
Learning and Teaching] were developed
when it became clear that in addition to train-
ing new science and math teachers for the
public schools, we also had to address the
need to train the next generation of the teach-
ers of those teachers,” explains Judith Rama-
ley, the former head of Education and Human
Resources (EHR) who in July assumes the
presidency of Winona State University in
Minnesota. Dehmer says the 10 Frontier
Physics Centers “have also turned out to be
great magnets for talent.” 

That autonomy has led some NSF man-
agers to continue proposing centerlike mech-
anisms. In chemistry, for example, division
director Art Ellis last year gave $500,000
awards to three chemical bonding centers “to
show us why they should grow into an NSF-
like center.” If they can’t, Ellis says, the
money will likely flow back into the pot for
individual investigators. The materials sci-
ence division, which has a long history of
supporting centers, is in the midst of a recom-
petition for roughly half of its 28 centers. The
solicitation was open to anyone, says division
director Tom Webber, adding that it’s typical
for newcomers to best incumbents for a few
of the prestigious slots.  

For other programs, however, the chillier
climate for centers is translating into stricter
rules for the next competition. Next year, half
of the physics centers that Dehmer assembled
in 2001 will compete for another 5 years’
worth of funding. But outsiders need not
apply. “Typically, we like to have an open
competition,” Dehmer says, with the option
of enlarging the program if the proposals are
suff iciently strong. But under the new
regime, Dehmer says, “there will be no cen-
ters [added] and no substitutes” if one or more
existing centers fail to make the grade. “You
could say we’re taking a pause.”

The same diet of budget cuts and upper
management scrutiny has devastated
EHR’s learning and teaching centers, says
Ramaley, who left NSF in December.
“They were a wonderful attempt to
address several pressing needs, from
developing future [academic] faculty to
collaborating with local school districts to
preparing [public school] teachers,” she
says. “I considered them at the core of the
EHR research portfolio.” Ramaley antici-
pated supporting as many as 20 centers,
from preschool to the doctoral level and
covering all aspects of science and math
education. But this year, after making 17
awards in 2000–04, NSF canceled a new,
smaller competition that would also have
given incumbents a chance for a second, 5-
year award. The announcement has raised
fears among science educators that the
CLT program might expire quietly once
existing grants run out.

Bement says that centers still play an

important role in NSF’s portfolio and that
he isn’t questioning the value of any par-
ticular initiative. At the same time, he says
he got the message last summer when
House appropriators attempted to remove
funding for the entire 2005 class of STCs.
The full Congress rescinded the move in
the fall, giving him the authority to fund as
many STCs as he saw fit. But he read the
House language as a signal to proceed
with caution. 

For Karl, that policy means more adminis-
trative headaches. His proposed Center for
Microbial Oceanography: Research and Edu-
cation features activities to be carried out by
teachers moving to Hawaii from the main-
land, as well as work by young tenure-track
scientists who are counting on the center to
advance their careers. “I’m not complaining,”
he says, “and I’m confident that in the end we
will be able to proceed. But in the meantime,
it’s very frustrating.” –JEFFREYMERVIS
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In the 1962 James Bond film Dr. No, the suave
British secret agent awakens to find that some-
one has slipped a tarantula into his bed. It’s an
uncomfortable scene. As the hairy arachnid
creeps up 007’s arm, horrified viewers can
almost feel their own arms tingle. Bond’s fear
and discomfort are contagious, as he squirms
and maneuvers to shake the thing off.

Most people can tell what’s going through
Bond’s mind without giving it any thought,
says Christian Keysers, a neuro-
scientist at the University of Groningen in the
Netherlands who incorporated the tarantula
scene into his recent presentation at the
annual meeting of the American Association
for the Advancement of Science (AAAS) in
Washington, D.C. Aside from aiding our
enjoyment of movies, this instinctive ability to
put ourselves in another’s place is an impor-
tant, real-life social skill that helps us size up
potential friends, foes, and mates and enables
us to learn from watching others,  Keysers
says. But how does the brain accomplish this

type of mind reading?
Keysers and many of his colleagues sus-

pect that the answer has something to do with
“mirror” mechanisms in the brain that trans-
late the observed movements and experiences
of others into the patterns of neural activity
that normally underlie our own motion and
experience. In other words, if you get the
creeps watching the spider crawl up James
Bond’s arm, it may because the scene fires up
the same neurons that would be active were the
spider making its way up your arm.

In recent years, neuroscientists have doc-
umented just this type of brain activity. Fol-
lowing the discovery of monkey neurons that
mirror observed movements, researchers
have turned to the human brain and found
neural activity that mirrors not only the
movements but also the intentions, sensa-
tions, and emotions of those around us. 

The study of the brain’s mirror systems
will do for psychology what the study of
DNA has done for biology, predicts Vilaya-

Reflecting on Another’s Mind
Mirror mechanisms built into the brain may help us understand each other

Neurosc ience

Unnerving. The brain’s mirror systems may help us understand 007’s predicament.
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nur Ramachandran, a neuroscientist at the
University of California, San Diego. “It’s
opening doors into new realms like empathy,”
he says.

Others are more tempered in their enthusi-
asm, but many cognitive neuroscientists
agree with Ramachandran that mirror sys-
tems in the brain represent a potential neural
mechanism for empathy, whereby we under-
stand others by mirroring their brain activity.
That idea is bolstered by new evidence of
abnormalities in the mirror systems of people
with autism and other disorders that impair
the ability to empathize with and understand
the behavior of others.

Monkey see, monkey do 
In the early 1990s, Giacomo Rizzolatti and
colleagues at the University of Parma in Italy
encountered a surprise while investigating a
region of the macaque monkey brain that is
important for planning movements. Neurons
in this region of frontal cortex, known as 
F5, become active before a monkey reaches
out with its arm—to grasp a peanut, for exam-
ple. The team noticed that a small subset of 
F5 neurons also responded when a monkey
happened to see a researcher reach for a
peanut—even if the monkey never moved a
muscle.

“We didn’t believe it,” Rizzolatti says. The
team’s skepticism dissipated with repeated
experiments, however. The finding was excit-
ing, Rizzolatti says, because it fit with ideas
that were coming together at the time in phi-
losophy and cognitive science, such as the
hypothesis that understanding the behavior of
others involves translating actions we observe
into the neural language of our own actions.
The monkey mirror neurons seemed to do
just that, providing a potential neural mecha-
nism to support that proposal.

Subsequently, researchers used func-
tional magnetic resonance imaging (fMRI)
and other techniques to investigate brain
activity as people made—and observed oth-
ers making—hand movements and facial
expressions. These studies identified mirror-
like activity in several regions of the human
brain, including a region of frontal cortex
homologous to F5.

This human frontal region, known as
Broca’s area, is also involved in speech pro-
duction—a connection that snared the
attention of researchers studying the evolu-
tion of language (Science, 27 February
2004, p. 1316). Rizzolatti and others have
argued that mirror neurons could facilitate
the imitation of skilled movements like the
hand and mouth movements used for com-
munication. A paper published by his team
last year in Neuron, for example, suggests
that the mirror system in the frontal cortex
is active as novices learn to play chords on a
guitar by watching a professional guitarist.

Similar learning by imitation is a key fea-
ture of language acquisition in infants and is
widely considered a prerequisite for lan-
guage evolution. 

Although no one has looked for mirror
activity in babies imitating their mothers’
speech, another team recently described
mirror activity related to speech in adults.
Last June, Marco Iacoboni of the University
of California, Los Angeles, and colleagues
reported in Nature Neuroscience that listen-
ing to speech cues up activity in regions of
the frontal cortex that are active during
speech production.

Good intentions
The brain’s mirror systems may also decipher
the intentions and future actions of others,
according to recent work. In one study,
Iacoboni and colleagues, including several
members of the Parma team, scanned the
brains of 23 volunteers as they watched short
video clips that depicted scenes from before
and after a mock tea party. The “before” clip
featured a steaming cup and a teapot along-
side a plate of edible goodies. In the “after”
clip, volunteers saw the messy aftermath,
including crumbs and a used napkin. At the
end of both clips a hand reached in from off-
screen and grabbed the teacup. The grasping
movement was identical in each clip, but the
context suggested different intentions: drink-
ing tea in the “before” clip versus cleaning up
in the “after” clip.

The volunteers’mirror systems registered
the difference, the research team reported in
the March issue of PLoS Biology. An area of
the right frontal cortex previously shown to
have mirrorlike responses to hand move-

ments was more active during observation of
the grasping movement when the implied
intention was drinking, compared to when it
was cleaning up. Both clips elicited more
neural activity in this brain area than did a
clip of a hand grabbing a teacup from an
empty background. The findings indicate
that neurons in this region are interested not
only in the motion but also the motivation
behind it, Iacoboni says. Knowing what oth-
ers intend to do is extremely valuable in
social situations, he adds. If John sees Katie
reach for a cup of hot tea, for instance, he’d
like to know whether she intends to drink it
or throw the contents in his face. 

In the 29 April issue of Science (p. 662),
Rizzolatti’s team reports similar findings in
monkeys. The researchers first trained the
monkeys to grasp a piece of food from a table
and either eat it or place it in a cylinder on the
table. Then they recorded the activity of indi-
vidual neurons in the monkeys’ inferior pari-
etal lobule—a region of cortex distinct from
F5 that also has mirror neurons. About two-
thirds of the parietal mirror neurons tested
responded differently during the reach move-
ment when the goal of the action was differ-
ent. Three-quarters of these brain cells
responded more vigorously when the goal
was eating; the rest responded more vigor-
ously when the goal was placing.

Next, the researchers recorded from a sub-
set of these parietal neurons while the mon-
keys watched a person do the same task. The
person’s reach and grasp movements were
identical in both conditions—only the pres-
ence or absence of the cylinder at the start of
each trial revealed whether the grasp would
be followed by eating or placing. Even so,
most of the parietal neurons showed the same
preferences during the observed reach that
they’d shown when the monkeys did the task
themselves: Neurons that responded more
strongly when the monkey reached to eat
responded more strongly when the monkey
observed a person reaching to eat. Rizzolatti
says the findings suggest that the mirror neu-
rons can, based on context, predict the next
action in a series of actions.  

Mutual feelings
Purists insist that the term “mirror neuron”
applies only to the F5 and parietal 
movement-related neurons in monkeys, the
only individual neurons whose mirror proper-
ties have been studied. But there’s evidence
that humans have multiple mirror systems,
including ones that have nothing to do with
planning movement.

Last year in Neuron, Keysers and col-
leagues described mirrorlike responses in a part
of the brain involved in the sense of touch. Vol-
unteers wearing shorts slid into an fMRI scan-
ner, and researchers gently brushed the sub- C
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Tea time. These images of a mock tea party
helped reveal that a person’s brain can discern
whether another person intends to drink tea or
clean up a mess.
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jects’ bare legs. At the same time, the scanner
revealed the brain regions that responded.
While inside the scanner, the subjects also
viewed several video clips that showed an
actor’s legs being stroked by a rod or brush.

Both conditions—the actual touch and
the observed touch—elicited similar activity
in the subjects’ secondary somato-
sensory cortex, an area involved in process-
ing touch. This area was not acti-
vated, however, when the subjects
viewed videos in which the brush
approached the actor and slid back
and forth without actually making
contact. It’s as if the brain translates
vision into sensation, Keysers says.
He proposes that this process is why
the tarantula scene in Dr. No gives
people the heebie-jeebies, and why
we flinch when we see someone cut
her finger with a kitchen knife.

But in the case of pain, the shared
feeling may be more emotional than
visceral. In a study reported last year,
Tania Singer of University
College London and col-
leagues used fMRI to
measure how the brains of
16 women responded
when they either received
a painful shock or saw
their romantic partner get
shocked (Science, 20 February
2004, p. 1121 and 1157). The two situ-
ations elicited activity in many of the
same brain regions, but the shared
responses were limited to areas that
process the emotional content of pain.
Regions of the somatosensory cortex
that register the location and nature of painful
stimuli remained quiet when the women simply
observed a shock. Women who scored higher
on a written test of empathy showed greater
brain responses while observing their partners’
shock. Two similar studies by other teams have
subsequently produced comparable findings.

Other types of emotional empathy may 
also invoke neural systems involved in ex
periencing an emotion directly. In 
2003, Iacoboni and colleagues reported in the
Proceedings of the National Academy of Sci-
ences that regions of frontal cortex are active
when subjects either observe or imitate emo-
tional facial expressions. Later that year, Key-
sers and colleagues reported in Neuron that a
brain region called the insula responds when
people experience disgust or witness it in oth-
ers. In this study, subjects inside an fMRI scan-
ner donned a mask through which the
researchers could pipe various odors. The smell
of rotten eggs and rancid butter evoked activity
in brain regions such as the anterior insula, a
region associated with experience of disgust.
That particular area also became active when

the subjects simply watched a video in which
an actor sniffed a glass and signaled by his
facial expression that he’d gotten a whiff of
something foul. Observing someone else’s
expression of disgust apparently activates our
own neural representation of disgust, says Key-
sers. His team is now investigating whether this
concept extends to other emotions, such as fear.

Keysers’s report in Neuron meshes with
case studies of people who, as a result of a

stroke or other causes, suffer damage to their
insula, says Ralph Adolphs, a cognitive neuro-
scientist at the California Institute of Technol-
ogy in Pasadena. He and others have found that
such people are unable to detect disgust in the
facial expressions of others and are impaired in
their ability to experience disgust themselves.
In general, Adolphs says, people with impaired
emotional experience are also impaired at rec-
ognizing and judging emotions in others. That
suggests that one strategy for empathizing
with others is by simulating aspects of their
presumed emotional state within our-
selves, he says.

Broken mirrors
People with autism and related disorders tend
to have abnormalities in several behaviors
linked to mirror neurons, including imitation,
language development, and the ability to inter-
pret the actions and emotions of others. A
process that derails the brain’s mirror sys-
tems—perhaps due to some miscue during
brain development—could explain why these
complex symptoms appear together, says Justin

Williams, who studies autism at the University
of Aberdeen, United Kingdom. A handful of
recent reports hint at exactly that. For example,
a study by Finnish researchers, published last
year in the Annals of Neurology, used magne-
toencephalography to compare the brain activ-
ity of eight people with the autism-related dis-
order Asperger syndrome to that of 10 healthy
subjects while each imitated facial gestures
shown in a series of still pictures. The team

reported weak and sluggish neural
activity in the Asperger patients, most
notably in Broca’s area, the human
homolog of F5, the brain region in
monkeys where mirror neurons were
first discovered.

Several teams are now using
fMRI, with its higher spatial 
resolution, to better pinpoint mirror
activity in autistic people. At the
AAAS meeting in February, Iacoboni
presented preliminary results from an
fMRI study of autistic and normal
children between the ages of 10 and
14. The children observed and imi-

tated emotional facial
expressions. In the autistic
children, mirror activity in
the frontal cortex was
reduced relative to that seen
in normal children the same
age, Iacoboni reported.

Even among the normal chil-
dren, differences in mirror activity
correlated with the children’s scores
on surveys that gauge how easily they
can imagine another person’s per-
spective and how readily they
empathize with the problems of oth-
ers.

Still, most researchers say there’s more to
empathy than mirror mechanisms. In Key-
sers’s view, such mechanisms provide only an
intuitive, gut-level feeling that underlies
empathy. “It’s what gives you the richness of
empathy, the fundamental mechanism that
makes seeing someone hurt really hurt you,”
says Keysers. But he adds that there are other
cognitive processes, at least in humans, that
put information from the mirror systems into
context. After all, without such checks and
balances, we would be unable to spot some-
one faking an emotion, Keysers says.

We’re also able to understand what some-
one is experiencing without experiencing it
ourselves, adds Michael Arbib, a computa-
tional neuroscientist at the University of
Southern California in Los Angeles: “If you
see someone behaving badly, a sadist, you
hopefully don’t share their joy.” A full account
of the neural basis of empathy, Arbib and oth-
ers say, will require understanding how the
brain deciphers the information it gets from the
mirror systems—in other words, finding out
what’s behind all the mirrors. –GREGMILLER
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Shared experience. Certain brain areas (white) are active during
both the experience and observation of disgust (left) or touch (right).
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