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Summary

Converging experimental evidence indicates that mirror

neurons in the monkey premotor area F5 encode the goals
ofobservedmotoracts [1–3].However, it isunknownwhether

they also contribute to encoding the perspective from which
the motor acts of others are seen. In order to address this

issue, we recorded the visual responses of mirror neurons
of monkey area F5 by using a novel experimental paradigm

based on the presentation of movies showing grasping

motor acts from different visual perspectives. We found
that themajority of the testedmirror neurons (74%) exhibited

view-dependent activity with responses tuned to specific
points of view. A minority of the tested mirror neurons

(26%) exhibited view-independent responses. We conclude
that view-independent mirror neurons encode action goals

irrespective of the details of the observed motor acts,
whereas the view-dependent ones might either form an

intermediate step in the formation of view independence or
contribute to a modulation of view-dependent representa-

tions inhigher-level visual areas, potentially linking thegoals
of observed motor acts with their pictorial aspects.

Results

Previous investigations of the visual responses of mirror
neurons have been based typically on a ‘‘naturalistic testing’’
of their response properties. That is, the motor acts used as
visual stimuli were executed in front of the monkey by an
experimenter [1–3]. This method is very flexible and allowed
us to discover in the past several interesting response proper-
ties of mirror neurons [1, 4–6]. However, its accuracy is limited
by the trial-by-trial variability of human movements, and it
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makes it difficult to study the observation of actions from the
monkey’s own subjective perspective. In order to circumvent
these problems, we used filmed actions to study the visual
responses of mirror neurons.
We conducted two experiments recording the activity of

mirror neurons in area F5. The first one investigated the simi-
larity of the visual responses to the same motor act presented
in movies and in a naturalistic manner. The second experiment
investigated the view dependence of the visual responses of
mirror neurons using movie stimuli.
In both experiments, we isolated neurons in area F5 of the

ventral premotor cortex of two monkeys, and recorded their
activity during the execution of goal-directed motor acts
(cf. Figure 1 and Supplemental Experimental Procedures avail-
able online). Then, in the first experiment, we compared mirror
neuron responses to the observation of the same motor act
presented in movies and in a naturalistic way (Figure 1); in
the second experiment, we studied the visual responses of
mirror neurons to motor acts observed from different visual
perspectives using movie stimuli. In both experiments during
the presentation of movies, the monkeys had to fixate on the
part of the screenwhere themoviewas presented (see Supple-
mental Experimental Procedures for further methodological
details).

Naturalistic versus Filmed Actions
We recorded the responses of 224motor neurons from area F5
to the presentation of naturalistic and filmed actions. The
experimental procedure is shown in Figure 1 (upper panel).
The lower part of the figure shows the responses of two F5
neurons duringmotor execution (left column) and during visual
stimulation with a naturalistic (central column) and a corre-
sponding movie (right column) stimulus. Note that the
responses to naturalistic and movie stimuli were similar. In
both cases, the response peak occurred during the grasping
of the object, and the strength of the discharge was virtually
the same. A control experiment showed that the size of the at-
tended region did not substantially influence the responses to
movies (Supplemental Results).
Furthermore, in order to control for unspecific response

components, neurons were also tested in a ‘‘nonaction condi-
tion,’’ showing a movie of a monkey sitting in a primate chair
and performing movements that were not goal directed. Fig-
ure 2A shows the responses of two mirror neurons to the
presentation of the three types of stimuli. No response was
present for the filmed nonaction.
The results of the quantitative analysis of the visual

responses of the recorded 224 neurons showed that 123
(55%) responded to the presentation of motor acts (mirror
neurons). Of them, 104 (85%) responded to naturalistic and
50 (41%) to filmed motor acts (Figure 2B). None of the tested
neurons showed a significant response to filmed nonactions.
A direct comparison of the responses between naturalistic
and filmed motor acts revealed that 53 neurons out of 123
(43%) showed no significant preference for either type of
action stimulus (p > 0.05, Mann-Whitney U test). The remaining
70 neurons (cf. Figure 2C) exhibited either stronger response
for naturalistic motor acts (n = 53, 43%) or for filmed motor
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Figure 1. Illustration of the Experimental Paradigm and Example of Mirror Neuron Responses

In each session, we first tested themotor responses of neurons during activemovements of themonkey (motor). The visual responses of these neuronswere

subsequently tested, with the experimenter executing goal-directed actions (naturalistic) and/or by presenting filmed actions (filmed action). Neurons 1 and

2 responded during themotor task to the presentation of naturalistic stimuli (alignment with the start of object touching at time 0) and to filmed actions (time

0 corresponding to the start of the filmed action, gray dashed bar; touch at 1800ms, black continuous bar). Neuron 1 showed an increase in activity after the

touch of the object during the motor task and for both types of visual stimulation. Neuron 2 showed increasing activity after object touch during the motor

testing, whereas during visual stimulation it showed strong activity during all grip phases, peaking at the moment of object touch.
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acts (n = 17, 14%). At the population level, the average activi-
ties computed from the response distributions for filmed and
naturalistic motor acts were not significantly different (p >
0.9, Kolmogorov-Smirnov test).

Because the second experiment (test of view dependence)
was based on filmed stimuli, we tested the correlation between
the responses to movies and those to naturalistic stimuli for
neurons significantly responding to movies (n = 50). These
responseswere highly correlated (Figure 2D), with a regression
coefficient m close to 1 (average activity: m = 1.01, r2 = 0.63,
p < 0.01; peak activity: m = 1.06, r2 = 0.71, p < 0.01). On the
contrary, no significant correlation (p > 0.5) was observed
between the visual responses to naturalistic and filmed nonac-
tion stimuli. Also, the time courses of the responses were very
similar (see Figure S2 and Supplemental Results).

Tuning with Respect to Point of View

Having established that movie stimuli activate F5 mirror
neurons in a similar manner as naturalistic stimuli, we investi-
gated the influence of the point of view on their visual
responses by presenting movies that showed the same motor
act (grasping) seen from three different viewpoints (Figure 3A):
from the monkey’s perspective (subjective point of view: 0�),
from a side view (90�), and from the frontal view (180�).

We tested 389 F5 motor neurons; 201 (52%) of them
exhibited significant visual responses to movie stimuli. Fig-
ure 3B shows examples of the observed types of viewpoint
selectivity: neuron 1 responded selectively to the presentation
of amotor act onlywhen itwas seen from themonkey’s subjec-
tive perspective. Neurons 2 and 3 responded to themotor acts
only when they were presented from the frontal or lateral view,
respectively. Neuron 4 responded to the observation of goal-
directed motor acts independent of the point of view.
Figure 4A summarizes the number and percentages of
neurons that were responsive to the conditions 0�, 90�, or
180�, regardless of whether they were selective or invariant
with respect to visual perspective. Figure 4B shows the results
of a direct comparison between the responses to the three
visual stimuli. Out of the 201 visually responsive neurons, 149
(74%) were view dependent; i.e., they showed a significant
discharge preference for at least one view (p < 0.05, Kruskal-
Wallis test). The remaining 52 neurons (26%) exhibited view-
independent responses; i.e., their visual responses did not
vary significantly between the three view conditions (p > 0.05,
Kruskal-Wallis test).
The responses of the view-dependent mirror neurons were

further analyzed by post-hoc comparisons (p < 0.05, U test,
Bonferroni corrected). This analysis revealed that 60 (30%)
out of all visually responsive neurons responded significantly
only to one of the tested points of view. The black bars in Fig-
ure 4B indicate the numbers of neurons with a preference for
a single point of view: subjective point of view (n = 27, 13%),
frontal point of view (n = 15, 8%), and lateral point of view
(n = 18, 9%). The percentages of neurons responding selec-
tively to only one tested point of view were not statistically
different (p > 0.1, binomial test).
A more detailed study of the three view-specific populations

revealed a strong similarity in their tuning properties. Figure 4C
shows that the normalized ‘‘tuning curves’’ for the three view-
responsive populations were highly similar. We did not find
significant differences between the activities of these popula-
tions, neither for the average nor for the peak activity (p > 0.05,
Mann-Whitney U test, Bonferroni corrected). Very similar
results were obtained when the neuronal populations with
increasing and decreasing responses relative to baseline
were analyzed separately (Figure S3D).
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Figure 2. Comparison of the Responses of Mirror

Neurons to Naturalistic Actions, Filmed Actions,

and Filmed Nonactions

(A) Examples of single-unit responses of mirror

neurons during the presentation of filmed

actions, filmed nonactions, and naturalistic

actions. Response traces are aligned with the

start of object touching at time 0 (time III; see Fig-

ure S1). Neuron 1 showed an increase in activity

during the grasping phase (time interval III-IV;

see Supplemental Experimental Procedures),

and a peak during the touching of the object.

We found a similar time course of activity during

testing with naturalistic visual stimuli, whereas

we found no response during the presentation

of the nonaction movie. Neuron 2 showed

a similar modulation for filmed and naturalistic

stimuli with an increase in activity when the

hand reached the grasped object, peaking during

the hand-object contact.

(B) Distribution of neurons selective for natural-

istic and filmed actions. Bars indicate the

numbers of neurons that were responding to the

corresponding condition, i.e., naturalistic or

filmed actions.

(C) Distribution of the preference of single

neurons. Bars indicate neurons that respond

preferentially to that condition (p < 0.05, U test).

(D) Linear regression analysis predicting the

difference between the average and the baseline

activities, in the grasping phase during a real

action, from the corresponding responses to

filmed actions (significant correlation, r2 = 0.63,

m = 1.01, p < 0.01).
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The subjective view as compared to the other two tested
views showed different amounts of the monkey’s body. A
separate control experiment demonstrated that the visual
responses of the tested neurons did not depend on whether
the monkey’s body was visible or not (Figure S4).

Discussion

In the present study, we investigated the influence of the
perspective from which others’ motor acts are observed on
the visual responses of mirror neurons in area F5. Based on
a novel paradigm for studying the visual responses of mirror
neurons with well-controlled filmed stimuli, we found that
the majority (74%) of the tested mirror neurons were modu-
lated by the view from which the motor acts were observed,
whereas a minority of them showed view-independent
responses.

In the current study, the motor acts seen from the subjective
perspective showed the motor act performed within the
monkey’s peripersonal space, whereas the motor acts seen
from the frontal and lateral views showed motor acts per-
formed in the monkey’s extrapersonal space. This might
suggest an alternative explanation for our results, i.e., that
the viewpoint selectivity was confounded with distance selec-
tivity (see [5]). However, if this interpretation were correct, the
selective responses to the subjective
view (0�) should be associated with the
animal’s peripersonal space, whereas
the selectivity to the other two views
(90� and 180�) should be associated
with the extrapersonal space. In contrast
to this prediction, we found three, rather than two, equivalent
subpopulations of view-dependent mirror neurons. This
allows one to rule out this alternative explanation.
The results of the present study have important implications

for the role of mirror neurons in action understanding. Some
models of action recognition [7, 8] have assumed a hierarchy
of processing steps suggesting that visual details of observed
actions are mainly processed in higher-order visual areas,
such as the superior temporal sulcus (STS), whereas areas
containing mirror neurons (inferior parietal area PFG/anterior
intraparietal area [PFG/AIP] and area F5) wouldmediate action
understanding by matching visual and motor representations
of the observed actions. Thismechanism has been considered
instrumental for understanding actions and intention of others
[1, 2, 4, 6].
The presence of view-invariant mirror neurons in area F5 is

consistent with this account. It is plausible that these neurons
may implement the top level of a hierarchy that encodes
observed actions, potentially in terms of their motor goals
and independent of their detailed visual characteristics.
Somewhat more difficult is the interpretation of the

responses of the view-dependent mirror neurons. One
possible explanation is that view invariance, although already
present in the STS [9, 10], is not completely obtained in this
region and, thus, the view-dependent mirror neurons in area
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Figure 3. Comparison of Responses of Mirror Neurons to Three Points of

View

(A) Experimental conditions (subjective point of view: 0�; side view: 90�;
frontal point of view: 180�).
(B) Responses of three mirror neurons during observation of filmed goal-

directed actions. Responses were temporally aligned with the start of the

touching phase (time III; see Figure S1). Neuron 1 showed a selectivity

for actions presented in the subjective point of view (0�) during the

approaching phase and very weak modulation of the activity for stimuli cor-

responding to other points of view (90� and 180�). Neuron 2 showed

a modulation for actions presented from a frontal point of view (180�), peak-
ing during the grasping phase, and no modulation of the activity for stimuli

corresponding to other points of view (0� and 90�). Neuron 3 showed

a modulation for actions presented in the side view (90�) during the

grasping phase, peaking at the time of contact between hand and goal

object, and no modulation of the activity for stimuli corresponding to other

points of view (0� and 180�). The activity of neuron 4 was modulated by

actions seen from all tested points of view. The responses of this neuron

were view independent.
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F5 play an essential role in the formation of view-invariant
representations. The generation of view invariance by pooling
together the responses of view-dependent neurons is a well-
established mechanism in object recognition in the ventral
visual stream [11, 12] and in many computational models
[13–15].
An alternative interpretation is that view-dependent mirror

neurons, in spite of their motor nature, play a role in the
perception of the visual perspective of the observed actions.
Several anatomical studies have demonstrated that, in addi-
tion to feed-forward projections [16], the three areas that
have been implicated in action recognition (F5, PFG/AIP,
and STS) are also serially connected by backward projec-
tions [17, 18]. These back-projections indicate the presence
of a top-down stream of information from area F5 to the infe-
rior parietal lobule and finally to the STS. Hence, view-
dependent mirror neurons might play an important role in
this feedback pathway. More specifically, signals from
view-dependent mirror neurons might contribute to action
perception by modulating the activity of visual representa-
tions in the STS, reinforcing the processing of visual patterns
that are associated with the different views of a grasping
act. Consistent with this hypothesis are behavioral data
demonstrating modulations of visual perception by concur-
rent motor behavior and motor expertise [19–21]. However,
simultaneous recordings from premotor and higher-order
visual areas are required to verify this hypothesis and clarify
the information flow within the temporo-parieto-frontal
network.
A second contribution of the present study is a novel exper-

imental paradigm, suitable for eliciting robust visual responses
of mirror neurons during the presentation of filmed actions.
Although the use of filmed stimuli is well established in the
study of the response properties of neurons responding to bio-
logical motion in many visual areas [22–24], previous attempts
touse them for the investigation of themirror neuron responses
have not been successful [25].Whereas in the previous studies
the monkeys were not trained to fixate on the movies, the
present study, consistent with a recent monkey fMRI study
[26], showed that a simple fixation task, requiring the animals
to fixate within a window that overlapped with the video, was
sufficient to elicit visual responses inmirror neurons. This novel
methodology offers many possibilities for well-controlled
experiments on mirror neurons that are not possible using
naturalistic stimulation.
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Figure 4. Population Analysis of the Neuronal Responses to the Three Tested Points of View

(A) Total number of responsive neurons for the different visual stimuli.

(B) Distribution of the preference of single neurons. Conventions are as in Figure 2.

(C) View-tuning curves computed from the neurons responding to at least one point of view. The curves are color coded as in (A) (see text). Prior to averaging,

the activity of each neuron was normalized by dividing it for its absolute maximum activity over all views. Error bars represent standard errors.
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Supplemental Information

Supplemental Information includes four figures, one table, Supplemental

Results, and Supplemental Experimental Procedures and can be found

with this article online at doi:10.1016/j.cub.2010.12.022.
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