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Summary. Neurons of the rostral part of inferior premo-
tor cortex of the monkey discharge during goal-directed
hand movements such as grasping, holding, and tearing.
We report here that many of these neurons become ac-
tive also when the monkey observes specific, meaningful
hand movements performed by the experimenters. The
effective experimenters’ movements include among
others placing or retrieving a piece of food from a table,
grasping food from another experimenter’s hand, and
manipulating objects. There is always a clear link be-
tween the effective observed movement and that execut-
ed by the monkey and, often, only movements of the
experimenter identical to those controlled by a given
neuron are able to activate it. These findings indicate
that premotor neurons can retrieve movements not only
on the basis of stimulus characteristics, as previously
described, but also on the basis of the meaning of the
observed actions.
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Introduction

It is well established that in the monkey there is a distal
arm movement representation in inferior premotor cor-
tex (Rizzolatti et al. 1981 ; Kurata and Tanji 1986; Rizzo-
latti et al. 1988; see also Matsumura and Kubota 1979;
Muakkassa and Strick 1979). This representation is lo-
cated rostrally near the arcuate sulcus, and is largely
coextensive with the histochemical area F5 (Matelli et al.
1985). One of the distinguishing characteristics of F5
neurons is that they become active during particular
goal-directed hand movements, such as grasping, hold-
ing, and tearing. Many of them are specific for different
types of hand grip. Some discharge during grip with
the index finger and the thumb, some during finger pre-
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hension, and others during prehension with the whole
hand. Furthermore, a proportion of F5 neurons are acti-
vated by visual stimuli which require a particular type
of grasping (Rizzolatti et al. 1988).

Our original aim in the present experiments was to
study the activity of F5 neurons in a behavioral situation
in which we could separate stimulus-associated re-
sponses from the activity related to movements. For this
purpose a macaque monkey was trained to retrieve ob-
jects of different size and shape from a testing box with
a variable delay after stimulus presentation. After the
initial recording experiments, we incidentally observed
that some experimenter’s actions, such as picking up
the food or placing it inside the testing box, activated
a relatively large proportion of F5 ncurons in the ab-
sence of any overt movement of the monkey. The pur-
pose of this communication is to describe some of the
essential features of this surprising new class of premotor
neurons.

Methods

The experiments were carried out on a Macaca nemes-
trina monkey. Animal preparation and basic experimen-
tal procedures were the same as in our previous experi-
ments (for details see Rizzolatti et al. 1988, 1990). Dur-
ing the recordings the monkey was seated in a primate
chair with its head fixed. Single neurons were recorded
from inferior area 6 (sector F5) using tungsten micro-
electrodes (impedance 0.5-2 MQ measured at 1 kHz fre-
quency). The microelectrode used for recordings was
also used for electrical microstimulation. The stimula-
tion was made in each penetration every 500 um by ap-
plying trains of cathodal pulses generated by a constant
current stimulator (train duration 50 ms, pulse duration
2 ms, frequency 250 Hz, current intensity 3—40 pA).

The neurons were first tested informally by present-
ing objects of different size and shape in various spatial
positions (for details on testing procedures see Rizzolatti
et al. 1988). Once it was clear that a neuron became
active during the monkey’s hand movements, its dis-



charge was studied in a behaviorally controlled situa-
tion. A testing box (45 cm x 30 cm x 35 cm) was placed
in front of the monkey at its shoulder level. The box
front door was formed by a one-way mirror. Geometric
solids of different size and shape were placed inside the
box. The room illumination was adjusted to prevent the
animal from seeing inside the box. The monkey initiated
the trials by pressing a switch, formed by two thin plates,
with the thumb and index finger. Pressing the switch
lit the box and made the object visible. After a delay
of 1.2-1.5 s, the door opened and the monkey was al-
lowed to reach for the object. The animal was rewarded
with a piece of food located under the object. If the
monkey released the switch before the door opened the
trial was aborted. Arm and hand movements were re-
corded using a computerized movement recording sys-
tem (ELITE system, Ferrigno and Pedotti 1985). This
system, as used in the present experiment, consists of
two infrared TV cameras and a processor which elabo-
rates the video images in real time and reconstructs the
positions of infrared reflecting markers in three dimen-
sions. The markers used for reconstructing hand and
arm movement were placed on the first phalanges of
the index finger and thumb and on the radial apophysis.
Neural activity, kinematic recordings and event time
markers (light on, door opening) were acquired by the
ELITE system and recorded on a magnetic medium for
off-line analysis.

Following the discovery that some experimenter’s ac-
tions could activate F35 neurons, all recorded neurons
were examined by performing a series of motor actions
in front of the animal. These actions were related to
grasping food (e.g., presenting the food to the monkey,
putting it on a surface, retrieving it, giving it to a second
experimenter, taking it away from him), to manipulation
of food and other objects (breaking, tearing, folding),
or were gestures with or without emotional content
(threatening, lifting the arms, waving the hands). In ad-
dition, the following actions were also performed in
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order to control whether the recorded neurons coded
specifically hand-object relationships: movements of the
hand without food, prehension of the food with a tool
(e.g., forceps, pincers), simultaneous combined move-
ments of the food and hand spatially separated one from
the other. All experimenter’s actions were repeated on
the right and on the left of the monkey at various dis-
tances (50 cm, 1 and 2 m). The animal’s behavior and
experimenters’ actions during testing were recorded on
one track of a video tape; the neural activity was simul-
taneously recorded on a second track in order to corre-
late the monkey’s behavior or the experimenters’ actions
to the unit firing.

Arm and forearm muscles, including flexors and ex-
tensors of the fingers, were recorded unipolarly with
stainless steel electrodes. The electromyographic record-
ings were made in special sessions in which testing proce-
dures were identical to those in which neurons were re-
corded.

Results

The activity of two neurons during the monkey’s grasp-
ing of small and large objects is illustrated in Fig. 1.
Unit 483 discharged vigorously during precision grip
(upper panel), whereas it was only weakly activated dur-
ing whole hand prehension (lower panel). Unit 481 did
not show any specificity for grip type. Its discharge,
which was spontaneously high, was strongly inhibited
during all types of grasping. The spontaneous activity
of the two neurons was influenced neither by the object
presentation nor by movement preparation during the
waiting period.

Figures 2 and 3 show the responses of units 483 and
481 while the monkey observed grasping movements
performed by the experimenters. The correlation be-
tween movements and neural activity was made in this
case using video recordings. Modifications in neuronal

Fig. 1. Discharge of two premotor neurons dur-
ing hand prehension. Neuronal activity (raster
display) and kinematic recordings of the grip
size (modulus of the vector distance between
the thumb and index finger) are shown. Upper
panels: neuronal response during precision grip
(PG); lower panels: neuronal response during
whole hand prehension (WHP). The objects
were a small sphere (diameter 0.4 cm) in the
case of PG and a large sphere (diameter 4 cm)
for unit 483 and a large cylinder (diameter

2 cm) for unit 481 in the case of WHP. Neuro-
nal discharge and kinematic recordings are
aligned with the onset of hand opening (contin-
uous vertical lines). The first filled dot of each
raster marks the object presentation; the second
filled dot marks when the object was allowed
to be grasped. Each bin represents 20 ms. Ordi-
nate. each subdivision represents 0.7 cm
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Fig. 2A, B. Example of a unit selectively discharging during mon-
key grasping movements and during monkey observation of grasp-
ing movements made by the experimenter. A The experimenter
grasps the food; B the monkey grasps the food. Arrows indicate
the (approximate) onset of grasping. Formal testing of this unit
(483) is shown in Fig. 1, left side

discharge were as sharply defined during grasping obser-
vation (Figs. 2A, 3A, B) as during grasping execution
(Figs. 2B, 3C). Of particular interest is Fig. 3B. Here
the records show the neuronal activity with no interrup-
tion from the moment in which the experimenter picked

up the food (first arrow) to when the monkey grasped
it (second arrow). Both the observed grasping and the
executed grasping inhibited the neuron discharge. In
contrast, neither the movement of the experimenter’s
hand towards the food (records before the first arrow)
nor the presentation of food to the monkey (records
before the second arrow) influenced the neuronal firing.
Note that after the experimenter’s act of grasping the
discharge was back to its high rate in spite of the fact
that after the grasp the food was moved towards the
animal and, as a consequence, the monkey’s interest and
preparation to perform arm and hand movements in-
creased.

A total of 184 F5 neurons were studied. In agreement
with previous findings, almost all neurons became active
during different types of distal movements (grasping,
holding, tearing). Microstimulation performed in corre-
spondence to the sites from which the neurons were re-
corded elicited hand and finger movements. Eighty-sev-
en neurons responded to visual stimuli. Forty-eight of
them responded to simple meaningful stimuli (e.g., food)
as previously described (Rizzolatti et al. 1988), while 39
had complex visual properties similar to those of units
481 and 483. Neurons with complex visual properties
fell into four broad categories. The first category (n=12)
consisted of units in which the effective observed action
and the effective executed action corresponded. The
coded action could be grasping with the mouth, grasping
with the hands (the most frequently represented), object
rotation, or object manipulation. The second category
(n=6) was formed by neurons in which the effective
observed action was the one effective when executed by
the monkey (e.g., grasping) plus other actions visually
similar to the executed one (e.g., hand placing an object
on a table). The third category (n=11) consisted of neu-

U481
"
v
i RIEN RN 110 QT T [ I
¥ M
P -
¥ \
I [| LALE DA LR 1l
M ¥
B0 T — ] N1 10010 T 111411 1

500 msec

Fig. 3A—C. Example of a unit selectively discharging during mon-
key grasping movements and during monkey observation of grasp-
ing movements made by the experimenter. The situations in A and
C are the same as in Fig. 2A and B respectively. In B The experi-
menter took a piece of food from another experimenter (first arrow)

and brought it towards the monkey. The second arrow indicates
the moment when the monkey grasped the food from the experi-
menter’s hand. Formal testing of this unit (481) is shown in Fig. 1,
right side



rons in which the effective observed actions were logi-
cally related to the effective executed actions and could
be seen as preparatory to them. For example, the effec-
tive observed action was placing an object on the table,
whereas the effective executed action was bringing food
to the mouth or grasping the object. The last class (n=
10) was formed by neurons which responded to observed
actions similar to those described above, but had no
activity correlated with the animal’s movement. Active
movements of the animal without visual control were
effective in triggering the neurons of the first three class-
es. Not all neurons, however, were tested in the absence
of visual control.

Control testing for the specificity of the hand-object
interrelations (see Methods) showed that movements of
the experimenter’s hand alone or the combined move-
ments of hand and object spatially separated one from
the other were not effective in triggering neurons of all
classes. Similarly, grasping the food with forceps,
pincers, or other tools did not affect the neuron dis-
charge. Threatening movements were also not effective.

Appropriate movements of the experimenter trig-
gered the neurons whether performed within the mon-
key’s peripersonal space or outside it. The responses,
however, were usually stronger when the observed stim-
uli were close to the animal. For some units the stimula-
tion side influenced the response intensity.

In order to verify whether the neuron activation dur-
ing the observed actions could be related to movements
of the animal that went unnoticed by observers, the
monkey’s arm and hand extrinsic movements were re-
corded electromyographically during the experimenters’
actions. Distal movements were monitored because these
movements are represented in F5, and because the quan-
titative analysis of the neurons discharging in relation
to the experimenters’ actions showed a clear correlation,
in most cases, between firing and distal movements.
Changes of electromyographic activity related to ob-
served action were never found.

Discussion

One of the fundamental functions of the premotor cortex
is that of retrieving appropriate motor acts in response
to sensory stimuli. Evidence has been provided that ac-
tion retrieval can occur in response to two-dimensional
patterns (Mitz et al. 1991), color (Halsband and Pass-
ingham 1985; Passingham 1988), and size and shape of
three-dimensional objects (Petrides 1982; Rizzolatti
et al. 1988; Gentilucci and Rizzolatti 1990). The present
data indicate that in addition to these physical factors,
retrieval can also occur in response to the meaning of
the gestures made by other individuals. If one considers
the rich social interactions within a monkey group, the
understanding by a monkey of actions performed by
other monkeys must be a very important factor in deter-
mining action selection. Thus, the capacity of inferior
premotor neurons to select actions according to gesture
meanings fits well in the conceptual framework of cur-
rent theory on the functions of premotor cortex and
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expands it to include movement selection related to in-
terpersonal relations.

The discovery in the premotor cortex of neurons sen-
sitive to the meaning of actions was unexpected. How-
ever, the presence of these neurons is consistent with
previous findings. Perrett and coworkers (1989, 1990)
described neurons in the temporal lobe whose responses
depended upon the interrelation of hand and object
movements. The characteristics of these neurons are very
similar to those of our last, purely visual category. It
appears, therefore, that hand-object interactions belong
to those categories of complex stimuli which, like faces
(Gross et al. 1972; Rolls 1984; Perrett et al. 1984, 1987;
Desimone 1991), are explicitly coded by individual neu-
rons. The behavioral importance of a fast selection of
the appropriate movements according to the movements
of other individuals has probably favored this type of
coding which allows a rapid recognition of the stimuli.

Another, very interesting finding in our experiments
was the observation that some neurons were activated
only by movements of the experimenters that closely
coincided with those that activate the neuron when per-
formed by the monkey. There are reports in the literature
that patients with ideomotor apraxia may have difficulty
(Heilman et al. 1982) in recognizing the meaning of ges-
tures performed by other persons. These findings have
been interpreted as evidence that gesture perception and
limb praxis share the same cortical circuits (Rothi et al.
1991). Similarly, the finding that the acoustic patterns
of synthetic speech had to be modified if an invariant
phonetic percept was to be produced across different
contexts led several authors to propose that the objects
of speech perception were to be found not in the sounds,
but in the phonetic gestures of the speaker, represented
in the brain as invariant motor commands (see Liberman
and Mattingly 1985). Although our observations by no
means prove motor theories of perception, nevertheless
they indicate that in the premotor cortical areas there
are neurons which are endowed with the properties that
such theories require. It is interesting to note that the
anatomical location of inferior area 6, and in particular
of F5, corresponds in large part to that of Broca’s area
in the human brain (Freund 1991).

Acknowledgements. We thank M. Gentilucci, G. Luppino, and M.
Matelli for their help in part of the experiments. We thank also
A. Allport for his comments on the manuscript. This research was
supported by the Human Frontier Science Programme and by
grants from CNR and MURST to GR.

Referenes

Desimone RJ (1991) Face-selective cells in the temporal cortex
of monkeys. J Cognit Neurosci 3:1-8

Ferrigno G, Pedotti A (1985) ELITE: a digital dedicated hardware
system for movement analysis via real-time TV signal system
processing. IEEE Trans Biomed Eng BME 32:943-950

Freund HF (1991) What is the evidence for multiple motor areas
in the human brain? In: Humphrey DR, Freund H (eds) Motor
control and issues. Dahlem Workshop Reports. Wiley, Chiches-
ter, pp 399411



180

Gentilucci M, Rizzolatti G (1990) Cortical motor control of arm
and hand movements. In: Goodale MA (ed) Vision and action:
the control of grasping. Ablex, Norwood, pp 147-162

Gross CG, Rocha-Miranda CE, Bender DB (1972) Visual proper-
ties of neurons in inferotemporal cortex of the macaque. J Neu-
rophysiol 35:96-111

Halsband U, Passingham RE (1985) Premotor cortex and the con-
ditions for movement in monkey (Macaca fascicularis). Behav
Brain Res 18:269-277

Heilman KM, Rothi LJG, Valenstein E (1982) Two forms of ideo-
motor apraxia. Neurology 32:342-346

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

Liberman AM, Mattingly IG (1985) The motor theory of speech
perception revised. Cognition 21:1-36

Matelli M, Luppino G, Rizzolatti G (1985) Patterns of cytochrome
oxidase activity in the frontal agranular cortex of macaque
monkey. Behav Brain Res 18:125-137

Matsumura M, Kubota K (1979) Cortical projection of hand-arm
motor area from postarcuate area in macaque monkey: a histo-
logical study of retrograde transport of horseradish peroxidase.
Neurosci Lett 11:241-246

Mitz AR, Godshalk M, Wise SP (1991) Learning-dependent neural
activity in the premotor area: activity during the acquisition
of conditional motor associations. J Neurosci 11:1855-1872

Muakkassa KF, Strick PL (1979) Frontal lobe inputs to primate
motor cortex: evidence for four somatotopically organized
“premotor” areas. Brain Res 177:176-182

Passingham RE (1988) Premotor cortex and the preparation for
movement. Exp Brain Res 70:590-596

Perrett DI, Smith PAJ, Potter DD, Mistling AJ, Head AS, Milner
AD, Jeeves MA (1984) Neurones responsive to faces in the

temporal cortex: studies of functional organization, sensitivity
to identity and relation to perception. Human Neurobiol
3:197-208

Perrett DI, Mistlin AJ, Chitty AJ (1987) Visual neurones responsive
to faces. Trends Neurosci 10:358-364

Perrett DI, Harries MH, Bevan R, Thomas S, Benson PJ, Mistlin
AJ, Chitty AJ, Hietanen JK, Ortega JE (1989) Framework of
analysis for the neural representation’ of animate objects and
actions. J Exp Biol 146:87-113

Perrett DI, Mistlin AJ, Harries MH, Chitty AJ (1990) Understand-
ing the visual appearance and the consequence of hand actions.
In: Goodale MA (ed) Vision and action: the control of grasp-
ing. Ablex, Norwood, pp 163-180

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

Rizzolatti G, Scandolara C, Matelli M, Gentilucci M (1981) Affer-
ent properties of periarcuate neurons in macaque monkeys. I.
Somato-sensory responses. Behav Brain Res 2:125-146

Rizzolatti G, Camarda RM, Fogassi L, Luppino G, Matelli M
(1988) Functional organization of inferior area 6 in the ma-
caque monkey. II. Area F5 and the control of distal movements.
Exp Brain Res 71:491-507

Rizzolatti G, Gentilucci M, Camarda RM, Luppino G, Gallese
V, Matelli M, Fogassi L (1990) Neurons related to reaching-
grasping arm movements in the rostral part of area 6 (area
6af). Exp Brain Res 82:337-350

Rolls ET (1984) Neurons in the cortex of the temporal lobe and
in the amygdala of the monkey with responses selective for
faces. Hum Neurobiol 3:209-222

Rothi LJG, Ochipa C, Heilman KM (1991) A cognitive neuropsy-
chological model of limb praxis. Cognit Neuropsychol 8:443—
458



