on information relative to the intrinsic attributes of the object.
Grasping an object seems like a simple behavior which in most cases becomes
rather “automatic” by experience, in the sense that we do not think about the way our
hand would approach and grasp an object, where is this object located, which are the
special characteristics of i, if there are enough visual cues to successfully guide us
towards the object, what kind of configuration our hand must have in order to
successfully grasp it etc.

When the object is visible, reaching-to-grasp behavior is accomplished by
utilization of a) visual input, which provides information about the location of the
target-object in the extrapersonal space and its relative distance from the agent’s
hand, and b) somatosensory (proprioceptive) input, that provides information about
the current position of the moving hand. During reaching-to-grasp in darkness, there
are different inputs useful to correctly guide the hand towards the target-object; a)
somatosensory information about the current position of the hand, and b) sensory-
motor memories of an internal representation of the object location and the motor act.
The numerous parameters that have to be taken into account for the successful
execution of this movement involve the activation of numerous brain areas
contributing to the grasping behaviour.

When there is no previous experience of grasping certain objects, we
normally resort to the following options; either we make the movement towards them
and learn by trial and error or we learn by observing another person executing the
same movement. According to the second option, the “previous experience” of
observing that action helps us execute it more successfully, compared with executing
that action without any relevant prior experience. It seems that the human motor
system during observation of action in novel environments, incorporates the actions

of others in building the motor repertoir of the individual (Mattar and Gribble, 2005).
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Observation of an action is not only important for acquisition of motor skills
but also for understanding the actions of others. According to the Mental Simulation
Theory, our ability to explain and predict human behaviour and to attribute mental
states to other agents, depends on our ability to simulate cognitive processes
presumably taking place in somebody else’s’ brain. This would be demonstrated,
according to this theory, by the finding that common cortical circuits are engaged
during the execution of an intelligent behaviour and the comprehension of intelligently
executed behaviour. There are already published data from our laboratory (Raos et
al., 2004, 2007) and from other (Hari et al., 1998; Strafella and Paus, 2000; Grezes
and Decety, 2001), showing common cortical areas subserving action observation
and action execution.

In order to elucidate the cortical regions that are activated during grasping
execution in the presence or absence of visual information, as well as the ones
implicated in grasping observation, we employed the [**C]-deoxyglucose quantitative
autoradiographic method. This method gives us the ability to obtain robust
quantitative data on brain activity based on glucose consumption (direct
assessment), has the highest, up to date, known cortical resolution (20um) and
allows us to identify by means of cytoarchitectonic criteria the cortical areas activated
in sections adjacent to the autoradiographic ones.

The cortical areas that have been examined in this study are areas lying at
the anterior bank of parietoccipital sulcus and the adjacent cortex as well as areas at
the medial cortical convexity. A brief summary about the location, connections and

functional properties of the areas examined in this study, is described below.



Cortical areas in the anterior wall of the parietoccipital sulcus

Area PO was first described by Covey, as a region containing a complete
representation of the contralateral visual field (Covey et al., 1982). It was reported
that PO lacked the expanded representation of central vision (in contrast to most
visual cortical areas) and received inputs from the parts of V1 and V2 of where the
periphery was represented (Colby et al., 1983; Gattass et al., 1985).

Later Gattass and his colleagues, taking into account the discontinuities in the visual
field representation and complex topography, advanced the hypothesis that what was
first named as area PO might in fact contain more than a single visual area (Gattass
et al., 1985).

In 1986 Zeki (Zeki et al., 1986), described a visual area in the anterior bank of the
parieto-occipital sulcus, area V6, which probably corresponded to part of the
previously described area PO. The borders of area V6 were defined by callosal
connections.

Colby in 1988 redefined area PO using fluorescent tracers and injecting them into the
so-far known area PO, which was first identified by single-neuron recordings. The
‘new PO” introduced by Colby, was a more restricted cortical region, roughly
corresponding to the ventral part of what they had previously defined as area PO
(Colby et al., 1988).

Area V6A was firstly distinguished from the “V6-complex” (or new PO) in 1996 by
Galletti’s group (Galletti et al., 1996). From 1996 and on areas V6 and V6A (dorsally

to V6), are considered as separate areas.

Area V6

Location: Area V6 is a retinotopically organized visual area, located in the caudal
aspect of the superior parietal lobule (SPL). It occupies a ‘C’-shaped belt of cortex
between the occipital and parietal lobes (and arranged in a roughly coronal plane).
The upper branch of ‘C’ is located at the depth of POs and the lower one at the depth
of POM with the mesial surface of the brain as a junction zone between the upper
and the lower branch. V6 borders on area V3 posteriorly and area V6A anteriorly and
dorsally.

Connections: Data collected from the use of retrograde fluorescent tracers and
single-neuron recordings showed that area V6 receives retinotopically organized

inputs from the striate cortex (V1) and several extrastriate areas (Colby et al., 1988;



Galletti et al., 2001). In specific, area V6 is connected reciprocally with areas V1, V2,
V3, V3A, MT/V5, MST, MIP, VIP, LIP, (Colby et al., 1988; Galletti et al., 2001), V4T,
V6Ay (Galletti et al., 2001), FEF, MDP and PIP (Colby et al., 1988). Irrespective of
whether the tracer (WGA-HRP) was injected into central or peripheral field
representations in V6, the labeling was strong-to-moderate in areas V1,V2, V3, V3A,
MT/V5, V6Ay, MIP and LIPy, and weaker but consistent in areas V4T, MST and VIP.
Very few labelled cells were found in V4 and DP (Galletti et al., 2001).

Another study by Shipp et al, has revealed that area V6, apart from being
connected with areas V2, V3, V5 (MT),V6A, MST, LIP, VIP, MIP, 7m/PGm /MDP, as
already reported, was also connected with areas 7a, PEc, PEci and area F7 of the
dorsal premotor cortex (Shipp et al., 1998) .

In a previous study, Zeki reported that area V6 is connected with areas V5
(MT), V5A, V3A, and areas 6, 8 (FEF), 13 and 14 (Zeki et al., 1986).

Its subcortical connections include the pulvinar, caudate nucleus and pontine
nuclei, superior colliculus (Shipp et al., 1998 ; Zeki et al., 1986) and claustrum (Shipp
et al., 1998).

Visual topography: Area V6 contains a topographically organized representation of
the entire contralateral hemifield up to an eccentricity of at least 80". The lower visual
field is represented in its upper branch (dorsally) and the upper visual field in its lower
branch (ventrally). There is a prevailing representation of the lower visual field with
respect to the upper one and the periphery is emphasized more with respect to the
central visual field. The representation of the central visual field is not magnified with
respect to the one of the periphery, in contrast to other visual areas. The central
visual field representation (<20) is located in the most lateral part of the posterior
bank of POs. The vertical meridian is located at the border with area V6A (anteriorly)
and the horizontal at the border with V3 (posteriorly) (Galletti et al., 1999a).
Electrophysiological data based on extracellular recordings and functional
criteria, showed that all cells located in area V6 are visual in nature (Galletti et al.,
1996; Galletti et al., 1999a). In V6, RFs ‘move’ coherently along the penetration, in a
certain direction and with a physiological scatter. Their size increases with
eccentricity (as in all other prestriate areas) and at any value of eccentricity RFs of
V6 cells remain on average smaller than in V6A and larger than in V2 and V3. Also,
RFs located in the upper visual field are on average fewer and larger than the ones in
the lower visual field, at any value of eccentricity. The data mentioned above show

higher representation of the lower visual field compared to the upper visual field.



Functional considerations: The nature of all V6 cells is visual. These visual
neurons are sensitive to:

a) orientation

b) direction

c) the speed of movement of visual stimuli, and

d) sensitive to oculomotor activity (Galletti et al., 1999a).

In a previous study made by Galletti and his colleagues (Galletti et al., 1991),
based on single cell recordings and with a total of 343 cells examined, it was found
that 66% of V6 visual neurons were orientation-selective and 67% direction-selective.
The mean range of orientation was + 36.8° of the preferred orientation. Many of the
cells tested were also influenced by oculomotor activity. In specific, 29 out of 156
neurons tested by saccades were affected by ocular movement. In 14/29 the initial
burst of spikes preceded the onset of eye movement by periods of 0-150ms. 27 out
of 29 cells also showed sensitivity to the direction of the saccadic movement with the
majority of neurons preferring vertical downward directions and many others bottom
contralateral directions. Although preferred directions turned out to be towards the
hemifield mostly represented (lower), there was no fine correlation between the
location of the center of the RF and the preferred direction of saccadic movement.
Pursuit movements did not affect any of the neurons tested, whereas 102/174
neurons were affected by the direction of gaze, showing maximum discharge rate

with gaze directions into the lower hemifield.

Area V6A

Location: Area V6A occupies a horseshoe-like region of cortex in the caudalmost
part of the superior parietal lobule. It extends from the medial surface of the brain,
through the anterior bank of the POs, up to the most lateral part of the fundus of POs.
Its borders are on V6 ventrally, PEc dorsally, PGm/7m medially and MIP laterally
(Galletti et al., 1999b).

Histological data based on labeling by use of neural tracers, revealed two
different areas in V6A: the dorsal V6A (V6Ad), not receiving a direct input from area
V6 and the ventral V6A (V6Av), receiving a direct input from V6 (Galletti et al., 2001).
Connections: Area V6A is connected with areas V3, V3A, V5/MT (regions of
peripheral visual field representation), V6, MST (Shipp et al., 1998), MIP, VIP and
LIP (Shipp et al.,, 1998; Caminiti et al., 1999; Marconi et al., 2001). The lack of
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connectivity between V6A and visual area V2 can serve as a criterion in
discriminating areas V6 and V6A, since V6 is strongly connected with V2. Also V6A
connections with areas V3, V3A and V5 are less strong, compared to the ones of V6
with the earliest mentioned visual areas (Shipp et al., 1998). Parietal connections of
V6A include AIP (Shipp et al., 1998), 7a (Shipp et al., 1998; Caminiti et al., 1999),
PGm/7m, PEc (Shipp et al., 1998; Caminiti et al., 1999; Marconi et al., 2001), PE
(Marconi et al., 2001), PEa (Caminiti et al., 1999; Marconi et al., 2001) and PEci
(Shipp et al., 1998; Marconi et al., 2001). Also V6A is connected with area F2vr
(Matelli et al., 1998; Shipp et al., 1998; Caminiti et al., 1999; Marconi et al., 2001)
and F7 (Matelli et al., 1998; Shipp et al., 1998; Caminiti et al., 1999; Marconi et al.,
2001; Tanne-Gariepy et al., 2002) of the dorsal premotor cortex. Light connections of
V6A with areas F6 (Marconi et al., 2001) and F5 (Caminiti et al., 1999) have been
observed.

Its subcortical connections include the pulvinar, caudate nucleus, superior colliculus,
pontine nuclei (Shipp et al., 1998 ;Zeki et al., 1986) and claustrum (Shipp et al.,
1998).

Visual Topography: While V6 is known to be a purely visual area which is
retinotopically organized, V6A contains retino- and craniocentric visual neurons,
together with neurons sensitive to gaze direction and/or saccadic eye movements,
somatosensory stimulation and arm movements (Kutz et al., 2003).

Data from single cell recordings carried out on 1348 V6A neurons, revealed
that 61% of neurons tested were visual and 39% non-visual in nature (Galletti et al.,
1999b). These two types of neurons were not spatially segregated within area V6A.
Visual neurons were sensitive to the orientation and direction of movement of visual
stimuli, with the inferior (lower) contralateral quadrant most represented. Visual RFs
were also found for inferior ipsilateral quadrant and upper visual field. The central
visual field representation was located dorsally and the far periphery ventrally. The
Rfs of the upper visual field were on average larger than those of the lower one.
Furthermore large parts of the visual field were represented in small regions of V6A
and the same regions of the visual field were re-represented many times in different
parts of this area, without any apparent topographical order.

About 10% (28 of 290) of the visual neurons examined had RFs not
organized in retinotopic coordinates. Their RFs remain anchored to the same spatial
location, irrespective of eye movements, and change according to the changes of
gaze direction. These so-called real-position cells were found only in area V6A,

mainly in its ventral part.
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As far as the visual topography in V6A is concerned, cells near one to

another, could have RFs either in the same, or in completely different locations in the
visual field. The existence of RFs jumping with unpredictable directions all over V6A
means that in this area the visual field is not represented in an orderly way. In other
words, the same part of the visual field is represented in many parts of the area.
However, the central representation is predominantly represented dorsally whereas
the far periphery is almost exclusively represented ventrally, near the border with
area V6.
Functional considerations: Extracellular recordings in area V6A, showed that
except from retino- and craniocentric visual neurons, there are also neurons sensitive
to gaze direction and/or saccadic eye movements, somatosensory stimulation and
arm movements (Galletti et al., 1991, , 1995; Galletti et al., 1997; Galletti et al.,
1999b; Matelli and Luppino, 2001; Kutz et al., 2003).

In a recent study based on single-cell recordings in area V6A and in a total
number of 597 neurons examined, 66 (11%) showed responses correlated with
saccades, of which 26 responded also to visual stimulation and 31 did not (Kutz et
al., 2003). Saccade neurons could respond before, during or after the saccade and
they have been divided into two groups, one containing cells responding earlier than
the earliest visual activity and one responding later on. Early-responding cells were
active before and/or during the saccade (58%) and late-responding cells were active
after the saccade. The responses to saccadic eye movements were directionally
sensitive and varied with the amplitude of the saccade. Most of the preferred
directions were towards the contralateral lower field or the ipsilateral upper field.
Responses of late-responding cells disappeared in complete darkness and therefore
could be attributed to visual responses due to retinal stimulation during saccades.

In another study on V6A neurons, it was suggested that there are 3 types of

neurons in V6A (Nakamura et al., 1999) :

i) visual,
ii) eye-position and
iii) arm movement or position related neurons.

In eye-related neurons (48% of total examined), each cell had a preferred eye
position field and 66% of them were significantly influenced by the direction of the

saccade that preceded fixation. All responses were postsaccadic.

Area V6A also contains cells sensitive to somatosensory stimulation (Galletti
et al., 1997; Breveglieri et al., 2002; Galletti and Fattori, 2003). The somatic

representation of these cells is restricted to the upper limbs. Many of the
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somatosensory cells are sensitive to the passive rotation of the joints of the upper
contralateral limb (Galletti and Fattori, 2003). Arm and tactile-related neurons have
also been reported in another study (Nakamura et al., 1999). The somatosensory
receptive fields of the VB6A cells (tactile) are located in the upper limbs (mostly on the
contralateral side) and in regions of the body close to the arm (Galletti and Fattori,
2003). Tactile RFs are quite small, covering only restricted parts of the limb or body,
being more frequent on proximal parts of the arm.

These neurons could provide information about position of arm or hand in space with
respect to the trunk. This could be useful in recognizing the interaction between
moving arm and peripersonal space, hence in confirming the actual location and
status of the arm. Tactile RFs on the hand could provide information about the
interaction between the hand and grasped object during grasping (Galletti and
Fattori, 2003).

Many cells in V6A are modulated during arm movements aiming to reaching
objects in the peripersonal space (Galletti et al., 1997; Nakamura et al., 1999; Galletti
et al., 2001; Matelli and Luppino, 2001; Galletti and Fattori, 2003).

Forelimb related neurons in VGA:

i) are modulated during reaching towards visual targets and targets located

outside the field of view and

ii) are able to encode the direction of arm movement .

Some of them:
i) show different rates of discharge according to the arm position in space
i) do not discharge during the transport phase of reaching but only during
grasping (Galletti and Fattori, 2003).

Arm-related neurons were located, according to Nakamura, more anteriorly with
respect to the eye-related neurons (modulated by position or movement of the eyes)
(Nakamura et al., 1999). This observation suggested that there may be a separate
arm area, located at the anterior part of area V6A.

Arm-reaching neurons in V6A fire during active arm movements aiming to
reach objects in the peripersonal space. Kinematically the same, but non-goal
directed, movements, were unable to activate these cells. However, some V6A
neurons that were not active during reaching under visual control became active
when the animal’s hand searched for pieces of food in the working space, outside its
field of view (under somatosensory control) (Galletti and Fattori, 2003).

Moreover, about 50% of the neurons modulated by reaching in light continue
to be modulated when the same movement is carried out in darkness (Galletti et al.,

2001). This observation shows that arm reaching neurons in V6A receive
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somatosensory in addition to the visual information. Many reaching cells in V6A were
activated during the transport phase of reaching towards the object to be grasped.
Some of these cells stopped firing or their discharge was strongly reduced when the
animal touched the target. Another group of V6A arm-related neurons were not active
during the transport phase of reaching, but discharged as soon as the animal's
fingers touched a piece of food, continued to discharge during grasping and suddenly
ceased firing, as soon as the hand with the grasped food returned back to the mouth.

The preliminary finding that both reaching and grasping modulate neuronal
activity in V6A, was recently verified with extracellular recordings in monkeys who
were either reaching to a point or grasping an object in darkness or they were
reaching for food in a lit environment (Fattori et al., 2004). Results from the former
experiment have shown that 45 out of 95 and 52 out of 84 neurons tested were
modulated during reaching and grasping respectively. Results from the latter
experiment showed that natural prehension movements modulate 30 out of 58
neurons tested, and in 8 of them only the last phase of prehension (grasping) was
able to trigger neuronal response.

In a recent study, based on extracellular recordings in monkeys executing
outward and inward reaching movements in darkness, it was revealed that reach-
related activity modulated (excited or inhibited) V6A neurons either during inward or
outward movements or even during the phase in which the monkey had to hold its
hand on the selected target (Fattori et al., 2005). Each single V6A neuron exhibited a
preference for movement direction and location of the arm in space but at a
population level there was no such preference. The activity of some of the arm-
reaching related neurons was additionally modulated by somatosensory inputs; by
passive joint rotations, or skin light tactile stimulations, or deep pressure of
subcutaneous tissues.

Lesions in area V6A resulted in deficits in reaching, wrist orientation and
grasping (Battaglini et al., 2002; Battaglini et al., 2003). In specific, monkeys held
their contralesional arm close to their bodies in an abnormal posture, were reluctant
to use it, exhibited longer movement times during reaching, under- or overestimated
the target position and rotated their hand abnormally during grasping; opening the
grip laterally rather than downwards, resulting in difficulty in grasping and longer
movement times. Those deficits have been also observed after posterior parietal
lesions in monkeys (Faugier-Grimaud et al., 1978).

Clinical studies in human subjects tend to link V6A lesions with optic ataxia.
Optic ataxia is characterized by impairment in reaching for and grasping visual

objects with both hands in the contralesional visual field. Such impairment is not
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described when subjects are allowed to orient their eyes and head towards the target
of the reaching movement while reaching for it.

A relevant recent typical clinical study, dealing with 16 unilateral stroke
patients exhibiting optic ataxia compared to 36 stroke patients without that disorder
and by the use of MRI, revealed that the lesion responsible for optic ataxia included
the lateral cortical convexity at the occipito-parietal junction, the junction between
occipital cortex and SPL and the medial cortical aspect where it affected the
precuneus close to the occipito-parietal junction, an area corresponding to monkey
area V6A (Karnath and Perenin, 2005).

Taking into account the results shown above concerning neuronal properties, V6A

contains:

i) visual cells

i) real-position cells

iii) somatosensory cells

iv) arm-reaching /grasping related cells and

V) eye-related cells (oculomotor), that could be involved in the control of both

reaching and grasping.

AREA PGm

Location: Area PGm (Pandya and Seltzer, 1982), or 7m (Cavada and Goldman-
Rakic, 1989a), is part of the superior parietal lobule (SPL), located at the medial
surface of the hemisphere. It corresponds to Von Bonin and Bailey’s medial area PE
(Von Bonin and Bailey, 1947).

Connections: Area PGm is connected with the dorsal premotor cortex, both its
rostral (Petrides and Pandya, 1984; Cavada and Goldman-Rakic, 1989b; Johnson et
al., 1993; Matelli et al., 1998; Caminiti et al., 1999; Leichnetz, 2001; Marconi et al.,
2001; Tanne-Gariepy et al., 2002; Parvizi et al., 2006) and caudal parts (Caminiti et
al., 1999; Tanne-Gariepy et al., 2002) (areas F7 and F2 respectively). PGm
projections comprise the main parietal input into area F7 (Petrides and Pandya,
1984; Cavada and Goldman-Rakic, 1989b, , 1991; Johnson et al., 1993; Johnson et
al., 1996; Matelli et al., 1998; Caminiti et al., 1999; Leichnetz, 2001; Marconi et al.,

2001; Tanne-Gariepy et al., 2002; Parvizi et al., 2006) .There are also connections of
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PGm with multiple frontal, association, somatosensory, visual, parietal, limbic and
thalamic areas. These connections include: SMA (at the head and forelimb
regions/representations) (Petrides and Pandya, 1984; Cavada and Goldman-Rakic,
1989b, , 1991), SEF (Cavada and Goldman-Rakic, 1989b, , 1991; Leichnetz, 2001),
FEF (Cavada and Goldman-Rakic, 1989b, , 1991; Leichnetz, 2001) , dorsal bank of
principal sulcus (Cavada and Goldman-Rakic, 1989b, 1991; Leichnetz, 2001) ,
anterior bank of inferior arcuate sulcus, area 45 (Cavada and Goldman-Rakic, 1989b,
, 1991), shoulder above the superior ramus of arcuate sulcus (Leichnetz, 2001), area
46 (Parvizi et al.,, 2006), dorsal sector of posterior cingulate cortex and anterior
cingulate cortex (Cavada and Goldman-Rakic, 1991), areas 23a/b, 23c (Leichnetz,
2001; Parvizi et al., 2006), 24c (Petrides and Pandya, 1984; Parvizi et al., 2006),
posterior ventral bank of cingulate sulcus (Cavada and Goldman-Rakic, 1989a), area
31 (Parvizi et al., 2006) and area 8 (Petrides and Pandya, 1984; Parvizi et al., 2006).
Area PGm is also connected with Sll (Cavada and Goldman-Rakic, 1991), SSA
(PEci) (Cavada and Goldman-Rakic, 1989b, 1991; Parvizi et al., 2006), V2 (Cavada
and Goldman-Rakic, 1989a, 1991; Tanne-Gariepy et al.,, 2002), visual motion
complex in the dorsal bank of STS (MST) (Cavada and Goldman-Rakic, 1989a, ,
1991; Leichnetz, 2001; Tanne-Gariepy et al., 2002), posteriormost TPO (Parvizi et
al., 2006), area 5 (Cavada and Goldman-Rakic, 1989a, , 1991; Leichnetz, 2001), MIP
(Leichnetz, 2001), PG, PE (Parvizi et al., 2006), PEc (Marconi et al., 2001), V6A
(Caminiti et al., 1999; Marconi et al., 2001), PO (Colby et al., 1988; Cavada and
Goldman-Rakic, 1989a, 1991; Johnson et al., 1996; Leichnetz, 2001; Tanne-Gariepy
et al., 2002; Parvizi et al., 2006), LIP (Tanne-Gariepy et al., 2002) , VIP (Leichnetz,
2001), area 7a (Leichnetz, 2001; Tanne-Gariepy et al., 2002), area 7ip, Opt
(Leichnetz, 2001), granular retrosplenial cortex (Cavada and Goldman-Rakic, 1989a,
1991). Other connections include insular cortex (Cavada and Goldman-Rakic, 1991),
basal forebrain (Parvizi et al., 2006), pulvinar (Leichnetz, 2001; Parvizi et al., 2006),
presubiculum (Cavada and Goldman-Rakic, 1989a, 1991; Parvizi et al., 2006),
parahippocampal cortex (Cavada and Goldman-Rakic, 1991), caudate nucleus
(Cavada and Goldman-Rakic, 1991; Leichnetz, 2001; Parvizi et al., 2006), superior
colliculus (Leichnetz, 2001), putamen (Cavada and Goldman-Rakic, 1991; Leichnetz,
2001; Parvizi et al., 2006), claustrum (Leichnetz, 2001; Parvizi et al., 2006), basis

pontis (Parvizi et al., 2006) and zona incerta (Leichnetz, 2001; Parvizi et al., 2006).

Functional considerations: Little is known about the functional properties of PGm.
However, connections of PGm with area 6; especially area F7 with which they seem

to share common functional properties (Johnson et al., 1996; Wise et al., 1997;
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Matelli et al., 1998; Matelli and Luppino, 2001; Parvizi et al., 2006), and with
cingulate regions concerned with hand movements, has lead scientists to seek for
reaching-related activity in this area.

Extracellular recordings applied in this area to elucidate if there is a
relationship between neuronal activity in PGm and reaching, and the use of
oculomotor, reaching and fixation tasks (for dissociating hand- from eye-related
contributions) have revealed diverse types of reaching related cells (Ferraina et al.,
1997b). These cells showed reaching-related activity (concerning hand movement
and hand position). Activity in many of them was modulated by eye-position signals,
and signals related to hand motor control, since their directional tuning was coherent
in both oculomotor and reaching tasks.

In a neurophysiological study designed to elucidate the relative contribution of
sensory, eye- and arm-related motor signals on PGm activity, preparatory,
movement-related and postural activity for the control of reaching movements was
found, activity which was strongly modulated by vision (Ferraina et al., 1997a). In
particular, they found populations of neurons that displayed preparatory activity
related with the direction of the oncoming movement, activity which was strongly
modulated by the presence or absence of visual feedback from the hand, both during
static posture and movement. Also the gaze-related activity of many neurons was
combined with either visual or kinaesthetic signals about hand position in space. It is
worthnoting that the activity of these cells was not modulated by pure visual stimuli.

In a recent electrophysiological study, examining the way PGm neurons
relate to spatial parameters of smooth pursuit and/or saccades as well as to eye
position, cells in PGm were found to be able to process both; smooth pursuit and
saccadic eye movements, with eye position signal having a strong influence on both
(Raffi et al., 2007) . The activity of smooth-pursuit neurons was modulated during or
after the eye movement whereas saccade-related activity was mainly post-saccadic.
Based on their results they concluded that PGm neurons which carry post-saccadic-
eye-position tuned signals and possibly eye displacement information, may

contribute to the transformation of coordinate frames for voluntary movements.
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Area 31

Location: Area 31 is located at the medial surface, between the posterior cingulate

area 23c and medial parietal area PGm / 7m.

Connections: Area 31 is connected with multiple cortical areas, including areas 6, 8,
9, 10, (Morecraft et al.,, 2004; Parvizi et al., 2006), 46 (Vogt and Pandya, 1987;
Morecraft et al., 2004; Parvizi et al., 2006), areas 11, 12 and 13 of the orbital surface,
medial portions of areas 1, 2, 3, area 4, pre-SMA and supplementary motor cortex
(Morecraft et al., 2004), areas 29 (Vogt and Pandya, 1987; Kobayashi and Amaral,
2003; Morecraft et al., 2004; Parvizi et al., 2006; Kobayashi and Amaral, 2007) and
30 of the retrosplenial cortex (Kobayashi and Amaral, 2003; Morecraft et al., 2004;
Parvizi et al., 2006; Kobayashi and Amaral, 2007), cingulate areas 23a, 23b, 23c
(Vogt and Pandya, 1987; Morecraft et al., 2004; Parvizi et al., 2006), 24a, 24b, 24c
(Morecraft et al., 2004; Parvizi et al., 2006), 24d, SSA, TSA (Morecraft et al., 2004)
and area 32 (Parvizi et al., 2006). Area 31 is also connected with area PGm (Vogt
and Pandya, 1987; Morecraft et al., 2004; Parvizi et al., 2006), PO, PG (Morecraft et
al., 2004; Parvizi et al., 2006), PE (Parvizi et al., 2006), PEa (AIP, MIP, PIP), PEc
(Morecraft et al., 2004), Opt (Vogt and Pandya, 1987; Morecraft et al., 2004), TPO
(Vogt and Pandya, 1987; Morecraft et al., 2004; Parvizi et al., 2006), MST, Tpt
,rostral V3, Sylvian fissure, area 35, areas TH, TL, TF of the parahippocampal gyrus
(Morecraft et al., 2004), the entorhinal cortex, thalamus, claustrum, basal forebrain,
caudate/putamen, basis pontis and zona incerta (Parvizi et al., 2006). Intrinsic

connections have also been observed (Morecraft et al., 2004).

Functional considerations: There are few studies in monkeys and humans dealing
with the functional properties of this area.

A recent study based on recordings in monkeys, has revealed neuronal
properties of area 31(Dean et al., 2004) . In this study, animals had either to fixate
and make an immediate saccade towards a visual target, or to fixate and after an
unpredictable delay period make a saccade towards a visual target. By comparing
the results of the two tasks they concluded that: a) neurons in this area were
activated both after the onset of small contralateral targets and after the onset of
saccades to those targets, b) there was spatial selectivity for contralateral targets,
present almost throughout the delay period, c) the overall neuronal responsiveness
decreased during the delay period when both fixation and saccade targets were

illuminated, irrespective of movement direction and amplitude and d) stronger
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neuronal activity after target onset predicted more accurate saccades on delay-
saccade frials. Given that overall responsiveness increased around the time of
reward delivery, it was suggested that neuronal activity in this area may encode the
motivational salience of visual and oculomotor events for orienting attention.

In an electrophysiological study, in which monkeys were trained to perform
standard saccade tasks and smooth pursuit eye movements, it was found that
neurons in posterior cingulate cortex and therefore in area 31, monitor eye
movements and eye position, perhaps in service of the spatial analysis of visual input
rather than the production of eye movements (Olson et al., 1996). The main findings
of this study were the following: a) the neuronal discharge occurred almost
exclusively during and after the eye movement, b) eye-movement-related activity was
only partially dependent on visual feedback, since there were neurons whose activity
persisted in total darkness, c) the neuronal direction selectivity was very broad, d)
neuronal firing was dependent on the saccade amplitude and persisted but became
attenuated postsaccadically, e) the postsaccadic level of activity was significantly
dependent on orbital angle and saccade direction and f) the level of neuronal firing in
some cases was modulated during smooth pursuit movements and varied as a

function of both eye position and velocity.

Human studies based on fMRI methods revealed that area 31 among others could be
involved in memory (Maddock et al., 2001) or self-evaluation processes (Johnson et
al., 2002).

Maddock and his coworkers, used the BOLD fMRI method to investigate
which areas participate in successful retrieval of autobiographical memories elicited
by name-cued recall of family-members and friends (Maddock et al., 2001).
Unfamiliar names which did not elicit any successful memory retrieval were used as
control. Among other areas found to be activated by memory retrieval, the most
strongly activated region which was significantly activated in all 8 subjects tested,
was predominantly the caudal part of the left posterior cingulate cortex, part of which
is area 31. These findings have led to the hypothesis that the posterior cingulate
cortex (and area 31) plays an imporant role in successful memory retrieval.

In another BOLD fMRI study, investigating the neural correlates of self-
reflection, subjects were asked to answer with a simple yes or no to questions about
themselves concerning stable traits, attitudes and abilities (Johnson et al., 2002). The
results showed that area 31 among others is involved in self-evaluation.

There are also other studies that correlate hypometabolism in area 31 with
Alzheimer’s disease (Minoshima et al., 1997, Choo et al., 2007).
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Retrosplenial cortex ( areas 29 and 30)

Location: The retrosplenial cortex, which is comprised of areas 29 and 30, is located
in the callosal sulcus.

According to cytoarchitectonic criteria, area 29 is subdivided into area 29 a-c with a
granular layer directly adjacent to layer | and area 29d with differentiation of layers Il
and IV. Area 30 is characterized by a dysgranular layer IV. Based on their
cytoarchitecture areas 29a-c and 29d constitute the granular retrosplenial cortex
(RSC) and area 30 is the so called dysgranular or agranular subdivision of RSC
(Vogt et al., 1987; Morris et al., 1999).

Connections: The retrosplenial cortex is connected with several areas, including
areas of the frontal, occipital, cingulate and parietal cortices as well as with
subcortical areas.

In a recent study, where the cortical afferents of retrosplenial cortex and area
23 were investigated, it was demonstrated that the major inputs into the retrosplenial
cortex derive from area 46, the hippocampal formation and the parahippocampal
cortex (Kobayashi and Amaral, 2003). Additional inputs originate from areas 9, 10, 8,
11, 13 and 14, area V2, cingulate areas 23, 24, 31, the dorsal bank of STS (mainly
area TPO), parietal areas 7a, PGm, LIP, DP and the entorhinal cortex, perirhinal
cortex and subiculum. Intrinsic connections have also been reported.

Another study from the same group, focused on the cortical efferent
projections of the macaque monkey retrosplenial and posterior cingulate cortices, by
using *H-aminoacids as anterograde tracers (Kobayashi and Amaral, 2003). This
study showed that the major projections of the retrosplenial cortex included areas 46,
9, 10, 11, the entorhinal and parahippocampal cortices as well as the hippocampal
formation. Additional projections were found in areas 13, 12, 8, premotor area 6, area
23, area TPO of the superior parietal sulcus, parietal areas 7a, PGm, area V4 and
association area caudal to 23v.

In another study, which focused on the connections of the posteromedial
cortex in macaque monkeys, it was reported that the retrosplenial cortex projects to
areas 23a/b and 31, periaquaductal gray matter, basis pontis, caudate, putamen and
accumbens, receives input from areas 23a/b, 8, 11, 13, 25, basal forebrain,

claustrum and amygdala, and is reciprocally connected with areas 9, 46, 24a/b,
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superior temporal sulcus (area TPO), area PG, entorhinal cortex and thalamus
(Parvizi et al., 2006) .

Connections of the retrosplenial cortex with prefrontal areas 9 and 10 have
also been described in a previous study (Goldman-Rakic et al., 1984).

Studies that focused at the distinct connections of areas 29 and 30, revealed
that area 30 is connected with area 46, 23, TPO (Vogt and Pandya, 1987; Morris et
al., 1999), areas 9, 9/46,19, 29, 31, 8B, PGm, POa (Morris et al., 1999), Opt (Vogt
and Pandya, 1987), areas TH, TF (Vogt and Pandya, 1987; Morris et al., 1999) and
TL of the parahippocampal cortex (Vogt and Pandya, 1987), entorhinal cortex
(Morris et al., 1999) and thalamus (Vogt et al., 1987; Morris et al., 1999). Area 29 is
connected with areas 46 and 23, TPO, subiculum and with nuclei associated with
limbic cortex, including anteroventral (AV), anterodorsal (AD) and laterodorsal (LD)
nuclei (Vogt et al., 1987).

Functional considerations: Very little is known about the function of this area in
macaque monkeys. lts location has made it difficult to examine functional properties
by means of neurophysiology.

Therefore, autoradiographic and imaging methods of the functional properties of RSC
in animals and in humans are only available.

In a study, in which a delayed-response task was employed, the ["C]-
deoxyglucose (2DG) method was used, and revealed that the RSC of the monkey
performing a visual tracking task with a delay (delayed-response task) consumed
more [**C]-deoxyglucose compared with the control monkeys who either sat quietly in
a primate chair or were anesthetized (Matsunami et al., 1989). It was suggested that
the RSC is involved in short-term memory functions, due to its connections with
anterior thalamic nucleus, one of the main nuclei of the Papez circuit. Because of its
connections with the visual association cortex or motor-related areas, such as
anterior cingulate, SMA and premotor cortex, they suggested that activity in the RSC
could be related to either “visual” or “motor” memory. Another suggestion based on
their results was that elevated ['*C]-deoxyglucose consumption in the RSC could be
due to “motor learning” processes. However, the lack of significant differences
between the task-performing and the control monkeys indicates that the difference in
2-DG uptake reflected differences in the general arousal state of the monkeys.
Human studies based on imaging methods revealed that the retrosplenial cortex is
implicated mostly in memory or topographic orientation processes.

In a case report, left retrosplenial hemorrhage resulted in topographic

disorientation, i.e. the subject could not use directional information about familiar

21



places, encoded by past navigation, and he could not learn new directions to places
beyond the range of visual surveillance (Ino et al., 2007). After recovery, an fMRI
study on mental navigation demonstarted prominent activation in the retrosplenial
area along the right POs and the circumference of the injured area on the left side. It
was suggested that functional disturbance of bilateral retrosplenial area was related
to the directional disorientation, and the recovery of this area improved directional
orientation. In accordance with this perspective about the function of RSC was also a
previous study (Takahashi et al., 1997).

In another fMRI study, based on navigation in a virtual-reality environment
after acquisition of mental representation of the environment (cognitive map
formation), it was revealed that the retrosplenial and hippocampal regions play a
complementary role, both during formation of a cognitive map and during retrieval of
information from it (laria et al., 2007). The RSC may mediate the transformation from
one frame of reference (ground-level) to another (mental representation) regardless
the direction of transformation.

In a recent fMRI study, employed to reveal the neural correlates of the use of
visual information to ascertain the observer’s location and to orient him in the world
(spatial navigation), subjects made familiarity, location and direction judgments on
photographs of real-world environments (Epstein et al., 2007). This study indicated
that RSC is involved in retrieval of stored spatial representations by using the
immediate scene as a cue, for situating oneself within a larger environment.

Finally, in another study, Bar and his coworkers used the fMRI method to
examine the cortical events occurring during the analysis of visual context, by
comparing the brain activity during perception of visual objects associated with a
certain context, with activity during perception of objects not associated with any
specific context (Bar and Aminoff, 2003). The activity in the RSC and the
hippocampal cortex was significantly stronger for viewing objects with contextual
information. They suggested that the parahippocampal and the RSC comprise a
cortical “context network” that processes contextual associations during object
recognition, and that the representation of contextual associations is not confined to

spatial, place-related contexts.
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IP

Location: Posterior intraparietal area (PIP, lies at the posterior end of intraparietal
sulcus (IPs) where it joins the parietooccipital sulcus (POs). It is adjacent to area PO
(Colby et al., 1988).

Connections: Area PIP is connected with area PO (Colby et al., 1988), areas V3
(dorsal part) and VP (ventral posterior area) (Felleman et al., 1997), area V4 and
especially its peripheral visual field representation (Ungerleider et al., 2008) and
areas VIP lateral, LIPv, MSTdp and MT (Lewis and Van Essen, 2000).

Visual Topography-Function: A study by Felleman et al, showed that the central
visual field is represented ventroposteriorly and the periphery dorsoanteriorly
(Felleman et al., 1997). The upper visual field is represented along the V3A-PIP
border and the lower visual field in its medial part.

The functional properties of area PIP were recently investigated in fMRI
experiments conducted both in humans and in monkeys.

A recent fMRI study (with MION contrast agent) performed in monkeys,
investigated whether area PIP was sensitive to motion (Vanduffel et al., 2001). The
task used the presentation of random dot and random line stimuli which were either
coherently moving or stationary in front of monkeys that were fixating straight ahead.
Area PIP, among others, was identified as motion sensitive to random moving lines.

A BOLD fMRI study, which was carried out in order to reveal the active brain
areas during visually guided saccades in monkeys, showed that area PIP was
activated by saccades (Baker et al., 2006). The cortical area which was mostly
activated was located at the junction of the intraparietal and lunate sulci and
represented either area PIP or the dorsal prelunate area DP.

Saito et al, conducted a human fMRI study to investigate the neural basis of
tactile-visual cross-modal matching (Saito et al., 2003). The study employed four
different tasks; a tactile-tactile (TT) matching task with no visual input, a tactile-tactile
with visual input (TTv), a visual-visual matching task with tactile input (VVt) and a
tactile-visual matching task (TV). Results indicate that area PIP, close to POs, is
bilaterally activated more prominently during the TV task than either the TTv or VVt
tasks and that the increase in PIP MR signal during the TV task was larger than the
sum of those during each intra-modal matching task. Accordingly, it was suggested
that area PIP may be involved in the integration of shape information from tactile-

visual matching.
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In a recent fMRI study, performed in behaving monkeys, it was examined
whether the parietal cortex was involved in processing of stereoscopic (structural
and/or positional) and 3D-shape-related information (Durand et al., 2007). It was
found that area PIP along with CIP and MIP was sensitive to both structural and
positional stereoscopic information, used in grasping and reaching respectively,
whereas areas AIP and anterior LIP were more specifically engaged in extracting the
3D shape of objects.
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METHODS

Subjects

Experiments were performed on ten adult female monkeys (Macaca mulatta),
weighing between 3.5 and 5 kg. The animals were purpose-bred by authorized
suppliers (Deutches Primatenzentrum, Goettingen, Germany; R. Hartelust,
Nederlands). All housing, experimental and surgical procedures were approved by
the Greek Veterinary Authorities and the F.O.R.T.H animal use comittee, in
accordance with European Council Directive 86/609/ECC. Monkeys had free access
to food (Mucedola, Milan, Italy), while access to water was controlled and animals
received adittional necessary fluids during daily experimental sessions, except for
weekends during which access to water was free. Monitoring of the weight and well-
being of the animals was regular and, if necessary, supplementary water was

provided.

Animal preparation

The monkeys were accommodated in their cages (Crist Instrument Co, Hagerstown,
MD, USA), immediately after their arrival, and were allowed to get used to their new
environment for a month before any operation began. During this period, they had
free access to food and water, were presented with toys and music for stimulation
and were carefully monitored on a daily basis for normal behaviour and eating habits.

A month later, animals were prepared for behavioural training, by implanting a
metal bolt for head immobilization. The metal bolt (Crist Instrument Co, Hagerstown,
MD, USA), embedded in dental cement (Resivy, Vence, France), was surgically
implanted on each monkeys’ head with the use of mandibular plates (Synthes,
Bettlach, Switzerland) which were secured on the bone by titanium screws (Synthes,
Bettlach, Switzerland). All surgical procedures were performed under aseptic
conditions and anesthesia (ketamine hydrochloride, Imalgene 1000, Merial, France,
20mg/kg, i.m and sodium pentobarbital 25mg/kg, i.m), with the aid of a stereo
microscope. Systemic antibiotics (Rocephin, Roche, Switzerland, 60-70 mg/kg/day
i.m) and analgesics (Apotel, Uni-Pharma, Hellas) were administered pre- and post-
operatively. The animals were allowed to recover from surgery for at least three

weeks before beginning of training sessions.
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Experimental set-up

The behavioural apparatus contained a PC-controlled rotating turntable, into which
six 3-D geometrical solids were accommodated. It was placed in front of the
monkeys, at shoulder height, at a distance depending on whether the experimenter
or the monkey performed the grasping movements; 50cm or 20cm respectively.
Monkeys sat in a primate chair (Crist Instrument Co, Hagerstown, MD, USA), with
their head fixed, hindlimbs immobilized and one or both forelimbs restrained
depending on the special features of the task. The 3-D objects accommodated into
the turntable were two plates, one horizontally and the other vertically oriented
(25mm wide, 35mm deep and 3mm thick), a ring (15mm in diameter), a sphere
(10mm in diameter), a cube (side of 10mm) and a cylinder ( 5mm diameter and
40mm length). The above objects were grasped in the following ways: the plates with
the primitive precision grip (use of thumb and the radial surface of the second and
third phalanxes of the index finger), the ring with the digging out grip (index finger
inserted into a ring), the cube and the sphere with the side grip (thumb and the radial
surface of the last phalanx of the index finger) and the cylinder with the finger
prehension (use of the first three fingers). A sliding window located at the front of the
behavioural apparatus allowed access to only one object at a time. Eye movements
were recorded with an infrared oculometer (Dr. Bouis). EMG (gainx2000, band-pass
filter 0.3-3000KHz) recordings were performed by using Ag-AgCl surface electrodes.
The digitized electromyograms (1000Hz) were recorded from the biceps and wrist
extensor muscles and were aligned at the end of the movement, rectified and
averaged over 150 movements in each case. Monkeys were trained over a period of
time ranging from 4-11 months (depending on the requirements of each task), on a
daily basis for at least an hour, until they reached success rates of ~90%. During the
“C-DG experiments, monkeys performed the tasks they were trained for and

received water as reward through a water delivery tube attached close to their mouth.
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Tasks

Execution in light (EL)

Two monkeys were trained to execute a grasping movement using their left forelimb
and under visual guidance (Figure 1a). Both monkeys had their right forelimbs as
well as their hindlimbs restrained with Velcro® tapes during the task. These monkeys
were required to fixate the illuminated odject behind the opened window (opening of
the window in that task resulted in the illumination of the compartment, thus making
the object visible) for 0.7-1sec, until dimming of the light which acted as a go-signal
for the grasping movement. The grasping movement included reaching, grasping and
pulling the ring with the left forelimb within 1sec, although the movement was usually
completed within 500-600 msec. The monkeys had to maintain fixation (within the 8°
diameter circular window) until the end of the movement. They were allowed to move
their eyes outside the circular window only during the intertrial intervals ranging
between 2 and 2.5 sec. The monkeys received water as reward after every

successful trial.

Observation of grasping (O)

Three monkeys were first trained to perform grasping movements in the same
conditions as in the EL task, and then to observe the same grasping movements
executed by the experimenter. The reach-to-grasp training sessions took place
months before the "C-DG experiment. In order to eliminate any possible side-to-side
effects due to prior grasping training, the first monkey was trained to grasp with its
left hand, the second with its right and the third one with both hands consecutively.
During the observation of grasping task (O), the forelimbs of the monkeys were
restricted both during the O sessions as well as during the C-DG experiment. The
O task was designed as follows: the behavioural apparatus was placed at 50cm
distance in front of the monkey, at shoulder height. The experimenter was always
performing the grasping behaviour by using her right hand, standing on the right side
of the monkey, with only the reaching and grasping components of the movement
visible to the monkey. All task conditions, object and movement parameters were
similar to the ones described for the EL task, so that the mean movement rates were

comparable.
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Motion Control (Cm)

The motion control monkey was required to observe all components of the O task
with the exception of the hand-object interaction that occurs while grasping an object.
In specific, the monkey was trained to watch the opening of the window of the
behavioural apparatus, the presentation of the object, the closure of the window and
the experimenter’s reaching movement towards the closed window with hand/fingers
extended, for a total period of 2.7-3sec per trial. A schematic overview of the task is
illustrated in Figure 1b. Both hands of the monkey were restricted during this task.
Furthermore, the monkey had to maintain fixation (within the 8° diameter circular
window) throughout each trial and was allowed to move its eyes freely (outside the
circular window) only during the intertrial intervals, which ranged between 2 and 2.5
sec. This monkey was used to control the effects imposed by the biological motion of
the reaching arm and the visual stimulation by the 3-D object, in order to reveal the

net effects of the goal-directed reaching-to-grasp components.

Execution in dark (ED)

Two monkeys were trained to execute grasping movements in the dark with their left
forelimb, while the right forelimb and the hindlimbs were restrained and their heads
fixed. The behavioural apparatus and the task parameters were almost identical with
the execution in light task, to achieve the same number of movements during the
experimental period (Figure 1¢).The illumination of the compartment which made the
object visible and served as go-signal for the initiation of the grasping movement,
was substituted by two auditory cues that signaled the onset of the trial and the go-
signal for the initiation of the grasping movement. In each trial the sliding window
opened and the low frequency auditory cue signaled the fixation period in which the
monkeys were required to keep their gaze straight ahead. The high frequency cue
signaled the onset of the grasping movement during which the monkeys were
required to reach, grasp and pull a ring (3-D object) while they maintained their gaze
straight ahead. The task took place in complete darkness and the monkeys were

rewarded with water after every successful trial.
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Dark control (Cd)

Two monkeys served as control animals for the ED task. The first was presented with
auditory stimuli, similar to the ones used in the ED task, which were used as the go-
signals for fixation (low frequency) and onset of the grasping movement (high
frequency). This monkey was allowed to move its eyes freely throughout the
experiment and received water as reward. Water was delivered randomly to prevent
association of the auditory cues with reward expectancy. The second control monkey
was exposed to the same conditions, was also able to move its eyes freely, but did
not receive reward. Both tasks were held in complete darkness and animals were

alert for the whole duration of the "*C-DG experiment (45min).
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Figure 1: Schematics of behavioural paradigms and task events during the (a) grasping-
execution in light (EL) task, (b) Motion-control (Cm) task and (c¢) grasping-execution in dark
(ED) task. H, and V, represent the horizontal and vertical eye position, respectively. L
represents the illumination of the compartment of the behavioural apparatus that made the
object visible. S represents the auditory cues that signaled either the onset of the trial or the
go-signal for the initiation of grasping during the ED task, O stands for observation and G for
execution of grasping.
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The [“C]- Deoxyglucose ( ['*C-DG] ) Method

The ["C]-deoxyglucose autoradiographic method was applied to measure the
metabolic activity simultaneously in all components of the central nervous system.
This method was designed by Sokoloff et al (Sokoloff et al., 1977) and uses
radioactive deoxyglucose (Figure 2a) an analog of glucose (Figure 2b) in order to
trace glucose consumption and therefore local functional activity, since glucose is the

main source of energy for brain cells.
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Figure 2: Chemical structure of 2-deoxy-D-['*C] glucose (a) and glucose (b).

Theoretical basis of the method

This method is based on the notion that functionally active cells use glucose as their
basic source of energy in normal conditions; therefore, metabolically active cells
would utilize glucose for energy production.

The use of radiolabelled substrates for energy metabolism is crucial in order
to have pictorial representations of functionally active brain structures, by means of
autoradiography. In Sokoloff's method, 2-deoxy-D-["“C] glucose acts as a tracer of
metabolic activity simultaneously in all components of the brain. The method is
designed in such a way that the radioactivity concentration is proportional to the rate
of glucose consumption.

The 2-deoxy-D-["*C] glucose (2DG) was selected for this method because its
biochemical properties make it the most appropriate substrate for tracing glucose

metabolism and measuring local cerebral glucose utilization by autoradiography.
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2DG is bidirectionally transported between blood and brain and shares with glucose
the same carrier that transports them through the blood-brain barrier. Therefore they
compete for blood-brain transportation. Then, both 2DG and glucose undergo
phosphorylation by hexokinase and are transformed into 2-deoxyglucose-6-
phosphate (DG-6-P) and glucose-6-phosphate (G-6-P), respectively. Glucose-6-
phosphate is further metabolized to fructose-6-phosphate and eventually to CO, and
water. Unlike glucose-6-P, 2-deoxyglucose-6-phosphate cannot be converted to
fructose-6-phosphate and consequently does not follow the glycolytic pathway. This
is due to the structural difference between 2DG and glucose. 2DG (Figure 2a) differs
from glucose (Figure 2b) in a substitution of OH™ by hydrogen. Deoxyglucose-6-
phosphate can be converted into deoxyglucose-1-phosphate, then into UDP-
deoxyglucose and eventually into glycogen, glycolipids and glycoproteins. However,
only a very small fraction proceeds to these products in mammalian tissues (Nelson
et al., 1984). In any case these compounds are secondary, stable products of DG-6-
P and altogether represent the products of deoxyglucose phosphorylation. Therefore,
deoxyglucose-6-phosphate remains trapped in the cerebral tissue, at least for the
duration of the experimental period. Radiolabelled substrates other than 2DG, which
could be used for measuring energy metabolism, are oxygen and glucose, which
display stoichiometric utilization related to oxygen consumption. However, oxygen
and its metabolic products are volatile with short physical half-life and the metabolic
products of glucose are lost rapidly from brain tissues. Therefore, in contrast with the
2DG, radioactive oxygen or glucose cannot be used for measuring local cerebral
glucose utilization by autoradiography.

When the duration of the experimental period is kept short enough (less than
an hour), the quantity of ['*C]DG-6-P accumulated in any cerebral tissue at any given
time following the introduction of 2DG into the circulation, equals the integral of the
rate of 2DG phosphorylation by hexokinase in that tissue during that interval of time.
This integral is related to the amount of glucose that has been phosphorylated over
the same interval, depending on the time courses of the relative concentrations of
2DG and glucose in the precursor pools and the Michaelis-Menten kinetic constants
for hexokinase with respect to both glucose and 2DG. When cerebral glucose is in a
steady state, then the amount of phosphorylated glucose during the interval of time
equals the steady state flux of glucose through the hexokinase-catalyzed step times
the duration of the interval, and the net rate of flux of glucose through this step
equals the rate of glucose utilization. All the aforementioned relationships can be

thoroughly combined into the model depicted in Figure 3.
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This model can be mathematically analyzed to derive an operational equation
(Figure 4), provided that: a) glucose metabolism is in a steady state throughout the
experimental period, i.e. constant plasma glucose concentration and constant rate of
glucose consumption, b) the concentrations of both glucose and 2DG are
homogeneous in the compartments and c) 2DG concentrations are low compared to
their glucose counterparts i.e. tracer kinetics apply. The operational equation defines
R;, the rate of glucose utilization/unit mass of tissue, i. Inspite of its complex
appearance, this equation is a general statement of the standard relationship by
which rates of enzyme-catalyzed reactions are determined from measurements
made with radioactive tracers. The numerator of the equation represents the amount
of radioactive product formed in a given time interval; it is equal to C;, the combined
concentrations of 2DG and [“C]DG-6-P in the tissue at time T, measured by the
quantitative autoradiographic technique, less a term that represents the free
unmetabolized 2DG still remaining in the tissue. The denominator represents the
integrated specific activity (i.e. ratio of labeled to total molecules) of the precursor
pool times a factor, the lumped constant, which is equivalent to a correction factor for
an isotope effect (i.e. kinetic differences between the labeled and natural compound).
The term with the exponential factor in the denominator, takes into account the lag in

the equilibration of the tissue precursor pool with the plasma.
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Figure 3: Diagrammatic representation of the theoretical basis of [14C]-deoxyg/ucose method
for measurement of local cerebral glucose utilization (Sokoloff et al, 1977). C;* represents the
total 2DG concentration in a single homogeneous tissue of the brain. Cp and Cp represent the
concentrations of 2DG and glucose in the arterial plasma respectively; Ce and Cg represent
their respective concentrations in the tissue pools that serve as substrates for hexokinase.
Cu represents the concentration of 2DG-6-phosphate and Cy, the concentration of glucose-6-
phosphate in the tissue. The constants K;, K, and Ks; represent the rate constants for
carrier-mediated transport of 2DG from plasma to tissue, for carrier-mediated transport back
from tissue to plasma and for phosphorylation by hexokinase respectively; K;, K, and Ks are
the equivalent glucose rate constants. The dashed arrow represents the glucose-6-phosphate
hydrolysis by glucose-6-phosphatase activity, which is low.
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Operational equation of the [*C] Deoxyglucose Method

Labeled Product Formed in interval of time, 0to T

Total ™*C in tissue at time T C in precursor remaining in tissue at time T
. K +K K *)t
Ci(T) - Ki'e I Cpe2+3 dt

. ] T ] _(K*+K*)T T ] (K*+K*)t
[AVm Km/(DVme][ (Co/Cp)dt—e 27 ° (Co/Cr)e?™ @ dt]
0 0

Isotope effect correction  Integrated Plasma  Correction for Lag in Tissue Equilibration
factor Specific Activity with Plasma

Integrated Precursor Specific Activity in Tissue

Figure 4: Operational equation of the [*C]-deoxyglucose method. T represents the time of
termination of the experimental period; A equals the ratio of the distribution space of
deoxyglucose in the tissue to that of glucose; @ equals the fraction of glucose that once
phosphorylated continues down the glycolytic pathway; and K, and V,, and K, and V,

represent the Michaelis-Menten kinetic constants of hexokinase for deoxyglucose (asterisks)
and glucose (no asterisks) respectively. The other symbols are the same as those defined in

figure 3.

35



['*C]-Deoxyglucose experiment (2DG experiment)

All experiments were performed on awake behaving monkeys. During the
experimental session, each monkey was subjected to femoral vein and artery
catheterization under general anesthesia (ketamine hydrochloride, 20mg/kg, i.m.).
The catheters were filled with dilute heparin solution (1000U/ml) and were plugged at
one end. The length of both catheters (45cm) minimized extensive flushing of dead
space during the sampling period. After catheterization the animals were allowed to
recover from anesthesia for 4-5 hours, restrained in the primate chair used for the
experiments. When the animals recovered from anesthesia, they started the
behavioural tasks they were trained for and 5 minutes later the experimental period
was initiated by the infusion of 2DG as a pulse, through the venous catheter, over a
period of 30 s. A dose of 100uCi/kg of 2DG (specific activity 55mCi/ml, ARC, St.
Louis, MO, USA) was used, and since the 2DG was supplied in ethanol solution, it
was first evaporated to dryness and then re-dissolved in 1ml of saline. With zero time
marking the start of the infusion, arterial blood samples were collected in heparinized
tubes at predetermined time intervals: Os, 15s, 30s, 45s, 1min, 2min, 3min, 5min,
7.5min, 10min, 15min, 25min, 35min and 45min in order to monitor the entire time
course of the 2DG concentration in plasma. Care was taken to clear the dead space
of the arterial catheter prior to the collection of each sample. The samples were
immediately centrifuged after collection in a high speed Beckman centrifuge and kept
on ice until used for the analyses. Immediately after the collection of the last sample
(45min), the monkey was sacrificed by an intravenous infusion of 50mg sodium
thiopental in 5ml saline, followed by a saturated solution of KCI for cardiac arrest.
Plasma glucose levels, blood pressure, hematocrit and blood gases ranged within
normal values in all monkeys and remained constant throughout all ['*C]-DG

experiments.

Analysis of arterial plasma 2DG and glucose concentrations

The concentration of deoxyglucose was calculated by its "C content. Twenty pl of
plasma and 3ml of scintillation liquid (Insta-Gel, Packard Co., lllinois, USA) were
placed into a counting vial and measured in a liquid scintillation counter (Beckmann
Coulerton Inc., Foullerton, CA, USA). The efficiency (E) of the counting was
estimated by internal standardization (calibrated [“C]-toluene) and the obtained

counts (cpm) were transformed into disintegrations per minute (dpm), according to
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the equation dpm=cpm/E. The plasma glucose concentration was assayed in a
Spotchem dry glucose analyzer (Spotchem, Menarini, Italy), to establish the required
steady state for plasma glucose levels throughout the experimental period and to

obtain the glucose level values required by the equation.

Processing of brain tissue-Preparation of autoradiographs

Immediately after the end of the experiment, the cerebral hemispheres, the
cerebellum and the spinal cord were removed, frozen by immersion in isopentane
maintained between -45°C and -50°C with dry ice, and kept in there for at least 15min
to ensure full and even freezing. When completely frozen, the tissue was covered
with embedding medium (M1, Lipshaw Manufacturing Co, Detroit, MI, USA) in order
to avoid dehydration, and stored at -80°C until sectioning. About 2500 serial
horizontal brain sections, 20um thick, were obtained from each hemisphere in a
cryostat (Cryopolycut, Reichert Jung) at -20°C. One section in every 500pm was
collected on a slide and stained with thionine for the identification of the
cytoarchitectonic borders of cortical areas of interest. Each section was collected on
coverslips and immediately transferred on a hot plate maintained at 60°C for drying.
Immediate transfer of the coverslips to the hot plate prevented movement of the label
by diffusion. After remaining on the hot plate for 30min, coverslips were glued on
cardboards and exposed to X-ray medical films (EMC1 Kodak, MR Kodak) for a
period of 3-14 days depending on the films used and plasma glucose levels, along
with a set of precalibrated 'C standards (Amersham plc, Little Chalfont,
Buckinghamshire, UK). Films were developed in a Kodak X-OMAT 1000 automatic

processor.

Analysis of autoradiographs

The autoradiographs provide a pictorial representation of the relative 'C
concentrations among cerebral structures; the darker the region, the higher the rate
of glucose utilization. The quantitative densitometric analysis of the autoradiographs
was carried out with a computerized image-processing system (MCID, Imaging

Research, Ontario, Canada), which allowed integration of the local cerebral glucose
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utilization (LCGU) values over the area of interest. LCGU values (in umol/100g/min)
were calculated by using the same method as in previous experiments held by our
laboratory (Savaki et al., 1993; Raos et al., 2004). In specific, a calibration curve of
the relationship between optical density and tissue “C concentration for each film
was obtained by measuring the optical density corresponding to all different
standards. Local tissue concentrations were dtermined from the calibration curve and
the optical densities of the cortical areas of interest. LCGU values were obtained
from the local tissue concentrations of “C (Ci (T)) which were densitometrically
determined from the autoradiographs and the plasma ['*C] DG (Cp) and glucose
concentration (Cp) according to the original operational equation (Sokoloff et al.,
1977) illustrated in Figure 4 and the appropriate kinetic constants for the monkey
(Kennedy et al., 1978).

Two-Dimensional reconstructions

Two-dimensional reconstructions (2D maps) of the spatio-intensive pattern of
metabolic activity (LCGU) within the rostrocaudal and the dorsoventral extent of the
cortical areas of interest (parietoccipital cortex and medial parietal cortex) in each
hemisphere, were generated according to a method developed in our laboratory
(Dalezios et al., 1996; Savaki et al., 1997). A schematic description of the 2D maps is
illustrated in Figure 5b. In the rostrocaudal extent of each section, the distribution of
activity was determined by measuring LCGU values pixel by pixel (spatial resolution
of anteroposterior sampling: 50um/pixel) along a line parallel to the surface of the
cortex, covering all cortical layers as shown in Figure 5c. Data arrays of 5 adjacent
horizontal sections (in the dorsoventral dimension of the brain) of 20 um each, were
averaged and plotted to produce one line in the 2D maps (spatial resolution of plots:
100pm). Adjacent data arrays were aligned at the intersection of the anterior bank of
the POs with the medial surface of the cortical hemisphere (medial crown of POs), to
produce the 2D maps of POs. About 650 serial horizontal sections were used for the
2D reconstructions in order to cover the full extent of the parietoccipital cortex. An
example of 6 horizontal sections at different dorsoventral levels is depicted in Figure
5c, as well as their approximate location in the monkey brain figurine illustrated in
Figure 5a. Occasional missing data arrays in the dorsoventral dimension were filled
using linear interpolation between neighbouring values. Normalization of LCGU

values was based on the average unaffected gray matter value, pooled across all
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hemispheres of all monkeys. The statistical significance of differences in LCGU
values in areas of interest was determined by the Student’s unpaired t-test. Only
differences exceeding 7% were considered for statistical analysis, given that
homologous areas of the two hemispheres of a normal resting monkey can differ by
up to 7% (Savaki et al., 1993).

Geometrical normalization

For a direct comparison of areas between hemispheres of different monkeys and
given that each monkey could have differences in its sulcal morphology pattern when
compared to another, we applied geometrical normalization to the 2D maps
generated for each monkey. For this reason, first section by section rostrocaudal
distances were measured. Then the average of each one of these measures was
computed to produce a reference map of landmarks. The distances used were those
between the surface landmarks of the medial (POm) and the medial and lateral
crowns of POs, as well as those between the cytoarchitectonic borders of V6 and
V6A. For the latter, one section every 500um was stained with thionine. The
cytoarchitectonic boundaries of areas V6 and V6A were based on criteria established
by Luppino et al (Luppino et al., 2005). Each individual reference map, with its own
landmarks, was linearly transformed in MATLAB (Mathworks Inc) to match the

reference map.
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Figure 5: Reconstruction of medial parietal and parietoccipital cortices. (a) lllustration of the
posterolateral view of a partly dissected left hemisphere of a monkey, with partial view of its
mesial surface. The inferior parietal and the occipital lobules were cut at the levels of the fundi
of IPs and POs respectively, to reveal the medial bank of IPs and the anterior bank of POs
cortices. Shaded area represents the reconstructed cortex, which includes part of the medial
bank of IPs (light gray shaded areas, MIPv and 5/Pp), the anterior bank of POs (medium gray
shaded area) and the adjacent part of the medial parietal cortex (dark gray shaded areas);
areas V6, V6Ad, V6Av. (b) Schematic illustration of the reconstructed cortex. Different shades
of gray correspond to those in panel a. Black lines represent surface landmarks, while solid
and interrupted white lines represent cytoarchitectonically and functionally identified borders
respectively, of the cortical areas indicated. The vertical black line in the middle of the
reconstruction, represents the point of alignment of the serial horizontal sections; medial
crown of the anterior bank of POs (mc POs). The black line located at the left of the alignment
point, represents the lateral crown of POs (Ic POs). The black lines located at the right side of
the point of alignment (two solid and one interrupted), represent the posterior crown (pc),
fundus (f) and anterior crown (ac) of the medial parietoccipital sulcus (POm). (c) Schematic
illustrations of six (1-6) horizontal sections through the left hemisphere of a monkey brain at
different dorsoventral levels (1 corresponds to the dorsalmost section and 6 fo the
ventralmost section), which are indicated both at the brain view (panel a) and the schematic
illustration of the reconstructed cortex (panel b). Shaded areas depict the cortical region
measured and unfolded in the reconstruction (2D) maps and different shades of gray,
correspond to those in panel a and b. Cs; central sulcus, IPs; intraparietal sulcus, As; arcuate
sulcus, Cgs; cingulate sulcus, POs; parietoccipital sulcus.
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RESULTS

To map the cortical regions activated during grasping execution either in the
presence or in absence of visual guidance, as well as those activated during
grasping observation, we employed the ['“C]-deoxyglucose quantitative
autoradiographic method. This method provides direct quantitative assessment of the
brain activity based on glucose consumption, has the highest spatial resolution
(20um) as compared to other imaging methods and allows the identification of the
affected cortical areas by means of cytoarchitectonic criteria.

In this study we focused on the cortical areas located in the medial parietal
convexity, the anterior bank of the parietooccipital cortex and the posterior part of the
medial intraparietal bank namely V6, V6A, 5IPp, PGm/7m, area 31 and retrosplenial
cortex (areas 29 and 30).

All monkeys were trained for several months before the *C-DG experiment to
perform their tasks continuously for at least 1 hour per day. On the day of the *C-DG
experiment, monkeys performed their tasks for the entire experimental period (45
min) without any breaks, and successful completion of each trial was rewarded with
water. Success rate remained roughly constant (>90%) throughout the experiment.
The mean rate of movements was similar for the execution and the observation
tasks, as well as for the arm-motion control. Given that 85% of the radiolabeled
deoxyglucose is taken up by cells during the first ten minutes of the '“C-DG
experiment, we report the performance of the animals during this critical period. The

amount of time that the monkeys spent fixating within the window of the behavioral

apparatus during the critical ten first minutes of the 14c-DG experiment ranged
between 6 and 7 min. For the rest of the time, the animals did not display any
systematic oculomotor behavior that could account for false-positive effects in
oculomotor related areas. In other words the line of sight of all the experimental

monkeys was at random positions throughout the entire oculomotor space.

During the critical ten first minutes of the 14c.pG experiment, the Cm
monkey observed 9 movements of the experimenter’s arm per min and fixated within
the window of the behavioral apparatus for 6 min (Figure 7a). Given that the side-to-
side difference in glucose consumption in the Cm monkey was not significant, an
average of the two hemispheres of the Cm monkey was used to produce the 2D map

shown in Figure 6¢c. The Cm monkey was used to take into account the effects of (i)
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the biological motion of the purposeless (non-goal-directed) reaching arm and (ii) the
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Figure 6: 2D maps of the spatio-intensive pattern of metabolic activity (LCGU) in the medial
parietal and parietoccipital cortex. (a) Postero-lateral view of the partly dissected left
hemisphere of a monkey brain with partial view of its mesial surface. The inferior parietal
lobule was cut away at the level of the fundus of the IPs to show the cortex of the medial bank
of this sulcus. The occipital lobe of the same hemisphere was also cut away at the level of the
fundus of the POs and the lunate sulcus (Ls) to show the cortex of the anterior bank of POs.
Shaded area represents the reconstructed cortex including part of the medial bank of IPs, the
anterior bank of POs and the adjacent part of the medial parietal cortex. (b) Schematic
illustration of the geometrically normalized reconstructed cortical field. Different shades of
gray correspond to those in panel a. Black lines represent surface landmarks, solid and
interrupted white lines represent cytoarchitectonically and functionally identified borders,
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respectively, of the labeled cortical areas. The vertical black line in the middle of the
reconstructed field depicts the point of alignment of the serial horizontal sections, which lies at
the intersection of the anterior bank of the POs with the medial crown of POs (mc POs). The
black line on its left demarcates the lateral crown of POs (Ic POs) which corresponds to the
intersection of the three sulci: IPs, POs and Ls. The two solid black lines on the right of the
alignment point represent the crowns (pc and ac) and the interrupted black line the fundus (f)
of POm. (c¢) Averaged map from the two hemispheres of the motion-control monkey. (d)
Averaged map from the left hemispheres of the two EL monkeys. (e) Averaged map from the
right hemispheres (contralateral to the moving forelimb) of the two EL monkeys. (f) Averaged
map from the left hemispheres of the three O monkeys. (g) Averaged map from the right
hemispheres of the three O monkeys. (h) Averaged map from the hemispheres of the two Cd
monkeys. (i) Averaged map from the left hemispheres of the two ED monkeys. (j) Averaged
map from the right hemispheres of the two ED monkeys. Gray-scale bar indicates local
cerebral glucose utilization (LCGU) values in umol/100g/min. Other conventions as in Figure
5.
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Figure 7: Three-dimensional histograms of the dwell time of the line of sight as a function of
eye position during the critical ten first min of the "*C-DG experiment. (a) Motion-control
monkey. (b) Averaged oculomotor behaviour from the two grasping-execution monkeys. (c)
Averaged behaviour from the three grasping-observation monkeys. (d) Averaged oculomotor
behaviour from the two grasping-execution in dark monkeys. (e) Averaged behaviour from the
three dark-control monkeys. Horizontal axis (X) and vertical axis (Y) in degrees, Z axis in s.
Gray-scale bar indicates time in s.

43



visual stimulation by the 3D object, and served as control for the EL and the O
monkeys.

The EL monkeys performed 10 grasping movements per min, during the

critical ten first minutes of the 14C-DG experiment and fixated within the window of
the behavioral apparatus for 7 min (Figure 7b). The average map of the left
hemispheres (ipsilateral to the moving forelimb) and the average map of the right
hemispheres (contralateral to the moving forelimb) of the two EL monkeys are

presented in figures 6d and 6e, respectively.

During the critical ten first minutes of the 14Cc.DG experiment, the O monkeys
observed 12 grasping movements per min performed by the experimenter and
fixated within the window of the behavioral apparatus for 7 min (Figure 7¢). The
average map of the left hemispheres and the average map of the right hemispheres
of the three O monkeys are presented in figures 6f and 69, respectively.

The line of sight of the Cd monkeys was at random positions throughout the
entire oculomotor space (Figure 7e).The average map of the hemispheres of the two
Cd monkeys is presented in figure 6h. Cd monkeys served as a control for the ED
ones.

The ED monkeys performed 11 grasping movements per min, during the

critical ten first minutes of the 14C-DG experiment and fixated within the window of
the behavioral apparatus for 7 min (Figure 7b). The average map of the left
hemispheres (ipsilateral to the moving forelimb) and the average map of the right
hemispheres (contralateral to the moving forelimb) of the two ED monkeys are
presented in figures 6i and 6j, respectively.

The geometrically normalized maps presented in figure 6 were used (i) to
obtain average-LCGU maps out of control or experimental hemispheres and (ii) to
subtract control from experimental averaged maps. The average LCGU values were
calculated in sets of five adjacent sections (20 um thick) throughout each cortical
area of interest in each hemisphere. Experimental to control LCGU values were
compared for statistical significances by the Student’s unpaired t-test. Given that
ipsilateral to contralateral LCGU values in normal control monkeys range up to 7%
(Savaki et al., 1993), only differences higher than 7% were considered for statistical
treatment. To illustrate the percent LCGU differences between the experimental (E)
monkeys and their corresponding controls (C), we generated images of the spatio-
intensive pattern of distribution of the metabolic activations, using the formula (E-
C)/C*100.
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ACTIVATIONS INDUCED BY GRASPING-EXECUTION IN LIGHT

When the averaged maps of the parieto-occipital and medial parietal cortex in the left
or in the right hemispheres of the EL monkeys (Figures 6d and 6e, respectively) are
compared with the corresponding averaged map of the Cm monkey (Figure 6c),
increased metabolic activity (net activation) is apparent in several cortical regions
(Figure 8, see also Table 1).

Grasping-execution in light, activated area 5IPp in the medial bank of the
intraparietal sulcus (by 23% ipsilaterally and 26% contralaterally), area PGm/7m in
the medial parietal convexity, (by 14% ipsilaterally and 19% contralaterally), area
29/30 of the retrosplenial cortex RSC (by 17%), and area V6 in the anterior bank of
the parieto—occipital sulcus (by 9%), bilaterally. Area V6Ad in the anterior bank of the
parieto—occipital sulcus was activated only contralaterally by 13%. Area 5IPp is
reported for the first time from our laboratory and does not correspond to any region
previously described in the literature. It is ventrally demarcated by the fundus of IPs
and borders areas MIP dorsally, 5VIP rostrally and V6A caudally. It is located rostral
to area PIP, which has been described in the most anterior and lateral part of POs
(Colby et al 1988).

ACTIVATIONS INDUCED BY GRASPING-OBSERVATION

When the averaged maps of the parieto-occipital and medial parietal cortex in the left
or in the right hemispheres of the O monkeys (Figures 6f and 6g, respectively) are
compared with the corresponding averaged map of the Cm monkey (Figure 6c),
increased metabolic activity (net activation) is apparent in several cortical regions
(Figure 9, see also Table 2).

Areas activated for grasping-observation in the medial parietal convexity
include PGm/ 7m (by 10% bilaterally), 31 (by 8% bilaterally) and 29/30 (left
hemisphere 10%, right hemisphere 12%). Moreover, the same part of area V6 in the
anterior bank of the parieto-occipital sulcus that was activated for grasping-execution
in light was also activated for grasping-observation (left hemisphere 17%, right

hemisphere 11%).
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Figure 8: Medial parietal and parietoccipital cortical maps of percent LCGU differences from
the motion-control (Cm). Percent differences were calculated by using the formula (EL-
Cm)/Cm*100. (a) Map of net execution-induced activations averaged from the left
hemispheres of the two EL monkeys. (b) Map of corresponding activations averaged from the
right hemispheres (contralateral to the moving forelimb) of the two EL monkeys. White lines
correspond to surface landmarks and cytoarchitectonic borders illustrated in figure 5.

Table 1. Metabolic effects induced by grasping execution in light (EL) in the parieto-
| occipital and medial parietal cortical areas of the monkey brain.

Cortical area n Cm ELI ELr ELI/Cm ELr/Cm
LCGU+SD LCGU4SD | LCGU+SD (%) (%)

Medial intraparietal bank

51Pp | 53 | 534 65+4 67¢4 | 23 | 26

Anterior parieto-occipital areas

V6Ad 34 4812 49+1 54+2 2 13

V6AvV 80 51+1 4712 52+2 -8 2

V6 38 52+2 4915 52+2 -6 0

V6 (max) 18 47+2 51+4 51+2 9 9

Medial parietal areas

PGm/7m (max) 66 4243 4843 50+3 14 19

31 (max) 72 3911 4012 41+1 3 5

Retrosplenial cortex (29/30) 69 4143 48+8 48+3 17 17

n, number of sets of five adjacent horizontal sections used to obtain the mean local cerebral
glucose utilization (LCGU) values (in umol/100g/min) for each region. Cm values represent
the average LCGU values from the two hemispheres of the motion-control monkey. ELI and
ELr values represent the average LCGU values from the two left and the two right
hemispheres of the grasping-execution monkeys, respectively. SD, standard deviation of the
mean. ELI/Cm, ELr/Cm; percent differences between ELI, ELr, and Cm, respectively,
calculated as (experimental-control)/control*100. Values in bold indicate statistically
significant differences by the Student’s unpaired t test at the level of P < 0.001.
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ACTIVATIONS INDUCED BY GRASPING-EXECUTION IN DARK

When the averaged maps of the parieto-occipital and medial parietal cortex in the left
or in the right hemispheres of the ED monkeys (Figures 6i and 6j, respectively) are
compared with the corresponding averaged map of the Cd monkey (Figure 6h),
increased metabolic activity (net activation) is apparent in several cortical regions
(Figure 10, see also Table 3).

Grasping-execution in dark induced activations in area 5IPp (by 13%) and
part of V6 (by 14% for the left and 22% for the right hemisphere) bilaterally, as well
as in areas V6Ad (by 11%) and PGm/7m (by 12%) contralaterally to the grasping
hand.

SPATIAL DISTRIBUTION OF THE EFFECTS INDUCED BY GRASPING
EXECUTION IN LIGHT AND GRASPING OBSERVATION

When spatially compared by superimposition, the observation-induced activations
were found to overlap the execution-in-light-induced ones considerably (Figure 11).
In the above mentioned figure, red, green and yellow correspond to execution-in-
light-induced, observation-elicited, and common activations, respectively. It is evident
that area 5IPp in both hemispheres and V6Ad in the hemisphere contralateral to the
moving forelimb are activated solely for grasping-execution in light, area 31 is
activated bilaterally only for grasping-observation, while areas PGm/7m and the RSC
are activated for both observation and execution of grasping.

To illustrate quantitatively the distribution of metabolic activity within the
affected regions we plotted the differences between the experimental monkeys
(either EL or O) and the control monkey (Cm) (as % LCGU values and 95%
confidence intervals per 100 um), across the rostro-caudal extent of the ribbon
highlighted in the schematic representation of the reconstructed cortex above the
graph in Figure 12. The plots in this figure represent the percent differences between
the EL and the Cm monkeys (red lines, solid for right and interrupted for left
hemispheres), as well as between the O and the Cm monkeys (green lines, solid for
right and interrupted for left hemispheres). The ribbon, along which differences were
measured, included areas 5IPp, MIPv, V6Ad, PGm/7m, 31 and RSC. The plots in
Figure 12 show bilateral activation of area 5IPp and contralateral activation of area
V6Ad in the EL monkeys, bilateral activation of area 31 mainly in the O monkeys, and
bilateral activation of PGm/7m and RSC in both EL and O monkeys.
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Figure 9: Medial parietal and parietoccipital cortical maps of percent LCGU differences from
the motion-control (Cm). Percent differences were calculated by using the formula (O-
Cm)/Cm*100. (a) Map of net observation-induced activations averaged from the left
hemispheres of the three O monkeys. (b) Map of corresponding activations averaged from
the right hemispheres of the three O monkeys. Colour bar indicates % LCGU differences from
the Cm. White lines correspond to surface landmarks and cytoarchitectonic borders illustrated
in figure 5.

Table 2. Metabolic effects induced by grasping observation (O) in the parieto-occipital

and medial parietal cortical areas of the monkey brain.

Cortical area n Cm ol Or Ol/Cm Or/Cm
LCGU4SD | LCGU+SD LCGU+SD (%) (%)

Medial intraparietal area

5IPp | 53 | 534 56+4 s6+4 | 6 | 6

Anterior parieto-occipital areas

V6Ad 34 4812 47+1 49+1 -2 2

V6Av 80 51+1 4912 51+1 -4 0

V6 38 5242 5315 5014 2 -4

V6 (max) 18 47+2 5543 5243 17 11

Medial parietal areas

PGmM/7m (max) 66 4213 4612 4612 10 10

31 (max) 72 3911 42+1 42+1 8 8

Retrosplenial cortex (29/30) 69 41+3 4514 4614 10 12

n, number of sets of five adjacent horizontal sections used to obtain the mean local cerebral
glucose utilization (LCGU) values (in umol/100g/min) for each region. Cm values represent
the average LCGU values from the two hemispheres of the motion-control monkey. Ol and Or
values represent the average LCGU values from the three left and the three right
hemispheres of the grasping-observation monkeys, respectively. SD,standard deviation of the
mean. OI/Cm, Or/Cm, are percent differences between OIl, Or and Cm, respectively,
calculated as (experimental-control)/control*100. Values in bold indicate statistically
significant differences by the Student’s unpaired t test at the level of P < 0.001.
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Figure 10: Medial parietal and parietoccipital cortical maps of percent LCGU differences of

the hemispheres of the ED monkeys from the dark-control monkey (Cd). Percent differences
were calculated by using the formula (ED-Cd)/Cd*100. (a) Map of net execution-induced
activations averaged from the left hemispheres of the two ED monkeys. (b) Map of
corresponding activations averaged from the right hemispheres of the two ED monkeys.
Colour bar indicates % LCGU differences from the Cd. White lines correspond to surface
landmarks and cytoarchitectonic borders illustrated in figure 5.

Table 3. Metabolic effects induced by grasping execution in dark (ED) in the parieto-

occipital and medial parietal cortical areas of the monkey brain.

Cortical area n cd EDI EDr EDI/Cd EDr/Cd
LCGU1SD LCGU+SD LCGU+SD (%) (%)

Medial intraparietal area

5IPp | 53 |  48%2 5443 5443 | 13 | 13

Anterior parieto-occipital areas

V6Ad 35 45+1 4612 50+1 2 11

V6Av 80 47+2 47+2 49+1 0 4

V6 38 48+1 48+3 48+3 0 0

V6 (max) 18 49+1 5612 60+1 14 22

Medial parietal areas

PGm/7m (max) 66 41+1 44+1 47+1 7 12

31 (max) 72 39+1 3845 38+2 -3 -3

Retrosplenial cortex (29/30) 69 41+4 3844 39+3 -7 -5

n, number of sets of five adjacent horizontal sections used to obtain the mean local cerebral
glucose utilization (LCGU) values (in umol/100g/min) for each region. Cd values represent the
average LCGU values from the hemispheres of the dark-control monkeys. EDI and EDr
values represent the average LCGU values from the two left and the two right hemispheres of
the grasping-execution in dark monkeys, respectively. SD; standard deviation of the mean.
EDI/Cd and EDr/Cd are percent differences between EDI, EDr and Cd, respectively,
calculated as (experimental-control)/control*100. Values in bold indicate statistically
significant differences by the Student’s unpaired t test at the level of P < 0.001
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. execution . observation common

Figure 11: Superimpositions of figures 8a and 9a. (f) Superimposition of figures 8b and 9b. In
panels a and b, red and green represent activations higher than 10%, induced by grasping-
execution in light and grasping observation respectively. Yellow stands for common
activations, induced by both execution (under visual guidance) and observation of grasping.
White lines correspond to surface landmarks and cytoarchitectonic borders illustrated in figure
5.
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Figure 12: Plots of percent LCGU differences along the reconstructed cortex of part of the
medial bank of IPs, the dorsal part of the anterior bank of POs and its adjacent medial parietal
cortical field (along the ribbon highlighted in the drawing above the plots) including area 5IPp,
part of medial intraparietal area (MIPv), the dorsal part of V6A, areas PGm/7m, 31 and the
retrosplenial cortical areas 29/30. Red plots illustrate the differences between the two
execution monkeys and the Cm. Green plots illustrate the differences between the three
observation monkeys and the Cm. Plots with solid and dotted lines correspond to the right
and the left hemispheres, respectively. Red and green shaded areas indicate 95% confidence
intervals. Baseline corresponds to 0% LCGU difference from the Cm. Zero rostrocaudal
extent represents the ventral border of area 5IPp.
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SPATIAL DISTRIBUTION OF THE EFFECTS INDUCED BY GRASPING
EXECUTION IN LIGHT AND GRASPING EXECUTION IN DARK.

In figure 13, red, blue and violet correspond to execution-in-light-induced, execution-
in-dark-elicited, and common activations, respectively. It is evident that RSC and the
ventral portion of PGm/7m are activated bilaterally only for grasping execution-in-
light, while 5IPp bilaterally, as well as, V6Ad and the dorsal portion of PGm/7m
contralaterally, are activated by grasping in both conditions.

To illustrate quantitatively the distribution of metabolic activity within affected
regions by grasping-execution either in light or dark, we plotted the differences
between the experimental monkeys (EL and ED) and the corresponding control
monkeys (Cm and Cd, respectively) (as % LCGU values and 95% confidence
intervals per 100 um), across the rostro-caudal extent of the ribbon highlighted in the
schematic representation of the reconstructed cortex above the graph in Figure 14.
The plots in this figure represent the percent differences between the EL and the Cm
monkeys (red lines, solid for right and interrupted for left hemispheres), as well as
between the ED and the Cd monkeys (blue lines, solid for right and interrupted for left
hemispheres). The ribbon, along which differences were measured, included area
5IPp, MIPv, V6Ad, PGm/7m, 31 and RSC. It is evident that area 5IPp bilaterally,
V6Ad contralaterally, the dorsal portion of PGm/7m (bilateral in the EL, contralateral
the ED) are activated in both EL and ED monkeys, while the ventral portion of
PGm/7m bilaterally and area 29/30 (in both hemispheres) are activated only in EL
monkeys (Figure 14).
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Figure 13: (a) Superimpositions of figures 8a and 10a. (b) Superimposition of figures 8b and
10b. In panels a and b, red and blue represent activations higher than 10%, induced by
grasping-execution in light and grasping-execution in dark respectively. Purple stands for
common activations, induced by both execution in light (under visual guidance) and execution
in dark (under somatosensory guidance). White lines correspond to surface landmarks and
cytoarchitectonic borders illustrated in figure 5
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Figure 14: Plots of percent LCGU differences along the reconstructed cortex described in
figure 12 and depicted as a ribbon in the drawing above the plots. Red plots illustrate the
differences between the two EL monkeys and the Cm monkey, while blue plots illustrate the
differences between the two ED monkeys and the Cd monkeys. Plots with solid and dotted
lines correspond to the right and the left hemispheres respectively. Red and blue shaded
areas indicate 95% confidence intervals. Baseline corresponds to 0% LCGU differences from
the control in each case (Cm for EL monkeys and Cd for ED monkeys). Zero rostrocaudal
extent represents the ventral border of area 5IPp.
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DISCUSSION

The present study was carried out to investigate the cortical regions involved in
grasping-execution behaviour and was focused on areas of the medial parietal and
parietoccipital cortices. In order to clarify the distinct contribution of each area, 5
tasks were employed; a) grasping-execution in light (EL), b) grasping-execution in
dark (ED), c¢) grasping-observation (O), d) motion control (Cm) and e) dark control
(Cd).

We used the [*C]-DG quantitative method to map the metabolic activity in the brain
of the monkeys employed in the aforementioned tasks and produce high resolution
2D maps of the medial parietal and parietoccipital cortex and subsequently of areas
V6, V6A, PGm/7m, 31, RSC and 5IPp.

This is the first time that quantitative 2D-maps of the spatio-intensive distribution of
metabolic activity are generated for these areas, assessing their special contribution
in visual and somatosensory guidance of grasping behaviour, as well as in

observation/recognition of the same behaviour.

Area V6

Area V6 occupies a “C’-shaped belt of cortex between the occipital and parietal
lobes. Portion of V6 was found to be activated for both grasping-execution in light
and observation of the same action performed by the experimenter. In specific, the
percent LCGU differences of monkeys performing grasping movements from the
motion-control have been calculated as 9% for both hemispheres and the ones
between monkeys observing this action and the motion-control were 17% for the left
and 11% for the right hemispheres.

The engagement of this area, both in observation and execution of visually guided
grasping movements presented in this study, is consistent with previous findings
reporting that this area receives form- and motion- related visual signals from the
striate and extrastiate cortices and projects to arm-related areas as MIP and V6A
(Colby and Duhamel, 1991; Duhamel et al., 1997; Galletti et al., 2001; Galletti and
Fattori, 2003). V6 may analyze fast form and motion signals originating from visual
areas, and through its connections with bimodal areas such as a) MIP and V6A
representing the arm (Colby and Duhamel, 1991; Galletti et al., 1997) and b) V6A
related to spatial locations of the objects to be grasped (Galletti et al., 1993, 1995)
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and via their projections to premotor area 6 (Tanne et al., 1995; Matelli et al., 1998;
Shipp et al., 1998) may participate to the visual guidance of grasping.The bilateral
involvevement of part of V6 also during grasping execution in dark, suggests that
area V6 may be involved in the somatosensory quidance of grasping as well.

It is also reported from previous studies (Galletti et al., 1999a) that area V6 is a
topographically organized area and contains a representation of the entire
contralateral hemifield up to an eccentricity of at least 80°, with the periphery
represented medially and the central field laterally (Galletti et al., 1999a). Our data
show that portions of both the peripheral and the central fields of V6 are implicated in
grasping-execution and grasping-observation, something that indicates that the
animals were attending their approaching arm or the experimenter's arm from the
visual periphery to the center, while fixating the object straight ahead. It is interesting
to note that in V6 real-motion (Galletti and Fattori, 2003) and direction-selective cells
(Galletti et al., 1996) have been reported. The stronger activation demonstrated in
the O task (17% for the left and 11% for the right hemispheres) compared to the EL
task (9% in both hemispheres), indicates that the animals were more attentive to the
experimenter's approaching arm during the O task, than to their own during the EL
task. Activity related to the vision of arm biological-motion and to oculomotion is

annuled by the subtraction of the Cm monkey.

Area V6A

Area V6A is a visual/somatosensory area that occupies a horseshoe-like region of
the superior parietal lobule and borders with area V6 ventrally, PEc dorsally,
PGm/7m medially and MIP laterally. It has been divided into two functionally different
areas, V6Ad which is not connected with area V6 and V6Av which receives a direct
input from area V6 (Galletti et al., 2001). The part of V6A found to be significantly
activated during the tasks employed in our study was V6Ad. The tasks that affected
the metabolic activity in area V6Ad was the EL (13% difference from Cm) and the ED
(11% difference from Cd). It is worth noting that only the contralateral hemispheres to
the moving forelimb showed increased metabolic activity. Grasping-observation, as
such, did not have any effect on the activity of this area. This demonstrates that V6A
is related with the execution of grasping only, and not with the observation/execution
of actions.

Our data are in agreement wih previous findings that area V6A and especially its

dorsal counterpart (V6Ad) contains arm-related cells (Fattori et al 1999). In specific, it
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has been reported that both reaching (Fattori et al., 2001; Fattori et al., 2005) and
grasping (Fattori et al., 2004) modulate the activity of neuronal populations in V6A
and this modulation could not be attributed neither to visual input nor to eye
movements (Fattori et al., 2004).

In addition, it has been recently demonstrated (Raos et al., 2003) that in area F2 of
the premotor cortex, an area strongly connected with area V6A as already mentioned
in the introduction, there is a representation of both proximal and distal complex
movements.

Moreover in V6A, there exist somatosensory cells with their somatic receptive fields
located on proximal and distal parts of the contralateral arm (Breveglieri et al., 2002).
Lesion studies in monkeys and clinical studies in human subjects, tend to link deficits
in reaching or grasping and optic ataxia with lesions in area V6A (Faugier-Grimaud et
al., 1978; Battaglini et al., 2002; Battaglini et al., 2003; Karnath and Perenin, 2005).
Taken into account the aforementioned reports, it is obvious that the activation of
area V6A and especially its dorsal part in our study reflects control of reaching to
grasp movements. Presumably, arm-movement related neurons in V6A integrate
motor-signals related to arm movements with somatosensory signals evoked by

these movements to online guide reaching-to-grasp behaviour.

Area PGm/7m

Area PGm/7m which occupies the medial wall of the SPL and comprises the
alternative visuomotor relay station receiving visual input and projecting to the PMd
(Petrides and Pandya, 1984; Cavada and Goldman-Rakic, 1989b; Johnson et al.,
1996; Matelli et al., 1998), has been found to be bilaterally activated at the
hemispheres of both EL and O monkeys. In specific, the % LCGU differences from
the Cm was 10% for both hemispheres in the O task and 14% and 19% for the left
and the right hemispheres respectively in the EL task. The ED task also affected the
metabolic activity of area PGm/7m significantly, as compared to the Cd monkey.
More specifically, the % LCGU differences from the Cd, were 7% and 12% for the left
and the right hemispheres respectively.

The above results are in accordance with previous studies, reporting that cells in
PGm/7m displayed activity related to hand movement and hand position (Ferraina et
al., 1997a; Ferraina et al., 1997b). This activity was strongly influenced by eye-
position signals and was not modulated by pure visual stimuli, suggesting that

neurons in this area combine visuomanual and oculomotor signals, possibly leading
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from target localization to movement generation with the composition of motor
commands based on kinesthetic and visual control signals (Ferraina et al., 1997a).
The higher metabolic activity observed in the monkeys who performed movements
as compared to those who observed the grasping behaviour (14% and 19% vs 10%),
indicates the stronger involvement of this area in execution than in recognition of
actions.

Also our findings are in aggrement with a previous study which demonstrated that an
area between the parietoccipital sulcus and the posterior end of the cingulate sulcus
(apparently corresponding to area PGm/7m), was activated both during execution
and observation of action (Binkofski et al., 1999) .

Finally, it is interesting to note that areas such as the Supplementary Somatosensory
Area (SSA) or the cingulate cortex, which are heavily connected with area PGm/7m,
have also found to be activated for grasping-execution and grasping-observation
(Raos et al., 2007).

Retrosplenial Cortex (RSC)

The RSC, which consists of areas 29 and 30 and is located in the callosal sulcus,
was found to be bilaterally activated both during grasping-execution (EL task ; 17%
LCGU difference from Cm for both hemispheres) and grasping-observation (10%
LCGU difference for the left and 12% for the right hemispheres, compared to Cm)
tasks.

The RSC has been reported to be involved in aspects of working memory
(Matsunami et al., 1989; Petrides et al., 1993; Epstein et al., 2007), topographic
orientation (Takahashi et al., 1997; Epstein et al., 2007; laria et al., 2007; Ino et al.,
2007), and the perception of visual objects associated with a specific context, forming
in conjunction with other areas a cortical “context network” that processes contextual
associations during object recognition (Bar and Aminoff, 2003).

The bilateral involvement of RSC both in the EL and O tasks, combined with
the lack of activity in this area during the ED task, suggests that vision of the object-
hand interaction during grasping and the immediate scene in front of the monkey
plays a crucial role in the activation of this area. Therefore, the RSC could possibly
be implicated in processing of contextual associations during object recognition and
in encoding of the current salience of objects in the immediate (visual) scene for

orienting and navigating towards them. Also it may be involved in topographic spatial
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navigation, for situating oneself within a larger environment, using the immediate
scene as a cue.

The involvement of this area in short-memory functions cannot be excluded,
since it is connected with the Papez circuit, the visual association cortex or motor-
related areas such as the anterior cingulate, SMA and the premotor cortex. However,
the lack of increased metabolic activity during the ED task, suggests that this kind of

activity could be related to “visual” and not “motor” memory.

Area 31

Area 31 which is located between area 23c of the cingulate sulcus and area
PGm/7m, has been found to be bilaterally activated only during grasping-observation.
Previous reports tend to link activity in this area with oculomotor activity in the service
of spatial analysis of the visual input (Olson et al., 1996) and with the motivational
salience of visual and oculomotor events for orienting attention (Dean et al., 2004). If
that was the case, then increased metabolic activity would have been observed not
only in the O task but also in the E tasks.

There are also other reports relating the activity in area 31 with different functions.
According to Johnson et al, area 31 is an important region for accessing a sense of
self (Johnson et al., 2002). Also there are reports linking the activity in area 31 with
memory retrieval (Minoshima et al.,1997; Choo et al., 2007). These studies reported
sustained hypometabolism in area 31 in patients with very early-stage Alzheimer’s
disease, in which difficulty with memory was the most prominent symptom. Our data
are consistent with the aforementioned reports. The animals employed in the O tasks
were previously trained to execute the same grasping movements they were asked
to observe. Thus, area 31 may be involved in the retrieval of memories, if any,
relative to the event occuring in the immediate scene (i.e. monkeys retrieve
memories of themselves performing grasping movements, while observing them) and
in the atribution of action to another agent and not to the self. It is also interesting to
note that area F7 of the dorsal premotor cortex which is connected with area 31
(Morecraft et al., 2004), has also been found to be activated only in the observation
and not in the execution tasks (Raos et al., 2007).

Similarly, the activation of area V6A only in the execution and not in observation
tasks, could contribute in attributing the action of grasping to the self and not to

another agent (the experimenter).
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Area 5IPp

Area 5IPp is an area which we report for the first time in the literature. It is located in
the caudalmost part of the medial bank of the IPs, adjacent to the fundus. It only
partially corresponds to area PIP which lies at the posterior part of the IPs where it
joins the POs.

Area PIP, is considered a motion sensitive area (Vanduffel et al., 2001), integrating
shape information by cross modal (tactile and visual) matching (Saito et al., 2003)
and providing crucial object information useful in reaching and grasping (Durand et
al., 2007).

Our results demonstrate bilateral activation of area 5IPp during the grasping-
execution tasks, performed either under visual guidance (23% LCGU difference from
Cm for the left and 26% from Cm for the right hemispheres of the EL monkeys), or in
complete darkness (13% difference for both hemispheres of the ED monkeys
compared to Cd).

These data are in accord with the aforementioned reports and it is suggested that
area 5IPp participates in the visual and somatosensory quidance of the reaching-to-
grasp behaviour, by integrating object shape and object positional information from
different sensory modalities.

The involvement of 5IPp only in grasping-execution and not in grasping-observation,
as similarly observed in area V6Ad, imply that these areas may also contribute in
attributing the action to the self (monkey) and not to another agent (the

experimenter).
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“Observation and execution of grasping of three dimensional objects in
presence and in absence of visual information. In vivo functional mapping of
the monkey brain cortical areas involved, by the use of the quantitative

autoradiographic method of 2 ['“C]-deoxyglucose”.

Laboratory of Functional Brain Imaging, Department of Basic Sciences, Faculty of Medicine,

School of Health Sciences, University of Crete

SUMMARY

The aim of the present study was to elucidate the cortical regions that are activated
during grasping execution in the presence or absence of visual information, as well
as the ones implicated in grasping observation. For this reason, we employed the
quantitative autoradiographic method of 2 ["“C]-deoxyglucose (2DG). This method
uses radioactive deoxyglucose, an analog of glucose, to trace glucose consumption
and therefore local functional activity, since glucose is the main source of energy for
brain cells. Furthermore, it provides direct quantitative assessment of the brain
activity based on glucose consumption, has the highest spatial resolution (20um) as
compared to other imaging methods and allows the identification of the affected
cortical areas by means of cytoarchitectonic criteria.
The 2DG method was applied in Macaca mulatta monkeys, trained at the
following tasks:
a) execution of grasping in light (EL),
b) execution of grasping in dark (ED),
c) observation of grasping performed by the experimenter (O),
d) observation of the experimenter's hand reaching towards the behavioural
apparatus with hand/fingers extended (Cm), and
e) exposure to experimental conditions similar to the ED task, without grasping
execution (Cd).

In this study we focused on the cortical areas located in the medial parietal
convexity, the anterior bank of the parietooccipital cortex and the posterior part of the
medial intraparietal bank namely V6, V6A, 5IPp, PGm/7m, area 31 and retrosplenial
cortex (areas 29 and 30).

The net activations induced by the EL task, involve areas 5IPp, PGm/7m,
RSC and V6 at both hemispheres, and area V6Ad at the hemisphere contralateral to

the moving forelimb. The ED task influenced the metabolic activity in areas V6Ad and
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PGm/7m contralaterally and 5IPp and V6 bilaterally. The O task increased the
metabolic activity of areas PGm/7m, 31, RSC and V6 at both hemispheres.

Common activations for the EL and the O tasks were observed in RSC and PGm/7m
at both hemispheres. Execution of grasping in light or in dark (EL and ED tasks),
induced common activations in areas V6Ad and PGm/7m at the contralateral
hemispheres and in area 5IPp and part of area V6 at both hemispheres.

As far as area V6 is concerned, it could be involved in the visual and
somatosensory quidance of grasping movements. In support with this view are its
connections with arm-related areas such as MIP and V6A which in turn project to
premotor area 6.

The contralateral activation of area V6A only in the grasping-execution tasks,
demonstrates that V6A is related with the execution of grasping only and not with the
observation of the same action. Presumably, the arm-movement related activity
observed in the dorsal part of V6A, corresponds to neurons that integrate motor-
signals related to arm movements with somatosensory signals evoked by these
movements, in the service of online quidance of the reaching-to-grasp behaviour.

Area PGm/7m which was found bilaterally activated during the EL and O
tasks and contralaterally activated during the ED tasks, may be involved in the
combination of visuomanual and oculomotor signals for the composition of motor
commands (based on kinesthetic and visual signals) for movement generation. The
higher metabolic activity observed in this area for the execution tasks as compared to
the observation task, may be an indication for the stronger involvement of this area in
execution than in recognition of actions.

Area 31, which was activated only during observation and not during
execution of grasping, may contribute to memory proccesses and in attribution of an
action (i.e. grasping) to another agent and not to the self. Similarly, area V6A which
was activated during execution and not during observation of the reaching-to-grasp
behaviour, could also be involved in the attribution of grasping to the performer (self)
and not to another agent.

The RSC which was bilaterally activated during the EL and the O tasks, may
process contextual associations during object recognition, encoding the current
salience of objects in the immediate (visual) scene for orienting and navigating
towards them. Also it may be involved in topographic spatial navigation, for situating
oneself within a larger environment, using the immediate scene as a cue.

Area 5IPp is an area which is reported for the first time in the literature and
only partially corresponds to area PIP. The strong bilateral involvement of area 5IPp

in the grasping execution tasks performed either in light or in darkness, suggests that
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this area could participate in the visual and somatosensory quidance of the reaching-
to-grasp behaviour. More specifically, it could be implicated in providing object
positional information, useful for reaching, and object feature/shape information by
cross modal (visual and tactile) matching, useful for grasping. The involvement of
area 5IPp only in execution and not in observation tasks, implies a possible role of
this area in the attribution of an action to the performer (i.e. the monkey) and not to

another agent (i.e. the experimenter).
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«Avayvwpion Kol EKTEAEOT KIVACEWV OUAANYNG TPIOSIACTATWY OVTIKEINEVWV
ME TNV dKpa XEipa Trapoucia Kal amroucia OTrTIKAG TTAnpo@opiag. In vivo
AsiTOoUpyIKRy  XOPTOYPAPNON TWV EUTTAEKOMEVWV TTEPIOXWYV TOU @AoloU
gYKE@AAou TIOAKOU HE TN XPAON TG TTOOOTIKNAG AuTopadioypa@ikAg peBddou

Tng 2-[** C] e0&uyAukolng».

EpyaoTtApio Acitoupyikig Atteikéviong Tou Eykepdlou, Topéag Baoikwyv EmoTtnuwy,

Tunua latpikng, ZxoAn Emotnuwy Yyeiag, Mavemotiuio Kprnng

NEPIAHWYH

H aAM\nAemmidpaon Twv XeEPIWV MOG HE AvVTIKEiUEva TToU  Ppiokovialr  OTOV
EEWTTPOCWTTIKO XWPO atroTeAei ouvnBIopévn KaBnuepPIv POg oupTtepipopd. H
aAANAeTTiOpacn autr) GAAOTE gival QAIVOPEVIKA aTTAr] Kal GAAOTE BUOKOAN, €I0IKA OTav
TEPINAPPBAVEI OUYKEKPIUEVEG OAANAOUXIEG E€TTIHEPOUG KIVACEWV Kal OeIOTEXVES
KIVAOEIC TwWV OaKTUAWV woTe va eKTeEAeOTEl owoTd. Kal oTig duo Trapatrdvw
TEPITITWOEIG, N Kivnon TTPocapudleTal avaAoya UE TIG TPEXOUOEG OVAYKEG Kal TIG
ouvOnkeg Tou TTEPIBAANOVTOG £T01 WOTE VA €ival AKPIPAG KAl ATTOTEAECHATIKN.

Eival yvwoTd 6T n TTpaypatoTToinon KIVAOEWVY e TNV dkpa Xeipa TTepIAapBavel duo

OIaKPITEG BIODIKATIEG, TN PACN TTPOOEYYIONG TOU XEPIOU TTPOG TO QVTIKEINEVO-OTOXO
Kal TN @Acn oUAANWNG TOU AVTIKEINEVOU-OTOXOU, KATA TNV OTTOI0 O TTPOCAVATONOHOG
Kal n SlaudpPwaon Tou xeplou TTpocapudlovtal avaloya pe mn eopua Kai Tnv B€on
TOU QVTIKEIMEVOU OTO XWPO, WATE N Kivnon va EKTEAETTEI PE ETTITUXIA.

H kaBodriynon Tou xepIOU TIPOG TO QVTIKEINEVO-OTOXO YiveTal avAAoya HE TIG
ouvOnkeg Tou TrEPIBAAAOVTOG. [0 cuyKekpiyéva, OTavV n eKTEAEONn TNG Kivnong
OUANWNG avTIKEIuEvou PE TNV AKpa  XEipa  TTpayuaToTToIEiTal  UTTO  OTITIKNA

kaBodAynon, TOTE TOCO OTTIKA £PEBIOPATA TTOU TTAPEXOUV TTANPOQPOPIES YIa TN B€on

TOU QVTIKEIUEVOU-OTOXOU OTOV EEWTTPOCWTTIKO XWPEO KAl YIa TN OXETIKA O1mO0TAoN

auToU atrd 10 XEPI, 600 KOl ocwuaTaiodnTIkG pebiouaTa TTOU TTAPEXOUV TTANPOPOPIEC

yla TNV Tpéxouca B€0n Tou KIVOUPEVOU XEPIOU, CUVETTIKOUPOUV WOTE N Kivnon auTh

va ekTeAeoTel Ye akpifeia. OTtav n ekTEAeOn TNG TTAPATTAVW Kivnong TTPAyUATOTIOIETAI
oe mepIBaAAov atrd To oTroio atroucidlouv OTITIKA dedopéva, OTTwG OTav n Kivnaon
TPAYMATOTIOIEITAI OTO OKOTAdI, TOTE €ival TIpoQavéG OTI Ba UTTApgel PEPIKA
dlapopoTtroinon oTo €idog Twv epebioudtwy Tou Ba cuufdAAouv OTnV OWOTA
KaBodAynon Tou XepIOU TIPOG TO AVTIKEIUEVO-OTOXO. ZTNV TIEPITITWON QUTA, N
OUMBOAR cwuaTtalodBNTIKWY OeBOUEVWY  Kal  KIVAIOONTIKWY  ATTOUVAHOVEUNATWY

(proprioceptive memories) Tng B€0Ng Tou AVTIKEIUEVOU OTO XWPO Kal TNG Kivnong

62



oUAANWNG TTPOC auTo, €ival KABOPIOTIKA GTNV ETTITUX EKTEAEGN QUTAG TNG KIVNTIKAG
OUUTTEPIPOPAG.
‘Evag akéun TTapdyoviag TTOU COUVTEAEI OTnV ETTITUXN €EKTEAEON MIAG Kivnong
OUANNYNG eival kal N TpoéTeEPN euTTEIpia. Eival yvwaoTd OTI hIa KIVATIKY CUUTTEPIPOP
T.X. MO Kivnon oUAMNYng avTikeigévou, gival o akpIBAG Kal eTTITUXNPEVN OTNV
EKTEAEON TNG OTAV €XEl UTTAPEEI TTPATEPN EPTTEIPIA AUTHAG, €iTE HEOW EKTEAEOAG TNG, EiTE
MEOW TTaPATAPNONG TG id10G Kivnong emmiTEAOUPEVNG atTd AAAO uTTOKEiuEVOD. KaTtd Tnv
atroywn TTOAAWYV €pEuvNTWY, TO AVBPWTTIVO KIVNTIKO CUCTNHA PHECW TNG TTAPATAPNONG
XPNOIYOTIOIEI TNG €PTTEIpIEG GAAWV yIO va KATAOKEUAOEl TO OIKO TOU KIVNTIKO
PETTEPTOPIO.
ATO Ta TTOPATTAVW @aiveTal OTI n TIPAYMATOTIOINCN MIOG QAIVOPEVIKA ATTAAG
OUMTTEPIPOPAG, OTTWG gival N Kivnon ocUAANWNG WE TNV AKpa XEipa, ETTITUYXAVETAI PE
TNV EVEPYOTTOINGT TTOAUAPIOPWY EYKEPAAIKWV TTEPIOXWYV TTOU N KOBeIG EexwpioTa Ba
OUMBAAAEl woTe n kivnon avdAoya PeE TIG TPEXOUOEG OUVONAKES va ETMTEAEOTEI
EMTUXNMEVA Kal PE akpiBela.
MNa TNV ammokdAuwn QAOIIKWY TTEPIOXWY eYKEPAAOU TTIBAKOU TTOU E£UTTAEKOVTAI OTNV
TTapaKoAoUBNan Kal eKTEAETN KIVOEwWV GUAANWNG HE TNV AKpa XEipa, TTapouadia Kal
aTToUCia OTITIKNAG TTANPOYOPIag, XPNOIUOTIOINCAUE TNV TTOCOTIKA auTOPadIoypPaQIKA
HéBodo g ["“CJ-de0fuyAukdlng.
H ouykekpipgévn pEBODOG E€mMITPETTEl TNV GUECN EKTIUNON TnNG  METAROAIKAS
OpaoTNEIOTNTAG MIOG EYKEQOAIKNG TTEPIOXNG, UTTOAOYICOVTAG TTOCOTIKA TNV TOTTIKA
katavadAwon deoguyAukding (DG), padievepyou Xnuikou avaAdyou Tng yAukdlng, n
OTTO0I0 WG YVWOTO atToTeAEl TN BACIKA TNV EVEPYEIOGS yia Ta PETABOAIKA dpacTApIa
VEUPIKG KUTTapa. Etriong n péBodog autr, oe oxéon Pe OAEG TIG AANEG OUYXPOVEG
VEUPO-ATTEIKOVIOTIKEG HEBODOUG, B1aBETEl TNV UYWNASTEPN XWPIKA SIOKPICIUOTNTA TWV
EYKEQAAIKWYV  TTEpIOXWV  (20um) kai divel T duvartdéTnTa TOUTOTTOINONG TWV
EUTTAEKOUEVWYV O€ KABE oUVBNKN TTEPIOXWV UE KUTTAPOAPXITEKTOVIKA KPITHPIC.
H trapatrdvw péBodog epapudoTnke oe OAKoug Macaca mulatta, o1 otroiol gixav
EKTTAIOEUTEI OTIG TTAPAKATW OOKIYATIEG:
a) ExtéAeon kivnong oUANWNG TPIoOIA0TATWY AVTIKEIEVWY PE TNV AKPA XEipa OTO
w¢ (EL),
B) Ek1éAean Kivnong oUANWNG ue TNV akpa Xeipa oT1o okoTdd (ED) Kkai

y) Napatipnon kivnong oUAANWNG TpIodIA0TATOU QVTIKEINEVOU, TTPOYUATOTTOIOUUEVNG

atrd Tov TreipapaTtiotn (O),

0) MapaTtApnon Kivnong TTPooéyyiong Tou avw GKPOU TOU TTEIPAUATIOTH PE TEVTWHEVA
Ta OAKTUAQ TOU XeploU Xwpig va TTpayuartoTtroleital Kivnon oUAAnwng (control of

biological motion, Cm) kai
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€) MNapapovy oTo OKOTAdI O€ OUVONKEG OUOIEG HE eKeiveg TnNG dokipaciac ED e

ouvaTtoTnTa Kivnong Twv o@eBaAuwyv eAelBepa aTo xwpo (control dark, Cd). O évag

aT1rd TOUG TMBAKOUG ava@opdg TNG OPAdag auTAg TTPoCAduBave vepd wg avtauolfn
o€ TUXaia XpoviKéd d1aoTAPATa, eV 0 AAAOG dev ETTAIPVE KaWia avTauoIpn).

OAgg o1 diadikaoieg XEIPIOPOU TWV TTEIPAUATOSWWY, ATAV CUPNPWVEG PE TIG IOXUOUCEG
VOP0Beaieg TOOO TwV EAANVIKWVY 600 KAl TWV EUPWTTATKWY ApUOdIWY apXwV.

21 dokiyaoieg EL, ED, O kai Cm, 1o BAéupa Twv TTEIPAPATOWWY ATAV ECTIAOUEVO
euBeia uTTPooTd, o€ éva vonTtd KUKAIKG TTapdBupo diauétpou 8 deg.

O apiBuédg Twyv KIVAGEWY CUAANWNG TTOU €iTe TTpayaToTToIRdnkav eite raparnpRdnkav
amd 1O TrEIpapatolwa Katd Tn SIdpPKEI TNG TTEIPAMATIKAG dladikaciag ATav
TTOPOUOIOG, WOTE TA CUYKPITIKG atmoTeAéopata Twv dIaQopwy oTn  PETABOAIKA
OpacTNPEIOTNTA avd eyKEQAAIKA TTEPIOXN Kal avd dokipacia va gival agIdmmoTa Kal Pe
OTATIOTIKWG ONMAVTIKA Baputnta. Mévo diapopég dvw Tou 7% eAn@Onoav uttéwn wg
OTATIOTIKWSG ONUAVTIKEG OTNV TTapouca MPEAETN, peE dedouévo  OTI n dlagopd OTn
METABOAIKA OpacTnPIOTNTA METAEU OMOAOYWV TTEPIOXWV Twv OU0 NUICQAIPiWY
EYKEPAAOU TTIOAKOU O€ KATAOTAON NPEEPIAg HTTOPET va @TACEl £WG Kal 7%.

Metd 1O TEAOG TNG TrEIPAPATIKAG dladIkaoiag, Ta €eyKEQAAIKA nuio@aipla, n
TTAPEYKEPAAIdQ Kal TUAMA TOU VWTIGIoU PJUEAOU agaipEébnkav, TTdywaoav Pe Tn Xpnon
SIaGAUPATOC I00TTEVTAViOU Of Beppokpacia Kupaivouevn PetTall -45°C kar -50°C kai
SiatnpARBdnkav otoug -80°C. O1 oeIpiakég opIfOVTIEG EYKEPAAIKES TOPEC TTAKOUS 20um
TTOU OUAAEXDONKav, €KTEBNKAv o€ autopadioypa@ikd @IAY Kol 0T CUVEXEID
ynolotroinénkav  pe TN PorBeia  UTTOAOYIOTIKG UTTOOTNPICOPEVOU  CUCTAUATOG
avaAuong eikévag.

AkoAouBa, peTpABnke n TOTIKA KaTtavdAwon Tng 0cofuyAukdlng (LCGU) oTig
TTEPIOXEG TTOU APOopOoUCaV TNV TTAPOUCa PEAETN, TOWUN TTPOG TOUR Kal pixel TTpog pixel
Kal  dnuioupyndnkav  diodidoTaTtol  XAPTEG TTOU  KOAUTITOUV  OAGKANpn Tnv
POXIAIOKOIAIOK  Kal  TTPocBioTriofia  éKTAon Twv  AvOAUOPEVWYV  TTEPIOXWYV KAl
avaTTapioTolV Th XWPIKH Katavoun TG HETABOAIKAG dpaoTnPIOTNTAG O€ AUTEG.

AOGyw QavaToPIKWY  BIAQOPOTTOINCEWY TTOU UTTAPYXOUV HETAEU TWV  EYKEQPAAIKWV
NUICEOIPIWY BIAPOPETIKWY TTIBAKWY, aKOAOUBNOE YEWMETPIKA KAVOVIKOTTOINGN Twv
XOPTWV auTWyV PE Baon éva xaptn avagopds. O XadpTng avapopdg TTPOEKUYE ATTO TO
MEOOV OpPO  KUTTAPOOPXITEKTOVIKWY KOl AVATOMIKWY ONUEiwY  avagopdg TTou
OUA\EXBNoav ammd 170 oUVOAO Twv NUIC@aIpiwy Twv wwv TTou éAaBav péPog OTn
MEAETN auTh. Me Tnv kavovikotroinon 6Awv Twv dIoOIACTATWY XapTWV PE BAaon 1o
XAPTN avapopdg, JTTopei va yivel duean oUykpion TNG METABOAIKAS dpaaTnpidTnTag
OAWV TWV TTPOG HEAETN QPAOIIKWY TTEPIOXWYV OE OAA TA EYKEPAAIKA NUICPAipIa Kal va

e€axBouv ac@aAn ouPTTEPACUATA.
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O1 eyke@aAAIKEG TTEPIOXEG TTOU avaAUBnKav oTnv TTapouca PEAETN, €ival EKEIVES TTOU
Bpiokovrar otnv mpdéoBia 6x6n Tng PBpeypatoiviakAc auvAakag (POs) kair aTtov
veIrviddovTa @AoId, OTTWG ETTIONG KOl O€ TTEPIOXEG TNG £0W ETTIPAVEING TOU EYKEQAAOU.
Mo ouykekpipéva, ol TTEPIOXEG TTou avaAubnkav eival o1 V6, V6A, PGm/7m, n
meploxr 31, o1 meploxég 29 kai 30 kair n tepioxn 5IPp n otoia Trepiypdeeral yia
TPWTN Qopd Kal KataAapBavel uépog Tng otrioBiag evdofpeypaTikig TTepioxng (PIP).

Ooov agopd Tnv TTepiox V6, 1a atroteAéouata dcixvouv OTI UTTAPXEl aU@ITTAEUPN
EVEPYOTTOINON TNG, TO0O0 KATA TV eKTEAEON KIVACEWV OUAANYNG, 600 Kal KaTté Tnv
TTapakoAoUBnon Tng idlag Kivnong étav TTpayuaToTToIEiTal aTrd Tov TTEIpapaTioT. Me
0cdopévo OTI QUTA N TTEPIOX OUVOEETAl WPE OTITIKEG EYKEQOAAIKEG TTEPIOXEG KAl
TTPOBAAAEI O€ TTEPIOXEG OXETICOUEVEG ME TNV Kivnon Twv dvw dkpwy, OTTWG N £€0W
evooBpeypatiky Trepioxry (MIP) kai n V6A, kabwg kai o€ AANeG o1 OTToiEg
KWOIKOTTOIOUV Tn B£0n Twv QVTIKEIWEVWV-OTOXWVY OTO XWPO, OTTwg n VBA kai n

KolAiakr) evdoBpeyuaTikr trepioxn (VIP), Ba ptropouce va cupBAaAAEl oTnV OTITIKA

aAAG Kal oTNV owuaTalodNnTIKA KaBodnynon Twv KIvAcewy cUAANWNC.

2mnv mepioxf VBA, kai €1dikd oTto paylaio TuApa g (V6Ad), mapartnprdnke

QVTiTTAEUPN (OTO KIVOUUEVO XEPI) EVEPYOTTOINGN, KATA TNV €EKTEAEOTN KIVIOEWV

OUAANWNG 1600 OTO QWG 600 Kal GTo OKOTAdI. To yeyovog OTI dev TTapaTnenénke
auénuévn MeTaBoAiK dpacTnpIidTNTA OTNV TTEPIOXN QUTA KATd Tnv TrapatApnon
EKTEAEONG KIVAOEWV GUAANWNG aTTd TOV TTEIpAMaTIOTH, Ocixvel 6T N V6Ad guuBAaAAel

oTnV_ekTéAEON TNC Kivhong. To TTapatrdvw eupnpa gival cUPQWYO JE TTPoYEVEDTEPA

BiBAIoypagpikd dedopéva TTOU ava@épouv OTI N Kivnon oUAANWNG avTIKEIPEVOU
ETTNPEACEl TNV OPaCTNPEIOTNTA TWV VEUPWVIKWY TTANBUOPWY TNG TTEPIOXAS QUTAG,
Kabwg etriong kai 611 0T V6A uttdpyxouv cwpataiodnTikd KUTTapa PE UTTOOEKTIKA
media o€ ATTW Kal £yyUg THAPOTA TOU QVTITIAEUPOU AV AKPoU. MeAETEG eyKEPAAIKWV
BAaBwyv o€ TBAKOUG KAl avBpwTToug, CUVOEOUV TNV EAATWHUATIKI) CUPTTEPIPOPA KATA
TNV €KTEAEON KIVAOEWV TTPOCEYYIONG KAl GUAANWNG, OTTWG €TTIONG KAl TNV OTITIKA
ataia, pe PAABeg evromiopéveg otn VBA. Me Baon Ta mapatmdvw, @aivetalr OTl n
TTEPIOXN QUTH EUTTAEKETAI OTOV €AEYXO TWV KIVIOEWY CUAANWNG PE TNV AKpa Xeipa,

mOavoTaTa OAOKANPWVOVTAC KIVNTIKA KOl owuataliodntikG  epeBioyata via TN

ouyxpovn (online) kaBodAynon autAS TNC KIVQTIKAC CUUTTEPIPOPAC.

H mepioxn PGm/7m trapouciace au@ittAeupa augnuévn PETABOAIKN dpacTnpidTnTa,

TO00 KATA TNV €KTEAECN OTITIKA KABOdNyoUuevWY KIVACEWV aUAANWNG, 600 Kal Katd
TNV TTApaATAPnon autwy. Ta amoTteAéopaTta autd ae ouvouacud e BiBAloypagikd

oedopéva Oeixvouv 0TI ol veupwveg TN PGm/7m guvdudlouv ommikG dedouéva

OXETIKA Pe TNV _Kivnaon Tou xepioU (visuomanual) e o@BaAuoKIvNTIKG dedouéva, HE
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OKOTTO Tn oUvBeon evioAwyv (Baaoifouevwy o€ KivaioBnTikd kal oTimiké epebiouaTa) yia
TNV TTPOKANCN TNG Kivhong.

O1 mepioxéc 29 kai 30, TTou atroteAolv 10 @A0I6 Tou atrAnviou (RSC), Bpébnkav

QUOITTAEUPA EVEPYOTTOINUEVEG TOOO KATA TNV TTAPATAPNON, 600 KAl KATA TNV EKTEAEON
oTmIK&  KaBodnyoUpevwy KIVACEwWY CUANNWNG Kkal mlavad  eutrAékovtal oTtnv

TOTTOYPAQIKA XWPEIKA TTAOAYNON Vyia Tnv emmiyvwon Tng 8€éong evog atduou (Tou

TTapaTnEnTr) otov TTEPIBAAAovTa XWwpo. ETTiong ol epioxég autég Ba utropouoav va
KWOIKOTTOIOUV TNV TPEXOUOO ONUOCIa QVTIKEIMEVWY 1] YEYOVOTWV OTO GUECO
ePIBAAAOV Kal va ouvTeAOUV OTNV KaBOdrynNon Kal TOV TTPOCAVATOAIOHS TTPOG auTd.
H mepioxn 31 ep@advioe auénuévn PETABOAIKN dpacTnpIdTnTa POvVo KaTd Tn didpKeia
TNG TaPATHPNONG KIVACEWY OUAANYWNG TIOU  TTPAYyUATOTTOIOUVTAY  ATTd  TOV
TelpapaTiotd. H adg¢non otnv katavdAwon tng deofuyAukdlng fTav apeimAeupn. Ta
atmoTeAéopaTa autd €ival CuPPBaTd PE TTPONYOUUEVEG WEAETEG TTOU OUVOEOUV TNV
mepioxy 31 e pvnuovikEG  Ol1adIKAOIEG KAl 0TV ATTOdOC0N MIAG  KIVATIKAG
CUUTTEPIPOPAG O€ €va TPITO TTPOCWTTO, dNAAd OTnV ETTiyvwon OTI KATTOI0G AAAOG
eKTEAEI pIa Kivnon cUAANWNG. ZTnv TTapatmavw utrdBeon ouuBAaAAel To yeyovog OTI N
TEPIOXN auTrl Trapouciace uwnAoUg PeTABOAIKOUG pubuolg  (KaTavaAwaon
0e0uyAukolng) povo kard Tn diadikacia Tng Taparipenong (O) kar o6x1 katd Tnv
eKTEAEON TNG Kivnong. AvrioToixa kai n Trepiox)] VBA n otroia €xel auénuévn
METABOAIKA dpaocTnpIOTNTa POVO KATA TNV €KTEAECN Kivnong GUAANWNG kail 6xI KaTd
TNV TTAPATAPNON TNG, Ba PTTopoUaE va EUTTAEKETAI OTNV aTTOS0CN TNG KIVNTIKAG QUTAG
OUNTTEPIPOPAG O€ QUTOV TTOU ThV TIPAYHATOTIOIEl (€AUTO) Kal OXI O€ KATTOIO TPITO
TTPOCWTTO.

H tepioxn) 5IPp, n omoia kataAaufdver pépog Tng oTmioBiag evOoBpPeyUATIKAG
meploxns (PIP) kal TTeplypd@eTal yia TTPWTN QOPd OTNV TTAPOUCa PEAETN, TTApOUCiacE
éviovn WETAPBOAIKN dpaoTnEIOTNTA KOTA TnVv eKTéAEOn KIVAOEWV OUAANWNG 1600
TTapousia 600 Kal atroucia OTITIKAG TTAnpogopiag. H dpacTtnpiétnta autr Atav
éviovn Kal ota dUO NUICQAipIa Twv TTIBAKWY TTou ekTeAoUCAV TIG TTPOAVaPEPBEioES
OUMTTEPIPOPEG. H dpaaTnpIdTNTa TNG TTEPIOXAG AUTAG KATA TNV €KTEAECON Kal OxI KATA
TNV Tapatipenon TG Kivnong oUAANWNng, o€ ouvluaoud e TTaAaidTEPA
BiBAloypagikad dedouéva TTou avagépouv OTi otnv PIP yivetal oAokAfpwaon Tng

TTANPOYOpPIag yia To OxAUA (ME «TAIpIAOUO» OTITIKWY KOl QTITIKWY OeOOUEVWV),

OUyKAivouv oTnv 10éa OTI o€ auth Tnv Trepioxn AauBdvel xwpa n oAokARpwaon
(amrapTiwon) TNG TTANpogopiag TTou agopd TO OXAMA, OAAG Kal TauTOxpova n

ammédoon TNG KIVATIKAG CUMTTEPIPOPAG OE AUTOV TTOU TNV ETTITEAEI.
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Engagement of the primary motor cortex (MI) during the observation
of actions has been debated for a long time. In the present study, we
used the quantitative '*C-deoxyglucose method in monkeys that either
grasped 3-D objects or observed the same movements executed by
humans. We found that the forelimb regions of the MI and the primary
somatosensory (SI) cortex were significantly activated in both cases.
Our study resolves a debate in the literature, providing strong evidence
for use of MI representations during the observation of actions. It
demonstrates that the observation of an action is represented in the
primary motor and somatosensory cortices as is its execution. It
indicates that in terms of neural correlates, recognizing a motor
behavior is like executing the same behavior, requiring the involvement
of a distributed system encompassing not only the premotor but also
the primary motor cortex. We suggest that movements and their
proprioceptive components are stored as motor and somatosensory
representations in motor and somatosensory cortices, respectively, and
that these representations are recalled during observation of an action.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Primary motor cortex; Primary somatosensory cortex; Action;
Objects; 2-Deoxyglucose method

Introduction

Assigning meaning to the actions of other subjects is an
essential aspect of social communication and efficient behavior.
This underscores the importance of understanding where and how
observed actions are represented in the primate cortex. A major
contribution in this direction was the discovery of “mirror neu-
rons” in area F5 of the ventral premotor cortex (di Pellegrino et al.,
1992). These neurons fire both when a monkey grasps 3-D objects
and when he observes humans executing the same movements,
indicating the existence of an action observation-execution match-
ing system, useful for understanding the actions performed by
others (Gallese et al., 1996; Rizzolatti et al., 1996b). Conflicting
results have been reported for the involvement of the primary
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motor cortex (MI) in observation of actions. The precentral motor
cortex was not activated during observation of hand movements in
previous PET and fMRI imaging studies (Decety et al., 1997;
Grafton et al., 1996; lacoboni et al., 1999; Rizzolatti et al., 1996b)
whereas it was activated in a MEG study (Hari et al., 1998).
Here, the ['*C]-deoxyglucose (*C-DG) quantitative autoradio-
graphic method was employed to compare the activations in the MI
cortex of primates induced by grasping-observation to those
elicited by grasping-execution. Because the spatial resolution of
our "*C-DG study is much higher than that of any previous report,
our data could resolve the long-standing debate regarding the
involvement of MI in the observation of movements, a conflict
largely due to the differential sensitivity of the techniques
employed earlier. Furthermore, given the interplay between action
and perception, and the intimate relation between a movement and
its somatosensory perception, we also examined the effects of
grasping-execution and grasping-observation in the primary so-
matosensory (SI) cortex. Our findings demonstrate that the fore-
limb regions of MI and SI are activated during the observation of
hand movements. Moreover, they indicate that similar primary
motor and somatosensory patterns of activity are deployed during
the observation and the execution of the same hand movement.

Materials and methods
Subjects and tasks

Six adult female Rhesus monkeys weighing between 3.5 and 5
kg were used, with heads fixed during the '*C-DG experiment. The
behavioral apparatus was placed in front of the monkeys at
shoulder height, 20 or 50 cm away, depending on whether the
monkey or the experimenter had to execute the grasping move-
ments. The behavioral apparatus contained a PC-controlled rotat-
ing turntable on which six 3-D geometrical solids of small size
were accommodated. The following objects were used: plate (25
mm wide, 35 mm deep, and 3 mm thick), ring (diameter of 15
mm), sphere (diameter of 10 mm), cube (side of 10 mm), and
cylinder (40 mm long with diameter of 5 mm). The objects were
grasped as follows: the plate, with the primitive precision grip,
performed by the use of the thumb and the radial surface of the
second and third phalanxes of the index finger (the plate oriented
horizontally or vertically was grasped with the hand half pronated
or pronated, respectively); the ring, with the digging out grip with
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the index finger inserted into a ring (horizontally oriented, grasped
with the hand pronated); the cube and the sphere, with the side
grip, performed by the thumb and the radial surface of the last
phalanx of the index finger (grasped with the hand half pronated);
and the cylinder, with the finger prehension, using the first three
fingers (hand half pronated). A sliding window at the front side of
the apparatus allowed access to only one object at a time. Opening
of the window resulted in illumination of the compartment thus
making the object visible. Eye movements were recorded with an
infrared oculometer (Dr. Bouis). EMG was recorded (gain 2000,
band-pass filter 0.3—3000 kHz) using Ag-AgCl surface electrodes.
Digitized electromyograms (1000 Hz) recorded from the biceps
and wrist extensor muscles were aligned to the end of the
movement, rectified, and averaged over 150 movements in each
case. Monkeys performed their tasks during the whole experimen-
tal period of 45 min during the '*C-DG experiment and received
water as reward.

Two control monkeys were used in our study: the fixation
control (Cf) and the arm-motion control (Cm).

The fixation control monkey, Cf, which had both hands
restricted, was trained to maintain its gaze fixed on a central visual
target (red spot of 1.5° diameter) throughout the period it was
illuminated (4 s/trial). Intertrial intervals ranged between 200 and
300 ms.

The arm-motion control monkey, Cm, which had both hands
restricted, was trained to maintain its gaze straight ahead during (i)
the opening of a window of the behavioral apparatus, (ii) the
presentation of illuminated 3-D objects behind the window, (iii) the
closure of the window, and also (iv) while the experimenter was
reaching with extended hand towards the closed window. Accord-
ingly, the task of the Cm monkey contained all the components of
the action—observation task with the exception of the object—hand
interaction. Intertrial intervals ranged between 2 and 2.5 s.

Two monkeys (E, execution of grasping) were trained to reach
and grasp 3-D objects (small sized geometrical solids) with their
left forelimb while their right forelimbs were restricted. Each trial
was initiated with the opening of the window and the illumination
of the appearing 3-D object. The monkey had to fixate the object
for 700—1000 ms until a dimming of the light would signal a
reaching and grasping movement with the left forelimb within
1000 ms. The monkey was required to reach for, grasp, and pull the
object while maintaining fixation to get the reward. Intertrial
intervals ranged between 2 and 2.5 s.

Two monkeys (O, observation of grasping) were first trained to
perform the task of the E monkeys and then trained to observe the
same grasping movements executed by the experimenter. Al-
though grasping training took place months before the '*C-DG
experiment to cancel any possible effect due to this earlier
grasping training (and not to the observation behavior), one of
these monkeys was trained to grasp with its left hand and the other
one with its right hand. Thus, in the observing monkeys, any side-
to-side effect due to the earlier grasping training would be
canceled out by comparing the average quantitative map of the
two left hemispheres with the average map of the two right
hemispheres. During the “observation” training and experiments,
both hands of the monkey were restricted. The experimenter
always was standing on the right side of the monkey and was
using her right arm to reach and grasp the objects. Both reaching
and grasping components of the movement were visible to the
monkey. All objects, reaching, and grasping parameters were
similar to the ones described for the E task. To control for possible

rate-related effects, the mean rate of movement was set to be
similar for the execution and observation tasks.

Two dimensional reconstructions

The "C-DG experiment and the brain tissue processing for
autoradiography were performed as previously described (Gregor-
iou and Savaki, 2001; Savaki et al., 1993). Two-dimensional (2-D)
reconstruction (glucogram) of the spatiointensive pattern of meta-
bolic activity in local cerebral glucose utilization (LCGU values in
umol/100 g/min) within the rostrocaudal and the dorsoventral
extent of the unfolded central sulcus (CS) was generated in each
hemisphere (Dalezios et al., 1996). According to this procedure,
the distribution of activity in the rostrocaudal extent in each
horizontal section was determined by measuring values of glucose
consumption pixel by pixel (resolution up to 50 um/pixel) along a
line parallel to the surface of the cortex, covering all cortical layers.
The data array from each horizontal section was aligned with the
arrays obtained from adjacent horizontal sections, the total of 1000
serial sections of 20 pm thickness in each hemisphere. The fundus
of the CS was used for the alignment of adjacent data arrays.
Tickmarks in each horizontal section labeled the crowns and
fundus of each CS. These tickmarks were used to match the 2-D
maps obtained from different hemispheres and animals (geometri-
cal normalization). The average of the LCGU values was calcu-
lated in sets of five adjacent sections (20 pm thick). In the
illustrated average 2-D maps, the spatial resolution in both the
rostrocaudal and dorsoventral dimensions is 100 um. Normaliza-
tion of LCGU values was based on the average unaffected gray
matter value pooled across all monkeys (Gregoriou and Savaki,
2003).

Geometrical normalization

Geometrical normalization of the individual 2-D maps of
activity (glucograms) in the MI and SI cortices of the CS was
based on surface landmarks (its fundus and crowns) and was
generated as follows. The average of all the individual CS
landmark maps was used as reference. Then, the landmarks of
each individual 2-D map were manipulated to fit all the surface
landmarks of the reference map, with linear transformations of the
plane (translation, stretching in one or more directions) using the
Transform (Fortner Software LLC, Sterling, VA) and MATLAB
software (Moschovakis et al., 2001). The geometrically normalized
maps were used (i) to obtain average LCGU maps out of two
control or two experimental hemispheres and (ii) to subtract control
from experimental maps.

Statistical analysis

The average LCGU values were calculated in sets of five
adjacent sections (20 pum thick) throughout the cortical area of
the CS in each hemisphere. Experimental to control raw LCGU
values were compared for statistical significances by the Stu-
dent’s unpaired ¢ test. Given that ipsi- to contralateral LCGU
values in normal control monkeys range up to 7% (Kennedy et
al., 1978), only the LCGU values of regions with differences
higher than 7% were considered for statistical treatment. The
percent LCGU differences between the motion control (Cm) and
the fixation control (Cf) were calculated by the formula (Cm —
Cf)/Cf x 100. The percent LCGU differences between the
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experimental (E) and the control (C) monkeys were generated
using the formula (E — C)/C x 100. The effects induced by
grasping-observation (O) were expressed as percent activation of
the effects induced by grasping-execution (E) by the formula
(100 x O)/E.

Results

The '*C-DG quantitative autoradiographic method (Kennedy et
al., 1978; Savaki et al., 1993; Sokoloff et al., 1977) was used to
map the spatial distribution of metabolic activity in the trunk,
forelimb, and mouth regions of the MI and SI cortical areas (Fig.
1C, Cf) within the central sulcus (CS) of 12 hemispheres in six
(two control and four experimental) Rhesus monkeys during
execution of an action and observation of the same action executed
by another subject. Grasping movements were used as the motor
act to be executed or observed by the monkeys because the
knowledge pertaining to the hand shapes associated with specific
motor interactions with objects could be stored in the form of
motor representations.

To obtain the CS maps of metabolic activation pattern induced
by repeated execution of grasping movements, two of the exper-
imental monkeys were trained to grasp with the left hand 3-D
objects positioned straight ahead (E, execution of grasping). These
two monkeys performed an average of 98 grasping movements
during the critical first 10 min of the '*C-DG experiment. We
generated a CS map (Fig. 1A, El) by averaging the two geomet-
rically normalized quantitative CS maps of metabolic activity
(glucograms) in the left hemispheres of the two grasping monkeys.
When the average map of the right hemispheres (Fig. 1A, Er) is
compared with the average map of the left hemispheres (Fig. 1A,
El), increased metabolic activity is apparent in the (right) MI and SI
forelimb regions contralateral to the grasping (left) hand. It should
be noted that the sulcal MI forelimb region activated in our study,
which involved grasping in the central space (in front of the chest),
overlaps with the area demonstrated to emphasize manual dexterity
(fine control of wrist, fingers, and forearm) in the central space
(Graziano et al., 2002).

To obtain the CS maps of activity induced by observation of
grasping movements executed by another subject, two additional
experimental monkeys (which had been trained to grasp 3-D
objects) were rewarded for observing the same grasping move-
ments executed by the experimenter (O, observation of grasping).
These monkeys observed an average of 109 grasping movements
during the critical first 10 min of the "*C-DG experiment. When
the average map of the two right hemispheres (Fig. 1B, Or) is
compared with the average map of the two left hemispheres (Fig.
1B, Ol), increased metabolic activity is apparent in the right MI
and SI forelimb regions. This activation induced by observation of
grasping (Fig. 1B, Or) is less pronounced than the activation
induced by execution of grasping (Fig. 1A, Er).

To exclude potential effects induced by (i) unspecific arousal,
(i) intensive attention, and (iii) gaze fixation, we used the first
control monkey, which was rewarded for maintaining its gaze fixed
on a central illuminated spot (Cf, fixation control). During the
critical first 10 min of the '*C-DG experiment, the Cf monkey
maintained fixation for 95% of the task period. The illustrated CS
map (Fig. 1C, Cf) was generated by averaging the two geometri-
cally normalized quantitative CS glucograms of the left and right
hemispheres of the Cf monkey.

Finally, to exclude effects induced by (i) observation of the 3-D
objects and eye movements due to scanning these objects and (ii)
biological motion due to the reaching forelimb of the experimenter,
we used the second control monkey. This monkey was rewarded
for maintaining its gaze straight ahead during the presentation of 3-
D objects and while the experimenter was reaching towards the
position of the hidden objects (Cm, arm-motion control). During
the critical ten first minutes of the '*C-DG experiment, the Cm
monkey maintained fixation for 85% of the task period. Given that
the side-to-side difference in glucose consumption in the Cm
monkey was not significant, an average image of the two quanti-
tative CS glucograms of the left and the right hemispheres was
generated (Fig. 1C, Cm). Although perception of biological motion
would be expected to represent a capacity of the visual rather than
the motor system, the MI and SI forelimb regions in the average
map of the Cm monkey (Fig. 1C, Cm) were found to be slightly
more active than the corresponding regions in the average map of
the Cf monkey (Fig. 1C, Cf). Although these differences are not
significant (Table 1), the map of the Cm monkey has been used for
comparisons with the maps of the experimental monkeys in
following figures.

To graphically demonstrate the spatial distribution of metabolic
activity within the affected regions, we plotted the local cerebral
glucose utilization values (LCGU, umol/100 g/min) in the MI and
SI forelimb regions (Fig. 1D). Each plot represents the average
LCGU values and 95% confidence intervals (per 100 um) along
the anteroposterior extent of the CS (from the anterior crown,
through the fundus, then to the posterior crown) of two hemi-
spheres. When compared with the LCGU plot of the fixation
control (Cf plot), the corresponding plots of the other monkeys
demonstrate that the forelimb regions in MI and SI are (i) strongly
activated, on the right, when the monkeys execute grasping move-
ments with their left hand (Er plot), (ii) considerably activated, on
the right, when the monkeys observe the same grasping move-
ments performed by the experimenter (Or plot), and (iii) weakly
activated when the monkey observes the 3-D objects and the
moving arm of the experimenter (Cm plot).

Of interest is that although MI and SI forelimb regions were
activated in the grasping-execution and the grasping-observation
animals, only the monkeys executing (and not the ones observing)
grasping movements displayed an increase of sustained muscle
activity in the biceps and wrist extensor of their performing
forelimb (Fig. 2). Sustained activity in these two muscles was
equally unaffected in both forelimbs of the monkeys observing
grasping movements and in the nonperforming (right) forelimb of
the monkeys executing grasping movements (with their left
forelimb).

To reveal the regions that were significantly affected in the
motion-control, we statistically compared the LCGU values in the
trunk, forelimb, and mouth regions of MI and SI in the two
hemispheres of the Cm monkey with the corresponding values in
the fixation control (Table 1). Neither the weak activations in MI
and SI forelimb regions nor any other differences in the trunk and
mouth regions were found to be significant.

Images illustrating the percent LCGU differences between the
grasping-execution monkeys and the motion control demonstrate
that execution of grasping induces profound activation of the
forelimb representations in MI and SI cortices, as compared with
the Cm, while the SI trunk region is less affected and the mouth
regions remain unaffected (Fig. 3A, Er/Cm). Statistical analysis
demonstrated that the activations in the MI and SI forelimb regions
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Fig. 1. Metabolic effects induced by execution and observation of grasping movements in the MI and SI cortices of the CS. Each color-coded map represents
the average of the geometrically normalized, quantitative maps (glucograms) in two hemispheres. The central sulcus (CS) is unfolded to reveal the
reconstructed cortex in its banks. In each map, the black solid line represents the fundus of the CS whereas the two dotted lines represent its two crowns. The
anterior bank containing area 4 (MI) and the posterior bank containing areas 3a, 3b, and part of 1 (SI) are on the left and right side of the fundus, respectively.
Color bar represents the LCGU values in pumol/100 g/min. C, caudal; D, dorsal; R, rostral; V, ventral. (A) Average CS maps in the left (El, ipsilateral) and right
(Er, contralateral) hemispheres of the two monkeys executing grasping movements with their left forelimb. A pronounced activation of the MI and SI forelimb
region is apparent in the Er, contralateral to the grasping forelimb, as compared with the ipsilateral side (El). (B) Average CS maps in the left (Ol) and the right
(Or) hemispheres of the two monkeys observing right hand grasping movements executed by the experimenter. A significant activation of the MI and SI
forelimb region in the Or, as compared with the Ol, is apparent. (C) Average CS maps of the two hemispheres of the fixation control monkey (Cf) and the two
hemispheres of the arm-motion control monkey (Cm). Representations of body parts (trunk, forelimb, and mouth) within MI and SI are indicated in the Cf map.
(D) Plot of the LCGU values in the MI and SI forelimb regions in the control monkeys (average of the two hemispheres of the Ctf and of the two hemispheres of
the Cm) and in the experimental monkeys (average of the two right hemispheres of the executing Er monkeys and of the two right hemispheres of the observing
Or subjects). Each plot represents average LCGU values and 95% confidence intervals per 100 pm along the anteroposterior extent of the CS of two
hemispheres. The illustrated length of the CS extends from its anterior crown (—10 mm), through the fundus (0 mm), to its posterior crown (+10 mm). MI and
SI forelimb regions are strongly activated in the monkeys executing grasping movements (Er) and considerably activated in the monkeys observing the same
grasping movements performed by the experimenter (Or), as compared with both controls (Cf and Cm).
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Table 1

Metabolic effects in the trunk, forelimb, and mouth regions of the primary motor (MI) and primary somatosensory (SI) cortices

Cortical area Cf Cm Cm/Cf (%) El Er Er/Cm (%) Ol Or Or/Cm (%)
Trunk motor (103) 62 +7 62+ 6 —0.1 62+ 6 66 + 6 6.0 60 = 6 62 + 8 0.0
Trunk sensory (103) 63 + 4 66 + 4 5.0 71 £5 75 +5 13.9 66 + 4 69 + 7 4.4
Forelimb motor (123) 553 56 £3 1.4 55+ 4 67+5 20.4 57+3 60 + 5 8.5
Forelimb sensory (123) 57+ 4 61 + 4 7.0 63 +5 77 £ 5 27.4 62 + 4 68 £ 5 124
Mouth motor (103) 70 + 10 72 + 11 2.8 62 + 6 74 £ 8 3.7 66 + 6 75+ 9 43
Mouth sensory (103) 76 + 13 77 £ 8 1.3 72 £9 80 £ 8 4.8 72 £9 76 £ 9 —1.4

Note. Values represent the mean glucose utilization (LCGU) expressed in pmol/100 g/min + SD. Cf, average of left and right hemispheres of the control
fixating monkey. Cm, average of left and right hemispheres of the motion control monkey. El, average of the two left hemispheres of the monkeys executing
grasping movements with the left forelimb. Er, average of the two right hemispheres of the grasping-execution monkeys. Ol, average of the two left
hemispheres of the monkeys observing grasping movements executed by another subject. Or, average of the two right hemispheres of the grasping-observation
monkeys. Er/Cm (%) and Or/Cm (%), experimental-to-control percent differences. The number of sets of five adjacent horizontal sections, used for statistics in
each region of each hemisphere, is indicated within parenthesis next to the cortical areas. Values in bold indicate statistically significant differences by the
Student’s unpaired ¢ test at the level of P < 0.001 (see Materials and methods).

(by 20% and 27%, respectively, as compared with Cm, and by 22%
and 36% as compared with Cf), in the hemisphere contralateral to
the grasping hand, are significant (Table 1). The smaller though
significant activation induced in the trunk region, contralateral to
the moving forelimb, is due to postural adjustment of the monkeys
during reaching to grasp (Savaki and Dalezios, 1999). Also,
observation of grasping activated considerably the MI and SI
forelimb regions but not the trunk and mouth ones when compared
with Cm (Fig. 3A, Or/Cm). Statistical analysis demonstrated that
only the activations in the MI and SI forelimb regions (by 9% and
12% as compared with Cm and by 10% and 20% as compared with
Cf) are significant (Table 1).

To graphically represent these effects in reference to the Cm
values, the percent LCGU differences have been plotted in the MI
and SI forelimb regions across the entire anteroposterior extent of
the CS (Fig. 3B). The activations (relative to Cm) induced by
grasping-observation (Fig. 3B, Or/Cm) are lower in intensity than
those induced by grasping-execution (Fig. 3B, Er/Cm) across the
whole extent of the sulcal cortex. However, the pattern of neural
activation, in the forelimb regions of MI and SI, induced by the
observation of grasping is very similar to that elicited by the
execution of the same action.

To demonstrate the observation-to-execution (Or/Er) percent
activation, we used the formula (100 X O)/E. Both the so-
generated 2-D map (Fig. 4A) and LCGU plot (Fig. 4B) indicate
that grasping-observation induces an average activation of the MI

and SI forelimb regions, which is about 50% smaller than that
elicited by grasping-execution. Moreover, this plot illustrates two
peaks (of 60% differences) in the forelimb regions within the CS
(Dalezios et al., 1996). The first peak is located in area 4 of the
anterior bank (4.5 mm distal to the fundus), and the second one in
area 3b of the posterior bank (3 mm distal to the fundus).

Discussion

Our study demonstrates significant activations of the MI and SI
forelimb regions within the CS during execution of grasping
movements and during observation of the same movements exe-
cuted by another subject. It indicates overlapping neural correlates
of motor program execution and motor percept creation. It also
demonstrates that the activations induced by grasping-execution
and grasping-observation in the MI and SI forelimb regions have a
very similar pattern, although differ in intensity. The activation
induced by observation of grasping is about 50% weaker in
intensity than that induced by execution of grasping.

Comparison of the LCGU values in the grasping-observation
monkeys with those in the fixation control subject indicates that the
MI and SI forelimb activations during observation of grasping can
be due neither to unspecific arousal nor to intensive attention.
Comparison of the grasping-observation monkeys with the arm-
motion control indicates that the MI and SI forelimb activations

| Execution, left fl
820 Observation, right fl
7 Execution, right fl

EMG activity (mV)

—— Dbiceps

- - - extensor

time (s)

Fig. 2. Effects induced by execution and observation of grasping on muscle activity. Averaged rectified electromyographic records demonstrate that only the
grasping (left) forelimb of the monkeys executing hand movements displays an increase of sustained muscle activity in the biceps and wrist extensor.
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Fig. 3. Percent differences in activations induced by execution and
observation of grasping as compared with the motion control. (A) CS maps
of relative activations. The Er/Cm image demonstrates that execution of
grasping (Er) induces profound activation of the MI and SI forelimb regions
contralateral to the moving forelimb as compared with the motion control
(Cm). The Or/Cm image demonstrates that observation of grasping (Or)
also activates the MI and SI forelimb regions as compared with the motion
control. Color bar indicates the percent differences in metabolic activations.
Only statistically significant activations (greater than 10%) are illustrated.
(B) CS plots, demonstrating the percent activations within the entire
anteroposterior extent of the MI and the SI cortices, in the grasping-
execution (Er/Cm) and in the grasping-observation (Or/Cm) monkeys as
compared with the motion control. Zero represents the fundus, whereas
—10 and +10 represent the anterior and posterior crowns of the CS,
respectively.
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during observation of grasping can be due neither to the viewing of
the 3-D objects nor to the biological motion of the reaching arm.
Moreover, the absence of increased muscle activity in the observ-
ing monkeys indicates that the MI and SI forelimb activations
during observation of grasping cannot be due to movements of the
immobilized forelimbs.

We suggest that the activation of the MI forelimb region during
action observation is related to the “mirror” phenomenon de-
scribed in the monkey premotor cortex (Gallese et al., 1996;
Rizzolatti et al., 1996a). Our data complement previous findings
suggesting that action plans may be used in action observation
(Randall-Flanagan and Johansson, 2003) and are in agreement with
the suggestion that the action observation-execution matching
system involves the primary motor cortex in humans (Hari et al.,
1998; Nishitani and Hari, 2000, 2002). They are also in accord
with studies demonstrating that the functioning of the motor
pathway is modified during observation of hand movements
(Fadiga et al., 1995; Maeda et al., 2002; Strafella and Paus,
2000), an effect that takes place in the MI cortex (Strafella and
Paus, 2000). On the other hand, PET and fMRI studies failed to
demonstrate activation of the precentral cortex during observation
of hand movements (Decety et al., 1997; Grafton et al., 1996;
lacoboni et al., 1999; Rizzolatti et al., 1996b).

Possible sources of discrepancy are the nature of observed
actions, the observer’s intention, and the differential sensitivity of
the used techniques. We have reasons to believe that the actual
source of discrepancy is the lower sensitivity of the techniques
used in these previous studies. Our findings are based on (i)
cerebral glucose utilization values, which directly reflect brain
functional activity, (ii) images of a much higher spatial resolution
(20 pm sampling, 100 pm plotting) than those used in previous
imaging studies, and (iii) quantitative (and not semiquantitative as
in previous studies) values. Evidently, the 10% activation of only
the forelimb region within the sulcal MI, measured in our study,
could easily have been missed in lower resolution studies.

Thus, our study resolves a debate in the literature, providing
strong evidence for the use of MI representations during the
observation of actions. In effect, understanding an action may
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Fig. 4. Comparison of activations induced by grasping-observation with those elicited by grasping-execution. (A) CS map of the grasping-observation effects
expressed as percentage of the activations induced by grasping-execution (Or/Er). This image demonstrates that the observation of grasping induces activations
of lower intensity than those induced by the execution of grasping. Color bar indicates the percent differences in metabolic activations. (B) CS plots of the
comparative observation-to-execution effects, demonstrating the percent activations within the entire anteroposterior extent of the MI and the SI cortices in the
grasping-observation as compared with the grasping-execution (Or/Er) monkeys. Zero indicates the fundus, whereas —10 and +10 represent the anterior and

posterior crowns of the CS, respectively.
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result from the utilization of stored action representations in MI
and in associated premotor cortices. The ventral premotor cortex,
which is predominantly linked to the mirror neuron system
(Rizzolatti et al., 1996a) and which displays strong connections
to M1 (Matelli et al., 1986), may exert an influence on MI activity
during the observation of actions (Rizzolatti et al., 2001). Accord-
ingly, stored motor representations in MI may fundamentally bias
motor perception, and recognition of actions may be constrained
by the subject’s motor system. This is not the first time that a
cognitive role has been assigned to the primate primary cortex. It
has been reported that MI plays a crucial role in the processing of
cognitive information related to motor function, such as mental
rotation (Georgopoulos et al., 1989), visuomotor adaptation (Wise
et al., 1998), and context recall (Carpenter et al., 1999). This is not
also the first time that a cognitive role has been associated with the
primate motor system. It has been reported that the human ability
to explain and predict other people’s behavior by attributing to
them independent mental states (the theory of mind) has evolved
from a system representing actions (Frith and Frith, 1999).

During observation of grasping, the MI activation in the
absence of EMG activation has at least two explanations. The first
one is that the observed MI cortical activation, mainly due to
incoming synaptic activity (Mata et al., 1980; Schwartz et al.,
1979), did not reach the overall action potential firing threshold to
generate an excitatory output. The second and more possible
explanation is that an excitatory MI output was generated, which
was blocked somewhere downstream of MI, most probably at a
spinal level, to prevent motoneurons from triggering an action.
Indeed, it has been suggested that during action observation, a
motor corticospinal excitation may be suppressed by a super-
imposed cortico-brainstem-spinal inhibition at the spinal level,
which after all may prevent the overt action (Baldissera et al.,
2001). Although EMG was not activated during observation of
grasping movements in our study, the SI forelimb region was
significantly activated, an effect induced by the subject’s observa-
tion of grasping in the absence of overt movement and in the
absence of apparent sensory input. The SI forelimb activation
measured in our study is in agreement with a previous report
demonstrating that the SI activity was enhanced not only during
manipulative hand actions but also during the observation of the
same actions performed by another subject (Avikainen et al.,
2002). These findings indicate that during the observation of an
action, the representation of movement is retrieved together with its
kinesthetic component. Accordingly, movement representations
and their kinesthetic components maybe stored as motor and
somatosensory representations in MI and SI, respectively, and
action observation may involve access to these representations.

The MI and SI forelimb activations during observation of
actions may also imply that subjects mentally rehearse the move-
ments executed by others. In this case, the activation of SI would
imply that the motor mental rehearsal contains a somatosensory
component analogous to the feedback, which normally accompa-
nies overt actions. The MI and SI neural activations during
observation of a movement would reflect the effects of (i) mental
rehearsal of this movement by the observer (in the absence of overt
action) and (ii) recall of previous knowledge about the sensory
effects of this movement (in the absence of sensory input).

The involvement of MI in motor imagery, that is, the mental
rehearsal of a motor act that is not accompanied by overt move-
ment, is also a matter of considerable debate. Early cerebral blood
flow studies provided no evidence for perirolandic activations

(Ingvar and Philipson, 1977; Roland et al., 1980), whereas
conflicting results have been reported recently by EEG, MEG,
PET, and fMRI studies. Involvement of MI during imagery of hand
movements (Beisteiner et al., 1995; Schnitzler et al., 1997),
internal simulation of action (Lang et al., 1996), and mental
representation of upper extremities movements (Stefan et al.,
1995) has been shown in some studies, and lack of MI involvement
in imagery of grasp movements (Decety et al., 1994) and hand
rotations (Parsons et al., 1995) has been shown in others. More-
over, involvement of the primary motor and somatosensory corti-
ces in motor imagery was found by some groups (Gerardin et al.,
2000; Leonardo et al., 1995; Lotze et al., 1999; Naito et al., 2002;
Porro et al., 1996; Roth et al., 1996; Sabbah et al., 1995) and not by
others (Deiber et al., 1998; Hanakawa et al., 2003; Rao et al., 1993;
Sanes et al., 1995). Finally, the reports that mental simulation of a
movement results in a large increase in excitability of the spinal
reflex pathway (Bonnet et al., 1997), and that mental motor images
are constrained by the same psychophysical and physiological
limitations that apply to movement execution (Cooper and She-
pard, 1975; Parsons, 1994; Sekiyama, 1982; Sirigu et al., 1995,
1996), constitute indications of overlapping neuronal substrates
subserving motor imagery and motor execution.

The MI activation during action observation and motor mental
imagery is equivalent to the reported activation of the primary
visual cortex (V1) during visual recall and visual mental imagery
(Kosslyn et al., 1995; Le Biham et al., 1993; see also opposite
findings Howard et al., 1998). Accordingly, recognition of ob-
served actions may rely on similar mechanisms to those used in the
top-down hypothesis testing during visual perception. Same way as
knowledge (visual recall) can fundamentally bias what one sees
(visual perception), motor recall may fundamentally bias action
recognition. Independently of any possible explanation (memory
retrieval or mental rehearsal), our findings extend the cortical
system matching observation-execution of goal-related motor
actions from the premotor cortex (Rizzolatti et al., 1996a) to the
primary motor and somatosensory cortices.

The lateralization of MI and SI activations contralateral to the
moving forelimb during execution of grasping is compatible with
classical knowledge and our previous reports (Savaki and Dalezios,
1999). The fact that the MI and SI activations during observation
of grasping were found always in the right hemisphere, that is,
ipsilateral to the experimenter’s arm position, and independent of
the forelimb used in previous grasping experience of these
monkeys (see Materials and methods) is intriguing. This finding
is consistent with the right hemisphere dominance for visuospatial
processes relative to movements (Chua et al., 1992; Decety, 1996;
Perani et al., 2001). Moreover, this finding complements previous
reports (Farrer and Frith, 2002; Farrer et al., 2003; Gallagher et al.,
2000; Meltzoff and Decety, 2003; Ruby and Decety, 2001; Siegal
et al., 1996), suggesting that the right hemisphere is responsible for
attribution of the cause or the control of an action (the grasping
movement in this case) to another agent (the experimenter)
distinguished from the self (the monkey). Finally, this preferred
lateralization is also reported in a recent fMRI study, which
demonstrated that predicting the actions of other people (or
forming a mental image of third-person actions) activates the right
(although ipsilateral to the moving arm) primary motor cortex
(Ramnani and Miall, 2004).

In conclusion, our study provides strong evidence for the
involvement of the MI and SI cortices in observation of actions
performed by other subjects. It demonstrates that action observa-
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tion involves access, not only to ventral premotor representations
(Gallese and Goldman, 1998; Rizzolatti et al., 2000), but also to
primary motor and somatosensory representations constructed by
action execution. It indicates that in terms of neural correlates,
recognition of an action involves matching of its mental percept
with its stored mental construct. The parallel anatomofunctional
substrate of action observation and action execution in the ventral
premotor cortex (Rizzolatti et al., 2001) and in the primary motor
and somatosensory cortices could indicate that we recognize the act
while we execute it, and we mentally rehearse the act while we
observe it. The recruitment of primary motor or kinesthetic pro-
grams during action observation is important not only for under-
standing actions of other subjects, and acquiring motor skills by
observation, but also for the formulation of cognitive theories such
as motor theories of perception. “High level” cognitive theories
may be supported by ‘“low-level” motor and somatosensory
cortical function.
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We used the quantitative '*C-deoxyglucose method to map the activity pattern throughout the frontal cortex of rhesus monkeys, which
either grasped a three-dimensional object or observed the same grasping movements executed by a human. We found that virtually the
same frontal cortical networks were recruited for the generation and the perception of action, including the primary motor cortex
(MI/F1), premotor cortical areas (F2, F5, and F6), the primary (SI) and supplementary (SSA) somatosensory cortex, medial cortical areas
(8m and 9m), and the anterior cingulate. The overlapping networks for action execution and action observation support the notion that
mental simulation of action could underlie the perception of others’ actions. We suggest that the premotor and the somatotopic MI/F1
activations induced by action observation reflect motor grasp of the observed action, whereas the somatotopic SI and the SSA activations
reflect recruitment of learned sensory-motor associations enabling perceptual understanding of the anticipated somatosensory feed-
back. We also found that the premotor activations were stronger for action observation, in contrast to the primary somatosensory—motor
ones, which were stronger for action execution, and that activations induced by observation were bilateral, whereas those induced by
execution were contralateral to the moving forelimb. We suggest that these differences in intensity and lateralization of activations
between the executive and the perceptual networks help attribute the action to the correct agent, i.e., to the “self” during action execution
and to the “other” during action observation. Accordingly, the “sense of agency” could be articulated within the core components of the

circuitry supporting action execution/observation.

Key words: action observation; action recognition; mental simulation; motor cortex; premotor cortex; somatosensory cortex

Introduction
The premotor cortical area F5 contains “mirror neurons,” which
discharge both when a monkey performs an object-related hand
action and when the monkey observes another individual per-
forming the same action, and could thus be responsible for the
capacity of individuals to recognize actions made by others (Gall-
ese et al., 1996; Rizzolatti et al., 1996). However, the resonant
system that helps match action perception to action generation
encompasses much more of the cortex than the mirror neuron
concept would lead one to believe. We recently found that the
forelimb regions of the primary motor (MI/F1) and somatosen-
sory (SI) cortices within the central sulcus (Cs) are activated
when subjects observe object-related hand actions, and they are
activated somatotopically as they are for execution of the same
actions (Raos et al., 2004).

The aim of the present study was to explore whether frontal
areas other than MI/F1 and F5 are also involved in action obser-
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vation. We used the [ '*C]-deoxyglucose ("*C-DG) quantitative
autoradiographic method (Sokoloff et al., 1977) to obtain high-
resolution functional images of the monkey frontal and cingulate
cortical areas activated for grasping execution and grasping ob-
servation. The "*C-DG method is the only imaging approach to
offer the following advantages: (1) assessment of brain activity
directly and not indirectly via blood flow changes, (2) quantita-
tive measurement of glucose consumption instead of semiquan-
titative relative differences, (3) resolution of 20 um, and (4) cy-
toarchitectonic identification of cortical areas in sections
adjacent to the autoradiographic ones.

We examined the lateral premotor cortex, including the dor-
sal areas F2 and F7 and the ventral areas F4 and F5 (Matelli et al.,
1991; Geyer et al., 2000), as well as the medial premotor cortex,
including the supplementary motor areas F3 or SMA-proper and
F6 or pre-SMA, as well as the rostral (CMAr), dorsal (CMAA),
and ventral (CMAv) cingulate motor areas (Matelli et al., 1991;
He et al,, 1995). We also examined additional medial cortical
areas such as the 8-medial (8m), 9-medial (9m), 24, 23, and the
supplementary somatosensory area (SSA) (Murray and Coulter,
1981; Morecraft et al., 2004). Histological examination of the
brain sections enabled us to assign most of the activated regions
of the reconstructed metabolic maps to cytoarchitectonically de-
fined areas of the frontal lobe.

We found that, far from being restricted to frontal areas F5,
MI/F1, and SI, the so-called “action observation/execution
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matching system” also involves extensive regions of both the
lateral- and medial-frontal cortex. Because, as shown here, nearly
the same widespread frontal and cingulate cortical circuits are
recruited for both action perception and action generation, and
because the mental simulation theory assigns the role of perceiv-
ing others’ actions to the neural substrate that is also responsible
for action execution, our data suggest that “mental simulation” of
actions rather than “mirroring” (Goldman and Sebanz, 2005)
better accounts for the recognition of actions performed by
others.

Materials and Methods

Subjects and behavioral tasks. Six head-fixed adult female monkeys (Ma-
caca mulatta) weighing between 3 and 5 kg were used. Experiments were
approved by the institutional animal use committee in accordance with
the European Council Directive 86/609/EEC. A detailed description of
surgical procedures, behavioral apparatus, EMG, and eye position re-
cording was reported previously (Raos et al., 2004). In brief, a sliding
window at the front side of the behavioral apparatus allowed the subject
(monkey or experimenter) to grasp a horizontally oriented ring with the
index finger inserted into it (with the hand pronated) while eye move-
ments were recorded (see Fig. 1) with an infrared oculometer (Dr. Bouis,
Karlsruhe, Germany). All monkeys were trained for several months be-
fore the "*C-DG experiment to perform their tasks continuously for at
least 1 h per day. On the day of the '*C-DG experiment, monkeys per-
formed their tasks for the entire '*C-DG experimental period (45 min)
without any breaks, and successful completion of each trial was rewarded
with water.

The arm-motion control (Cm) monkey had to maintain its gaze
straight ahead for 2.7-3 s, during the opening of the window of the
behavioral apparatus, the presentation of the illuminated object behind
the window, and the closure of the window, and while the experimenter
was reaching with extended hand toward the closed window. Thus, this
control monkey was used to exclude not only the potential effects of the
biological motion of the reaching forelimb, but also the possible effects of
unspecific arousal and attention, gaze fixation, visual stimulation by the
three-dimensional (3D) object, and eye movements used to scan the
object. The intertrial intervals ranged between 2 and 2.5 s. During the
trainingand the "*C-DG experiment both forelimbs of this monkey were
restricted.

Two grasping-execution (E) monkeys were trained to reach and grasp
with their left forelimbs while the right ones were restricted. These mon-
keys had to fixate the object for 0.7-1 s, until a dimming of the light
would signal reaching, grasping, and pulling the ring with the left fore-
limb (within 1 s) while maintaining fixation (intertrial intervals: 2-2.5s).

Three grasping-observation (O) monkeys were first trained to per-
form the task of the E monkeys and then trained to observe the same
grasping movements executed by the experimenter. Both forelimbs of
the O monkeys were restricted during the observation training and dur-
ing the '""C-DG experiment. Although grasping training took place
months before the "*C-DG experiment, to cancel any possible side-to-
side effects caused by this earlier grasping training, the first monkey was
trained to grasp with its left hand, the second one with its right hand, and
the third one with both hands consecutively. The experimenter was al-
ways standing on the right side of the monkey and was using the right
arm/hand for reaching/grasping. Both reaching and grasping compo-
nents of the movement were visible to the monkey. Object and move-
ment parameters were similar to the ones described for the E task. To
control for possible rate-related effects, the mean rate of movements was
set to be similar for the arm-motion control, the execution, and the
observation tasks.

Reconstruction of two-dimensional maps of activity. We used the
“C-DG quantitative autoradiographic method (Sokoloff et al., 1977) to
obtain high-resolution functional images of the monkey frontal and cin-
gulate cortical areas activated for grasping execution and grasping obser-
vation. The '*C-DG experiment and the brain tissue processing for au-
toradiography were performed as described previously (Savaki et al.,
1993; Raos et al., 2004). In brief, the tracer was injected intravenously 5
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min after initiation of task performance, and arterial blood samples were
drawn for the next 45 min as per the original description of the method
(Sokoloff et al., 1977). Plasma glucose levels, blood pressure, hematocrit,
and blood gases ranged within normal values in all monkeys and re-
mained constant throughout the "*C-DG experiment. Glucose utiliza-
tion values (in micromoles per 100 g per minute) were calculated from
the original operational equation of the method (Sokoloff et al., 1977).

To cover the full extent of the lateral-frontal cortex of interest, ~1000
serial horizontal sections of 20 wm thickness were used from each hemi-
sphere of each monkey, and 800 sections were used for the reconstruction
of the medial-frontal cortex. For each horizontal section, a data array was
obtained by sampling the local cerebral glucose utilization (LCGU) val-
ues along a rostrocaudal line parallel to the surface of the cortex and
covering all cortical layers (anteroposterior sampling spatial resolution,
50 um/pixel). Every five adjacent sections of 20 um, data arrays were
averaged and plotted to produce one line in the 2D maps of activity
(spatial resolution of plots, 100 wm). The anterior crown of the Cs was
used for the alignment of adjacent data arrays in the lateral cortex, and
the anterior tip of the brain was used for alignment of the medial cortex.
One section every 500 wm was stained with thionine for identification of
the cytoarchitectonic borders of sensory—motor and premotor cortical
areas (Matelli et al., 1991; Geyer et al., 2000; Gregoriou et al., 2005). Tick
marks in each horizontal section labeling (1) surface landmarks of the
brain (such as crown, fundus, and tip) and (2) cytoarchitectonically
identified borders of cortical areas of interest were used to match the 2D
maps obtained from different hemispheres and animals (see geometrical
normalization of maps, below). Normalization of LCGU values was
based on the averaged unaffected gray matter value pooled across all
monkeys (Savaki et al., 1993).

Geometrical normalization of the two-dimensional maps of activity. The
geometrical normalization of the individual 2D maps of LCGU values
(glucograms) in the lateral and medial cortices was based on combined
cytoarchitectonic and surface landmarks and was generated as follows.

In the dorsal portion of all lateral-frontal cortical maps, the section-
by-section distances between (1) the anterior cytoarchitectonic border of
F7 and the anterior border of F2, (2) the latter and the anterior border of
MI/F1, (3) the latter and the anterior crown of the Cs (point of align-
ment), (4) the latter and the fundus of Cs, and (5) the fundus and the
posterior crown of the Cs were measured. The average of these measures
was computed to produce a reference map of landmarks (see Fig. 2b,
dorsal segment). The areal surface in mm?> + SE was 166.7 + 6.4 for
F1/MI bank, 97.6 £ 11.1 for F1/MI convexity, 164.7 = 8.1 for SI bank,
75.2 = 6.7 for F2,and 32.4 =+ 2.9 for F7. The reference map of landmarks
in the ventral portion of the lateral-frontal cortex was generated simi-
larly. The distances used here were those between (1) the fundus of the
arcuate sulcus (As) and its crown, (2) the latter and the posterior border
of F5, (3) the latter and the anterior crown of the Cs, (4) the latter and the
fundus of Cs, and (5) the fundus and the posterior crown of Cs (see Fig.
2b, ventral segment). The areal surface in mm? *+ SE was 21.3 *+ 2.8 for
F5 convexity, 81.1 £ 4.7 for F5 bank, and 37.7 = 2.3 for F4. Each indi-
vidual lateral-frontal cortical map with its own dorsal and ventral seg-
ments’ landmarks was linearly transformed in Matlab (MathWorks,
Natick, MA) to match the reference map. This allowed us to overlay
functional and cytoarchitectonic maps from all hemispheres of all mon-
keys to obtain averaged maps per case and to subtract control from
experimental maps.

In the dorsal portion of the medial-frontal convexity, the distances
used to produce the reference map of landmarks were those between (1)
the anterior tip of the brain (point of alignment) and the anterior border
of F3, (2) the latter and the anterior border of MI/F1, (3) the latter and the
anterior border of SI, (4) the latter and the dorsal crown of the cingulate
sulcus (Cgs) (see Fig. 3b, above the dorsal crown of the Cgs). The areal
surface was 45.3 * 4.3 for SI, 46.1 = 1.9 for F1, 46.4 *= 1.9 for F3, and
46.7 * 3.2 for F6. The distance used to generate the reference map of
landmarks in the dorsal bank of the Cgs was that between the dorsal
crown of the Cgs and its fundus, separately for its anterior, middle, and
posterior segments (see Fig. 3b). The corresponding areal surfaces were
69.5 £3.9,79.2 £ 5, and 36.5 * 3.9. The distance used to produce the
reference map of landmarks in the ventral bank of the Cgs was that
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between the fundus and the ventral crown of the Cgs, separately for its
anterior, middle, and posterior segments (see Fig. 3b). The correspond-
ing areal surfaces were 48.5 = 2, 74.2 = 3.8, and 29.4 = 3. The distance
used to produce the reference map of landmarks in the ventral convexity
was that between the ventral crown of the Cgs and (1) the extension of the
posterior tip of Cgs for the dorsalmost sections or (2) the corpus callo-
sum for the ventralmost sections. The corresponding areal surfaces were
191.3 = 6and 86.2 * 4.5, respectively. Although its total surface changed
considerably when an area was geometrically normalized, the intensity
and the spatial distribution of LCGU effects were preserved within each
single area because these effects were proportionally shrunk or expanded
within its borders.

Statistical analysis. The average LCGU values were calculated in sets of
five adjacent sections (20 wm thick) throughout each cortical area of
interest in each hemisphere. Experimental to control LCGU values were
compared for statistical significances by the Student’s unpaired  test.
Given that ipsilateral to contralateral LCGU values in normal control
monkeys range up to 7% (Kennedy et al., 1978), only differences >7%
were considered for statistical treatment. The percentage LCGU differ-
ences between the experimental (E and O) and the Cm monkeys were
generated using the formulas (E — Cm)/Cm X 100 and (O — Cm)/Cm X
100.

Results

During the critical first 10 min of the "*C-DG experiment, the
Cm monkey observed nine movements of the experimenter’s
arm per minute. The dwell time of the line of sight of the Cm
monkey in different eye positions during the critical first 10 min
of the experiment is illustrated in Figure 1a. Because we found no
significant side-to-side difference of glucose consumption in the
Cm monkey (see LCGU values for left and right hemispheres
separately in Table 1), the quantitative glucograms (quantitative
maps of LCGU) of the lateral (Fig. 2¢) and the medial-frontal and
cingulate (Fig. 3¢) cortices of one side were averaged with the
corresponding ones of the other side.

The E monkeys performed an average of 10 grasping move-
ments per minute during the critical first 10 min of the '*C-DG
experiment. The dwell time of the line of sight in different eye
positions during the critical first 10 min of the "*C-DG experi-
ment averaged over the two E monkeys is shown in Figure 1b. We
generated LCGU maps of the lateral (Fig. 2d) and the medial (Fig.
3d) cortices by averaging the two corresponding, geometrically
normalized glucograms in the right hemispheres (contralateral to
the moving forelimb) of the two E monkeys. The latter glu-
cograms as well as the equivalent ones in the left hemispheres
(ipsilateral to the moving forelimb) were used for measurement
of the LCGU values in cortical areas of interest, their statistical
comparisons, and the estimation of the percentage differences
from the Cm control values (Table 1).

To illustrate the percentage LCGU differences between the E
monkeys and the Cm, we generated images using the formula
(E — Cm)/Cm X 100 for each one of the lateral and the medial
cortical maps. When the averaged maps (lateral or medial) of the
right hemispheres of the E monkeys are compared with the aver-
aged maps of the Cm monkey, increased metabolic activity (net
activation) is apparent in several frontal and cingulate cortical
regions. Areas activated for execution of grasping movements
include the proximal forelimb representation of F1-convexity,
F2-forelimb region, F5-bank, and F5-convexity, in addition to
the forelimb representations in the SI and the MI/F1 of the Cs
(Fig. 4a, Table 1). They also include several medial areas such as
the F3/SMA-proper, F6/pre-SMA, CMAd, CMAv, CMAT, 8m,
9m, 24, 23, and SSA (Fig. 5a, Table 1). Most of the activated
regions were found in the hemisphere contralateral to the grasp-
ing hand (Table 1).
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Figure1.  Three-dimensional histograms of the dwell time of the line of sight as a function of
eye position during the critical first 10 min of the "C-DG experiment. a, Motion-control mon-
key. b, Averaged oculomotor behavior from the two grasping-execution monkeys. ¢, Averaged
behavior from the three grasping-observation monkeys. Horizontal axis (H; x) and vertical axis
(V; ) in degrees, z-axis in seconds. Grayscale bar indicates time in seconds.

The O monkeys observed an average of 12 grasping move-
ments per minute during the critical first 10 min of the '*C-DG
experiment. The dwell time of the line of sight in different eye
positions during the critical first 10 min of the experiment aver-
aged over the three O monkeys is shown in Figure 1c. When the
averaged maps of the lateral (Fig. 2e) and the medial and cingu-
late (Fig. 3e) cortex of the right hemispheres of the three O mon-
keys are compared with the averaged Cm maps (Figs. 2¢, 3c),
regions of increased metabolic activity included lateral-frontal
areas, such as the F7, F2-forelimb, F5-bank, and F5-convexity, in
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Table 1. Metabolic effects in frontal cortical areas of the monkey brain
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(ml Cmr (m
LceU LcGU LceU EILCGU  ErLCGU  OILCGU  OrLCGU
Cortical area n +5D +5D +5D +5D +5D +5D +SD E/Cm (%)  E/(m(%)  0l/m (%)  Or/Cm (%)
Primary somatosensory and motor areas
Sl-forelimb (central sulcus) 98 62*+2 612 612 62*+3 765 64+3 68+3 2 25 5 1
Sl-forelimb (max, central 24 63*3 58 =1 602 612 773 69+%1 72+2 2 28 15 20
sulcus)
SI-trunk (central sulcus) 80 664 673 663 694 754 T0E£5 T0x6 5 14 6 6
Sl-hindlimb (medial cortex) 65 59*+3 57 =2 58 =2 58 +3 59 +2 57 +2 58 +2 0 2 -2 0
F1-forelimb (central sulcus) 103 58*3 55*x3 56*x3 55+4 66*+3 584 615 -2 18 4 9
F1-forelimb (max, central 28 59*+2 54*+1 5=*£1 58*x1 71£2 611 63%x1 2 25 7 n
sulcus)
F1-forelimb convexity 65 51=*1 51+2 51*+1 50 =2 58 +2 50 =1 54+ 2 -2 14 -2 6
F1-trunk (central sulcus) 80 63*+6 634 634 612 65%£3 677 655 =3 3 6 3
F1-trunk convexity 42 51*x2 51*x3 51*x2 53x2 54*x1 52x1 52%1 4 6 2 2
F1-hindlimb (medial cortex) 65 52*x4 52%4 52*+3 54+3 544 52%2 52*2 4 4 0 0
Lateral premotor areas (dorsal)
F7 60 44=*2 45+ ) 45+ 1 4 +5 47 =4  49+£2 50*+1 -2 4 9 "
F2-forelimb 48 45*+3 46 + 3 45+3 46 + 2 51%+2 49 +2 52*2 2 13 9 16
F2-forelimb convexity 47 45*+2 463 463 462 511 48*E1 52*3 0 n 4 13
F2-forelimb bank 32 45*+4  45+3 45+ 3 44 +3 51+3 50 +2 54 +1 -2 13 1 20
F2-hindlimb convexity 42 53*6 51+4 524 53*6 554 52%2 50 =2 2 6 0 —4
Lateral premotor areas (ventral)
F5 bank 98 554 53*x3 54*x2 56*3 59%f3 62*3 62%x2 4 9 15 15
F5 bank dorsal 40 54=*5 52+3 53*+3 53+1 56 =2 59 *+1 61*2 0 6 1 15
F5 bank ventral 58 55*+3 52*3 54*x2 58*2 61£1 64x2 62%2 7 13 19 15
F5 convexity 65 56*+5 55+5 554 61*5 62+ 2 59+2 59+2 n 13 7 7
F5 convexity (max) 33 55=*2 50+ 4 53*+2 64+ 4 64 =1 59 +1 59*+2 21 21 1 n
F4 76 68*+4 64*+3 66+3 65+5 655 65+3 674 -2 -2 -2 2
Medial cortical areas (dorsal convexity)
9m convexity anterior 49 41=x1 40 +3 41 %2 48 +1 501 43 +1 45+2 17 22 5 10
9m convexity posterior 22 462 47*x2 41 4H*X1T 501 471 461 4 6 0 -2
8m (max) 24 47 %2 49 £ 2 48 £ 1 53+2 57 +4 55+1 52+ 1 10 19 15 8
F6/pre-SMA (max) 24 56*5 54 +1 55*+2 58+1 62 *+3 60 =1 58*+3 5 13 9 5
F3/SMA-proper (max) 31 511 49=*3 50*x2 51%£2 54%x1 52x1 53+1 2 8 4 6
Cingulate sulcus (dorsal bank)
24d anterior 43 4 =*=3 41 +3 41 %2 47 =2 50 =2 49 +2 48 +2 15 22 20 17
24d middle 41 57=*3 55%3 56 £ 2 56 £ 3 50+4 55%2 51+1 0 -1 -2 -9
24d posterior (dCMAr) 28 54*+3 55+2 55+2 59 +1 62 =2 57 +1 56 =2 7 13 4 2
23d 33 49=*3 49 +3 49 +2 49 + 4 53*+3 50 =2 52*+3 0 8 2 6
23d anterior ((MAd) 33 052*+3 49*2 51*x2 50*x6 573 52%x3 54+ 2 12 2 6
SSA dorsal bank 53 46*3 47 =4 46 +3 55+4 56 =2 52+2 54+ 4 20 22 13 17
Cingulate sulcus (ventral bank)
24 anterior 33 45=*3 46*5 45=*3 502 50 %3 50 £3 50*3 " 1 1 n
24c middle 37 5=*5 5=*x2 49=*3 53%x2 59%2 54%x3 53%5 8 20 10 8
24¢ posterior (vCMAr) 28 49*+4 51*5 50*+3 52*+6 54*+6 52*+3 505 4 8 4 0
23c (C(MAv) 30 42*X2 42*2 4*2 4Et2 50x3 451 45+ 10 19 7 7
SSA ventral bank 77 42 =*3 45+3 44 + 4 46 + 3 48 £ 1 46 + 1 46 £ 2 5 9 5 5
Medial areas (ventral convexity)
24ab anterior 51 34*£2 34*2 34*x2 36*£3 38%£2 40x1 402 6 12 18 18
24ab posterior 51 39=*4 40 £ 2 40 £ 2 40+ 2 453 4 +1 43+ 0 13 10 8
23ab 69 41*3 43 +3 42 +3 434 472 43 +3 45+ 2 2 12 2 7
31 103 42+2 4M+4 B+) 4+ 45+ 4M4+2 46+2 -2 5 2 7

n, Number of sets of five adjacent horizontal sections used to obtain the mean LCGU values (in micromoles per 100 g per min) for each region. Cm values represent the average LCGU values from the two hemispheres of the motion-control
monkey. El and Er values represent the average LCGU values from the two left and the two right hemispheres of the grasping-execution monkeys, respectively. Ol and Or values represent the average LCGU values from the three left and the
three right hemispheres of the grasping-observation monkeys, respectively. EI/Cm, Er/Cm, 01/Cm, and Or/Cm represent percentage differences between El, Er, OI, and Or and Cm, respectively, calculated as (experimental — control)/
control X 100. Values in bold indicate statistically significant differences by the Student’s unpaired ¢ test at the level of p << 0.001.

addition to the SI-forelimb region and to the distal (but not prox-
imal) forelimb representation in MI/F1 (Fig. 4b, Table 1). Acti-
vations were also found in medial cortical areas, such as the F6/
pre-SMA, 9m, 8m, 24, and SSA (Fig. 5b, Table 1). Most of the
activations were found to be bilateral (Table 1). The only signif-
icant depression that we measured was in the middle portion of
24d (dorsal bank of Cgs) in the right hemispheres of both Eand O
cases (Table 1). The absence of increased activity in EMG records

of the O monkeys convinced us that the herein documented cor-
tical effects are not attributable to and do not generate muscular
contractions.

When spatially analyzed, the activations induced by observa-
tion of grasping movements were found to largely overlap those
induced by execution of the same movements within both the
lateral (Fig. 4c) and the medial (Fig. 5¢) cortical maps of activity.
In the latter figures, red, green, and yellow correspond to
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anterior crown of Cs
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Figure2. Quantitative 2D maps of metabolic activity in the lateral-frontal cortex. a, Lateral
view of amonkey brain with the Cs and the posterior bank of the As unfolded. Dotted lines depict
the fundus of the As and that of the Cs. Shaded area indicates the reconstructed cortex. Hori-
zontal lines 1-3 correspond to three different dorsoventral levels of brain sectioning. A, Ante-
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execution-induced, observation-elicited, and common activa-
tions, respectively. However, when the intensity of activation was
also taken into account, the effects of action execution differed
from those of action observation. To graphically illustrate the
spatio-intensive distribution of metabolic activity within the af-
fected regions, we plotted the differences between the experimen-
tal monkeys and the Cm (as percentage LCGU values and 95%
confidence intervals per 100 wm) across the rostrocaudal extent
in the reconstructed maps (Fig. 6). The plots in this figure repre-
sent the percentage differences between the E and the Cm mon-
keys (red lines) as well as between the O and the Cm monkeys
(green lines). Baseline indicates 0% difference from the Cm. The
plots in Figure 6a represent differences in the forelimb represen-
tations of the dorsal premotor and the primary sensory-motor
cortices along the ribbon highlighted in the brain sketch above
the graphs. In the left hemispheres of the two E monkeys ipsilat-
eral to the grasping hand, activity of all cortical areas is similar to
that of the corresponding areas in the Cm (Fig. 64, dotted red line
fluctuates around 0%). In contrast, significantly larger activa-
tions were found within the premotor and primary sensory-
motor cortices of the hemispheres contralateral to the grasping
hand (Fig. 64, solid red line) resulting in a pronounced side-to-
side difference in the E monkeys. Interestingly, the corresponding
side-to-side difference in the O monkeys is much smaller (Fig. 64,
distance between the solid and the dotted green lines). Conse-
quently, the sensory-motor activations induced by action execu-
tion are mostly contralateral to the moving forelimb, in contrast
to those elicited by action observation, which are mainly bilateral
(see also Table 1). Moreover, in the O monkeys the primary
sensory-motor cortex is less activated, whereas the dorsal premo-
tor is more activated, than the corresponding areas of the affected
hemisphere (contralateral to the moving forelimb) of the E mon-
keys (Fig. 6a, Table 1). The plots in Figure 6b represent percent-
age LCGU differences between the experimental and the Cm
monkeys across the rostrocaudal extent of the dorsal bank of the
cingulate sulcus. Smaller side-to-side differences and higher an-
terior (than posterior) activations in the O relative to the E mon-
keys were also found in this case (Fig. 6b) as well as in other
medial cortical areas (Table 1).

Discussion

Effects induced by grasping execution and

grasping observation

Our quantitative high-resolution neuroimaging study combined

with cytoarchitectonic identification of cortical areas demon-

strates conclusively for the first time the extensive overlap of the

action execution and action observation systems within the lat-

eral and medial frontal and cingulate sensory-motor cortical net-

work of primates. Of course, the overlapping activations for ac-

tion execution and action observation do not necessarily indicate

involvement of the same cell populations in the two conditions.
Of the lateral-frontal cortical areas we examined, the distal

forelimb representations in MI/F1 and SI of the Cs were activated

<«

rior; D, dorsal; P, posterior; V, ventral. b, Schematic llustration of the geometrically normalized
reconstructed cortical field. Black lines correspond to surface landmarks and white lines to
cytoarchitectonically identified borders of the labeled cortical areas. Arrows 1-3 indicate the
dorsoventral levels of the corresponding lines in a. ¢, Averaged map from the two hemispheres
of the motion-control monkey. d, Averaged map from the right hemispheres (contralateral to
the moving forelimb) of the two grasping-execution monkeys. e, Averaged map from the right
hemispheres of the three grasping-observation monkeys. Grayscale bar indicates LCGU values
in micromoles per 100 g per minute.
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for both execution and observation, in
contrast to the proximal forelimb repre-
sentation in the MI/F1 of the convexity
(rostral to the Cs), which was activated
only for grasping execution. The F2-
forelimb representation, the F5-bank, and
F5-convexity were involved in both execu-
tion and observation of grasping. Our
findings confirm previous reports demon-
strating that mere observation of goal-
directed hand actions modulates activity
in the MI/F1 and SI (Hari et al., 1998; Avi-
kainen et al., 2002), the dorsal (Grafton et
al., 1996; Decety et al., 1997; Buccino et al.,
2001; Cisek and Kalaska, 2004; Filimon et
al,, 2007), and the ventral premotor
(Grafton et al., 1996; Rizzolatti et al., 1996;
Decety et al., 1997; Nelissen et al., 2005)
cortical areas, which are normally acti-
vated by execution of the same hand
movements, and facilitates the excitability
of the observer’s spinal circuitry, which is
normally involved in hand movement ex-
ecution (Fadiga et al., 1995; Maeda et al.,
2002; Romani et al., 2005). Our findings
also confirm previous studies reporting
that the motor circuitry is activated mainly
contralaterally to the moving forelimb for
action execution (Gregoriou et al., 2005)
and bilaterally for action observation
(Nishitani and Hari, 2000; Costantini et
al., 2005; Filimon et al., 2007). Our finding
that F7 is involved in observation, F2 in
both observation and execution, and MI/
Fl-convexity in execution is compatible
with reports that the rostral part of the hu-
man premotor cortex is more active dur-
ing motor imagery and the caudal part
during motor execution of hand move-
ments (Gerardin et al., 2000; Lacourse et
al., 2005).

Of the medial-frontal and cingulate
cortical areas that we examined, F6/pre-
SMA, 8m, 9m, anterior 24d, 24c, 24ab, and
SSA were involved in both execution and
observation, whereas F3/SMA-proper,
CMAs, and area 23 were involved mainly
in execution. Our findings confirm previ-
ous reports demonstrating that observa-
tion and execution of goal-directed hand
actions activate in common medial-
frontal areas 9 and 6-rostral (Grafton et al.,
1996; Decety et al., 1997). Interestingly,
area F6/pre-SMA herein documented to be involved in both ac-
tion execution and action observation has been associated with
effector-independent aspects of motor behavior (Fujii et al.,
2002), whereas area F3/SMA-proper herein found to be involved
only in action execution is known to project directly to MI/F1 and
the spinal cord (He et al., 1995) and to be more closely associated
with actual execution (Fujii et al., 2002). Our finding that only the
F6/pre-SMA is involved in action observation, whereas both F6/
pre-SMA and F3/SMA-proper are involved in action execution, is
consistent with reports of a covert-to-overt rostrocaudal segrega-

Figure 3.

are asin Figure 2.
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Quantitative 2D maps of metabolic activity in the medial convexity and the Cgs. a, Medial view of a monkey brain
with the Cgs unfolded. Dotted line depicts the fundus of the sulcus. Shaded area represents the reconstructed cortex. b, Schematic
illustration of the geometrically normalized reconstructed cortical field. Black lines correspond to surface landmarks and white
lines to cytoarchitectonically identified borders of the labeled cortical areas. ¢, Averaged map from the two hemispheres of the
motion-control monkey. d, Averaged map from the right hemispheres (contralateral to the moving forelimb) of the two grasping-
execution monkeys. e, Averaged map from the right hemispheres of the three grasping-observation monkeys. Other conventions

tion reported in the medial-frontal cortex (Stephan et al., 1995;
Decety, 1996; Grafton et al., 1996; Gerardin et al., 2000; Nishitani
and Hari, 2000; Costantini et al., 2005; Filimon et al., 2007). Also,
our finding that the medial cortical area 9 and the anterior part of
area 24 are involved in both execution and observation is com-
patible with the suggestion that these areas control a goal-based
action selection (Matsumoto et al., 2003). Finally, the region in
the caudalmost portion of the Cgs, which was activated for both
execution and observation of action in our study, corresponds to
an area that has been designated as the transitional and supple-
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common

. execution

. observation

Figure 4. Lateral-frontal cortical maps of percentage LCGU differences from the Cm. Per-
centage differences were calculated using the formula (E — Cm)/Cm < 100 for execution and
(0 — Cm)/Cm X 100 for observation. a, Map of net execution-induced activations averaged
from the right hemispheres (contralateral to the moving forelimb) of the two grasping-
execution monkeys. b, Map of net observation-induced activations averaged from the right
hemispheres of the three grasping-observation monkeys. Color bar indicates percentage LCGU
differences from the Cm. ¢, Superimposition of @ and b. Red and green represent activations
>10% induced by grasping execution and grasping observation, respectively. Yellow stands
for activations induced by both execution and observation of the same action. White lines
correspond to the surface landmarks and the cytoarchitectonic borders illustrated in Figure 2.

mentary somatosensory area (SSA) and that is strongly con-
nected to the sensory-motor specific cortices (Murray and
Coulter, 1981; Morecraft et al., 2004).

Mental simulation of actions in the service of

action recognition

The fact that the execution and the observation of the same action
rely on alargely common distributed neural system indicates that
they are functionally intertwined and substantiates the often-
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comman

. execution . observation

Figure 5.  Maps of the medial convexity and the cingulate sulcus: percentage LCGU differ-
ences from the Cm. a, Map of net execution-induced activations averaged from the right hemi-
spheres (contralateral to the moving forelimb) of the two grasping-execution monkeys. b, Map
of net observation-induced activations averaged from the right hemispheres of the three
grasping-observation monkeys. Color barindicates percentage LCGU differences from the Cm. ¢,
Superimposition of @ and b. Red and green represent activations >10% induced by grasping
execution and grasping observation, respectively. Yellow stands for activations matched for
execution and observation. White lines correspond to the surface landmarks and the cytoarchi-
tectonic borders illustrated in Figure 3.

considered parity between perception and action. Our finding
that observing an action excites the motor programs used to ex-
ecute that same action implies that observation of an action cor-
responds to simulation of its overt counterpart. Therefore, to
recognize the actions of another person and to understand his
behavior, the observer may be putting himself in the actor’s
shoes. This mechanism resembles the internal recital or the men-
tal rehearsal of the observed action. In other words, we could be
decoding the actions of others by activating our own action sys-
tem. We could understand observed actions by executing them
“mentally.”

It is reasonable to ask why the activation of the motor system
during observation of an action does not result in overt move-
ments. As previously proposed, a dual mechanism may operate at
the spinal level, involving a subthreshold excitatory corticospinal
input (preparation to move) and a parallel inhibitory influence
(suppression of overt movement) via the brainstem or the cere-
bellum (Blakemore et al., 2001; Jeannerod, 2001). The herein
documented smaller (by 50%) activation of the MI/F1-forelimb
in the Cs for action observation than for action execution sup-
ports the hypothesis that the actions of others are decoded by
activating one’s own corticospinal system at a subthreshold level.
Similarly, our finding that the rostrodorsal and rostroventral lat-
eral premotor cortical activations are higher (by 40%) for action
observation than for action execution supports the hypothesis
that a parallel inhibitory influence may block the overt action. For
example, area F7, which is activated for observation but not for
execution, may inhibit the a-motoneurons via the brainstem
(Keizer and Kuypers, 1989). A more detailed picture of the pos-
sible underlying inhibitory network(s) will be obtained when the
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Figure 6.  Plots of percentage LCGU differences along the rostrocaudal extent of the recon-
structed cortical fields. Red plotsillustrate the differences between the two execution monkeys
and the Cm. Green plots illustrate the differences between the three observation monkeys and
the Cm. Plots with solid and dotted lines correspond to the right and the left hemispheres,
respectively. Red and green shaded areas indicate 95% confidence intervals. Baseline corre-
sponds to 0% LCGU difference from the Cm. a, Plot along the rostrocaudal extent of the forelimb
representations in the dorsal premotor (F7, F2) and the primary sensory-motor (F1/MI, SI)
cortices (along the ribbon highlighted in the drawing above the plots). Zero rostrocaudal extent
represents the point of alignment of the horizontal brain sections in the lateral-frontal recon-
structed maps, i.e., the anterior crown of the Cs. Areas rostral and caudal to the anterior crown
of the Cs are represented by negative and positive values, respectively. b, Plot along the rostro-
caudal extent of the dorsal bank of the Cgs, highlighted in the drawing above the plots.

cerebellar and brainstem motor components of our monkeys are
analyzed.

It is also reasonable to expect that the simulation of actual
movements, which as we suggest underlies action observation,
would cause facilitation of their subsequent execution. As a con-
sequence, motor skills could be learned by observation (Mattar
and Gribble, 2005). Indeed, the role of observation and imagery
(or mental practice) in the teaching of motor skills has already
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been stated (Hall et al., 1992). Accordingly, we may build our
motor repertory by incorporating not only our motor experi-
ences, but also those of other individuals.

Allin all, our results undermine the “mirror neuron system”
concept. The herein documented fact that the neural correlates of
the observation-driven system in the frontal cortex extend well
beyond the F5-convexity, where the “mirror neurons” reside
(Gallese et al., 1996; Rizzolatti et al., 1996), supports the sugges-
tion that a broader process such as “mental simulation of action”
rather than “mirroring” is responsible for action recognition
(Goldman and Sebanz, 2005). The concept of mirroring reflects
the function of a certain class of cells in premotor area F5 and
parietal area PF, which discharge both when a monkey executes
an action and when the same monkey observes another subject
executing the same action. It thus provides a possible neural sub-
strate for understanding the actions of others. In contrast, the
mental simulation theory assigns the role of understanding oth-
ers’ actions to the entire distributed neural network, which is
responsible for the execution of actions. In this scenario, action
simulation serves the perception of action. Once in place, the
neural circuitry that supports action execution can be also used to
support the recognition of actions (Goldman and Sebanz, 2005).
Neural networks that originally evolved to generate actions ran
off-line (decoupled from actual movement) to help understand
the actions of others. Accordingly, motor cognition is embodied
in action, a notion that supports perceptual (rather than amodal)
theories of knowledge claiming that sensory—motor simulators
implement fully functional conceptual systems (Barsalou, 1999).

Attribution of action to the correct agent

The activations induced by observation of grasping movements
in anterior premotor areas of the lateral-frontal cortices were
stronger than those induced by execution of grasping. In con-
trast, the activation induced by observation of grasping in the
M1I/SI-forelimb area was weaker than that induced by execution
of grasping. Also, the effects induced by action observation were
mainly bilateral, whereas those induced by action execution were
mostly contralateral to the moving forelimb. These differential
activations of premotor and primary sensory—motor cortices
could play arole in attributing the action to the correct agent, i.e.,
to the other agent during action observation and to the self dur-
ing action execution. For example, the higher level of MI/FI-
forelimb cortical activity for action execution may reflect the in-
tended movement (input from the activated premotor cortex)
and the actual motor command (MI/F1 cellular activity), whereas
the 50% lower activity for action observation may reflect the
intended movement only. Also, the higher level of SI-forelimb
cortical activity for action execution may reflect the anticipated
sensory consequence of the movement (based on efference copy
from MI/F1) and the actual afferent feedback (signal from the
muscles), whereas the 50% lower activity for action observation
may reflect the anticipated consequence of the movement only.
Furthermore, although there is no direct evidence from our data,
we suggest that the bilateral and more intense (dorsal and ven-
tral) lateral premotor cortical activations for action observation
could reflect the discrepancy between the programmed (repre-
sented) movement and the lack of the corresponding sensory
feedback. In other words, they could reflect the incongruence
between the predicted consequence of the triggered movement
representation and the lack of its actual afferent feedback during
mere observation. Interestingly, the experience of ourselves or
others as the cause of an action may derive from the ability to
compare motor commands with reafference from the body
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movements and external events caused by the commands (John-
son and Haggard, 2005). There are several reports assigning to the
anterior section of the frontal cortex a role in sense of agency
(feeling in control over a sensory event linked to one’s own ac-
tion), action attribution (deciding which action belongs to which
agent), and mental-state ascription [for review, see Decety and
Sommerville (2003) and Gallagher and Frith (2003)]. However,
our findings suggest that the anterior frontal cortical areas asso-
ciated with attribution of action in the abovementioned studies
may constitute central components of the execution/perception
distributed sensory—motor circuit rather than extra machinery
functioning on a side path of this circuitry.
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Functional Imaging of the Parietal Cortex
during Action Execution and Observation

We used the '*C-deoxyglucose method to map the functional
activity in the cortex of the lateral and medial parietal convexity,
the intraparietal and the parietoccipital sulci of monkeys which
either reached and grasped a 3D-object or observed the same
reaching-to-grasp movements executed by a human. Execution of
reaching-to-grasp induced activations in the superior parietal areas
Sl-forelimb/convexity, PE, PEc; in the intraparietal areas PEip, MIP,
5IPp, VIP, AIP, LIP dorsal; in the inferior parietal areas PF, PFG, PG;
in the parietoccipital areas V6, V6A-dorsal; in the medial cortical
areas PGm/7m and retrosplenial cortex. Observation of reaching-to-
grasp activated areas Sl-forelimb/convexity, PE lateral, PEc, PEip,
MIP, VIP, AIP, PF, V6, PGm/7m, 31, and retrosplenial cortex. The
common activations were stronger for execution than for ob-
servation and the interhemispheric differences were smaller for
observation than for execution, contributing to the attribution of ac-
tion to the correct agent. The extensive overlap of parietal
networks activated for action execution and observation supports
the “mental simulation theory” which assigns the role of un-
derstanding others’ actions to the entire distributed neural network
responsible for the execution of actions, and not the concept of
“mirroring” which reflects the function of a certain class of cells in
a couple of cortical areas.

Keywords: action observation, grasping, intraparietal cortex, mental
simulation, parietal lobule, parietoccipital cortex

Introduction

Attributing actions to the correct agent and assigning meaning
to the actions of other subjects is an essential aspect of efficient
behavior. This underlines the importance of examining
whether the production and perception of actions rely on
different or common distributed neural systems. It was recently
shown that the neural system that helps match action per-
ception to action generation encompasses widespread frontal
and cingulate cortical circuits. We demonstrated that extensive
regions of both the lateral- and medial-frontal cortex, including
several premotor and cingulate areas as well as the primary
motor and somatosensory cortices are activated when subjects
observe object-related hand actions, and they are activated
somatotopically as they are for execution of the same actions
(Raos et al. 2004, 2007).

Because the parietal cortex is considered a bridge between
perception and action, with neurons in the superior (SPL,
mainly Brodmann’s area 5) and inferior parietal lobule (IPL,
area 7) involved in higher order sensorimotor integration
during hand manipulation tasks (Mountcastle et al. 1975),
receiving convergent input from different sensory modalities as
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well as efference copy signals from motor areas to guide eye
and forelimb movements (Andersen 1989; Kalaska et al. 1990;
Savaki et al. 1993; Colby and Goldberg 1999), we decided to
explore whether parietal areas are also involved in the so called
“action observation/action execution matching system.” We
used the ["*C]-deoxyglucose (**C-DG) quantitative autoradio-
graphic method (Sokoloff et al. 1977) to obtain high-resolution
functional images of the monkey parietal cortical areas
activated for execution and observation of reaching-to-grasp.
The '*C-DG method is the only imaging approach to offer the
following advantages: 1) direct assessment of brain activity, 2)
quantitative measurement of glucose consumption, 3) re-
solution of 20 pum, and 4) cytoarchitectonic identification
of cortical areas in sections adjacent to the autoradiographic
ones.

We examined 1) the parietal convexity including the
superior parietal areas SI, PE, PEc and the inferior parietal
areas PF, PFG, PG, and Opt (Pandya and Seltzer 1982; Gregoriou
et al. 2006), 2) the intraparietal cortex including areas, PEip,
MIP, 5VIP (Colby et al. 1988; Matelli et al. 1998; Gregoriou and
Savaki 2001) and the caudalmost intraparietal region of the
medial bank (5IPp) as well as areas AIP, LIP, LOP/CIP, 7VIP of
the lateral bank (Colby et al. 1993; Lewis and Van Essen 20004,
2000b; Gregoriou and Savaki 2001; Tsutsui et al. 2003; Borra
et al. 2008), and 3) the medial parietoccipital cortical areas
VO6A, V6 (Galletti, Fattori, Gamberini, et al. 1999; Galletti,
Fattori, Kutz, et al. 1999). Finally, we examined additional
medial cortical regions such as the PGm/7m (Pandya and
Seltzer 1982; Cavada and Goldman-Rakic 1989a, 1989b) and the
retrosplenial cortical areas 29 and 30 (Morris et al. 1999) as
well as area 31 located at the medial surface between the
posterior cingulate area 23c¢ and the medial parietal area PGm/
7m (Morecraft et al. 2004). Histological examination of the
brain sections enabled us to assign most of the activated
regions of the reconstructed metabolic maps to cytoarchitec-
tonically defined areas of the parietal lobe.

As we demonstrated earlier for the frontal lobe (Raos et al.
2004, 2007), here we show also for the parietal lobe that largely
overlapping widespread cortical circuits are recruited for both
action perception and action generation. Thus, far from being
restricted to the medial and lateral frontal cortical areas, the
action observation/execution matching system also involves
extensive regions of the lateral, medial and intraparietal cortex
of the primate brain. The present findings provide further sup-
port to our earlier suggestion that we understand the actions of
others by recruiting the same cortical circuits which are
responsible for execution of the same actions, in other words
that we understand others’ actions by mentally simulating them
(Raos et al. 2007).
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Methods

Subjects

Six adult female monkeys (Macaca mulatta) weighing between 4 and
5 kg were used. Experiments were approved by the institutional animal
use committee in accordance with European Council Directive 86/
609/EEC. A detailed description of the surgical procedures, the
behavioral apparatus and the tasks, the EMG recording and the eye-
position recording was previously reported (Raos et al. 2004). In brief,
monkeys had their heads fixed and a water delivery tube attached close
to their mouth. For immobilization of the head, a metal bolt was
surgically implanted on the head of each monkey with the use of
mandibular plates that were secured on the bone by titanium screws
(Synthes). All surgical procedures were performed under general
anesthesia using aseptic techniques. Digitized electromyograms,
recorded from the biceps and wrist extensor muscles with surface
electrodes, were previously reported (Raos et al. 2004). Eye movements
were recorded with an infrared oculometer (Fig. 1). All monkeys were
trained to perform their tasks continuously for at least 1 h/day for
several months before the YC-DG experiment, receiving water as
reward. On the day of the "c.DG experiment, monkeys performed
their tasks during the entire experimental period of 45 min.

Bebavioral Tasks

The behavioral apparatus was placed in front of the monkeys at
shoulder height, 20 or 50 cm away depending on whether the monkey
or the experimenter had to reach and grasp. A sliding window (circular
window of 8° diameter) at the front side of the apparatus allowed the
subject (monkey or experimenter) to grasp a horizontally oriented ring
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Figure 1. Instantaneous eye-position as a function of time. Solid lines of plots
correspond to the instantaneous eye-position averaged over all trials during the
critical 10 first min of the '“C-DG experiment. Shaded area around solid lines
represents the standard deviation. Eye-position calibration bars (ranging between —
10 and +10°) are aligned on the onset of trials. (a) Action execution: average of 2
monkeys. (b) Action observation: average of 3 monkeys, and (c), biological motion
contral.
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using a digging out grip with the index finger inserted into it (with
pronated hand). In order to control for possible rate-related effects, the
mean rate of movements was set to be similar for the execution and the
observation tasks, as well as for the arm-motion control.

Two grasping-execution (E) monkeys were trained to reach and
grasp with their left forelimbs, whereas the right ones were restricted.
These monkeys were required to fixate the illuminated object behind
the opened window for 0.7-1 s, until a dimming of the light would
signal reaching, grasping and pulling the ring with the left forelimb
while maintaining fixation. The maximum latency to grasp the object
was set to 1 s, although the movement was usually completed within
500-600 ms. The E monkeys were allowed to move their eyes outside
the window only during the intertrial intervals, which ranged between
2and 25 s.

Three grasping-observation (O) monkeys were first trained to
perform the task of the E monkeys, and then trained to observe the
same reaching-to-grasp movements executed by the experimenter.
Although execution-training took place months before the "c.DG
experiment, in order to cancel any possible interhemispheric effects
due to this earlier training, the first monkey was trained to reach and
grasp with its left hand, the second one with its right hand and the third
one with both hands consecutively. Thus in the observing monkeys, any
interhemispheric effect due to the earlier grasping-training would be
canceled out by comparing the average quantitative map of the 3 left
hemispheres with the average map of the 3 right hemispheres. Both
forelimbs of the O monkeys were restricted during the observation-
training and during the “c-pG experiment. The experimenter was
always standing on the right side of the monkey and was using the right
arm/hand for reaching/grasping. Both reaching and grasping compo-
nents of the movement were visible to the monkey. Object and
movement parameters as well as eye movements and intertrial intervals
were similar to the ones described for the E monkeys.

The arm-motion control (Cm) monkey had both hands restricted and
was trained to maintain its gaze straight ahead (within the 8° diameter
circular window) during the opening of the window of the apparatus,
the presentation of the illuminated object behind the opened window,
the closure of the window, and while the experimenter was reaching
with extended hand toward the closed window (for a total period of
2.7-3 s per trial). The direction of motion and velocity of the ex-
perimenter’s arm were the same as in the observation task, but the Cm
monkey was not exposed to the view of hand preshaping and object-
hand interaction. Accordingly, this control monkey was used to take
into account the effects of 1) the biological motion of the purposeless
(non-goal-directed) reaching arm and 2) the visual stimulation by the
3D object. Therefore, subtraction of the Cm activity from that of the
reaching and grasping monkeys revealed the effects of the goal-
directed reaching-to-grasp behavioral component. The Cm monkey was
allowed to move its eyes outside the circular window only during the
intertrial intervals, which ranged between 2 and 2.5 s.

DG Experiments
During the day of the "c.DG experiment, monkeys were subjected to
femoral vein and artery catheterization under general anesthesia, and
were allowed 4-5 h to recover. Plasma glucose levels, blood pressure,
hematocrit, and blood gases ranged within normal values in all monkeys
and remained constant throughout the “cpG experiment. A pulse of
100 pCi/kg of 2-deoxy-p-[1-'1C] glucose (specific activity 55 mCi/
mmol, ARC) dissolved in saline was delivered (by intravenous injection)
5 min after each monkey started its behavioral task. Arterial samples
were collected from the catheterized femoral artery during the
succeeding 45 min, and the plasma C-DG and glucose concentrations
were measured. At 45 min, the monkey was sacrificed by intravenous
injections of 50 mg sodium thiopental in 5 ml of saline, and then
a saturated potassium chloride solution. The cerebral hemispheres, the
cerebellum and the spinal cord were removed, frozen in isopentane at -
50 °C and stored at -80 °C. Serial 20-pm-thick horizontal sections were
cut in a cryostat at -20 °C. Autoradiographs were prepared by exposing
these sections, together with precalibrated '4C-standards, with medical
X-ray film (Kodak Biomax MR) in X-ray cassettes.

One section every 500 pm was stained with thionine for identifica-
tion of the cytoarchitectonic borders of cortical areas of the parietal
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convexity (Pandya and Seltzer 1982; Gregoriou et al. 2006), the IPs
(Medalla and Barbas 2000), and the POs (Luppino et al. 2005). Labeling
of cortical areas of interest was based on their position relative to
surface brain landmarks and their cytoarchitectonically identified
borders. Quantitative densitometric analysis of autoradiographs was
performed with a computerized image processing system (Imaging
Research, Ontario, Canada), which allowed integration of the local
cerebral glucose utilization (LCGU) values within each area of interest.
LCGU values (in pmol/100 g/min) were calculated as in the authors’
previous experiments (Savaki et al. 1993; Raos et al. 2004), from the
appropriate kinetic constants for the monkey (Kennedy et al. 1978), by
the original operational equation of the “C-DG method (Sokoloff et al.
1977). Normalization of LCGU values was based on the averaged
unaffected gray matter value pooled across all monkeys (Savaki et al.
1993; Gregoriou and Savaki 2003).

Reconstruction of Two-Dimensional Maps of Activity
Two-dimensional (2D) reconstructions of the spatial distribution of
metabolic activity within the rostrocaudal and the dorsoventral extent
of the cortical areas of the parietal lobe in each hemisphere were
generated as previously described (Dalezios et al. 1996; Savaki et al.
1997). To cover the full extent of the cortex of the parietal convexity
about 1000 serial horizontal sections, 20 um thick, were used from
cach hemisphere of each monkey, whereas 500 sections were used
for the reconstruction of the intraparietal cortex, and 650 for the
reconstruction of the parietoccipital and the medial parietal cortex.
For each horizontal section, a data array was obtained by sampling
the LCGU values along a rostrocaudal line parallel to the surface of
the cortex and covering all cortical layers (anteroposterior sampling
spatial resolution 50 um/pixel). Every 5 adjacent horizontal sections
of 20 pum, data arrays were averaged and plotted to produce one line
in the 2D-maps of activity (spatial resolution of plots 100 pum). The
posterior crown of the central sulcus (Cs) was used for the alignment
of adjacent data arrays in the reconstruction of the parietal convexity.
The caudalmost part of the IPs, that is, the intersection of the IPs with
the POs and the lunate sulcus (Ls) was used for the alignment of
adjacent data arrays in the reconstruction of the IPs. Finally, the in-
tersection of the anterior bank of the POs with the medial surface
of the cortical hemisphere (i.e., the medial crown of POs) was used
for the alignment of adjacent data arrays in the reconstruction of
the POs. Tick marks in each horizontal section labeling surface
landmarks of the brain, such as crown, fundus and intersections of
sulci, as well as cytoarchitectonically identified borders of cortical
areas of interest were used to match the 2D-maps obtained from dif-
ferent hemispheres and animals (see geometrical normalization of
maps, below).

Geometrical Normalization of the 2D Maps of Activity

In order to allow for the direct comparison of the sites of activation
despite the inter- and intrahemispheric variability, the individual
functional (**C-DG) and anatomical (cytoarchitectonic) 2D-maps were
further processed to match a reference map. The general procedure of
the geometrical normalization of these maps was previously described
(Bakola et al. 2006; Raos et al. 2007). In specific, for the parietal-
convexity maps (Fig. 2a,b), the section by section rostrocaudal dis-
tances between 1) the posterior crown of the Cs (point of alignment)
and the surface landmarks (anterior crown, fundus, posterior crown) of
the postcentral dimple (pcd) (for dorsal sections) or the IPs (for middle
sections) or the lateral fissure (for ventral sections), 2) the latter and
the posterior tip of the brain (for dorsal sections) or the anterior crown
of either the superior temporal sulcus or the lateral fissure (for middle
sections) were measured. Moreover, the section by section dorsoven-
tral distances between 1) the dorsalmost tip of the brain and the IPs, 2)
the latter and the cytoarchitectonically identified Opt/PG border, 3)
the latter and the cytoarchitectonic border between PG and PFG, 4) the
latter and the PFG/PF border, 5) the latter and the ventral PF border, 6)
the latter and the ventralmost section of the reconstruction were also
measured. The average of each one of these measures was computed to
produce a reference map of landmarks (Fig. 26). The reference map of
landmarks in the intraparietal cortex was generated similarly (Fig.
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Figure 2. Quantitative 2D-maps of metabolic activity in the lateral parietal cortex. (a)
Lateral view of the left hemisphere of a monkey brain. Shaded area indicates the
reconstructed cortex around the intraparietal sulcus (IPs), surrounded by the central
(Cs) and superior temporal (STs) sulci and the lateral fissure. Horizontal lines 1-3
correspond to 3 different dorsoventral levels of brain sectioning. A, anterior; D, dorsal;
P, posterior; V, ventral. (b) Schematic representation of the geometrically normalized
reconstructed cortical field. Black lines correspond to surface landmarks, solid white
lines to cytoarchitectonically identified borders of the labeled cortical areas, and the
interrupted white line to the SI/PE border based on reported maps. Arrows 1-3
indicate the dorsoventral levels of the corresponding lines in panel a. pcd, postcentral
dimple unfolded, with the dotted line representing its fundus and the solid lines its
crowns. PE-l, PE-m, lateral and medial portions of area PE. The rest of abbreviated
cortical areas are described in the text. (c) Averaged map from the 2 hemispheres of
the motion-control monkey, Cm. (d) Averaged map from the left hemispheres of the 2
action execution monkeys, El (ipsi). (¢) Averaged map from the right hemispheres
(contralateral to the moving forelimb) of the 2 action execution monkeys, Er (contra).
(f) Averaged map from the left hemispheres of the 3 action observation monkeys, Ol.
(g) Averaged map from the right hemispheres of the 3 action observation monkeys,
Or. Gray-scale bar indicates LCGU values in pmol/100 g/min.

3a,b). The distances used here were those between the anterior crown

of the IPs, its fundus and its posterior crown for the dorsoventral
dimension. For the anteroposterior dimension, the distances used were
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Figure 3. Quantitative 2D-maps of metabolic activity in the intraparietal sulcus (IPs). (a) Postero-lateral view of the partially dissected left hemisphere of a monkey brain. The IPL
was cut away at the level of the posterior crown of the IPs, the occipital lobe was also cut away at the level of the fundus of POs and Ls, and the IPs was unfolded. Dotted black
line depicts the fundus of the sulcus. Shaded area represents the reconstructed medial (upper) and lateral (lower) banks of the cortex. (b) Schematic illustration of the
geometrically normalized reconstructed cortical field. Black lines correspond to surface landmarks, solid and interrupted white lines correspond to cytoarchitectonically and
functionally identified borders, respectively, of the labeled cortical areas. (c) Averaged map from the 2 hemispheres of the Cm monkey, Cm. (d) Averaged map from the left
hemispheres of the 2 execution monkeys, El (ipsi). (e) Averaged map from the right hemispheres (contralateral to the moving forelimb) of the same monkeys, Er (contra). (f)
Averaged map from the left hemispheres of the 3 observation monkeys, Ol. (g) Averaged map from the right hemispheres of the 3 observation monkeys, Or. Other conventions as

in Figure 2.

those between the cytoarchitectonically identified borders of LIP
dorsal and LIP ventral for the lateral bank, and those between the
functionally identified border of PEip and the cytoarchitectonic borders
of area MIP for the medial bank (Fig. 3b). Finally, the reference map of
landmarks in the parietoccipital cortex was generated similarly (Fig.
4a,b). The distances used here were those between the surface
landmarks of the medial parietoccipital sulcus (POm) and the medial
and lateral crowns of POs as well as those between the cytoarchitec-
tonic borders of V6 and V6A (Fig. 4b, white lines). Each individual
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cortical map with its own segments’ landmarks was linearly trans-
formed in Matlab (MathWorks, Inc.) to match the reference map. With
this procedure, although the total surface of an area may change when
it is geometrically normalized, the intensity and the spatial distribution
of LCGU effects are preserved within it because these effects are
proportionally shrunk or expanded within its borders. The geo-
metrically normalized maps were used 1) to obtain average-LCGU
maps out of control or experimental hemispheres and 2) to subtract
control from experimental averaged maps.
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Figure 4. Quantitative 2D-maps of metabalic activity in the medial parietal and parietoccipital cortex. (a) Postero-lateral view of the partly dissected left hemisphere of a monkey
brain with partial view of its mesial surface. The IPL was cut away at the level of the fundus of the IPs to show the cortex of the medial bank of this sulcus. The occipital lobe of
the same hemisphere was also cut away at the level of the fundus of the POs and the Ls to show the cortex of the anterior bank of POs. Shaded area represents the
reconstructed cortex including part of the medial bank of IPs, the anterior bank of POs and the adjacent part of the medial parietal cortex. (b) Schematic illustration of the
geometrically normalized reconstructed cortical field. Different shades of gray correspond to those in panel a. Black lines represent surface landmarks, solid and interrupted white
lines represent cytoarchitectonically and functionally identified borders, respectively, of the labeled cortical areas. The vertical black line in the middle of the reconstructed field
depicts the medial crown of the anterior bank of POs (mc POs), point of alignment of the serial horizontal sections. The black line on its left demarcates the lateral crown of POs (Ic
POs) which partially corresponds to the intersection of the 3 sulci: IPs, POs and Ls. POm, medial parietoccipital sulcus, which is unfolded, with labeled its anterior crown (ac),
fundus (f), and posterior crown (pc). (c) Averaged map from the 2 hemispheres of the motion-control monkey, Cm. (d) Averaged map from the left hemispheres of the 2
execution monkeys, El (ipsi). (e) Averaged map from the right hemispheres (contralateral to the moving forelimb) of the same monkeys, Er (contra). (f) Averaged map from the left
hemispheres of the 3 observation monkeys, Ol. (g) Averaged map from the right hemispheres of the same monkeys, Or. POm, medial parietoccipital sulcus. Other conventions as

in Figure 2.

Statistical Analysis

The average-LCGU values were calculated in sets of 5 adjacent sections
(20 pm thick) throughout each cortical area of interest in each
hemisphere. Experimental (E and O) to control (Cm) LCGU values
were compared for statistical significances by the Student’s unpaired
t-test. Given that ipsilateral to contralateral LCGU values in normal
control monkeys range up to 7% (Kennedy et al. 1978), only differences
from the Cm higher than 7% were considered for statistical treatment
(Bakola et al. 2006). The percent LCGU differences between the
experimental (E and O) and the control (Cm) monkeys were generated
using the formulae (E - Cm)/Cm x 100 and (O - Cm)/Cm x 100.

Results

All monkeys were trained for several months before the “c-pG
experiment to perform their tasks continuously for at least 1 h/
day. On the day of the “cpG experiment, monkeys performed
their tasks for the entire experimental period (45 min) without
any breaks, and successful completion of each trial was
rewarded with water. Success rate remained roughly constant
(>90%) throughout the experiment. The mean rate of move-

ments was similar for the execution and the observation tasks,
as well as for the arm-motion control. To examine whether the
differences in the performance of animals could influence our
results, we compared the glucose consumption of the affected
cortical areas between the 2 E monkeys which displayed a 33%
difference in performance (executing 8 and 12 movements per
min, respectively). This comparison showed that the differ-
ences in glucose consumption ranged between 4% and 9%, de-
spite the fact that the performance differed by 33%. Apparently,
the activation of the task-related areas in 2 different monkeys is
similar provided that their task-performance exceeds a certain
threshold. The amount of time that the monkeys spent fixating
within the window of the behavioral apparatus during the
critical 10 first minutes of the '“C-DG experiment ranged
between 6 and 7 min. For the rest of the time, the animals did
not display any systematic oculomotor behavior that could
account for false-positive effects in oculomotor related areas. In
other words the line of sight of all the experimental monkeys
was at random positions throughout the entire oculomotor
space, same way as that of the biological motion control.
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During the critical 10 first minutes of the “cpG experi-
ment, the Cm monkey observed 9 movements of the
experimenter’s arm per min and fixated within the window
of the behavioral apparatus for 6 min. Because we found no
significant interhemispheric difference of glucose consump-
tion in any parietal area of the Cm monkey, the quantitative
glucograms (maps of LCGU) of the cortex of the parietal
convexity (Fig. 2¢), the intraparietal cortex (Fig. 3¢) and the
parietoccipital/medial parietal cortices (Fig. 4¢) of one side
were averaged with the corresponding ones of the other side.
The averaged glucogram of this monkey was used for mea-
surement of control LCGU values in cortical areas of interest
and comparisons with the experimental monkeys (Table 1).

The E monkeys executed an average of 10 movements per
min during the critical 10 first minutes of the "“c.pG
experiment and fixated within the window of the behavioral
apparatus for 7 min. We generated glucograms of the parietal
convexity (Fig. 2d), the intraparietal (Fig. 3d) and the
parietoccipital (Fig. 4d) cortices by averaging the 2 corre-
sponding geometrically normalized glucograms in the left
hemispheres (ipsilateral to the moving forelimb) of the 2 E
monkeys. The latter glucograms as well as the equivalent ones
in the right hemispheres (Figs 2e, 3¢, and 4e, contralateral to
the moving forelimb) were used for measurement of the LCGU
values in cortical areas of interest, their statistical comparisons,
and the estimation of the percent differences from the
corresponding values of the Cm monkey (Table 1).

The O monkeys observed an average of 12 movements per
min during the critical 10 first minutes of the '*C-DG
experiment and fixated within the window of the apparatus
for 7 min. We generated glucograms of the parietal convexity
(Fig. 2), the intraparietal (Fig. 3f) and the parietoccipital (Fig.
4f) cortices by averaging the 3 corresponding, geometrically
normalized glucograms in the left hemispheres of the 3 O
monkeys. The latter glucograms as well as the equivalent ones
in the right hemispheres (Figs 2g 3g, and 4g) were used for
measurement of the LCGU values in cortical areas of interest,
their statistical comparisons, and the estimation of the percent
differences from the Cm respective values (Table 1).

To illustrate the percent LCGU differences between the E
monkeys and the Cm, we generated images of the spatio-
intensive pattern of distribution of the metabolic activations,
using the formula (E - Cm)/Cm x 100 for each one of the
parietal-convexity, intraparietal and parietoccipital cortical
glucograms. When the averaged maps of the parietal-convexity
cortex in the left or in the right hemispheres of the E monkeys
are compared with the corresponding averaged map of the Cm
monkey (Fig. 5a,b, respectively), increased metabolic activity
(net activation) is apparent in several cortical regions (see also
Table 1). Superior parietal areas activated for execution of
grasping movements include the widespread forelimb repre-
sentation of Sl-convexity (Pons et al. 1985) and area PEc
contralaterally to the grasping forelimb, as well as area PE
lateral (corresponding to the forelimb representation in area 5

Table 1
Metabolic effects in parietal cortical areas of the monkey brain
Cortical area n Cm (LCGU = SD)  EI (LCGU = SD)  Er (LCGU =+ SD)  OI (LCGU = SD)  Or (LCGU = SD)  EI/Cm (%) Er/Cm (%)  OI/Cm (%)  Or/Cm (%)
SPL
SI convexity—pcd 32 521 62 + 3 61 =2 54 + 1 55 = 1 19 17 4 6
S| convexity—forelimb 48 56 = 3 55 + 5 65 + 4 56 + 4 61 =3 -2 16 0 9
S| convexity—forelimb (max) 20 53 +2 53 =2 65 = 2 57 =2 63 = 2 0 23 8 19
PE lateral (5-forelimb) 17 49 =1 53 =1 57 =1 53 +2 53 +1 8 16 8 8
PE medial 31 44 =1 48 + 1 51 =2 47 =1 46 =1 9 16 7 5
PEc 28 43 =1 44 + 2 50 =1 45 = 1 47 =1 2 16 5 9
Medial intraparietal bank
PEip anterior 102 49 =2 52 + 2 60 + 2 54 + 2 57 =1 6 22 10 16
PEip middle 73 48 =1 48 + 2 56 + 2 50 + 2 54 + 1 0 17 4 13
PEip posterior dorsal (MIPd) 37 46 =1 48 = 1 52 =2 47 =2 52 =1 4 13 2 13
PEip posterior ventral (MIPv) 3B 48 =1 49 + 3 57 =2 49 = 1 52 =1 2 19 2 8
5IPp 53 B3 =4 65 + 4 67 = 4 56 + 4 56 + 4 23 26 6 6
5VIP 28 47 =1 52 =1 54 + 1 54 + 1 54 + 1 1 15 15 15
Lateral intraparietal bank
AP 45 49 =1 53 + 1 60 + 2 54 + 3 51 +2 8 22 10 4
LIP dorsal 82 51 =2 55 + 4 58 + 5 52 =5 54 + 3 8 14 2 6
LIP ventral 82 522 50 = 6 53 =7 51 =5 54 + 5 —4 2 -2 4
LOP/CIP 102 51 =4 46 + 7 47 = 7 47 = 4 51 +3 -10 -8 -8 0
VIP 19 52 =1 59 + 1 62 + 1 61 + 1 61 + 1 13 19 17 17
Inferior parietal lobe
PF 44 45 = 2 45 + 2 50 = 2 50 + 2 50 = 1 0 1 " 11
PFG 57 44 =1 46 + 2 51 +3 45 + 1 45 =1 5 16 2 2
PG 59 43 =1 46 + 3 50 =1 41 =3 45 + 3 7 16 -5 5
Opt 44 43 =2 41 +2 44 + 1 40 + 2 44 + 1 -5 2 -7 2
Anterior parieto-occipital bank
V6Ad 34 48 =2 49 + 1 54 + 2 47 =1 49 =1 2 13 -2 2
VB6AV 80 51 =1 47 + 2 52 + 2 49 + 2 51 =1 -8 2 —4
V6 (max) 18 47 =2 51 + 4 51 +2 55 + 3 52 +3 9 9 17 11
Medial parietal areas
PGm/7m (max) 66 42 =3 48 + 3 50 =3 46 + 2 46 = 2 14 19 10 10
31 (max) 7239 =1 40 + 2 41 =1 42 =1 42 =1 3 5 8 8
Retrosplenial cortex (29/30) 69 41 =3 48 + 8 48 + 3 45 + 4 46 = 4 17 17 10 12

Note: n, number of sets of 5 adjacent horizontal sections used to obtain the mean LCGU values (in umol/100 g/min) for each region. Cm values represent the average LCGU values from the 2

hemispheres of the mation-control monkey. El and Er values represent the average LCGU values from the 2 left and the 2 right hemispheres of the grasping-execution monkeys, respectively. Ol and Or
values represent the average LCGU values from the 3 left and the 3 right hemispheres of the grasping-observation monkeys, respectively. SD, standard deviation of the mean. EIl/Cm, Er/Cm, OI/Cm, Or/
Cm, percent differences between El, Er, OI, Or, and Cm, respectively, calculated as (experimental-control)/control X 100. ped, ped; (max), LCGU value in the region of maximal effect. Values in bold

indicate statistically significant differences by the Student's unpaired t-test at the level of P < 0.001.
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Figure 5. Lateral parietal cortical maps of percent LCGU differences from the
motion control. Percent differences were calculated using the formula (E — Cm)/Cm X
100 for execution and (0 — Cm)/Cm X 100 for observation. (a) Map of net
execution-induced activations averaged from the left hemispheres of the 2 execution
monkeys, EI/Cm. (b) Map of net execution-induced activations averaged from the
right hemispheres (contralateral to the moving forelimb) of the same monkeys, Er/Cm.
(c) Map of net observation-induced activations averaged from the left hemispheres of
the 3 observation monkeys, Ol/Cm. White lines correspond to the surface landmarks
and the cytoarchitectonic borders of labeled areas, as in Figure 2. (d) Map of net
observation-induced activations averaged from the right hemispheres of the
observation monkeys, Or/Cm. Color bar indicates % LCGU differences from the Cm.
(e) Superimposition of (a) and (c) panels. (f) Superimposition of (b) and (d) panels. In
(e) and (f) panels, red and green represent activations higher than 10% induced by
action execution and action observation, respectively. Yellow stands for activations
induced by both execution and observation of the same action.

(Pons et al. 1985) and PE medial (corresponding to the trunk
representation of area 5 (Pons et al. 1985) bilaterally (with
more marked the contra- than the ipsilateral activations). Also
bilaterally activated was found the trunk representation of area
2 around the pcd of only the E monkeys (Fig. 5, Table 1),
presumably due to postural adjustments during reaching and
grasping (Raos et al. 2004), whereas unaffected remained the
mouth representation of the SI convexity at the ventralmost
part of the reconstructions (Fig. 5). Inferior parietal areas
activated for execution of reaching-to-grasp include the
contralateral PF, PFG, and PG. When the averaged maps of
the parietal-convexity cortex in the left and in the right hemi-
spheres of the O monkeys are compared with the correspond-

ing Cm map (Fig. 5¢,d, respectively), observation-induced (net)
activations are apparent in SI convexity-forelimb representa-
tion and area PEc of the right hemispheres, as well as in area PE
lateral (or 5-forelimb) and PF bilaterally (see also Table 1). It
should be noted that the latter 2 activations and the maximally
activated region (max) within the SI convexity-forelimb
representation displayed smaller interhemispheric differences
in the O than in the E monkeys (Table 1).

When the averaged maps of the IPs cortex in the left or in
the right hemispheres of the E monkeys are compared with the
corresponding averaged map of the Cm monkey (Fig 6a and 0b,
respectively), increased activity is apparent in several cortical
regions (see also Table 1). Areas activated for execution of
reaching-to-grasp in the medial intraparietal bank include the
anterior and middle PEip and the dorsal and ventral MIP
contralaterally to the grasping forelimb, as well as the 5VIP and
the SIPp bilaterally. Area SIPp is an area we report for the first
time, which does not correspond to any region previously
described in the literature. It occupies the caudalmost and
ventralmost region of the medial bank of the IPs. It is located
rostral to area PIP, which has been described in the most
anterior and lateral part of POs (Colby et al. 1988). Area 5IPp is
ventrally demarcated by the fundus of IPs and borders areas
MIP dorsally, SVIP rostrally and VO6A caudally. Interestingly,
5IPp displayed the highest parietal activation for grasping
execution in the present study, but no effect during action ob-
servation. Of interest is also that the activations in the anterior
and middle PEip of the medial bank of the IPs are distributed in
anteroposterior (parallel to the crown) bands, which are very
similar to those described in the past as projection bands from
the SI-forelimb representation (Pearson and Powell 1985). In
the lateral intraparietal bank, areas activated for execution of
grasping include the AIP, the dorsal LIP and the 7VIP bilaterally,
with the contralateral activations more marked than the
ipsilateral ones. When the averaged maps of the IPs cortex in
the left and in the right hemispheres of the O monkeys are
compared with the corresponding Cm map (Fig. 6¢d, re-
spectively), observation-induced activation is apparent in
medial intraparietal areas such as the middle PEip and the
dorsal and ventral MIP of the right hemispheres, as well as in
the anterior PEip and the SVIP bilaterally. Observation-induced
activations also include the lateral intraparietal areas AIP of the
left hemispheres and the 7VIP bilaterally. It should be noted
that activations in areas SVIP and 7VIP display no interhemi-
spheric differences in the O monkeys (Table 1). A consistently
significant depression was measured in an area corresponding
to LOP or CIP in both hemispheres of the E monkeys and in the
left hemispheres of the O monkeys (Table 1).

Finally, when the Cm map of the POs cortex is compared
with the corresponding averaged maps in the left and the right
hemispheres of the E monkeys (Fig. 7a,b, respectively),
execution-induced activations are apparent in a portion of
area V6 around the medial crown of the POs bilaterally, in the
dorsal V6A contralaterally to the grasping hand, as well as in the
PGm/7m and the retrosplenial cortical areas 29 and 30
bilaterally. When the Cm map of the POs cortex is compared
with the corresponding averaged maps in the left and the right
hemispheres of the O monkeys (Fig. 7c¢d, respectively),
observation-induced activations are apparent bilaterally in the
same part of area V6 which was affected by execution, and in
areas PGm/7m, 31, and 29/30 of the retrosplenial cortex, (see
also Table 1).
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Figure 6. Intraparietal cortical maps of percent LCGU differences from the motion control. (a) Map of net execution-induced activations averaged from the left hemispheres of
the 2 execution monkeys, El/Cm. (b) Map of corresponding activations averaged from the right hemispheres (contralateral to the moving forelimb) of the same monkeys, Er/Cm.
(c) Map of net observation-induced activations averaged from the left hemispheres of the 3 observation monkeys, Ol/Cm. White lines correspond to the surface landmarks and
the cytoarchitectonic borders of labeled areas, as in Figure 3. (d) Map of corresponding activations averaged from the right hemispheres of the 3 observation monkeys, Or/Cm. (e)
Superimposition of panels (a) and (c). (f) Superimposition of panels (b) and (d). Other conventions as in Figure 5.

When spatially compared by superimposition, the observa-
tion-induced activations were found to overlap the execution-
induced ones, partially in the parietal (Fig. SeJ), largely in the
intraparietal (Fig. 6e,f) and considerably in the parietoccipital
cortex (Fig. 7ef). In the above mentioned figures, red, green
and yellow correspond to execution-induced, observation-
clicited, and common activations, respectively. The distribution
of activations for action execution differed from those for
action observation in a more or less general pattern. To
graphically illustrate the spatio-intensive (quantitative) distri-
bution of metabolic activity within the affected regions, we
plotted the differences between the experimental monkeys
and the Cm (as % LCGU values and 95% confidence intervals
per 100 pm) across the rostrocaudal extent in the recon-
structed maps (Figs 8-10). The plots in these figures represent
the percent differences between the E and the Cm monkeys
(red lines) as well as between the O and the Cm monkeys
(green lines). Baseline indicates 0% difference from the Cm.
The plot in Figure 8 represents differences in the inferior
parietal cortex along the ribbon highlighted in the schematic
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representation of the reconstructed cortex above the graph. In
the left hemispheres of the 2 E monkeys ipsilateral to the
grasping hand (dotted red line), activity is similar to that of the
corresponding areas in the Cm (fluctuating around 0%). In
contrast, significantly larger activations were found within
areas PF, PFG, and PG (but not Opt) of the hemispheres
contralateral to the grasping hand (Fig. 8, solid red line),
resulting in a pronounced interhemispheric difference in the E
monkeys. Interestingly, there is no interhemispheric difference
in the activated PF of the O monkeys (Fig. 8, distance between
the solid and the dotted green lines within PF). Consequently,
the inferior parietal activations induced by action execution
are contralateral to the grasping forelimb, in contrast to the PF
activation elicited by action observation which is bilateral (see
also Table 1).

The plots in Figure 9 represent differences from Cm in 4
subdivisions of the intraparietal cortex indicated by the ribbons
of different gray-shades (Fig. 9a: ribbons b, ¢, d, and e), as
highlighted in the schematic representation of the recon-
structed cortex above the graphs. Graphs in panel b represent
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Figure 7. Medial parietal and parietoccipital cortical maps of percent LCGU differences from the motion control. (a) Map of net execution-induced activations averaged from the
left hemispheres of the 2 execution monkeys, El/Cm. (b) Map of corresponding activations averaged from the right hemispheres (contralateral to the moving forelimb) of the same
monkeys, Er/Cm. (c) Map of net observation-induced activations averaged from the left hemispheres of the 3 observation monkeys, OI/Cm. White lines correspond to the surface
landmarks and the cytoarchitectonic borders of labeled areas, as in Fig. 4. (d) Map of corresponding activations averaged from the right hemispheres of the 3 observation
monkeys, Or/Cm. (e) Superimposition of panels (a) and (c). (f) Superimposition of panels (b) and (d). Other conventions as in Figure 5.

the 3 portions of area PEip (anterior, middle and posterior) in
the medial bank of the IPs, as demarcated by the b-ribbon in
panel (a). It is demonstrated that in the left hemispheres of the
2 E monkeys ipsilateral to the grasping hand (dotted red line)
activity is similar to that of the corresponding areas in the Cm
(fluctuating around zero), in contrast to the significant
activations in the hemispheres contralateral to the grasping
hand (solid red line), resulting in a pronounced interhemi-
spheric difference in the E monkeys (distance between dotted
and solid red lines). Interestingly, a much smaller interhemi-
spheric difference is illustrated in the PEip of the O monkeys
(Fig. 9b, distance between the solid and the dotted green lines
smaller than that between the corresponding red lines).
Moreover, in the O monkeys the PEip divisions are less
activated than the corresponding areas of the affected hemi-
sphere (contralateral to the grasping forelimb) of the E
monkeys (Fig. 9b, Table 1). The plots in Figure 9¢ demonstrate
the pattern of activations in areas SVIP and 5IPp. The plots in
Figure 9d demonstrate the 7VIP activation and the LOP/CIP
inhibition. The plots in Figure 9eillustrate the activations in AIP
and LIP. Finally, the plots in Figure 10 illustrate the activation of
the contralateral V6A-dorsal in the E monkeys, the bilateral
activations of the PGm/7m and the retrosplenial cortex in both
the E and O cases, and the bilateral activation of area 31 in the
O monkeys. In general, activations are higher in the E monkeys,
and interhemispheric differences are smaller in the O monkeys
(see also Table 1).

Discussion

The present quantitative neuroimaging study, combined with
cytoarchitectonic identification of cortical areas, demonstrates
the considerable overlap of the action execution and action
observation networks in superior, inferior, and medial parietal

cortical areas, which are thought to be involved in visuospatial
attention, target selection for arm and eye movements, pro-
cessing of visuomanual information, arm reaching, and object
manipulation. At this point it should be noted that, although the
activation of specific areas reflects their unequivocal involve-
ment in action execution and/or in action observation in our
study, the overlapping activations for execution and observa-
tion do not necessarily indicate involvement of the same cell
populations in the 2 conditions.

Lateral Parietal Cortex

The lateralization of activation in the SI-forelimb representation
of the SPL (corresponding to Brodmann’s areas 1 and 2)
contralateral to the moving forelimb of the E monkeys is
compatible with classical knowledge and our previous reports
(Savaki and Dalezios 1999; Raos et al. 2004; Gregoriou et al.
2005). The equivalent SI-forelimb activation in the SPL of the O
monkeys mimics the results of previous reports demonstrating
that the SI-forelimb activity within the Cs (corresponding
mainly to areas 3a and 3b) was enhanced not only during
manipulative hand actions but also during the observation of
the same actions performed by another subject (Avikainen
et al. 2002; Raos et al. 2004). The present results provide
additional support to our earlier suggestion that overlapping
somatosensory-motor neural correlates are responsible for
motor program execution and motor percept creation (Raos
et al. 2004, 2007). Moreover, the present results confirm that
the activations induced by grasping execution and grasping
observation in the SI-forelimb regions have similar patterns of
distribution but different metabolic intensities. As we found for
the SI-forelimb representation in the Cs (Raos et al. 2004), the
activation of the SI-forelimb representation in the superior
parietal convexity induced by observation of grasping is about
50% weaker in intensity than that induced by execution of
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Figure 8. Plots of percent LCGU differences along the rostrocaudal extent of the
reconstructed cortex of the inferior parietal convexity (along the ribbon highlighted in
the drawing above the plots). The different areas corresponding to the various
anteroposterior parts of the plots are labeled on top of the graphs. Red plots illustrate
the differences between the 2 execution monkeys and the Cm. Green plots illustrate
the differences between the 3 observation mankeys and the Cm. Plots with solid and
dotted lines correspond to the right and the left hemispheres, respectively. Red and
green shaded areas indicate 95% confidence intervals. Baseline corresponds to 0%
LCGU difference from the Cm. Zero rostrocaudal extent represents the anterior border
of PF. These plots illustrate the detailed spatio-intensive pattern of activation of PF,
PFG and PG in the execution monkeys (activated only contralaterally to the moving
forelimb), the bilateral activation of PF in the observation monkeys, and the smaller
interhemispheric differences in the effects of the observation as compared with the
execution monkeys. El, execution monkey left hemisphere; Er, execution right; Ol
observation left; Or, observation right.

grasping. As we have already suggested, the SI-forelimb
activations during observation of actions may imply that
subjects mentally rehearse the movements executed by others,
and that the representation of movement is retrieved together
with its somatosensory component. Indeed, in the absence of
overt movement, EMG activation (Raos et al. 2004) and
apparent sensory input, the SI-forelimb activation during
observation of grasping may reflect the effects of mental
simulation of this movement by the observer with prediction of
the consequence of the movement (simultaneous recall of
previous knowledge about the sensory effects). Finally, the fact
that the SI-forelimb activation was found in the right superior
parietal convexity of the O monkeys, that is, ipsilaterally to the
experimenter’s arm position and independently of the forelimb
used in previous grasping experience of these monkeys (see
Methods), is consistent with our previous results in the Cs
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(Raos et al. 2004) and with the right hemisphere dominance for
visuospatial processes relative to movements (Chua et al. 1992;
Decety 1996). Our findings that areas PE and PEc are involved
in both execution and observation of grasping confirm previous
reports demonstrating that the SPL contains a sensorimotor
representation of the arm. On the sensory side, SPL receives
somatosensory afferents from area 2 of the primary sensory
cortex (Jones et al. 1978) and probably visual afferents from
area MIP of the IPs (Caminiti et al. 1996), thus being able to
integrate information about hand position and targets for
reaching. On the motor side, SPL has connections with the
primary motor cortex (Jones et al. 1978), the lateral premotor
(Marconi et al. 2001) and the supplementary motor area
(Pandya and Seltzer 1982) and is processing information about
movement kinematics (Kalaska et al. 1990; Ashe and Georgo-
poulos 1994). Interestingly, all the above mentioned areas
connected with the SPL were found to be activated for both
execution and observation of grasping in our study (see also
Raos et al. 2007). Finally, the bilateral involvement of the lateral
PE (corresponding to the forelimb representation in area 5 of
the SPL) in both experimental cases indicates that there is
relatively smaller bias toward contralateral responses in PE than
in SI and PEc, for example, that there are more bilateral visual
and/or somatosensory receptive fields in the former than in the
latter areas. Indeed, a substantial number of neurons with
bilateral RFs on the hand digits have been found clustered
adjacent to and/or within the medial bank of IPs (Iwamura et al.
1994) in contrast to the SI and PEc neurons which display
mostly contralateral RFs (Nelson et al. 1980; Breveglieri et al.
2006).

In the IPL, the lack of involvement of Opt in reaching-to-
grasp execution and the involvement of PF, PFG, and PG
contralaterally to the grasping hand are findings compatible
with previous reports demonstrating that area Opt receives
mainly visual and eye-related input, whereas areas PG and PFG
are connected with extrastriate visual, superior parietal
somatosensory and premotor areas related to the control of
arm movements, and area PF receives input from SI area 2 and
projects to PG, PFG, and premotor arm-related areas (Pandya
and Seltzer 1982; Petrides and Pandya 1984; Andersen et al.
1990; Rozzi et al. 2005; Gregoriou et al. 2000). The parallel
activations measured in the superior and inferior parietal
cortical areas during reaching-to-grasp execution in our study
complement the recently reported strong similarity of firing
patterns between hand manipulation neurons in SPL and IPL
(Gardner et al. 2007) and support the suggestion that the
former may supply arm movement-related information to the
latter parietal areas. In fact, it was recently demonstrated that
SPL neurons combining retinal, eye- and arm-movement
information displayed discharges which were stronger and
earlier than those displayed by IPL neurons processing the
same information, and thus it was suggested that SPL can be the
source of input signals to IPL (Battaglia-Mayer et al. 2007). Of
the inferior parietal cortical areas we examined, only PF was
involved in observation of grasping, and it was activated
bilaterally. This finding confirms a previous report that PF
neurons discharged not only during execution of hand actions
but also during the observation of similar actions made by
another individual, and therefore were defined as “PF-mirror
neurons” in analogy with the F5-mirror neurons with corre-
sponding properties (Gallese et al. 2002). Interestingly, PF
neurons’ discharge depends on the final goal of the action
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Figure 9. Plots of percent LCGU differences along the rostrocaudal extent of the
reconstructed cortex in the IPs. Letters b-e, in the IPs drawing of the panel (a), label
the different parts of cortex (differently shaded ribbons) which are plotted in the (b-e)
panels, respectively. The different areas corresponding to the various anteroposterior

sequence in which grasping is embedded, thus probably
encoding intention of movement (Fogassi et al. 2005).
Additionally, in line with our finding that the PF is involved in
action observation is the report that lesions of the IPL
produced severe and selective impairments in motor imagery,
that is, mental simulation of hand and finger movements (Sirigu
et al. 1990).

All in all, our results confirm previous imaging studies of
lower resolution which have demonstrated that superior and
inferior parietal regions are involved in the observation of
human actions (Bonda et al. 1996; Grafton et al. 1996; Decety
et al. 1997; Grezes et al. 1998; Buccino et al. 2001). Moreover,
they demonstrate the precise topography of these regions
within the SPL and IPL of primates.

Intraparietal Cortex

The biggest part of the medial (or superior) bank of the IPs,
corresponding to area 5, is occupied by area PEa (Pandya and
Seltzer 1982) or PEip (Matelli et al. 1998). All the constituents
of this area, that is, PEip anterior, PEip middle, and PEip
posterior (the latter corresponding to area MIP) were activated
in the E monkeys contralaterally to the grasping hand whereas
areas 5IPp and 5VIP were bilaterally activated. The same medial
intraparietal areas (with the single exception of 5IPp) were also
activated in the O monkeys, demonstrating once again that
there is an extensive overlap of the action execution and the
action observation networks. Interestingly, areas PEip and VIP,
herein documented to be involved in both action execution
and action observation, are known to include proximal and
distal forelimb representations with bimodal neurons charac-
terized by visual receptive fields near the tactile ones (Jones
et al. 1978; Colby and Duhamel 1991, Iriki et al. 1996; Duhamel
et al. 1998) and to be connected with the premotor cortex
(Matelli et al. 1998; Luppino et al. 1999; Lewis and Van Essen
2000a, 2000b; Marconi et al. 2001) which is also involved in
execution and observation of grasping (Raos et al. 2007). It
should be noted that the 2 activated bands across the anterior
and middle portions of area PEip in our reconstructions
resemble the distribution of Sl-forelimb projections to the
medial bank of IPs (Jones et al. 1978) as well as the distribution
of the 2 neuronal populations in the PEip sending afferents to
the dorsal premotor F2-arm field (Matelli et al. 1998). These
bands also resemble the zones activated for arm reaching to
visual targets and for memory-guided reaching in the dark,
zones which were associated with somatosensory guidance of
movement and/or efference copy of motor command (Gregoriou
and Savaki 2001). Also, the herein documented involvement of
area MIP in execution and observation of reaching-to-grasp is
compatible with reports that this area responds to visual and
somatosensory stimuli, especially when visual stimuli are
within reaching distance of the monkey (Colby and Duhamel

parts of the plots are labeled on top of the graphs in each panel. Red plots illustrate
the differences between the 2 execution monkeys and the Cm. Green plots illustrate
the differences between the 3 observation monkeys and the Cm. Plots with solid and
dotted lines correspond to the right and the left hemispheres, respectively. Red and
green shaded areas indicate 95% confidence intervals. Baseline corresponds to 0%
LCGU difference from the Cm. For example, the plots in panel b illustrate the detailed
spatio-intensive pattern of activation of PEip contralaterally to the moving forelimb in
the execution monkeys, the quantitatively less intense activation of PEip in the
observation monkeys, and the smaller interhemispheric differences in the effects of
the observation as compared with the execution monkeys. Other conventions as in
Figure 8.
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Figure 10. Plots of percent LCGU differences along the reconstructed cortex of the
dorsal part of the anterior bank of POs and its adjacent medial parietal cortical field
(along the ribbon highlighted in the drawing above the plots) including the dorsal part
of VBA, areas PGm/7m, 31 and the retrosplenial cortical areas 29/30. Red plots
illustrate the differences between the 2 execution monkeys and the Cm. Green plots
illustrate the differences between the 3 observation monkeys and the Cm. Plots with
solid and dotted lines correspond to the right and the left hemispheres, respectively.
Red and green shaded areas indicate 95% confidence intervals. Baseline corresponds
to 0% LCGU difference from the Cm. Zero rostrocaudal extent represents the anterior
border of V6Ad. Other conventions as in Figure 8.

1991; Johnson et al. 1996), and receives a motor efference copy
generated in relation to the preparation and/or execution of
movement (for reviews see Andersen et al. 1997; Colby and
Goldberg 1999). In general, the smaller activations that we
found in the superior parietal convexity and the bigger and
more bilateral activations in the medial bank of the IPs for
action observation as compared with action execution are
compatible with previous reports demonstrating that more
dorsal SPL areas (around the convexity) are associated with
movement- and position-related somatosensory activity
whereas more ventral parts of the SPL (in the medial bank of
the IPs) show more prominent visual activity (Colby and
Duhamel 1991; Savaki et al. 1993; Johnson et al. 1996; Kalaska
1996; Graziano et al. 2000; Gregoriou and Savaki 2001). Area
5IPp in the caudalmost part of the medial bank of the IPs
adjacent to the fundus, which displayed the strongest
activation in the E monkeys and remained unaffected in the
O monkeys, has not been previously reported. As explained in
the Results section, this area may only partially correspond to
the originally described area PIP (Colby et al. 1988) which is
considered to be a motion sensitive area (Vanduffel et al. 2001;
Durand et al. 2007) integrating shape information by cross-
modal (tactile-visual) matching (Saito et al. 2003). Indeed, this
cross-modal matching could take place only in the E monkeys.

In the lateral (or inferior) bank of the IPS, areas AIP and 7VIP
are involved in both execution and observation of action
whereas LIP dorsal is involved only in action execution. The
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bilateral involvement of area 7VIP in execution and observation
of reaching-to-grasp supports our earlier suggestion that this
region encodes visual information about the location of stimuli
used as targets for motor acts, whatever the effector used
(Gregoriou and Savaki 2001). The involvement of area AIP in
both execution and observation of reaching-to-grasp is
compatible with existing knowledge that its neurons are
preferentially activated for various hand configurations during
grasping of differently shaped objects (Sakata et al. 1995;
Murata et al. 2000), and its pharmacological inactivation
disrupts hand preshaping during grasping (Gallese et al
1994). The AIP is a target of projections from area LOP/CIP
(Nakamura et al. 2001) which was inhibited in our study, but it
is also connected with area V6Ad (Borra et al. 2008) which was
activated for execution, and with areas MIP and F5 (Petrides
and Pandya 1984; Matelli et al. 1986; Luppino et al. 1999; Borra
et al. 2008) which were activated for both execution and
observation. Finally, our results confirm previous findings with
imaging methods of lower resolutions, demonstrating that aIPS,
the human equivalent of monkey AIP, is recruited on execution
of grasping movements (Binkofski et al. 1998; Culham et al.
2003; Shmuelof and Zohary 2006), on an array of grasp
observation tasks (Grafton et al. 1996; Hamilton et al. 20006;
Shmuelof and Zohary 2006) and even on the perception of
scripts of goal-directed hand actions (Bonda et al. 1996). As for
area LIP, it is known that its neurons carry saccade-related
signals (Gnadt and Andersen 1988; Duhamel et al. 1992) and
their discharge is modulated by selective spatial attention
(Duhamel et al. 1992; Gottlieb et al. 1998). Our finding that LIP
dorsal but not LIP ventral is involved in visually guided
reaching-to-grasp movements, is compatible with our recent
report that the visual space is represented in LIP dorsal in
contrast to the oculomotor space which is mainly represented
in LIP ventral (Bakola et al. 2006). Furthermore, the bilateral
involvement of 7VIP and 5VIP in action execution and
observation complements a previous study demonstrating that
there is an arm-reach-associated region which is located in
7VIP and extends to 5VIP (Gregoriou and Savaki 2001).

Our results confirm a recent imaging study of lower
resolution, demonstrating that there is considerable overlap
between areas activated for execution and observation of
reaching movements in the SPL and the intraparietal sulcus in
humans, and also that reaching activates these areas more than
observation of reaching (Filimon et al. 2007). All existing data
considered, the IPs cortex acts as a multifaceted behavioral
integrator that binds information related not only to attention,
visual and somatosensory space, oculomotor and skeletomotor
activity but also to action recognition, thus operating at the
interface of perception, action, and cognition.

Medial Parietal and Parietoccipital Cortex

The herein documented involvement of the visual area V6 in
execution and observation of visually guided reaching-to-grasp
movements is compatible with the knowledge that this area
receives form- and motion-related visual inputs from the striate
cortex and several extrastriate areas, and sends projections to
arm-related areas such as MIP and VO6A, as well as to areas
encoding the spatial location of objects to be grasped such as
VIP and V6A (Colby and Duhamel 1991; Duhamel et al. 1997;
Galletti et al. 2001; Galletti et al. 2003). According to the
retinotopic organization of its visual input, the peripheral field
of V6 is represented medially and the central one laterally
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(Galletti, Fattori, Gamberini, et al. 1999). Our finding that
portions of both these fields of V6 are involved in reaching-to-
grasp indicates that the monkeys were attending their arm
approaching from the visual periphery to the center while
fixating the object straight ahead. Interestingly, direction-
selective (Galletti et al. 1996) and “real-motion” (Galletti and
Fattori 2003) cells have been demonstrated in area V6. The
dorsal part of the bimodal (visual/somatosensory) area VOA,
herein found to be implicated in reaching-to-grasp execution,
is known to contain more arm-related cells than its ventral
counterpart (Fattori et al. 1999) which is not affected in our
study. In fact, cells in V6A-dorsal modulate their activity during
reaching to (Fattori et al. 2001, 2005) and grasping of (Fattori
et al. 2004) objects in the peripersonal space. These cells are
known to project to the dorsal premotor areas F2 and F7
(Matelli et al. 1998; Shipp et al. 1998; Marconi et al. 2001) and
are thought to interact continuously with the premotor cortex
in order to guide “on-line” the ongoing arm movement (Galletti
et al. 2003).

In contrast to area VOA-dorsal involved only in execution,
area PGm/7m which is the alternative visuomotor relay station
receiving visual input and projecting to the dorsal premotor
cortex (Petrides and Pandya 1984; Cavada and Goldman-Rakic
1989a, 1989b; Johnson et al. 1996; Matelli et al. 1998) was
involved not only in the execution but also in the observation
of reaching-to-grasp. Our results are in agreement with pre-
vious reports demonstrating that cell activity in PGm/7m
relates to a combination of visuomanual and oculomotor
information supposedly leading from target localization to
movement generation (Ferraina, Johnson, et al. 1997), with the
composition of motor commands based on kinesthetic and
visual control signals (Ferraina, Garasto, et al. 1997). Also, our
results support a previous imaging study demonstrating that
execution and observation of action involve an area between
the POs and the posterior end of the cingulate sulcus
(Binkofski et al. 1999), which apparently corresponds to
PGm/7m. Of interest is that area F7, which receives the main
parietal input from PGm/7m, as well as other major projecting
areas of PGm/7m such as the supplementary somatosensory
area, the cingulate cortex, area VIP and the retrosplenial cortex
(Petrides and Pandya 1984; Cavada and Goldman-Rakic 1989a,
1989b; Johnson et al. 1996; Matelli et al. 1998) are involved not
only in execution but also in observation of reaching-to-grasp
movements (see also Raos et al. 2007).

The bilateral involvement of the retrosplenial cortical areas
29 and 30 in both execution and observation of reaching-to-
grasp is compatible with the suggestions that this region
processes aspects of working memory (Petrides et al. 1993;
Petrides 1995; Morris et al. 1999; Kobayashi and Amaral 2003)
and is involved in the perception of visual objects associated
with a specific context (Bar and Aminoff 2003). The bilateral
involvement of area 31 in observation, is compatible with
reports associating it with occulomotor activity in the service
of the spatial analysis of visual input (Olson et al. 1996) and the
motivational salience of visual and occulomotor events for
orienting attention (Dean et al. 2004).

Mental Simulation of Action and Action Attribution

The overall finding that observing an action excites very similar
parietal circuits used to execute that same action supports our
earlier suggestion that observation of an action corresponds
to simulation of its overt counterpart (Raos et al. 2007).

Accordingly, to understand the action of another person the
observer executes it “mentally.” More specifically, the herein
documented fact that the neural correlates of the action
observation-driven system in the parietal cortex extend well
beyond area PF where mirror neurons were found (Gallese
et al. 2002), same way as those in the frontal cortex extend well
beyond the F5-convexity (Raos et al. 2007) where the mirror
neurons were originally discovered (Gallese et al. 1996;
Rizzolatti et al. 1996), challenges the “mirror-neuron system”
concept and supports the suggestion that a broader process
such as “mental simulation of action” is responsible for action
recognition (Goldman and Sebanz 2005). Hence, the present
and our previous results (Raos et al. 2007) support the “mental
simulation theory” which assigns the role of understanding
others’ actions to the entire distributed neural network
responsible for the execution of actions, and not the concept
of “mirroring” which reflects the function of a certain class of
cells in premotor area F5 and parietal area PF.

A reasonable question is how we distinguish between the
observer and the actor if we simulate the action when we
observe it by recruiting the same circuits which are responsible
for execution of the act. In a previous study, we argued that the
attribution of an action to an agent is a function distributed
within the action execution network rather than a function
assigned to one or 2 areas on the side of this pathway. We also
discussed, based on our results, how the primary motor and
somatosensory, the premotor and supplementary somatosen-
sory areas may contribute to the attribution of action to the
other agent during action observation and to the self during
action execution (Raos et al. 2007). In the parietal cortex, areas
PG/PFG, LIPd, 5Ipp, and V6Ad which are involved only in
action execution and not in action observation, as well as area
31 which is involved in observation but and not in execution,
may contribute in attributing the action to the self and to the
other agent, respectively. Moreover, the parietal activations
induced by action observation were in general weaker than
those induced by action execution, suggesting a possible
subthreshold activation of the action execution circuits during
action observation. Also, the effects induced by action
observation displayed smaller interhemispheric differences
(indicative of visual rather than hand identity specificity) as
compared with those induced by action execution which were
mostly contralateral to the moving forelimb (preserving hand
identity specificity). These differential activations of parietal
cortical areas could also play a role in attributing the action to
the correct agent.

For example, in the forelimb-related areas of the parietal
cortex, the higher level of activity for action execution may
reflect the anticipated sensory consequence of the movement
(based on efference copy of the motor command) and the
actual afferent feedback (signal from the muscles), whereas the
lower activity for action observation may reflect the anticipated
consequence of the movement only. This interpretation of our
results is compatible with previous suggestions such as that
prediction (or anticipation) may turn motor commands into
expected sensory consequences (Kilner et al. 2004, 2007), that
prediction of the sensory consequences of an act may underlie
our ability to distinguish between self-produced and externally
generated actions (Blakemore and Frith 2003), and that the
experience of ourselves or others as the cause of an action may
be based on comparison of motor commands with the afferent
feedback from the moving muscles and the external events

Cerebral Cortex Page 13 of 16

840

845

860

865

870

875

880

885

890

895

900



9205

910

915

920

930

935

940

(AQ1]

945

960

caused by these commands (Johnson and Haggard 2005), with
the temporal attraction between self-produced actions and
their sensory consequences binding them together and thus
enhancing the experience of agency (Haggard et al. 2002).

There are several reports attributing to the parietal cortex
a role in detecting conflicts between visual and somatomotor
signals of motor acts (Fink et al. 1999; Farrer et al. 2003;
Costantini et al. 2005), a role in action attribution (awareness of
one’s own movements versus movements of another agents)
(Sirigu et al. 1999; Blakemore et al. 2003; Sirigu et al. 2004), and
even more specifically assigning to the inferior parietal lobe
and the intraparietal sulcus a role in the attribution of actions
to external agents (Ruby and Decety 2001; Decety et al. 2002;
Farrer and Frith 2002). However, our findings suggest that the
parietal cortical areas associated with attribution of action in
the above mentioned studies constitute central components of
the execution/perception distributed network rather than
extra machinery functioning on the side of this net.

In conclusion and all our results considered, observation of
an action performed by another subject reflects the effects of
our previous knowledge about the act and its predicted
sensory consequences. During action observation, internally
simulated experience of the specific movements recruits
numerous parietofrontal sensory-motor cortical regions,
mostly the same ones which are responsible for the execution
of the same action. In addition, the parietal execution/
perception system participates in the process of attribution
of the action to the correct agent by integrating visual and
effector-related somatosensory-motor inputs and thus by
creating a coherent representation of the bodily self.

Funding

Greek Secretariat of Research and Technology (PENED grant
01ED111) supported Mina Evangeliou; and European Union
(FP6 grant IST-027574).

Notes

We thank Helen Barbas, Michela Gamberini, Georgia Gregoriou, and
Maya Medalla for advice and help regarding histology and Maria
Kefaloyianni for help with the autoradiographic imaging. Conflict of
Interest: None declared.

Address correspondence to Helen E. Savaki, Department of Basic
Sciences, Faculty of Medicine, School of Health Sciences, University of
Crete, P.O. Box 2208, GR-71003, Iraklion, Crete, Greece. Email:
savaki(@med.uoc.gr.

References

Andersen RA. 1989. Visual and eye movement functions of the posterior
parietal cortex. Annu Rev Neurosci. 12:377-403.

Andersen RA, Asanuma C, Essick G, Siegel RM. 1990. Corticocortical
connections of anatomically and physiologically defined subdivi-
sions within the inferior parietal lobule. ] Comp Neurol. 296:65-113.

Andersen RA, Snyder LH, Bradley DC, Xing J. 1997. Multimodal
representation of space in the posterior parietal cortex and its
use in planning movements. Annu Rev Neurosci. 20:303-330.

Ashe ], Georgopoulos AP. 1994. Movement parameters and neural
activity in motor cortex and area 5. Cereb Cortex. 4:590-600.

Avikainen S, Forss N, Hari R. 2002. Modulated activation of the human SI
and SII cortices during observation of hand actions. Neuroimage.
15:640-646.

Bakola S, Gregoriou GG, Moschovakis AK, Savaki HE. 2006. Functional
imaging of the intraparietal cortex during saccades to visual and
memorized targets. Neuroimage. 31:1637-1649.

Bar M, Aminoff E. 2003. Cortical analysis of visual context. Neuron.
38:347-358.

Page 14 of 16 Parietal in Action Observation Evangeliou et al.

Battaglia-Mayer A, Mascaro M, Caminiti R. 2007. Temporal evolution and
strength of neural activity in parietal cortex during eye and hand
movements. Cereb Cortex. 17:1350-1363.

Binkofski F, Buccino G, Posse S, Seitz RJ, Rizzolatti G, Freund H. 1999. A
fronto-parietal circuit for object manipulation in man: evidence
from an fMRI-study. Eur J Neurosci. 11:3276-32806.

Binkofski F, Dohle C, Posse S, Stephan KM, Hefter H, Seitz RJ, Freund HJ.
1998. Human anterior intraparietal area subserves prehension:
a combined lesion and functional MRI activation study. Neurology.
50:1253-1259.

Blakemore §J, Frith C. 2003. Self-awareness and action. Curr Opin
Neurobiol. 13:219-224.

Blakemore §J, Oakley DA, Frith CD. 2003. Delusions of alien control in
the normal brain. Neuropsychologia. 41:1058-1067.

Bonda E, Petrides M, Ostry D, Evans A. 1996. Specific involvement of
human parietal systems and the amygdala in the perception of
biological motion. J Neurosci. 16:3737-3744.

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.

Breveglieri R, Galletti C, Gamberini M, Passarelli L, Fattori P. 20006.
Somatosensory cells in area PEc of macaque posterior parietal
cortex. ] Neurosci. 26:3679-3684.

Buccino G, Binkofski F, Fink GR, Fadiga L, Fogassi L, Gallese V, Seitz R],
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.

Caminiti R, Ferraina S, Johnson PB. 1996. The sources of visual
information to the primate frontal lobe: a novel role for the superior
parietal lobule. Cereb Cortex. 6:319-328.

Cavada C, Goldman-Rakic PS. 1989a. Posterior parietal cortex in rhesus
monkey: I. Parcellation of areas based on distinctive limbic and
sensory corticocortical connections. J] Comp Neurol. 287:393-421.

Cavada C, Goldman-Rakic PS. 1989b. 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.

Chua R, Carson RG, Goodman D, Elliot D. 1992. Asymmetries in the
spatial localization of transformed targets. Brain Cogn. 20:227-235.

Colby CL, Duhamel JR. 1991. Heterogeneity of extrastriate visual areas
and multiple parietal areas in the macaque monkey. Neuropsycho-
logia. 23:517-537.

Colby CL, Duhamel J-R, Goldberg ME. 1993. Ventral intraparietal area of
the macaque: anatomic location and visual response properties. J
Neurophysiol. 69:902-914.

Colby CL, Gattass R, Olson CR, Gross CG. 1988. Topographical
organization of cortical afferents to extrastriate visual area PO in
the macaque: a dual tracer study. ] Comp Neurol. 269:392-413.

Colby CL, Goldberg ME. 1999. Space and attention in parietal cortex.
Annu Rev Neurosci. 22:319-349.

Costantini M, Galati G, Ferretti A, Caulo M, Tartaro A, Romani GL,
Aglioti SM. 2005. Neural systems underlying observation of humanly
impossible movements: an fMRI study. Cereb Cortex. 15:1761-1767.

Culham JC, Danckert SL, DeSouza JF, Gati JS, Menon RS, Goodale MA.
2003. Visually guided grasping produces fMRI activation in dorsal
but not ventral stream brain areas. Exp Brain Res. 153:180-189.

Dalezios Y, Raos VC, Savaki HE. 1996. Metabolic activity pattern in the
motor and somatosensory cortex of monkeys performing a visually
guided reaching task with one forelimb. Neuroscience. 72:325-333.

Dean HL, Crowley JC, Platt ML. 2004. Visual and saccade-related activity
in macaque posterior cingulate cortex. ] Neurophysiol. 92:3056-30068.

Decety J. 1996. Do imagined and executed actions share the same
neural substrate? Brain Res Cogn Brain Res. 3:87-93.

Decety J, Chaminade T, Grezes J, Meltzoff AN. 2002. A PET exploration
of the neural mechanisms involved in reciprocal imitation. Neuro-
image. 15:265-272.

Decety J, Grezes J, Costes N, Perani D, Jeannerod M, Procyk E, Grassi F,
Fazio F. 1997. Brain activity during observation of actions. Influence
of action content and subject’s strategy. Brain. 120:1763-1777.

Duhamel J-R, Bremmer F, SB, Graf W. 1997. Spatial invariance of visual
receptive fields in parietal cortex neurons. Nature. 389:845-847.

965

970

975

980

985

990

995

1000

1005

1010

1015

1020

1025

1030



1035

1040

1045

1050

1055

1060

1065

1070

1075

1080

1085

1090

1095

1100

1105

Duhamel J-R, Colby CL, Goldberg ME. 1992. The updating of the
representation of visual space in parietal cortex by intended eye
movements. Science. 255:90-92.

Duhamel J-R, Colby CL, Goldberg ME. 1998. Ventral intraparietal area of
the macaque: congruent visual and somatic response properties. J
Neurophysiol. 79:126-1306.

Durand JB, Nelissen K, Joly O, Wardak C, Todd JT, Norman JF, Janssen P,
Vanduffel W, Orban GA. 2007. Anterior regions of monkey parietal
cortex process visual 3D shape. Neuron. 55:493-505.

Farrer C, Franck N, Georgieff N, Frith CD, Decety J, Jeannerod M. 2003.
Modulating the experience of agency: a positron emission
tomography study. Neuroimage. 18:324-333.

Farrer C, Frith CD. 2002. Experiencing oneself vs another person as
being the cause of an action: the neural correlates of the experience
of agency. Neuroimage. 15:596-603.

Fattori P, Breveglieri R, Amoroso K, Galletti C. 2004. Evidence for both
reaching and grasping activity in the medial parieto-occipital cortex
of the macaque. Eur J Neurosci. 20:2457-24606.

Fattori P, Gamberini M, Kutz DF, Galletti C. 2001. ‘Arm-reaching’
neurons in the parietal area VOA of the macaque monkey. Eur J
Neurosci. 13:2309-2313.

Fattori P, Gamberini M, Mussio A, Breveglieri R, Kutz DF, Galletti C.
1999. A visual-to-motor gradient within area VO6A of the monkey
parieto-occipital cortex. Neurosci Lett Suppl. 52:522.

Fattori P, Kutz DF, Breveglieri R, Marzocchi N, Galletti C. 2005. Spatial
tuning of reaching activity in the medial parieto-occipital cortex
(area VO6A) of macaque monkey. Eur J Neurosci. 22:956-972.

Ferraina S, Garasto MR, Battaglia-Mayer A, Ferraresi P, Johnson PB,
Lacquaniti F, Caminiti R. 1997. Visual control of hand-reaching
movement: activity in parietal area 7m. Eur ] Neurosci. 9:1091-1095.

Ferraina S, Johnson PB, Garasto MR, Battaglia-Mayer A, Ercolani L,
Bianchi L, Lacquaniti F, Caminiti R. 1997. Combination of hand and
gaze signals during reaching: activity in parietal area 7m of the
monkey. ] Neurophysiol. 77:1034-1038.

Filimon F, Nelson JD, Hagler DJ, Sereno MI. 2007. Human cortical
representations for reaching: mirror neurons for execution,
observation, and imagery. Neuroimage. 37:1315-1328.

Fink GR, Marshall JC, Halligan PW, Frith CD, Driver J, Frackowiak RSJ,
Dolan RJ. 1999. The neural consequences of conflict between
intention and the senses. Brain. 122:497-512.

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.

Gallese V, Fadiga L, Fogassi L, Rizzolatti G. 1996. Action recognition in
the premotor cortex. Brain. 119:593-609.

Gallese V, Fadiga L, Fogassi L, Rizzolatti G. 2002. Action representation
and the inferior parietal lobe. In: Prinz W, Hommel B, editors.
Common mechanisms in perception and action: attention and
performance. Oxford: Oxford University Press. p. 334-355.

Gallese V, Murata A, Kaseda M, Niki N, Sakata H. 1994. Deficit of hand
preshaping after muscimol injection in monkey parietal cortex.
Neuroreport. 5:1525-1529.

Galletti C, Fattori P. 2003. Neuronal mechanisms for detection of
motion in the field of view. Neuropsychologia. 41:1717-1727.

Galletti C, Fattori P, Battaglini PP, Shipp S, Zeki S. 1996. Functional
demarcation of a border between areas V6 and VOA in the superior
parietal gyrus of the macaque monkey. Eur J Neurosci. 8:30-52.

Galletti C, Fattori P, Gamberini M, Kutz DF. 1999. The cortical visual
area VO6: brain location and visual topography. Eur J Neurosci.
11:3922-3936.

Galletti C, Fattori P, Kutz DF, Gamberini M. 1999. Brain location and
visual topography of cortical area VOA in the macaque monkey. Eur
J Neurosci. 11:575-582.

Galletti C, Gamberini M, Kutz DF, Fattori P, Luppino G, Matelli M. 2001.
The cortical connections of area V6: occipito- parietal network
processing visual information. Eur J Neurosci. 13:1-18.

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.

Gardner EP, Babu KS, Reitzen SD, Ghosh S, Brown AS, Chen J, Hall AL,
Herzlinger MD, Kohlenstein JB, Ro JY. 2007. Neurophysiology of

prehension. L. Posterior parietal cortex and object-oriented hand
behaviors. ] Neurophysiol. 97:387-406.

Gnadt JW, Andersen RA. 1988. Memory related motor planning activity
in posterior parietal cortex of macaque. Exp Brain Res. 70:216-220.

Goldman Al, Sebanz N. 2005. Simulation, mirroring, and a different
argument from error. Trends Cogn Sci. 9:320.

Gottlieb JP, Kusunoki M, Goldberg ME. 1998. The representation of
visual salience in monkey parietal cortex. Nature. 391:481-484.
Grafton ST, Arbib MA, Fadiga L, Rizzolatti G. 1996. Localization of grasp
representations in humans by positron emission tomography. 2. Ob-
servation compared with imagination. Exp Brain Res. 112:103-111.

Graziano MSA, Cooke DF, Taylor CSR. 2000. Coding the location of the
arm by sight. Science. 290:1782-17806.

Gregoriou GG, Borra E, Matelli M, Luppino G. 20006. Architectonic
organization of the inferior parietal convexity of the macaque
monkey. ] Comp Neurol. 496:422-451.

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. Neuroimage. 27:442-464.

Gregoriou GG, Savaki HE. 2001. The intraparietal cortex: subregions
involved in fixation, saccades, and in the visual and somatosensory
guidance of reaching. ] Cereb Blood Flow Metab. 21:671-682.

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

Grezes ], Costes N, Decety J. 1998. Top-down effect of strategy on the
perception of human biological motion: a PET investigation. Cogn
Neuropsychol. 15:553-582.

Haggard P, Clark S, Kalogeras J. 2002. Voluntary action and conscious
awareness. Nat Neurosci. 5:382-385.

Hamilton AF, Wolpert DM, Frith U, Grafton ST. 2006. Where does your
own action influence your perception of another person’s action in
the brain? Neuroimage. 29:524-535.

Iriki A, Tanaka M, Iwamura Y. 1996. Coding of modified body schema
during tool use by macaque postcentral neurons. Neuroreport.
7:2325-2330.

Iwamura Y, Iriki A, Tanaka M. 1994. Bilateral hand representation in the
postcentral somatosensory cortex. Nature. 369:546-554.

Johnson H, Haggard P. 2005. Motor awareness without perceptual
awareness. Neuropsychologia. 43:227-237.

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. Cereb Cortex. 6:102-119.

Jones EG, Coulter JD, Hendry HC. 1978. Intracortical connectivity of
architectonic fields in the somatic sensory, motor and parietal
cortex of monkeys. J] Comp Neurol. 181:291-348.

Kalaska JF. 1996. Parietal cortex area 5 and visuomotor behavior. Can J
Physiol Pharmacol. 74:483-498.

Kalaska JF, Cohen DAD, Prud’homme M, Hyde ML. 1990. Parietal area 5
neuronal activity encodes movement kinematics, not movement
dynamics. Exp Brain Res. 80:351-304.

Kennedy C, Sakurada O, Shinohara M, Jehle J, Sokoloff L. 1978. Local
cerebral glucose utilization in the normal conscious macaque
monkey. Ann Neurol. 4:293-301.

Kilner JM, Friston KJ, Frith CD. 2007. The mirror-neuron system:
a Bayesian perspective. Neuroreport. 18:619-623.

Kilner JM, Vargas C, Duval S, Blakemore §J, Sirigu A. 2004. Motor
activation prior to observation of a predicted movement. Nat
Neurosci. 7:1299-1301.

Kobayashi Y, Amaral DG. 2003. Macaque monkey retrosplenial cortex:
1. Cortical afferents. ] Comp Neurol. 466:48-79.

Lewis JW, Van Essen DC. 2000a. Corticocortical connections of visual,
sensorimotor, and multimodal processing area in the parietal lobe of
the macaque monkey. ] Comp Neurol. 428:112-137.

Lewis JW, Van Essen DC. 2000b. Mapping of architectonic subdivisions
in the macaque monkey, with emphasis on parieto-occipital cortex.
J Comp Neurol. 428:79-111.

Luppino G, Hamed SB, Gamberini M, Matelli M, Galletti C. 2005.
Occipital (V6) and parietal (VOA) areas in the anterior wall of the
parieto-occipital sulcus of the macaque: a cytoarchitectonic study.
Eur J Neurosci. 21:3056-3076.

Cerebral Cortex Page 15 of 16

1110

1115

1120

1135

1140

1145

1150

1160

1165

1170

1
n



1180

1185

1190

1195

1200

1205

1210

1230

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.

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

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

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

Medalla M, Barbas H. 20006. Diversity of laminar connections linking
periarcuate and lateral intraparietal areas depends on cortical
structure. Eur J Neurosci. 23:161-179.

Morecraft RJ, Cipolloni PB, Stilwell-Morecraft KS, Gedney MT,
Pandya DN. 2004. Cytoarchitecture and cortical connections of
the posterior cingulate and adjacent somatosensory fields in the
rhesus monkey. J] Comp Neurol. 469:37-69.

Morris R, Petrides M, Pandya DN. 1999. Architecture and connections of
retrosplenial area 30 in the rhesus monkey (Macaca mulatta). Eur J
Neurosci. 11:2506-2518.

Mountcastle VB, Lynch JC, Georgopoulos AP, Sakata H, Acuna C. 1975.
Posterior parietal association cortex of the monkey: command
function for operations within extrapersonal space. J Neurophysiol.
38:871-908.

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 AIP. ] Neurophysiol. 83:2580-2601.

Nakamura H, Kuroba T, Wakita M, Kusunoki M, Kato A, Mikami A,
Sakata H, Itoh K. 2001. From three-dimensional space vision to
prehensile hand movements: the lateral intraparietal area links the
area V3A and the anterior intraparietal area in macaques. ] Neurosci.
21:8174-8187.

Nelson RJ, Sur M, Fellman DJ, Kaas JH. 1980. Representations of the
body surface in postcentral parietal cortex of Macaca fascicularis. ]
Comp Neurol. 192:611-643.

Olson CR, Musil SY, Goldberg ME. 1996. Single neurons in posterior
cingulate cortex of behaving macaque: eye movement signals. J
Neurophysiol. 76:3285-3300.

Pandya DN, Seltzer B. 1982. Intrinsic connections and architectonics of
posterior parietal cortex in the rhesus monkey. ] Comp Neurol.
204:196-210.

Pearson RCA, Powell TPS. 1985. The projection of the primary somatic
sensory cortex upon area 5 in the monkey. Brain Res Rev. 9:89-107.

Petrides M. 1995. Impairments on nonspatial self-ordered working
memory tasks after lesions of the mid-dorsal part of the lateral
frontal cortex in the monkey. J Neurosci. 15:359-375.

Petrides M, Alivisatos B, Evans AC, Meyer E. 1993. Dissociation of human
mid-dorsolateral from posterior dorsolateral frontal cortex in
memory processing. Proc Natl Acad Sci USA. 90:873-877.

Petrides M, Pandya DN. 1984. Projections to the frontal cortex from the
posterior pariental region in the rhesus monkey. ] Comp Neurol.
228:105-116.

Page 16 of 16 Parictal in Action Observation Evangeliou et al.

Pons TP, Garraghty PE, Cusick CG, Kaas JH. 1985. The somatotopic
organization of area 2 in macaque monkeys. ] Comp Neurol
241:445-460.

Raos V, Evangeliou MN, Savaki HE. 2004. Observation of action: grasping
with the mind’s hand. Neuroimage. 23:193-201.

Raos V, Evangeliou MN, Savaki HE. 2007. Mental simulation of action in
the service of action perception. ] Neurosci. 27:12675-12683.

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

Rozzi S, Calzavara R, Belmalih A, Borra E, Gregoriou GG, Matelli M,
Luppino G. 2005. Cortical connections of the inferior parietal
cortical convexity of the macaque monkey. Cereb Cortex.
16:1389-1417.

Ruby P, Decety J. 2001. Effect of subjective perspective taking during
simulation of action: a PET investigation of agency. Nat Neurosci.
4:546-550.

Saito DN, Okada T, Morita Y, Yonekura Y, Sadato N. 2003. Tactile-visual
cross-modal shape matching: a functional MRI study. Brain Res Cogn
Brain Res. 17:14-25.

Sakata H, Taira M, Murata A, Mine S. 1995. Neural mechanisms of visual
guidance of hand action in the parietal cortex of the monkey. Cereb
Cortex. 5:429-438.

Savaki HE, Dalezios Y. 1999. 14C-Dcoxyglucose mapping of the monkey
brain during reaching to visual targets. Prog Neurobiol. 58:479-540.

Savaki HE, Kennedy C, Sokoloff L, Mishkin M. 1993. Visually guided
reaching with the forelimb contralateral to a “blind” hemisphere:
a metabolic mapping study in monkeys. ] Neurosci. 13:2772-2789.

Savaki HE, Raos VC, Dalezios Y. 1997. Spatial cortical patterns of
metabolic activity in monkeys performing a visually guided reaching
task with one forelimb. Neuroscience. 76:1007-1034.

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 VG6A. Eur J Neurosci. 10:3171-3193.

Shmuelof L, Zohary E. 2006. A mirror representation of others’ actions
in the human anterior parietal cortex. ] Neurosci. 26:9736-9742.

Sirigu A, Daprati E, Ciancia S, Giraux P, Nighoghossian N, Posada A,
Haggard P. 2004. Altered awareness of voluntary action after damage
to the parietal cortex. Nat Neurosci. 7:80-84.

Sirigu A, Daprati E, Pradat-Diehl P, Franck N, Jeannerod M. 1999.
Perception of self-generated movement following left parietal
lesion. Brain. 122(Pt 10):1867-1874.

Sirigu A, Duhamel JR, Cohen L, Pillon B, Dubois B, Agid Y. 1996. The
mental representation of hand movements after parietal cortex
damage. Science. 273:1564-1568.

Sokoloff L, Reivich M, Kennedy C, Des Rosiers MH, Patlak CS,
Pettigrew KS, Sakurada O, Shinohara M. 1977. The ['*C]-deoxy-
glucose method for the measurement of local cerebral glucose
utilization: theory, procedure, and normal values in the conscious
and anesthetized albino rat. ] Neurochem. 28:879-916.

Tsutsui K, Jiang M, Sakata H, Taira M. 2003. Short-term memory and
perceptual decision for three-dimensional visual features in the
caudal intraparietal sulcus (area CIP). ] Neurosci. 23:5486-5495.

Vanduffel W, Fize D, Mandeville JB, Nelissen K, Van Hecke P, Rosen BR,
Tootell RB, Orban GA. 2001. Visual motion processing investigated
using contrast agent-enhanced fMRI in awake behaving monkeys.
Neuron. 32:565-577.

1240

1250

1260

1270

N
1
i

1280



	phd_MinaEvangeliou
	Ηράκλειο, 2008
	Στην οικογένειά μου
	ΕΥΧΑΡΙΣΤΙΕΣ
	LIST OF ABBREVIATIONS
	INTRODUCTION
	When the object is visible, reaching-to-grasp behavior is accomplished by utilization of a) visual input, which provides information about the location of the target-object in the extrapersonal space and its relative distance from the agent’s hand, and b) somatosensory (proprioceptive) input, that provides information about the current position of the moving hand. During reaching-to-grasp in darkness, there are different inputs useful to correctly guide the hand towards the target-object; a) somatosensory information about the current position of the hand, and b) sensory-motor memories of an internal representation of the object location and the motor act. The numerous parameters that have to be taken into account for the successful execution of this movement involve the activation of numerous brain areas contributing to the grasping behaviour.
	Area PO was first described by Covey, as a region containing a complete representation of the contralateral visual field (Covey et al., 1982). It was reported that PO lacked the expanded representation of central vision (in contrast to most visual cortical areas) and received inputs from the parts of V1 and V2 of where the periphery was represented (Colby et al., 1983; Gattass et al., 1985).
	Area V6
	Area V6A
	AREA PGm
	Area 31
	Retrosplenial cortex ( areas 29 and 30)
	PIP

	METHODS
	Subjects
	Animal preparation
	Experimental set-up
	Tasks
	The [14C]- Deoxyglucose ( [14C-DG] ) Method
	[ 14C]-Deoxyglucose experiment (2DG experiment)
	Analysis of arterial plasma 2DG and glucose concentrations
	Processing of brain tissue-Preparation of autoradiographs
	Analysis of autoradiographs
	Two-Dimensional reconstructions
	Geometrical normalization

	RESULTS
	ACTIVATIONS INDUCED BY GRASPING-EXECUTION IN LIGHT
	ACTIVATIONS INDUCED BY GRASPING-OBSERVATION
	ACTIVATIONS INDUCED BY GRASPING-EXECUTION IN DARK
	SPATIAL DISTRIBUTION OF THE EFFECTS INDUCED BY GRASPING EXECUTION IN LIGHT AND GRASPING OBSERVATION
	SPATIAL DISTRIBUTION OF THE EFFECTS INDUCED BY GRASPING EXECUTION IN LIGHT AND GRASPING EXECUTION IN DARK.

	DISCUSSION
	Area V6
	Area V6A
	Area PGm/7m
	Retrosplenial Cortex (RSC)
	Area 31
	Area 5IPp

	SUMMARY
	ΠΕΡΙΛΗΨΗ
	BIBLIOGRAPHY

	Raos_2004
	Observation of action: grasping with the mind's hand
	Introduction
	Materials and methods
	Subjects and tasks
	Two dimensional reconstructions
	Geometrical normalization
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	References


	Raos_2007
	CerCor



