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Universal facial expressions
Alimited set of emotional
facial expressions that seem to
be recognized universally (by
members of different cultures).
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Tuning the developing brain
to social signals of emotions

Jukka M. Leppénen* and Charles A. Nelson*

Abstract | Humans in different cultures develop a similar capacity to recognize the

emotional signals of diverse facial expressions. This capacity is mediated by a brain network
that involves emotion-related brain circuits and higher-level visual-representation areas.
Recent studies suggest that the key components of this network begin to emerge early in life.
The studies also suggest that initial biases in emotion-related brain circuits and the early
coupling of these circuits and cortical perceptual areas provide a foundation for a rapid
acquisition of representations of those facial features that denote specific emotions.

Most humans are particularly skilled at recognizing
affectively relevant information displayed in faces.
Scientific interest in the recognition of emotional
expressions was reawakened nearly 40 years ago by
the discovery that there are universal facial expressions'?.
With the advent of neuroimaging, the brain systems
that underlie the ubiquitous human capacity to rec-
ognize emotions from facial expressions and other
types of social cues have become a burgeoning area
of research in cognitive and affective neuroscience.
A closely related field of research has examined these
processes and their developmental foundations in
children and experimental animals. In this article,
we review and synthesize recent findings from these
interrelated areas of research. These findings show that
emotion-related brain circuits (including the amygdala
and the orbitofrontal cortex) and the influence of these
circuits on higher-level visual areas underlie rapid and
prioritized processing of emotional signals from faces.
The findings also suggest that the key components
of the emotion-processing network and emotion-
attention interactions begin to emerge early in post-
natal life, at the time that infants’ visual-discrimination
abilities undergo substantial experience-driven refine-
ment. It follows that the ability to mentally represent
facial expressions of emotion might exemplify how
emotional brain systems (which are biased to respond
to certain biologically salient cues) and interconnected
perceptual-representation areas attune to species-
typical and salient signals of emotions in the social
environment. We also discuss how genetic and envi-
ronmental factors can bias this developmental process
and give rise to individual differences in sensitivity to
signals of certain (negative) emotions.

Neural basis of facial-emotion processing
An important function of the emotional brain systems is
to scan incoming sensory information for the presence
of biologically relevant features (for example, stimuli that
represent a threat to well-being) and grant them priority
in access to attention and awareness®*. For humans, the
most salient signals of emotion are often social in nature,
such as facial expressions of fear (which are indicative of a
threatening stimulus in the environment) or facial expres-
sions of anger (which are indicative of potential aggressive
behaviour). Consistent with the view that such signals are
rapidly detected and subjected to enhanced processing,
behavioural studies in adults have shown preferential
attention to fearful facial expressions relative to simulta-
neously presented neutral or happy facial expressions?,
better detection of fearful than neutral facial expressions
in studies in which the likelihood of stimulus detection
is reduced by using rapidly changing visual displays®’,
and delayed disengagement of attention from fearful as
compared with neutral or happy facial expressions®.
Electrophysiological>*'’ and functional MRI (fMRI)"-"*
studies have further shown that activity in face-sensitive
cortical areas, such as the fusiform gyrus and the supe-
rior temporal sulcus (STS), is enhanced in response
to fearful as compared with neutral facial expressions.
Although activation in these areas is similarly enhanced
in response to attended-to relative to unattended-to facial
stimuli, there is evidence that attentional and emotional
modulation of perceptual processing are mediated by
distinct neural networks, the former reflecting a distal
influence of frontoparietal attention networks and the
latter reflecting the influence of emotion-related brain
structures, such as the amygdala and the orbitofrontal
cortex, on perceptual processing? (FIG. 1).
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Magnocellular pathway

A system of vision-responsive
cells that are characterized by
large axons and the rapid
transmission of nerve impulses.

The importance of the amygdala for emotion rec-
ognition is well established', but only recently have
studies begun to shed light on the mechanisms by
which the amygdala enhances the processing of emo-
tional stimuli*. Findings from these studies are consist-
ent with a model in which the amygdala responds to
coarse, low-spatial-frequency information about facial
expressions (that is, the global shape and configura-
tion of facial expressions) in the very early stages of
information processing (possibly as rapidly as 30 ms
after stimulus onset)" and subsequently enhances more
detailed perceptual processing in cortical face-sensitive
areas such as the fusiform gyrus and the STS'"'®. The
amygdala might enhance cortical activity through
direct feedback projections to visual-representation
areas'"?! or through connections to basal forebrain
cholinergic neurons that transiently increase cortical
excitability?.

The exact stimulus features to which the amygdala is
responsive are unknown. Studies initially associated the
amygdala with the processing of fearful facial expres-
sions, but more recent findings point to a broader role in
processing biological relevance (either reward- or threat-
related)® and in evaluating and acquiring information
about associations between stimuli and emotional
significance'*?. Such processes may be more reliably
engaged in response to fearful than, for example, happy
expressions, explaining why enhanced amygdala activity
is more consistently observed in response to fearful than
other facial expressions.

Fusiform gyrus

Figure 1| An emotion-processing network in the
brain. Some of the neural systems that are involved in
processing emotional signals from faces (based on models
presented in REFS 4,14,127). Emotion-related neural
systems (the amygdala and the orbitofrontal cortex
(OFQ)) receive visual information from cortical regions
that are involved in the visual analysis of invariant and
changeable aspects of faces (face-sensitive regions in the
fusiform gyrus and the posterior superior temporal sulcus
(pSTS)). The amygdala and OFC may also receive visual
information through a faster magnocellular pathway
directly from the early visual cortex® (not shown), or
through a subcortical collicular-pulvinar pathway to the
amygdala**! (not shown). The amygdala and OFC are
reciprocally connected and send feedback projections

to widespread visual areas, including the fusiform gyrus
and STS.

The orbitofrontal cortex has also been implicated
in recognizing emotions from facial expressions and in
top-down modulation of perceptual processing. Patients
with brain damage localized to the orbitofrontal cortex
exhibit impaired recognition of a range of facial expres-
sions?, and this region is activated in fMRI and positron
emission tomography (PET) studies when neurologically
normal adults view positive or negative facial expres-
sions®®®. Activity in the orbitofrontal cortex is increased
when observers learn object-emotion associations from
stimuli that show facial expressions paired with novel
objects, which is consistent with the putative role of
this region in representing the positive and negative
reinforcement value of stimuli***".

The orbitofrontal cortex has reciprocal connec-
tions with the amygdala and widespread cortical areas,
including face-sensitive regions in the inferotemporal
cortex and the STS* (FIG. 1). As is the case with the
amygdala, the orbitofrontal cortex receives low-spatial-
frequency information through a rapid magnocellular
pathway and exerts a top-down facilitation effect on
more detailed perceptual processing in perceptual-
representation areas®. Consistent with such a neuro-
modulatory role, recent studies have provided evidence
for an early response in the orbitofrontal cortex (130 ms
after stimulus onset) that precedes activity in occipito-
temporal perceptual-representation areas (165 ms
post-stimulus)*.

Individual differences in facial-emotion processing.
Although a common neural network is generally engaged
in response to salient facial expressions, the strength
of activity in this network and sensitivity to signals of
certain emotions can vary substantially across indi-
viduals®. For example, stable individual differences in
anxiety-related traits predict sensitivity to facial expres-
sions of threat, so that individuals with high trait anxi-
ety show relatively enhanced orienting of attention to
threat-related facial cues and are relatively less efficient
in disengaging their attention from fearful facial expres-
sions®*. Consistent with these behavioural findings,
fMRI studies have shown that high trait anxiety is cor-
related with elevated activity in the amygdala in response
to fearful and angry facial expressions®*, and that indi-
viduals with higher trait anxiety show less habituation of
amygdala activation over repeated presentation of facial
expressions®. The elevated activity in the amygdala may
partly reflect less efficient emotion-regulation processes
arising from reduced functional connectivity between
the amygdala and regions in the prefrontal cortex (the
anterior cingulate cortex)®.

The ontogeny of facial-emotion processing

Prior to the onset of language, the primary means by
which infants can communicate with others in their
environment, including caregivers, is by ‘reading’ faces.
Thus, it is important for an infant not only to discriminate
familiar from unfamiliar individuals, but also to derive
information about the individual’s feelings and inten-
tions; for example, whether the caregiver is pleased or
displeased, afraid or angry. After the onset of locomotion,
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Figure 2 | Development of facial-emotion discrimination in infancy. a| An
illustration of the habituation visual-paired test paradigm in infants. Presentation of
facial expressions (either right side up or upside down) from a specific category (in this
case ‘happy’) is continued until the infant habituates (for example, until their looking time
declines to half of what it was when the stimulus was first presented). After habituation,
the stimulus from the familiar category is paired with a stimulus from a novel category
(for example, ‘fearful’). Discrimination is inferred from a preference (that is, an increased
looking time) for the novel stimulus. b | Results showing that discrimination of emotional
expressions in bimodal (audiovisual) stimuli emerges earlier than discrimination of
emotional expressions in unimodal auditory or visual stimuli. ¢ | After habituation to
happy expressions on different faces, 7-month-old infants could discriminate this
expression from fearful and angry expressions when the stimuli were presented upright
but not when they were inverted*®. These findings show that, similar to adults, infants
attend to orientation-specific configural cues to categorize facial expressions.
*indicates p<0.05; ** indicates p<0.01. Part b is modified, with permission, from REF. 51
© (2007) American Psychological Association.

infants also use others’ facial expressions to acquire
knowledge about objects in the physical environment —
that is, whether objects are safe and can be approached
or are potentially harmful and should be avoided®. Thus,
the accurate decoding of facial signals, particularly facial
expressions, is absolutely fundamental in early interper-
sonal communication. Further, even after language devel-
ops, the accurate decoding of facial emotion continues to
play a prominent part in face-to-face interactions.

The human infant’s ability to discriminate and rec-
ognize facial emotion has received extensive study
over the past 20 years. Such work has recently been
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complemented by electrophysiological and optical-
imaging studies, as well as by developmental work in
other species. Evidence from these studies converges to
suggest that the key components of the adult emotion-
processing network emerge early in postnatal life. It has
been suggested that subcortical brain systems (includ-
ing the amygdala) are functional at birth and have a role
in orienting newborn infants’ attention towards faces
and in enhancing activity in response to faces in cer-
tain cortical areas*'. Consistent with their role in adult
facial-emotion processing, the evidence reviewed below
suggests that the amygdala and associated brain regions
also participate in facial-emotion processing and emo-
tion—attention interactions in infants, although these
functions probably do not emerge until the second half
of the first year of life.

Behavioural studies. Because of infants’ limited visual
acuity, contrast sensitivity and ability to resolve high-
spatial-frequency information at birth*?, and their lim-
ited attention to internal features of faces during the first
two months of life***, it is unlikely that infants can visu-
ally discriminate facial expressions at birth or during the
first months of life, except when highly salient facial fea-
tures change (such as when a mouth opens or closes®).
Consistent with this view, several studies have shown
that the reliable perception of facial expressions, such
as attention to configural rather than featural informa-
tion in faces*, and the ability to recognize facial expres-
sions across variations in identity or intensity*~* are not
present until the age of 5-7 months. It also seems that,
instead of using visual information from facial expres-
sions, infants might initially use more salient multimodal
cues (for example, synchronous facial and vocal stimuli)
to detect and discriminate emotional expressions, and
only later acquire representations of the relevant uni-
modal cues®2. Supporting this view, a recent study®'
demonstrated that the ability to discriminate emotional
expressions in audiovisual stimuli emerged between 3
and 4 months of age, earlier than discrimination of emo-
tions in unimodal auditory (at 5 months of age) or visual
(at 7 months of age; see FIC. 2) stimuli.

At around the age that infants start to exhibit stable
visual discrimination of facial expressions, they also
begin to exhibit adult-like attentional preference for fear-
ful over neutral or happy facial expressions; for example,
when exposed to face pairs, 7-month-old infants look
longer at a fearful than a happy facial expression®*.
More detailed investigation into this looking-time bias
has shown that fearful facial expressions affect the ability
to disengage attention®. Specifically, infants are less likely to
disengage their attention from a centrally presented tar-
get face towards a suddenly appearing peripheral target
when the face displays a fearful expression than when it
displays a neutral or happy expression (FIC. 3). The find-
ing that novel non-emotional grimaces® or neutral faces
with large eyes fail to exert similar effects on attention
disengagement (M. J. Peltola, .M.L., V. K. Vogel-Farley,
J. KHietanen & C.A.N., unpublished observations) indi-
cates that the effect of fearful faces is not simply attribut-
able to their novelty in infants’ environment or to their
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Figure 3 | Emotional influences on attention and perception in infants. Adults show enhanced perceptual
processing of and attention to stimuli that are associated with emotional significance!*®, which probably reflects a
modulatory effect of emotion-related brain structures on cognitive processing. Recent data suggest that similar effects of
emotion on attention and perception occur in infants. a | In a behavioural attention task, 7-month-old infants were less
likely to move their gaze from a centrally presented fearful face to a peripheral target than from a non-fearful face control
stimulus, suggesting enhanced attention to fearful faces. This effect is not explained by the low-level features of fearful
facial expressions (for example, salient eyes) or the novelty of these expressions in infants’ rearing environment, because
control stimuli with these characteristics failed to produce similar effects. b | Recordings of event-related potentials (ERPs)
from posterior scalp regions show augmented ERP activity over the semi-medial occipitotemporal scalp in response to
fearful as compared with neutral facial expressions, suggesting a modulatory effect of fear on early cortical face
processing. Part a is modified, with permission, from REF. 55 © (2008) Blackwell Publishers. Part b is modified, with

permission, from REF. 66 © (2007) Blackwell Publishers.

distinctively large eyes (a feature that is also known to
affect infants’ attention). It is also of note that the effect
of fear on attention in infants is similar to that observed
in adults®, suggesting a similar underlying mechanism.

Electrophysiological and optical-imaging studies. A sub-
stantial body of literature concerns the neural correlates
of face perception in infants. An extensive review of this
literature has been published elsewhere®. In brief, stud-
ies that have recorded event-related potentials (ERPs)
to measure brain activity have shown that neural
activity over the occipitotemporal part of the scalp in
response to presentation of faces differs from activity
in response to various non-face objects in infants of age
3-12 months™*". Evidence from other sources, such as a
rare PET study in 2-month-old infants® and the results
of recent optical imaging studies®, further suggests that
the fusiform gyrus and the ST are functional in infants
at this age and exhibit some degree of tuning to faces.

It seems, however, that infants’ face-processing mecha-
nisms are activated by a broader range of stimuli than
those of adults®*, suggesting that the underlying neu-
ronal populations become more tuned to human faces
over the course of development.

Reciprocal connections between visual-representation
areas and the amygdala® and orbitofrontal cortex® are
observed soon after birth in anatomical tracing studies
in monkeys (BOX 1). This suggests that emotion-related
brain structures might be functional at the time when
infants start to exhibit behavioural discrimination of
facial expressions. To date, the evidence for this hypoth-
esis has accrued from investigations of the neural cor-
relates of infants’ processing of happy and fearful facial
expressions.

A recent study examined the neural basis of per-
ceiving neutral and smiling faces in infants of age 9-13
months and their mothers®. An extensive body of lit-
erature concerning adults has shown that regions in
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Box 1 | Anatomical development of emotion-related brain structures

Most of the information regarding the anatomical maturation of the amygdala and the
orbitofrontal cortex comes from neuroanatomical studies in macaque monkeys
(reviewed in REF. 64). Both structures seem to reach anatomical maturity relatively
early in development. Neurogenesis of the amygdala is completed by birth!®11,
reciprocal connections to various cortical regions are established by 2 weeks of age®,
and the distribution of opiate receptors as well as the density and distribution of
serotonergic fibres seem adult-like at birth or soon after®*!211* There is no information
regarding the neurogenesis of the orbitofrontal cortex®, but connections between the

orbitofrontal cortex and temporal cortical areas

115, and adult-like dopamine

innervation®!*3, are established by 1 week of age in the monkey. Although these pieces
of information point to very early anatomical maturation of the structures that have
been implicated in emotion recognition, there is also evidence that notable anatomical
changes in these structures and their connectivity with other brain regions occur
during a relatively protracted period of postnatal life. For example, there are
connections from area TEO in the inferotemporal cortex to the amygdala in infant
monkeys that do not exist in adults''®, and although feedback projections from the
orbitofrontal cortex to temporal cortical areas emerge early, they continue to mature
until the end of the first year®’. Also, myelination of axons in the amygdala, in the
orbitofrontal cortex and in these areas’ connections with other brain regions begins in
the first months of life but continues for several years®*!”. Together, these findings
suggest that although the key components of the emotion-processing networks and
their interconnectivity are established soon after birth, the wiring pattern becomes
more refined over the course of postnatal development.

Near-infra-red spectroscopy
A technique used for
measuring changes in
haemoglobin concentrations
and oxygenation levels that
can be used to study changes
in brain activity in localized
cortical regions.

the orbitofrontal cortex are activated in response to
positive-affective cues and may have a role in represent-
ing the reward value of such cues?®?'. To study whether
the same regions are active in infants, Minagawa-Kawai
et al.® used near-infra-red spectroscopy to measure changes
in activity in fontal brain regions in response to neutral
and smiling faces. The results revealed an increase in
brain activity in response to smiling as compared with
neutral faces, with the peak of the activity observed in
anterior parts of the orbitofrontal cortex. This increase
in activity was particularly pronounced when infants
were viewing their mother’s face as compared with an
unfamiliar adult’s smiling face, although it was present
in both conditions. A similar increase in activity in
the same brain regions was observed in mothers while
they viewed happy expressions from their own infant.
Mothers showed no response to an unfamiliar infant’s
happy expressions, suggesting that the same regions
are activated in infants and adults but that in adults the
activation of the orbitofrontal cortex is more selective to
happy expressions from a specific individual.

Because ERP and optical imaging tools are generally
insensitive to activity in subcortical brain structures, it
has not been possible to demonstrate directly the role of
the amygdala in infants’ emotion processing. However,
some ERP findings are consistent with the existence of
adult-like neural circuitry that is specifically engaged by
fearful facial expressions and that modulates activity in
cortical perceptual and attention networks. In 7-month-
old infants, a positive ERP component that occurs
~400 ms after stimulus onset over the medial occipito-
temporal scalp and that relates to visual processing of
faces® " is larger when infants view fearful than when
they view happy or neutral facial expressions® (FIG. 3).
Similar effects in adults are well documented in the lit-
erature and are thought to reflect an effect of affective
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significance on cortical processing®'. As well as visual
processing, fearful facial expressions enhance activity
in cortical attention networks, which is consistent with
behavioural indications of enhanced attention towards
fearful facial expressions. In 7-month-old infants, the
negative central (Nc) ERP component over the fronto-
central scalp is larger in response to fearful than happy
facial expressions®®®’”. The Nc is known to relate to the
orienting of attentional resources in response to sali-
ent, meaningful or infrequently occurring stimuli®*®.
The cortical sources of the Nc have been localized to
the anterior cingulate region”, which is consistent with the
role of this region in the regulation of attention”.
Recent studies have further shown that the augmented
Nc in response to fearful expressions is more pronounced
when infants view a person who expresses fear and gazes
at a novel object (implying that the object possesses an
attribute of which the infant should be wary) than when
they view a fearful-looking person directing their gaze
at the infant™. It also seems that infants attend more to
a novel object after they have seen an adult expressing
fear towards the object”. These findings are remarkable
as they suggest not only that the neural circuitry that
underlies the modulatory effect of affective significance
on perceptual and attention networks is functional in
infants, but also that the stimulus conditions that engage
these circuits resemble those that are optimal for engag-
ing emotion-related brain circuitry in adults (that is,
situations that involve stimulus-emotion learning)".

Evidence from other species. Studies in monkeys provide
further evidence of an important role for the amygdala
in mediating early-emerging affective behaviours. The
strongest evidence comes from studies showing that
amygdala lesions in neonate monkeys result in abnormal
affiliation and fear-related behaviours, possibly owing
to underlying impairments in the evaluation and dis-
crimination of safe and potentially threatening physical
and social stimuli’*. Another important finding that has
emerged from recent work in rats shows that the neural
circuitries for learning stimulus-reward associations
(preferences) and stimulus-shock associations (aver-
sions) have distinct developmental time courses in early
infancy. In rats, the ability to form preferences to cues
associated with positive reinforcement is present from
birth, whereas the ability to avoid cues associated with
negative stimuli (footshock) is not observed until post-
natal day 10, when the pup is ready to leave the nest”.
Other experiments have shown that the delayed onset
of learning to avoid aversive stimuli reflects immature
GABA (y-aminobutyric acid)-ergic function and amyg-
dala plasticity during the first postnatal days™. These
findings are of interest as they may shed light on the
observation that the differential responsiveness to happy
and fearful emotional expressions (a preference for fear)
is not observed in human infants until several months
after birth®®””.

Mechanisms of development
The early emergence of some components of the emo-
tion-processing network begs a more fundamental

NATURE REVIEWS | NEUROSCIENCE

ADVANCE ONLINE PUBLICATION | 5

© 2008 Macmillan Publishers Limited. All rights reserved




REVIEWS

Box 2 | Multiple functions of the superior temporal sulcus

Evidence from single-cell
studies in the macaque
monkey'*#'?! and functional
MRI studies in humans'?-12
shows that regions in the
occipitotemporal cortex,
which in humans include
the inferior occipital gyri,

an area in the fusiform gyrus
and the superior temporal
sulcus (STS), are critical for
perceptual processing of
information from faces (see
the figure). Of these
face-responsive regions, the
STS seems to have a key role in the perception of ‘changeable’ aspects of faces, such as
facial expression, eye gaze and lip movements'?*'?". The importance of the STS in
perceiving facial expressions may also reflect its role in integrating separate sources of
information'?%. People typically use and integrate information from several sources to
recognize emotional expressions, including the spatial relations of key facial features'?’,
dynamic cues related to temporal changes in expression'*’, gaze direction**! and
concurrent expressive cues in other sensory modalities, such as emotional
vocalizations'321%3,

The STS has been implicated not only in the perception of changeable aspects of faces
and audiovisual integration®3, but also in several other domains of information
processing, such as the perception of biological motion and social stimuli*** and speech
perception’®® (see REF. 136 for a review). Although it is possible that these functions are
mediated by distinct subregions of the STS, a recent review of functional MRI studies in
humans identified only two distinct clusters of activation, one in the anterior STS that
was systematically associated with speech perception and another in the posterior STS
that was associated with several functions, including face perception, biological-motion

Superior

Inferior
occipital
gyrus

Fusiform gyrus

processing and audiovisual integration'*. The similar activation of the STS in different
contexts may be explained by a common cognitive process across different domains**’.
Alternatively, differential patterns of co-activation and interactions with other brain
regions may explain how the same region can be involved in different functions!?”*3¢.

Experience-expectant
mechanisms

Evolved neural mechanisms
and plasticity for processing
and storing information that is
expected to be common to all
members of the species; for
example, patterned light, faces,
speech and language.

Experience-dependent
mechanisms

Neural mechanisms and
plasticity for processing
information that is unique to
the individual; for example,
individual differences in
processing cognitive, linguistic
or social challenges. In the
cognitive sphere, for example,
learning and memory reflect an
experience-dependent
process.

question concerning the mechanisms that govern the
development of this brain network. In the sections that
follow, we discuss the possibility that these early foun-
dations reflect a functional emergence of an experience-
expectant mechanism’® that is sensitive to and shaped
by exposure to species-typical aspects of emotional
expressions. We also discuss how these early foun-
dations are further modified by individual-specific
experiences, reflecting the existence of an additional
experience-dependent’ component of the development of
emotion-processing networks.

Experience-expectant mechanisms. The universal
nature of some facial expressions and the presence of
these expressions throughout the evolutionary history
of humans raise the possibility that the species has come
to ‘expect’ the occurrence of these expressions in differ-
ent environments at a particular time in development’.
The species might have evolved brain mechanisms that
are to some extent biased from the beginning for process-
ing biologically salient signals displayed in the face. The
evidence for the early maturation of emotion-related
brain circuits, functional coupling of these structures
with visual-representation areas, and the behavioural
indices of a bias to attend more to emotionally salient

than to neutral facial expressions is consistent with the
existence of such an experience-expectant foundation
for the development of emotion recognition. What is
known so far about the attentional biases in infants
is more consistent with a pre-wired readiness to attend
to and incorporate information about some salient cues
than with a bias towards a stimulus that infants have
learned signals a specific meaning. That is, infants ‘pre-
fer’ to attend to fearful faces™, show enhanced visual and
attention-related ERPs to fearful faces*®*” and have dif-
ficulty in disengaging from fearful faces®, but there is
no evidence that they feel afraid when they are exposed
to fearful faces. Thus, infants exhibit a seemingly obliga-
tory attentional bias towards fearful facial expressions
and find them perceptually salient even though they
do not seem to understand why they do so and do not
seem to derive meaning from them. It also seems that
the bias to attend to fearful expressions emerges at the
developmental time point at which such expressions are
most likely to occur in the infant’s environment; that is,
at approximately 6-7 months, when infants start to crawl
and actively explore the environment (and hence place
themselves at risk for harm unless there is an attentive
caregiver in proximity).

Although the evidence is consistent with the exist-
ence of limited preparation to attend to biologically sali-
ent cues that are displayed in the face, the exact stimulus
features to which the infant is sensitive are currently not
known. The bias to attend to fearful facial expressions
might reflect a bias towards some visual features of fear-
ful facial expressions, a bias towards expressions of fear
more generally, or a more abstract and broadly tuned
bias towards certain feature configurations of which
fearful facial expressions are only a good example.

As is the case with other experience-expectant mech-
anisms’®, the preparedness to process facial expressions
is likely to involve a coarsely specified but slightly biased
neural circuitry that requires exposure to species-typical
emotional expressions in order to be refined and develop
towards a more mature form. This developmental pro-
cess may involve preserving and stabilizing some ini-
tially existing synaptic connections and pruning others,
to result in a more refined pattern of connectivity in the
network (BOX 2) and to bring about perceptual narrowing (a
narrowing of the range of stimuli to which the network
is responsive).

Recent studies in infants show that the perceptual
mechanisms that underlie face processing are initially
broadly tuned and become more specialized for specific
types of perceptual discriminations with experience”*.
In a study that first demonstrated this phenomenon,
6-month-old infants were shown to be able to discrimi-
nate two monkey faces as easily as two human faces,
whereas 9-month-old infants and adults could discrimi-
nate only human faces”™. It was subsequently reported
that 6-month-old infants who were given 3 months of
experience viewing monkey faces retained the ability to
discriminate novel monkey faces (at 9 months), whereas
infants who lacked such experience could not®. Similar
phenomena have now been demonstrated to occur in
the perception of intersensory emotion-related cues
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Perceptual narrowing

A developmental process in
which discrimination of
frequently encountered
stimulus features is maintained
and improved whereas
discrimination of less
frequently encountered
stimulus features is diminished
or lost; for example, the
gradual loss of the ability to
discriminate non-native speech
contrasts while retaining the
ability to discriminate native
speech contrasts.

(that is, in the ability to match a heard vocalization with
the appropriate facial expression)® and in the perception
of lip movements that accompany speech®. Infants of
age 4-6 months can, for example, discriminate silent lip
movements that accompany their native speech, as well
as lip movements that accompany non-native speech, but
only the native-language discrimination is maintained at
the age of 8 months®. Collectively, these findings suggest
that experience-driven fine-tuning of perceptual mecha-
nisms reflects a general principle of the development of
different aspects of face processing®.

A recent study in monkeys®* has further demonstrated
that face-processing mechanisms remain in the imma-
ture state if the expected experiences do not occur, and
also that experiences occurring during a sensitive period
(that is, a period in which the animal is first exposed to
faces) might have irreversible influences on the devel-
oping face-processing system. Here, infant monkeys
were reared with no exposure to faces for 6-24 months
and were then selectively exposed to either monkey or
human faces for 1 month. On termination of the dep-
rivation period (and before exposure to any faces), the
monkeys exhibited a capacity to discriminate monkey
faces in addition to human faces, suggesting that such
discrimination abilities require little if any visual experi-
ence in order to develop. This initial capacity was, how-
ever, changed after the short exposure period such that
the monkeys maintained the ability to discriminate faces
of the exposed species but had considerable difficulties
in discriminating faces of the non-exposed species.

Experience-dependent development. Although experi-
ence-expectant mechanisms and exposure to species-
typical facial expressions may provide a foundation for
a rapid acquisition of perceptual representations of the
universal features of facial expressions, these represen-
tations are likely to be further shaped by individual-
specific experiences and the frequency and intensity
of certain facial expressions in the rearing environ-
ment. The strongest evidence that emotion-recognition
mechanisms are shaped by individual experience comes
from studies in maltreated children. Children of abusive
parents are exposed to high levels of parental expressions
of negative emotions and high rates of direct verbal and
physical aggression. Studies®** have shown that emo-
tion-recognition mechanisms are significantly shaped
by such experiences. School-aged children with a his-
tory of being physically abused by their parents exhibit
generally normally organized perceptual representations
of basic facial expressions, such as fearful, sad and happy
facial expressions, but they exhibit heightened sensitivity
and a broader perceptual category for signals of anger
(compared with children reared in typical environ-
ments). Thus, compared with non-maltreated children,
abused children show a response bias for anger, which
means that they are more likely to respond as if a per-
son is angry (displays an angry expression) when the
nature of the emotional situation (for example, the emo-
tional state of a protagonist in a story) is ambiguous®.
They also allocate a disproportionate amount of process-
ing resources (as inferred by the amplitude of the
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attention-sensitive ERPs) to angry facial expressions®’.
Finally, abused children show a perceptual bias in the
processing of angry faces, which causes them to clas-
sify a broader range of facial expressions as perceptually
similar to angry faces and also causes them to become
sensitized to angry faces on the basis of partial sensory
cues®®®, Together, these different indices of increased
perceptual sensitivity to visual cues of anger may reflect
an adaptive process in which the perceptual mechanisms
that underlie emotion recognition become attuned to
those social signals that serve as important predictive
cues in abusive environments®.

Given that abused children’s recognition of facial
expressions is generally normal (except for the broad-
ened perceptual category for signals of anger), the effect
of such species-atypical experience seems to reflect a
tuning shift rather than a gross alteration of representa-
tions of facial expressions. It seems, therefore, that the
basic organization of the emotion-recognition networks
is specified by an experience-expectant neural circuitry
that emerges during a sensitive period of development
— perhaps the first few years of life — and that rapid
refinement of this circuitry occurs through exposure
to universal features of expressions. Individual-specific
experiences may, however, alter the category bounda-
ries of facial expressions. In theory, because experience-
dependent processes are not tied to a particular point
in development, this speaks to the brain’s continual
plasticity in both adaptive and maladaptive responses;
for example, a tendency to view ambiguous faces in a
positive light versus a negative light. In addition, the
perceptual biases that result from experience-dependent
changes should, again in theory, be modifiable. Thus, a
maltreated child who acquires a bias to see anger more
readily than other emotions should be able to unlearn
this bias. This is quite different, however, from the early
perceptual biases that come about through experience-
expectant development; thus, for example, it is unlikely
that one can ‘unlearn’ the bias to respond quickly to fear,
for two reasons: first, doing so was acquired during a
sensitive period of development, leading to a crystalli-
zation of the neural circuits involved; and second, being
tuned to fearful faces may confer survival.

Recent studies are consistent with the view that com-
ponents of the emotion-processing network retain some
plasticity throughout the life span and can quickly alter
their response properties to stimuli that are associated
with rewarding or aversive experiences'>***. Cells in
the monkey amygdala, for example, come to represent
such associations very rapidly, often on the basis of a
single exposure to a stimulus and subsequent reward
or aversive stimulation®. Although representations of
salient stimuli may first be stored in the amygdala and
the orbitofrontal cortex, it is likely that plasticity also
occurs in connected visual regions that are relevant for
the processing of visual and intersensory information
from emotional expressions. In rats, for example, neu-
rons in the primary auditory cortex can tune their recep-
tive fields to the frequency of stimuli that are associated
with appetitive or aversive reinforcements®. Such tun-
ing shifts are acquired rapidly and are retained for up to
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8 weeks. Tuning shifts may be mediated by projections
from the amygdala to the cholinergic nucleus basalis,
resulting in increased transmission of acetylcholine from
the nucleus basalis to the cerebral cortex®'. Although
such long-term plasticity has not been demonstrated
in the context of human facial-expression processing,
recent findings have shown similar changes, including
heightened perceptual sensitivity to and strengthened
cortical representation of pictures of facial expressions
that are paired with affectively significant events®**.

Individual differences in development

Initial biases in emotion-related brain circuits and their
experience-driven refinement are likely to contribute
not only to the general development of facial-expression
processing but also to individual differences in this
developmental process. Explicating these mechanisms
is important given that heightened sensitivity to signals
of some emotions (such as threat) may predispose an
individual to learn fears in social settings* and is known
to have a causal role in vulnerability to emotion-related
disorders®™.

One possibility is that genetic factors, such as com-
mon variants in gene sequences (polymorphisms) that
affect major neurotransmitter systems, contribute to the
reactivity of emotion-related brain circuits. A promising
line of research has shown, for example, that a polymor-
phism in a gene that encodes the serotonin transporter
(5-HTT) and affects brain serotonin transmission
is associated with the reactivity of the amygdala and
associated perceptual representation areas in response
to fearful and angry facial expressions”. Individuals
with one or two copies of the ‘short’ allele of the 5-HTT
polymorphism (that is, the allele that is associated with
reduced 5-HTT availability and vulnerability to depres-
sion) exhibit greater amygdala responses to threatening
facial expressions than individuals who are homozygous
for the 5-HTT ‘long’ allele”. Given that such genetically
driven differences in the serotonin system are likely to
be present from birth*'%, they may, in combination with
environmental factors (such as exposure to negative
emotions), set the stage for the development of increased
perceptual sensitivity to negative emotions. It is impor-
tant to note, however, that the heightened attention to
potent signs of danger that is seen in adults with anxiety
disorders™ is also likely to depend on other factors, such
as the integrity of later-developing cortico-amygdala
control mechanisms that regulate stimulus selection
and the allocation of attentional resources to negative
emotional cues'.

Conclusions and future directions

A network of emotion-related brain systems (including
the amygdala and the orbitofrontal cortex) and higher-
level visual-representation areas in the occipitotemporal
cortex mediates the capacity to efficiently detect and
attend to facial expressions of emotions. The evidence
reviewed here suggests that the amygdala and the orbito-
frontal cortex functionally emerge in early infancy and
that these regions are to a limited extent biased towards
processing and storing information about certain

biologically salient cues. Based on these findings, we
propose that the early functional emergence of emo-
tion-related brain systems, the initial biases in these sys-
tems, and the functional coupling of these systems with
cortical perceptual areas that are supportive of more fine-
grained perceptual processing and integration of differ-
ent emotion-relevant cues (such as the STS; see BOX 2)
provide a foundation for the rapid acquisition of repre-
sentations of species-typical facial expressions. Thus, the
acquisition of representations of facial expressions might
be based on a combination of initial biases in emotion-
related neural systems and their experience-driven
refinement, rather than on experience-independent
maturation of a highly specialized system.

There are some indications that the emotion-relevant
brain network may be particularly sensitive to expected
experience around the time of its functional emergence
between 5 and 7 months of age. The amount of experi-
ential input that is required for these systems to develop
normally is not known, but the evidence for similar
development of emotion recognition in different cul-
tures and even in severely deprived environments'®>'%
suggests that rudimentary perceptual representations of
the universal features of facial expressions are acquired
on the basis of limited environmental input. The rapid
alterations of the response properties of neurons in the
amygdala in response to stimulus—emotion associations*
further suggest that emotion-processing networks can
also quickly adapt to individual-specific experiences in
the environment.

The proposal that rudimentary representations of
some universal features of facial expressions are acquired
early in life (possibly during a sensitive period) does
not preclude the possibility that functional changes in
emotion-processing networks occur later in childhood.
Indeed, behavioural studies have shown age-related
improvement throughout childhood in tasks that meas-
ure the ability to label facial expressions'®. Although such
changes may be partly due to general cognitive improve-
ment, they may also reflect functional changes in the
brain network that underlies facial-emotion processing.
For example, fMRI studies in children and adolescents
have shown age-related changes in amygdala responses
to facial expressions and in connections between the
amygdala and the ventral prefrontal cortex (for example,
the anterior cingulate cortex)* . Amygdala-prefrontal
connections may be of crucial importance to the abil-
ity to label facial expressions'* and to using contextual
information to modulate responses to facial expres-
sions!”. Recent studies have also shown that cortical face-
sensitive regions (such as the fusiform gyrus) are rela-
tively immature in children of 5-8 years of age and con-
tinue to specialize for face processing until adolescence'®.
Thus, although the basic connectivity pattern in the
emotion-processing network and some of its response
properties (for example, differential responses to neutral
and fearful facial expressions)* seem to emerge early in
life, other aspects of emotion processing, such as those
that involve prefrontal-amygdala connections and fine-
tuning of responses to specific facial expressions, might
continue to develop until adolescence (FIG. 4).
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Anatomical emergence

» Components of the emotion-processing
network and anatomical connections are established

« Infants prefer faces but do not exhibit stable
discrimination of facial expressions

Experience-expectant functional development

* The network becomes functional and ‘expects’
experience

« Infants discriminate basic facial expressions and exhibit
an attentional bias towards salient facial expressions
(e.g., expressions of fear)

« Rapid refinement of the emotion-processing network
through stabilization and pruning of synaptic connections
(narrowing of processing to species-typical emotional
expressions)

Experience-dependent functional development

« Life-long plasticity in emotion processing in response
to individual-specific experiences (e.g, fine tuning to
frequent facial expressions)

« Prefrontal-amygdala connections and the ability to

integrate contextual information with facial expressions
continue to develop until adolescence

Figure 4| A proposed model of the development of emotion-recognition mechanisms. We propose that the basic
organization of the emotion-recognition networks is specified by an experience-expectant neural circuitry that emerges
at 5-7 months of age and that is rapidly refined by exposure to universal features of expressions during a sensitive period
of development (perhaps the first few years of life). The network retains some plasticity throughout the lifespan and can be
fine-tuned by individual-specific experiences (that is, experience-dependent development). Also, functional connectivity
between emotion-processing networks and other prefrontal regulatory systems continues to develop until adolescence.
The development is affected by genetic factors (for example, functional polymorphisms that affect the reactivity of
relevant neural systems), environmental factors (the frequency of seeing certain emotional expressions), and their
interaction. The depicted time points might become more specific as more data become available.

Several interesting directions for future research
emerge from this Review. First, further investigation
into the normative changes in perceptual-discrimination
abilities over the course of the first year and the neural
correlates of these changes will shed further light on
the existence of sensitive periods in development
during which the underlying neural mechanisms
‘expect’ exposure to emotional expressions. Second,
to understand better the early foundations of emo-
tion recognition, an important goal for future studies
is to elucidate the neural bases of emotion processing
in infants and the exact stimulus features to which
early-developing emotion-processing networks are
responsive. With the new developments in techniques

that allow investigation of the brain basis of different
cognitive functions in developing populations (for
example, high-density recordings of ERPs, and near-
infrared spectroscopy), these questions are now more
approachable than they were even as recently as a
decade ago. Third, the merging of molecular genetics,
brain-imaging methods and psychological characteriza-
tions of critical environmental variables will shed new
light on the developmental pathways through which the
brain is shaped towards normal and vulnerable patterns
of responding to social cues of emotions. Such stud-
ies will be important for elucidating the early precur-
sors of vulnerability to emotional and social disorders
later in life.
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