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Ol)jvct G rasping and Action

Recognition:

A New View

on the Cortical Motor Functions

GIACOMO RIZZOLATTI, LEONARDO POGASSI, AND VITTORIO GALLESE

ABSTRACT This evideace for & new and
broader view of the functions of the cortical motor systesa. On
the basis of the fanctional properties of &
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copy may two planning oxecut-

ing Mm ﬁgwﬂlmmmz
action recognition is besed on

mn‘mmmmwmwn
pally, evideoce is reviewed that an action obesrve-

ton/execution matching system, similar to thet of the monkey,
also is present in humans.

'Ihmotorsyuemaofﬁnbtﬁne:dnwtnndm
thought, sensation and emotion into movement At
present the initial steps of this process lie beyond analysis.
We do not know how movements are engen-
dered, nor where the ‘orders’ come from” (Henneman,
1984). This sentence, which starts the section on the
organization of the motor system in the classic Madical
Physiology, edited by Mountcastie, expresses well the
prevalent ideas about the motor system: The motor sys-
tem deals with mevements. The processes that lead to them
are remote processes virtually inaccessible to neurophys-
The view propased in this chapter is different. Firat,
we challenge the view that mooement is at the core of the
motor systemn. Acties is. Unlike movement, action is de-
fined by a goal sand by an expectancy. Movements are
the final outcome of action and are programmed and
controlled as such only when action is set and executed.

GIACOMO RIZZOLATTI, LBONARDO POGABSI, and VITTORIO
mummymawumwarm
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Second, motor system is involved not exclusively in ac-
tion generation but also plays an important role in
matching the external reality on the intesnally produced
actions. We submit that in primates, this second role is
by no means secondary but has a great importance for
recognizing actions made by others.

Although we believe that these concepts are valid in
general for the moeaic of motor areas forming the agran-
ular frontal cortex, in this chapter, we use as an example
the organization of one monkey premotor ares, area F5.
In this area, the two aspects of the motor system, action

Figure 38.1 shows a lateral view of the monkey brain.
Ares F5 forms the rostral part of inferior area 6. It is lo-
cated anterior to area F¢ and extends into the posterior
bank of the inferior arcuate sulcus (Matelli, Luppino,
snd Rizzolatti, 1985).

Area F5 is not homogeneous. At least two morpholog-
ically distinct sectors can be distinguished in it, F5 of the
convexity (F5c) and F5 forming the posterior bank of
the arcuate sulcus (F5ab) (Matelli et al., 1996). Corti-
cospinal fibers originate from F5ab only (He, Dum, and
Strick, 1993).

Intracortical microstimulation studies and neuron re-

showed that area F5 is involved in the cootrol
of hand and mouth movements. (Rizzolatti et al., 1981a,
1981b; Kurata and Thnji, 1986; Gentilucci et al, 1988;
Rizsolatti et al., 1988; Hepp-Reymond et al,, 1994). Al-
Mghth«euleaﬂdenbkavahpbetmdum

tations, hand movements are located more dor-
snally, whereas mouth movements are located more ven-
trally (Gentilucci et al., 1988).

Particularly important for understanding the function
of F5 are the results obtained by testing F5 neurons in a



FGURE 38.1 Lateral view of macaque monkey cerebral cor-
tex showing frontel and aress. The lotraperietal sulcus
hopmdbilwlnu in its modiial and lateral banks.

cortical areas are classified sccording to Ma-

naturalistic context (Rizzolatti et al, 1988). Awake
monkeys were seated on a primate chair and presented
with various objects (geometric solids, pieces of food of
different size and shape). The stimuli were introduced
in various spatial locations around the monkey, inside
and outside ity peripersonal space. After object presen-
tation, the monkey was allowed to reach and grasp the

The results confirmed that most neurons become ac-
tive in relation to distal movements. However, they
aleo showed that the neuron discharge typically corre-
lates much better with an action or with fragments of
an action (motor acta) ratherjthan with the movements
formngit.’l‘hm,mynewimdmhmwbmmw
tion (e.g., grasping) is performed with effectors as dif-
ferent as the right hand, the let hand, or the mouth. An
example of this behavior is shown in figure 38.2. Pur-
thermore, in most neurons, the same type of move-
ment (eg, an index finger flexion) effective in
triggering & neuron during grasping made with the in-
dex finger and the thumb was not effective during
grasping made using all fingers. Thus, in these cases,
the characterization of neuron activity in terms of indi-
vidual movements is meaningless.

By using actions as classification criteria, FS neurons
were subdivided into the following main categories:
grasping-with-the-hand-and-the-mouth neurons, grasp-
ing-with-the-hand neurons, holding neurons, tearing
neurons, poking neurons, and manipulating neurona.
Grasping neurons were the neuron type most repre-
sented (Rizzolati et al., 1988).
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Grasping is a complex action characterized by an ini-
thlopeningphue,duﬂngwhk:hﬁngenmlhlpedm

until they touch & (Jeannerod, 1988). The
type of hand shape depends on the size and shape of the
Mnhmmmwwmm

use are: precision grip, which is opposi-
donolthedmmbmd:eindexﬁnger(uaedfmyuping
small objects); finger prehension, which is oppasition of
the thumb to the other fingers (used to grasp middle-

7
o

.sized objects or to retrieve them from a narrow con-

tainer); and whole-hand (or power) prehension, which is
oppodﬂonoltheﬁngenmthnpdm(mdtomlnge
objects). Neurons were recorded while monkeys grasped
objects using these three grip types.

The results showed that most (85%) grasping neurons
are selective for one of the three main grip types. The
most represented type is precision grip, the least repre-
sented is whole-hand prehension. There is specificity for
different finger configurations even within the same gen-
eral type of grip. Thus, for example, in the case of
whole-hand prehension, the prehension of a sphere,
which requires the opposition of all fingers, is encoded
by different neurons than the prehension of a cylinder,
for which a palm opposition grip, thumb excluded, is re-
quired (Sgure 38.3).

Both neurons selective for a specific grip type and
those unspecific showed a variety of temporal relations
with the prehension phases. Some F5 neurons dis
charged during the whole action coded by them, some-
times starting to fire at stimulus presentation. Some were
active mostly during the opening of the fingers, some
during finger closure (Jeannerod et al., 1995).

A METHODOLOGICAL INTERLUDE Before discussing
the thearetical importance of these findings, & method-
ological point must be stressed. Typically, in neuron
studies of the motor cortex, the behavioral or ethologi-
cal context in which movements are emitted are con-
sidered of little or no importance. The variable that is
controlled is movement. in this sense are
the experiments of Evarts, in which the animal had
simply to move the wrist or exert a force (Evarts,
1981).

Had this approach been used in the study of F5, the
most important characteristics of its neurons would have
been lost. For example, it would have been impossible
to discover that that same neuron discharges during
mouth grasping and hand grasping. Similarly, becanse
many grasping neurons produce a weak response during
an inappropriate movement (¢.g.,  finger flexion), their

band the hemsphere.
discharge during grasping with the hand ipalateral to the re-

main characteristic (e.g., that of firing during specific
motor action) also would have passed unnoticed.

The results of F5 study indicate that for cortical motor
neurons, the same strategy should be used as that so suc-
cessfully adopted in the sensory systems. For each neu-
ron, the specific motor triggering feature must be
established, and for those responding to passive stimuli,
the seasory triggering features also must be assessed.
Only, at this point, specific behavioral tasks can be
adopted. Without such a strategy, one would never

corded hemisphere. Rastars and histograms are with
the moment in which the moakey touched the food. The histo-

grams are the sum of ten trials. Abscissas: time n
bins. Bin width: 10 ms. Ordinates: spikes/bin. from
Rizzolatti et al., 1988.)

“know how voluntary movements are engendered, nor
where the ‘orders’ come from.”

A “VOCABULARY® OF MOTOR ACTION Some years
ago, Arbib (1981) proposed to describe the behavior of
individuals in terms of schemas. A schema is both &
store of knowledge and the description of a process for
applying that knowledge. The schema ides can be ap-
plied at the single newron level. The properties of F5
neurons fit this definition. These neurons store specific
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purely . Recordings were made during the fol
behavioral task; the monkey was seated in front of &
dark box. Trials began when the monkey a keypad.

Pressing the keypad illuminated the box, and a geometric solid
Jocated inside of it became visible. Afer a varisble delay, the

front door of the box opened, allowing the monkey to resch
for and grasp the object. (A) Neuron selective for precision
gxip. (B) Neuron selective for whole-hand prehension. Rasters

knowledge about an action and, when activated, indi-
cate how to implement it.

F5 is a store of motor schemas or, using the terminol-
ogy of Rizzolatti (Rizzolatti and Gentilucci, 1988; Genti-
Iucei and Rizzolatti, 1990) a “vocabulary” of actions.
This motor vocabulary is constif by “words,” each
of which is represented by a set of F5 neurons. Some
words indicate the general goal of an action (e.g., grasp-
ing, holding, tearing); others indicate the way in which a
specific action must be executed (e.g., precision grip or
finger prehension). Finally, other words are concemed
with the temporal segmentation of the action into motor
acts, each coding a specific phase of the grip (e.g., hand
opening, hand closure).

The view that F5 contains a vocabulary of motor ache-
mas has important functional implications. First, the
presence of such a vocabulary strongly facilitates the ex-
ecution of motor commands. The existence of neurons,
which represent specific motor schemas and are ana-
tomically linked (hard-wired) with cortical (F1) and sub-
cortical motor centers, facilitates the selection of the
most appropriate combination of movements by reduc-
ing the number of variables that the motor system has to
control to achieve the action goal. Second, it simplifies
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and histograms and the dista
index (recorded with a comp o
lyzer) are shown, aligned with the onset of hand movement
{vertical bar). Dots indicate the opening of the box front door.
The grasped objects were, from left to right: a small sphere, 2
1 here, and a horizontally orlented cylinder, Abact

2 in. Bin width: 20 ms.

 bety the thumb and the

schemas (i.e., a knowledge about actions) that, as we
show in the next sections, provides the motor system
with functions traditionally attributed to the sensory sys-
tems.

Canonical F5 neurons

The motor properties of F5 we described in the previous
section are proper to all F5 neurons. Studies of the re-

iveness of F5 neurons have shown that many of
them respond to visual stimuli. According to the type of
effective visual stimulus, the responsive neurons (visuo-
motor neurons) were subdivided into two main catego-
ries. Neurons of the first category discharge when the
monkey cbserves graspable objects. As evident in a forth-
coming section, these neurons play a role in object-to-
hand movement transformations. Because visuomotor
transformation is a function traditionally attributed to the
venmlpremoweorwc,werdermdwmas‘monicd”
F5 neurons. Neurons of the second category discharge
when the monkey observes another individual making an

action in front of it. We refer to these neurons as “mirror
neurons® (Gallese et al., 1996; Rizzolatti et al., 1996a).

The two categories of F5 neurons are located in two
different subregions of area F5: canonical neurons are
found mainly in F5ab, whereas mirror neurons are re-
corded almost exclusively from the cortical convexity
{F5c).

VISUAL PROPERTIES OF CANONICAL F5 NEURONS  Ex-

in which F5 neurons were tested using natural

stimuli showed that many F5 neurons became active in
response to object presentation (Rizzolatti et al, 1988).
Recently (Murata et al., 1997), the visual responses of F5
neurons to object presentation were re-examined using a
formal behavioral paradigm originally devised by Sakata
(Murata et al., 1996). The paradigm was basically as fol-
lows. ’

The monkey faced a dark box where geometric ob-
jects (e.g., cube, cylinder, sphere) of different size and

were located. The objects were presented one at s
time. The trial started with the presentation of a colored
spot of light on the object that remained invisible. At the
spot presentation, the monkey had to fixate it and press
a bar. The bar pressing illuminated the box and made
the object visible. After a variable delay, the spot
changed color. This was the signal for the monkey to re-
lease the bar and reach and grasp the object (“grasping
in light” condition). In & second condition, all the events
were as aforementioned, but when the spot changed
color, the monkey had only to release the bar. Object
grasping was not allowed (“object fixation” condition).
The two conditions were run in different blocks, and the
spot colors in them were different. In a third condition
(“grasping in dark” condition), the same object was pre-

ted for many cc tive trials. The monkey saw the
object before the beginning of the first experimental
trial, and therefore knew its characteristics, but it had to
perform the entire task without visual guidance. Eye
movements were controlled in all conditions.

The results showed that approximately half of the
tested neurons responded to three-dimensional (3-D}
object presentation and two thirds of them were selec-
tive to one specific object or to a cluster of objects. A
strict congruence between visual and motor selectivity
was found in most recorded neurons. Figure 38.4
shows the respanses of a visually selective neuron. Ob-
servation and grasping of the ring produced strong re-
sponses (figure 38.4A). Responses to the other five
objects were modest {sphere) or virtaally absent.

Figures 38.4B and C show the behavior of the same
neuron in two other experimental conditions: object fixa-
tion and object grasping ih dark. In the object fixation
condition, the objects were presentzd as aforementioned,

but at the go signal, instead of grasping the object, the
monkey had to release a key. Grasping was not allowed.
In this condition, the object is totally irrelevant for task
solution, which only requires the detection of the go sig:
nal (spot color change). However, the neuron strongly
discharged at the presentation of the preferred object (fig-
ure 38.4B).

The behavior of the neuron during object grasping in
dark is illustrated in figure 38.4C. In the absence of any
visual stimulus, the neuron discharged in association
with ring grasping. The movement-related discharge
was preceded by a sustained activity.

How can these findings be explained? At the onset, the
object related visua! responses could not be attributed to
unspecific factors, such as attention or “intention” (desire
to grasp the object). If either of these possibilities were
true, the neuron would have not shown object specificity.
Attention and “intention” are the same, regardless of
which is the object presented. How can the neuron re-
sponse to the object be interpreted?

Before answering this question, we must consider that
a discharge extracellularly recorded from a neuron repre-
sents the output of this neuron regardless of how the neu-
ron is excited. Thus, the respanses of 2 given F5 neuron
must be either visual, with the responses reflecting the
physical aspect of the object, or motor, dealing with the
activation of a motor schema~-that is, the “idea” of how a
motor effector must interact with the object.

The fact that F5 is a premotor area suggests that the
object-related F5 neurons responses should represent
objects in motor terms. Every time an object is pre-
wnted,kui.ggmanhnmedinxeretrievdofthespedﬁc
word of the motor vocabulary related to that object.
Therefore, regardless of any intention to move (see “ob-
ject fixation condition®), the “visual® response to object
prescatation would be the translation of the object into a
potential motor action. The representation of this poten-
tial action then is kept active during the period following
object presentation (see the sustained response following
object presentation) and is transformed in ovest move-
ment only when the response is allowed.

Preliminary experiments from our laboratory confirm
this tnterpretation (see also Murata et al, 1997). A large
number of visually responsive neurons discharge to the
presentation of objects that, although differing in shape
(i.e., cube, cone, sphere), nevertheless are grasped in the
same way.

The AIP-F5 grasping circuit

VISUAL INPUT TO F5: AREA AIP  Regardiess of the in-
of their discharge, there is no doubt that
many F5 neurons respond to visual stimuli. Which is the
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sual and motor neurons—have discharge properties simi-
Iar to those of motor and visuomotor F5 neurons,
respectively, whereas the third clam-visual dominant
neurons—is not present in F5. Visua! dominant neurons
are active during object fixation and grasping move-
ments ‘executed under visual guidance, but they do not

Like F5 neurons, many AIP neurons are selective for
object shape and size. Among those classified as visual
and motor neuroas, many show the same selectivity dur-
ing both object fixation and object grasping.

Although F5 and AIP share many common fea-
tures, there also are some differences between them.
In particular: (1) visual to 3-D objects are
observed more frequently in AIP than in F5; (2) virtu-
ally all F5 neurons have motor properties, whereas
these properties are present only in a set of AIP neu-

#

Control

Muscimol (site B)

N\
-l
FIGURE 38.5 Preshaping and actual of a small plate
in a groove. Bp recs: single frame images from video
snd stick diagram of a typical contral trial. During
T e e
the thumb and the index finger (precision w)-bymoppo::.:i

rons; (3) visnal dominant neurons are present only in
AIP; and (¢) most AIP neurons discharge during the
whole grasping action, whereas this occurs only in
some F5 neurons, F5 neurons discharging more fre-

queatly only in some of the phases in which grasping
is subdivided.

INACTIVATION STUDIES The data discussed thus far
strongly suggest that the AIP-F5 circuit is involved in
visuomotor transformations for grasping. This role of
the AIP-F5 circuit recently was proved directly by inac-
tivation data. ‘
The effect of inactivation of AIP (muscimol injections)
grasping behavior was stadied by Gallese and col-
(1994). They trained & monkey to reach for and
grasp geometric solids of different size and shape, each
of which required a specific pattern of finger movements
to be grasped adequately.
After muscimol injection, the behavior of the hand
contralateral to the injection side was markedly im-
paired. Severe disruption of preshaping of the hand was
obeerved constantly. As a there was a mis-
match between the 3.D features of the objects to be
psped,upeddlyofthemﬂonu,mdthepomhg
of finger movements, leading either to a complete failure
of prehension or to an awkward grasping. In the case of

single frame images redrawn from video and stick diagram of s
single trial performed after muscimol microinjection in ares
AIP. During

not occur,

it koo foms Gullers o 54)

successful grasping, the grip very often was achieved af-
ter several correction movements that relied on tactile
exploration of the object. A deficit in reaching never was
observed.

Figure 38.5 illustrates the grip of a small plate posi-
tioned in a groove performed before (upper part) and
after (lower part) AIP inactivation. After inactivation,
hand preshaping was disrupted completely; the mon-
key did not flex its last three fingers and very often
failed to insert the index finger into the groove. When
the. monkey occasionally succeeded in inserting it, it
nevertheless was unable to oppose the finger to the
thumb.

Preliminary experiments in which muscimol was in-
jected into F5ab—that is, in the F5 sector in which canon-
ical neurons are located-produced similar deficits. The
impairment was limited to precision grip of the hand
contralateral to the lesion when small injections were
made. Larger injections produced bilsteral deficit con-
ceming all grip types (Gallese ot al., 1997).

VISUOMOTOR TRANSPORMATION POR GRASPING: A
POSSIBLE NEURAL MODEL  The functional properties of
F5 and AIP just reviewed allow one to propose a model
that can explain how the AIP-F5 circult transforms vi-
saal information into action. Mainly, the AIP visual
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dominant neurons receive information on object proper-
ties from 3-D object sensitive neurons located in an area
to LIP, called caudal IPS (cIPS, see Shikata et
al, 1996). The AIP peurons extract from this global ob-
jost description some specific aspects. For example, in
the case of the mug shown in figure 38.6, AIP neurons
respond to the handle of the mug, to its body, or its body
upper border. Therefore, they parcellate the giobal ob-
jﬂﬁmmpmmmﬂﬁph then is sent to
F3, “proposing” various pousibilities. One of
them is chosen. The choice depends on the concomitant
information (purpose of the internal drive, spa-
thﬂmuhlpwithodbaobjedl)thtl’smﬁ'om
the prefrontal lobe by means of other premotor areas or
dicectly. On the basis of joint AIP input and visual and
nenvisual contextual information, & grasping schema
(e.g., precision grip) is selected. This schema then (1) is
sent back to AIP by way of motor dominant neurons, al-
lowing matching between the selected movement pat-
tern and the visual input during action execution and (2)
activates in sequence the various motor act schemas
farming the grasping actions (0.g, band opening, hand
closure). These motor act schemas provide the necessary
information to F1 and sabcortical centers for action exe-
cution. A computational model of the AIP-F5 circuit
based on principles similar to those just described re-
eu:dy was proposed by Fagg and Arbib (1998; Fagg,
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dnrpd-hlcau(dPSnn)-dbyAIP‘lhm
ptwypcomhnls (llodﬂ-dﬁunhu

Mirror F5 neurons

1n addition to canonical neurons, in F5, there is a second
category of visuomotor neurogs. These neurons become
active both when the monkey performs an action end
when it observes a similar action made by another mon-
key or by the experimenter. The presentation of 3-D ob-
jects, even when held by the hand, does not evoke the
neuron dischasge. These neurons have been named
“mirror neurons” (Gallese et al., 1996; Rizzolatti et al.,
1996a). An example is shown in figure 38.7.

To discover the festures of mirror neurons,
Rizzolatti and coworkers (1996a; Gallese et al, 1996)
presented the monkey with a series of actions. They
were transitive actions (such as grasping, holding, ma-
nipulating, or tearing objects), intransitive movements
with enwﬁoml content (e.g., threatening gestures) or

withmnu(e.g.,mlming) Furthermore, to control
whether a resp d specifically to
hand-objects interactions, the ﬁollawing actions also
were performed: hand movements mi object-re-

lated actions in the absence of the objects; prehension
movements made using tools such as pincers or pliers;
simultanecus movements of hands and objects kept spa-
tially separated. Finally, to rule out the pomsibility that
miror neurons activation could be due to unspecific fac-
tors such as food expectancy or motor preparation for
food retrieval or reward, a group of neurons were stud-
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fed using a second monkey as the agent of the action.
Although the second monkey grasped food and ate it,
the first monkey (the monkey from which neurons were
recorded) observed its action passively.

MIRROR NEURONS PROPERTIES The visual stimull
most effective in mirror neurons were found to
be actions in which an agent (another monkey or an ex-
perimenter) interacts with an object using either the hand
or, more rarely, the mouth. Object presentation, includ-
ing interesting stimuli such as food items or the sight of
faces or body movements were ineffective. Similacly, ac-

NOURE 38.7 devﬂdmmd
an F5 mirror during which
hmmwwmwmmﬂy
sbove rasters. (A} A tray with a pisce of food placed on it wes
prescoied to the .
movement toward the
food toward the monkey, which grasped it. The neural dis-
charge was sbeent whea the food was presenied and moved to-
Mhmﬁqhmamﬁnﬁmmm
movenants of both the experimenter and the
monkey. (B] MMW.MMMWW

hioodwlﬂxpliul. the much weaker
observed was with a tool. and his
fograms are {vertical ber} with the moment in which

tions made using tools either did not activate the neurons
or activated them only very weakly (see figure 38.7).
The observed hand actions most effective in triggering
the neurons were ing, manipulating, and placing.
More than half of neurons, among those activated by the
observation of hand action, were active during the obser-
vation of one action only. The remainders responded to
two or, rurely, three of them. Some neurons were selec-
tive not oaly to the general action asim (e.g., grasping) but
also to how the action was performed, selectively firing
during the observation of one particular type of grip (e.g.,
precision grip, but not whole-hand prehension).
There was.a large amount of generalization in terms
of the precise physical aspects of the effective agent. For
many neurons, the precise hand orientation was not cru-
cial for activation. Stmilarly, in most cases, the distance
from the monkey at which the action was executed did
not influence the response. For most neurons, the effect
was the same when the experimenter used the right or
the Jeft hand. In one third of tested neurons, however,
the discharge consistently was stronger when the action
was made by one hand instead of the other.

As far as the objects targets of the observed action are
concemned, their significance for the mouakey did not in-
fluence the neuron discharge. The responses to mean-
ingful objects like food were the same as those to 3-D
solids. The sizes of the objects, target of the action, were
relevant in one third of the recorded neurans. In these
cases, neurons were visually activated only when the ob-
ject of the effective observed action had s specific size.
The selectivity was relsted to the real size of the object
and not to its size on the retina. It is likely, however, that
this selectivity was not due to the visual characteristics ol
the objects, but to the grip that their size evokes. Experi-
ments to dissociate these two variables have not been
carried out yet.
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Mirror neurons, like canonical neurons, discharged
during active movements. A comparison between the
actions they code and the actions that trigger them
when seen showed that for almost all the mirror neu-
rons, there was a clear congruence between the ob-
served and executed action. This congruence was for
many neurons extremely strict, that is, the effective mo-
tor action (e.g., precision grip) coincided with the action
that, when seen, triggered the neurons (e.g., aguin,
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xperiment ting d a small piece of food
in opposite direct ting clockwise and counterclock-
wise ts. The resp is in one rotation

ction. (B) The experimenter rotates a piece of food held by

precision grip). For other neurons, the congruence was
broader. For them, the motor requirements (e.g., preci-
sion grip) usually were more strict than the visual ones
(any type of hand grasping). An example of a highly
congruent mirror neuron is shown in figure 38.8.

OTHER AREAS RESPONDING SELECTIVELY TO BIOLOGI-

charge selectively to the presentation of faces or hands
are present in the inferotemporal lobe (Gross, Rocha-
Miranda, and Bender, 1972; Perrett, Rolls, and Caan,
1982; Desimone et al., 1984; Rodman, O'Scalaidhe, and
Gross, 1993) and in the prefrontal lobe below the princi-
pal sulcus (Pigarev, Rizzolatti, and Scandolars, 1979;
O'Scalaidhe, Wilson, and Goldman-Rakic, 1997). Neu-
rons responding to complex biological visual stimuli such
as walking or climbing also were reported in the
amygdala (Brothers, Ring, and Kling, 1990). Even more
relevant to the present issue is the work of Perrett and co-
workers (Perrett, Rolls, and Caan, 1982; Perrett et al,
1989, 1990). These authors showed that in the lower bank
of the superior temporal sulcus (STS), there are neurons
selectively activated by the observation of hand-object
interactions. These properties resemble the visual proper-
ties of F5 mirror neurons: both STS and F5 mirror neu-
rons code the same types of actions; they both generalize
their responses to the different instances of the same ac-
tion; and neither are responsive to mimicked hand ac-
tiona without the target object. However, the distinctive
feature of F5 neurons—and, 1o far, their uniqueness—re-
sides in the fact that they discharge also during active
movements of the observer: an observed action and ac-
tion actively made produce the same neural pattern of ac-
tivation.

The presence of two brain regions, neurons of which
are endowed with similar visual properties, raises the
question of their possible relationship. A poasibility is

—r

that STS and F5 represent distinct stages of the same sys-
tem. The STS neurons an initia! “pictorial® de-
scription of an action that is then fed (through an
intermediate step in the posterior parietal cortex or in
the prefrontal lobe) to area F5, where this description is
matched with the pattern responsible for the execution
of the same action.

THE MIRROR SYSTEM IN HUMANS The first evidence
that a mirror system exists in humans was provided by
Fadiga and associates (1995), who stimulated the motor
cortex of normal human subjects using transcranial mag-
netic stimulation (TMS). The rationale of the experi-
ment was the following. If the observation of an action
activates the premotor cortex in humans, as it does in
monkeys, then TMS should induce, during action obser-
vation, an enhancement of motor-evoked potentials
(MEPs) recorded from the muscles that are active when
the observed action is executed. The results confirmed
the hypothesis. During the observation of grasping
movements, a selective increase of MEPs was observed
in the muscles that the jubjects used for grasping objects.

Althovgh these data indicate that an action execution/
obeervation matching system exists in humans, they do
not give information on the circuits underlying it. Data
on this issue were provided by two positron-emission to-
mography (PET) experiments (Rizzolatti et al, 1996b;
Grafton et al. 1996) and, more recently, by a neuromag-
netic study (Hari et al., 1998). The two PET experiments
differed in many aspects, but both had a condition in
which subjects observed the experimenter grasping an
object. In this condition, there was an activation of the
STS, the inferior parietal lobule, and the inferior frontal
gyrus (area 45). All activations were in the left hemi-
sphere. The neuromagnetic study (Hari et al, 1998) was
focused on the precentral motor cortex, the basic
rthythm of which desynchronizes during active hand
movements (Salenius et al., 1997). The results showed
that grasping observation produced a similar desynchro-
nization in the ab of any mo t. The grasping
observation-related desynchronization most likely re-
flects an activation of motor cortex due to an input to it
coming from the inferior frontal gyrus or other premo-
tor areas. The alternative interpretation, that mirror neu-
rons also are present in the precentral motor cortex, is
rather unlikely considering their absence in monkey
area F1 (area 4) (Gallese et al., 1996).

Thus, the cortical areas active during action observa-
tion in humans match well those active in the monkey in
the same conditions. In addition to the aforementioned
areas containing neurons responding to meaningful bio-
logical stimuli, preliminary evidence from our labora-
tory shows that mirror neurons are present in inferior

parietal cortex (Fogassi et al., 1998). Note also that there
is a growing consensus that F5 is the monkey homo-
logue of Broca's area, or of part of it (Von Bonin asd
Bailey, 1947; Petrides and Pandya, 1994; Preuss, Step-
niewsks, and Kaas, 1996; and Rizzolatti and Arbib,
1998).

Taken together, these data indicate that a system
matching action observation and action execution is
present in humans as in monkeys. This system includes
frontal, parietal, and temporal lobe areas.

POSSIBLE FUNCTION OF MIRROR NEURONS  Primates
are social I living in continuous mutual relati
ship with conspecifics. Macaque monkeys live in groups
characterized by active and intense social interactions,
such as parental care, mating, and grooming that usually
are disciplined by a well-delineated hierarchical organi-
zation. Therefore, it is crucial for each member of a
given social group to be able to recognize the presence
of another individual performing an action, to discrimi-
nate the observed action from others, and to *under-
stand” the meaning of the observed action to react
appropriately to it.

The observation of actions made by other individuals
has another important function, that of learning their ac-
tions. When we learn a new motor skill, we observe and
reproduce again and again the same sequence of actions
that the teacher is displaying in front of us. The goal is to
achieve as much as possible a match between the
teacher-skilled motor behavior and our clumsy approxi-
mations of it. Evidence from developmeatal psychology
demonstrates that in humans, the capacity to imitate is
displayed soon after birth (Melizoff and Moore, 1977).
However, there is controversy about whether monkeys
are able to learn by imitation; many authors maintain
that a true leamning by imitation is present, among pri-
mates, only in humans (see references in Galef, 1988,
Whiten and Ham, 1992; Tomasello, Kruger, and Ratner,
1993; Byrne, 1995; Galef, 1998).

How do we recognize and imitate actions? One possi-
bility is that action understanding and imitations require
a complex cognitive description of the observed act. The
existence of the mirror system suggests, however, an-
other and simpler possibility. Everybody agrees that
when an individual starts an action, he or she knows
{predicts) its consequences. This is the result
of an association between the schema of that action (the
aforementioned potential action coded in the premotor
cortex) and the consequences of this action. Thanks to
mirror neurons, this knowledge can be extended to ac-
tions performed by others. When the observation of an
action performed by another individual activates neu-
rons that represent that action in the observer’s premotor
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cortex, the observed action is recognized because of the
similarity (or even identity) of the evoked representation
to that internally generated during its active program-
m’?‘h%m, we propose that the mirror system is a basic sys-
tem for recognition of action. Both monkeys and hu-
mans use it for this purpose. In addition humans
probably use this system also for action imitation (Jean-
nerod, 1994). If, as maintained by many, monkeys are
unable to imitate actions made by other individuals, this
would suggest that, although endowed of a mechanism
that generates internal copies of actions made by others,
they are unable to use them for replicating those actions.
This would suggest that the intentional use of internal
copies of actions developed only late in evolption.

Conclusions

What is the use of the motor system? The classical an-
swer to this question is undoubtedly the one cited in the
introductory section: *The motor system exists to trans-
late thought, sensation and emotion into movement.”
The data reviewed in this chapter lead to a different and
broader view. In primates, the aim of the motor system
is to create internal copies of actions and to use these in-
ternal copies for generating actions as well as for under-
standing motor events.

According to this view, there are “vocabularies” of
motor actions at the core of the cortical motor system.
Neurons forming these “vocabularies” store both knowl-
edge about an action and the description, at least in gen-
eral (nonparametric) terms, of how this knowledge
should be used. The ensemble of neurons related to a
given action forms the global motor schema of that ac-
tion. When an appropriate stimulus ted, the rel-
evant schema is activated. This does not imply that the
action occurs any time a motor schema is activated. The
activation of a motor schema determines only the ap-
pearance of an internal copy of that action that may be
executed.

In the vocabulary of F5, there are two sets of visuomo-
tor neurons: canonical neurons and mirror neurons. Ca-
nonical neurons together with neurons located in the
parietal lobe area AIP form a circuit that transforms in-
trinsic object properties into hand action. They are auto-
matically (regardless of animal intention to act) activated
in response to appropriate stimulus presentation. The
movements do not necessarily follow this activation.
The way in which this internal copy, 8 potential action,
is transformed into a real action currently is not known.
Our suggestion is that the lateral parietofrontal circuits
are under control of mesial motor areas (Rizzolatti et al.,,
1990; Rizzolatti, Luppino, and Matelli, 1996). Among

550  MOTOR SYSTEMS

these, particularly suitable for this control role is area F6,
which receives a massive input from tal cortex
(Luppino et al, 1993; Lu, Preston, and Strick, 1994).
When internal and external contingencies are such that
it is both desirable and feasible that a potential action
becomes a real action, the control exerted by mesial ar-
eas is removed and the action may unroll.

From the existence of an internal copy of actions
stermns the second funiction of the motor syst that of
matching an observed action onto the internal motor
copy of the same action. The presence of a common
code for a received message (in the case of mirror neu-
rons, actions made by others) and for an action actively
emitted by the observing individual gives a cue on how
individuals can understand the “pictorial” description of
the inferotemporal and parietal areas. The evidence we
present concerns event recognition but it is likely that in
early periods of life, the same mechanism is used also for
giving meaning to other types of percepts (see Rizzolatti
and Gallese, 1997). These considerations, although at
the moment purely hypothetical, appear to be ex-
tremely fascinating because they open the possibility to
approach neurophysiologically issues that, like object se-
mantics, were traditionally the domain of philosophical
inquiry. ]
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Neural Mechanisms for Learning

of Sequential Procedures

O. HIKOSAKA, K. SAKAL H. NAKAHARA, X. LU, §. MIYACHL K. NAKAMURA,

AND M. K. RAND
ABSTRACT  Acquisition of procedural akill requires long-tesm
practice with repeated trial-and-exrar s during which

scquisition of knowledge (what to do) gradually is replaced
with acquisition of skill (how to do). Using a visiomotor se-

task with trial-and-error processes for macaque mon-
keys and humans, the authors have shown that multiple brain
areas contribute to different stages and different aspects of
procedural learning. The frontal cortex (particularly the pre-

data also suggested that procedural skill is fred simult
neously, in which the SMA plays an important role. In con-
trast, the posterior part of the basl ganglia and the dentate

Jeus of the cerebell ibute to the long-term learn-

ing stage, in which the procedure is executed implicitly with a*
chain of movements.

ties, the authors propose a hypothetical scheme in which a se-
q ‘lr . h‘ P Jr A, A\; bym., Nal
hanisms in the cerebral cortex that use the visual and mo-

tor coordinates. Both of them are supported by the basal gan-
glis and the cerebellum: The basal ganglia provided them with
reinforcement signals, and the cerebellum provided them with
timing informstion. The proposed neural architecture would
operate in an effective and flexible manner to acquire multiple
sequential procedures.

Intelligence is based on the ability to learn a complex se-
quence of movements, as implicated in the usage of
tools (Matsuzawa, 1996) and languages (Kuhl, 1994).
How we leam such sequential procedures has been a
long-standing objective of psychology and currently is a
major topic in neuroscience. However, our understand-
ing is far from complete. We hardly are able to pinpoint
the brain structures that are critical for the sequential
procedural learning. A cc among neuroacientists
is that the brain regions that are critical for declarative
memory, including the hippocampus, are not critical for
procedural learning or memory {Squire and Zola, 1996).
Therefore, the procedural memory has been character-
ized by exclusion~that is, what is left out of the declara-

tive memory mechanisms. Interestingly, this is the ver;
reason why many neuroscientists currently are inter
ested in disclosing the mystery of procedural learning.

In this review, we first describe the current status o
the research on procedural learning, then summarizt
our study on monkeys and humans, and finally propost
a neural network model as an attempt to integrate result:
from our and other laboratories.!

Brain regions that are implicated
in procedural learning

As summarized in table 39.1, a number of brain region:
have been shown to be involved in different types of
learning. Interestingly, leaming of sequential procedures
currently is a major issue in studies using human subjects,
but it rarely has been studied using animal subjects. Se-
quential procedures have been used in animal studies
only after they have been leamed to study the control
mechanism of sequential movements (Tanji and Shima,
1994).

However, many of the human studies, especially im-
aging studies using positron-emission tomography (PET)
or functional magnetic resonance imaging (IMRI), have
focused on learning of sequential movements, such 23
the serial reaction time (SKT) task (Nissen and Bullemer,
1987). Common to the results of these studies was that
several brain areas were active concurrenty during
learning, including the cerebral cortex, the basal gan-
glia, and the cerebellum. It has been proposed that there
are different stages in learning to which different brain
regions contribute (Karni et al, 1998; Petersen et al,
1998; Shadmehr and Brashers-Krug, 1997).

However, it still was unclear whether these brain re-
gions actually contribute to the learning and how they
interact with each other during leaming. Crucial to an-
swering this question was: (1) to identify the brain re-
gions that were active with learning and (2) to
manipulate the activity of each region to see whether
learning and retention of memory were distupted. Our
strategy was to combine animal and human experiments
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