
Human Amygdala Development in
the Absence of Species-Expected
CaregivingQ1

ABSTRACT: In altricial species, like the human, caregiver presence is necessary
for typical emotional development. Children who have been raised in institutional
care early in life experience caregiver deprivation and are at signiÞcantly elevated
risk for emotional difÞculties. The current manuscript examines the non-human and
human literatures on amygdala development following caregiver deprivation and
presents an argument that in the absence of the species-expected caregiver pres-
ence, human amygdala development exhibits rapid development and perhaps pre-
mature engagement that results in some of the emotional phenotypes observed
following early institutional care.! 2011 Wiley Periodicals, Inc.Dev Psychobiol
00: 1Ð14, 2011.
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INTRODUCTION

TheQ3 parentÐchild dyad is a very special and close
relationship that is critical for normal human develop-
ment. Attachment theory emphasizes the role of care-
givers in providing stability, security, and safety, which
greatly inßuences the emotional health of the offspring
(Bowlby, 1963). HoferÕs (1994b) work has shown that the
mere physical presence of the parent may act to regulate
aspects of the infant rat pupÕs behavior and development.
That it is an external agent to the infant, yet so critical
to the progression of normal development, qualiÞes
caregiver presence as a species-expected environmental
inßuence. Greenough, Black, and Wallace (1987) have
deÞned experience-expected developmental processes as
those which ÔÔutilize the sort of environmental infor-
mation that is ubiquitous and has been so throughout
much of evolutionary history of the speciesÕÕ (p. 540).
Because of this ubiquity of the caregiving stimulus, post-
natal maternal deprivation should present a serious

challenge to the developing human. When these types
of experiences are absent, the effects on the targeted
system can be severe and long-lasting.

In the absence of this expected environmental inßu-
ence, the developing system must adapt to the unex-
pected environment to promote survival independently.
These adaptations may promote survival in the short
term, but severely impair the individualÕs ability to opti-
mally cope with changing environmental demands that
accompany changes in age. While caregiver-deprivation
is rare in human populations, children in orphanages are
raised en masse by staff members in an institutional
setting, which does not provide a stable caregiver. Thus,
in these environments, infants experience a species-atyp-
ical care environment. There are commonly observed
behavioral consequences of such caregiver-deprivation.
Orphanage environments increase a childÕs tendency to
approach unfamiliar adults (Chisholm, 1998; Zeanah,
Smyke, & Dumitrescu, 2002), decrease a childÕs
threshold for responding to sensory stimulation (Wil-
barger, Gunnar, Schneider, & Pollak, 2010), and increase
a childÕs reactivity and sensitivity to emotional infor-
mation (Fries & Pollak, 2004; Tottenham et al., 2010).
While these behaviors may be seen as examples of adap-
tation to orphanage life, children raised in this situation
are also at elevated risk for externalizing and internaliz-
ing problems, such as anxiety and inattention (Casey
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et al., 2009; Juffer & van Ijzendoorn, 2005; Kreppner,
OÕConnor, & Rutter, 2001; Zeanah et al., 2009). In these
circumstances, the developmental process is severely
altered to meet the demands of the highly atypical early
environment. The current article discusses human brain
development in the absence of caregiving, focusing on
the amygdala, a neural region that is highly susceptible to
early adversity and whose activity can greatly inßuence
emotional behaviors. The hypothesis motivating this
article is that the absence of early caregiving prematurely
engages the amygdala in learning about the environment,
and in the long term, these activations result in hyper-
vigilance and altered emotional responding.

This hypothesis is not a new one and has been pro-
posed by several researchers with regard to rodent pup
development (e.g., Jones et al., 2009; Moriceau & Sulli-
van, 2005; Ono et al., 2008). The current article will
examine this hypothesis with regard to human develop-
ment. We reference the rodent literature heavily to dis-
cuss potential developmental mechanisms in the human
for the reason that, although the relationship is ultimately
more complex in the human, both (human and rodent)
species are altricial, relying on the caregiver for survival,
nutrients, autonomic regulation (Hofer, 1994a; Stone,
Bonnet, & Hofer, 1976) and for learning about the
mother to form attachments during the infant period
(Moriceau, Roth, & Sullivan, 2010). This learning forms
the basis for the relationship that ensures food, protec-
tion, and physiological regulation. It is possible there-
fore, that the ontogeny of the neural circuitry that guide
proximity seeking remained phylogenetically intact
during the postnatal period. Indeed, infants, whether
human or rodents, can physically survive with some
nominal degree of caregiving, as was seen in SpitzÕs
studies of children in institutional care (Spitz, 1945)
and in HoferÕs work examining rat pup survival with
access to discrete aspects of the mother (Hofer, 1994a),
but as we will discuss, the consequences of caregiver
deprivation on brain development can be signiÞcant.

The Amygdala

The amygdala has been implicated in learning about the
emotional signiÞcance of stimuli (Davis & Whalen,
2001). Through a process of classical conditioning, that
is, pairing an initially neutral stimulus with an emotion-
ally signiÞcant stimulus until the conditioned stimulus
itself elicits the emotional response, an individual learns
about the relative safety or danger of environmental
stimuli. In adults, this process depends on the amygdala.
Neuroimaging studies have conÞrmed that, like in
rodents and non-human primates, the human amygdala
responds to both negatively and positively valenced
stimuli (Breiter et al., 1996; Hennenlotter et al., 2005;

Somerville, Kim, Johnstone, Alexander, & Whalen,
2004), suggesting it supports learning about the
emotional signiÞcance of the environment in general.
Studies of fear conditioning conÞrm the role of the
human amygdala in emotional learning, where forming
an association between an emotional stimulus (e.g.,
shock) and a shock recruits amygdala activity (Delgado,
Olsson, & Phelps, 2006; LaBar, Gatenby, Gore, LeDoux,
& Phelps, 1998). As will be discussed, the process of
emotional learning during early development may be
fundamentally different.

Rodent Studies

Much of what is known about early postnatal amygdala
development comes from rodent models. Studies of
developing rat pups show that the amygdala iscapable
of demonstrating adult-like plasticity early in life (in that
the adult, the amygdala becomes engaged during learn-
ing and thus, the animal shows avoidance learning),
although under typical conditions the developing amyg-
dala will not (Moriceau, Roth, Okotoghaide, & Sullivan,
2004). That is, early in life, the amygdala is fairly unin-
volved in emotional learning (Moriceau, Wilson, Levine,
& Sullivan, 2006), despite being anatomically developed,
and hence avoidance learning is not typically observed
in rodent pups. More commonly, preference learning is
observed, where the rat pup will show a preference for
stimuli that had been paired with an aversive stimulus
(e.g., shock). This drastic difference between the behav-
ior of the adult animal and the infant pup emphasizes the
developmental differences in amygdala functional phe-
notype across this period.

There is an intimate association between the ontogen-
etic engagement of the amygdala and the activity of
the HPA axis. A stressor sufÞciently strong will elicit
a full stress response (Kemeny, 2009), which includes
activation of the hypothalamic-pituitary-adrenocortical
(HPA) axis, a primary mammalian stress axis. The
HPA axis response leads to peripheral (systemic) gluco-
corticoid (CORT) increases via hypothalamus, pituitary,
and adrenal gland activity and increases in corticotropin
releasing hormone in the brain (CRH, Makino, Gold,
& Schulkin, 1994). Because CORT can pass the bloodÐ
brain barrier, it feeds back onto receptors in the brain
including the amygdala. Numerous studies have demon-
strated that stressors increase activity of the amygdala via
elevations in CORT. For example, CORT administration
acts to augment the CRH-enhanced startle response in
rats (Lee, Schulkin, & Davis, 1994), a process dependent
on the amygdala (Lang, Bradley, & Cuthbert, 1990). Cell
bodies of the amygdala are rich with CORT receptors
(Honkaniemi et al., 1992), and stressors (Bonaz &
Rivest, 1998), as well as direct administration of CORT,
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result in increased activity of the amygdala including
new synthesis CRH receptors (Makino et al., 1994).
The likelihood of stress impacting amygdala activity in
a similar manner early in life is high given that stress
hormones and CRH mRNA production in amygdala
have a developmentally early onset, appearing as early
as postnatal day 2 in the rat (Avishai-Eliner, Yi, &
Baram, 1996; Vazquez et al., 2006).

Despite its early structural development, rodent work
suggests that under normal circumstances, that is when
the mother is present, the amygdala remains functionally
dormant until the pup begins to independently explore
its environment. Pups stay in the nest with the mother
for the Þrst 10 days of life, and this period is character-
ized by very low levels of CORT production (Moriceau
& Sullivan, 2006). This stress hyporesponsive period is a
time in pup development when emotional learning differs
dramatically from adult learning. In contrast to the adult
animal, where pairing an aversive stimulus with a con-
ditioned stimulus (CS) results in an aversion of the
CS, these pairings result in a preference for the paired
stimulus in the rat pup (Camp & Rudy, 1988; Moriceau
et al., 2010). The reason pups do not exhibit aversion
learning lies in the fact that the amygdala plays relatively
little role in mediating the association between the aver-
sive stimulus and the CS, and in the absence of amyg-
dala-mediated learning, other learning circuits (e.g.,
olfactory bulb, piriform cortex) are free to mediate the
learning (which results in preference learning at this
point in development) (Moriceau & Sullivan, 2004).
The amygdala is not involved in learning yet because
the low CORT levels keep dopamine levels at a minimum
(Barr et al., 2009), and dopamine increases are necessary
for amygdala plasticity. Once the pup starts leaving the
nest and the stress hyporesponsive period comes to an
end, CORT production increases, learning becomes
amygdala-mediated, and the animal begins to exhibit
aversion learning rather than preference learning.

Critical to this whole process is the presence of the
mother. The presence of the mother maintains low CORT
levels (Stanton & Levine, 1988, 1990), and thus the
amygdala does not participate in the emotional learning
process (Moriceau & Sullivan, 2006). However, removal
of the mother results in CORT increases, and amygdala-
mediated aversion learning ensues. This same effect of
premature amygdala involvement can be replicated by
direct administration of CORT to the amygdala. It has
been suggested that this pattern of emotional learning
early in life facilitates caregiver identiÞcation and
preference (Moriceau & Sullivan, 2005). Indeed in
expected caregiving environments, the absence of amyg-
dala-mediated learning may serve as a means of ensuring
that infant pups form preferential attachments to care-
givers. However, in conditions where the mother is

absent and CORT signiÞcantly increases, a neural circui-
try involving the amygdala becomes engaged prema-
turely, switching the animalÕs state of one from
preference learning to one where they display avoidance
related behaviors towards learned stimuli.

Human Studies

Structurally, the human amygdala seems to undergo rapid
development early in life (Tottenham, Hare, & Casey,
2009). The basic neuroanatomical architecture of the
human amygdala is present by birth (Humphrey, 1968;
UlÞg, Setzer, & Bohl, 2003), and in girls, amygdala
structural growth is complete by 4 years old (Giedd
et al., 1996). Longitudinal non-human research supports
the notion that the primate amygdala is an early devel-
oping structure; based on repeated structural images, the
most rapid rate of amygdala development occurs within
the Þrst 2 postnatal weeks, and this rate stabilizes early Ð
around 8 months old (Payne, Machado, Bliwise, & Bach-
evalier, 2009). This rapid rate of change early in life may
heighten the vulnerability of the amygdala to environ-
mental inßuence early in life. It has been argued (Lupien,
McEwen, Gunnar, & Heim, 2009) that the sensitive
period of development for neural regions will center
around its peak period of development (i.e., fastest rate
of change), making periods of rapid development those
times when that system is most vulnerable to environ-
mental manipulation. For some regions, like the prefron-
tal cortex, this period will be quite late and extended; for
the amygdala, it will be early and rapid. Given the early
peak in amygdala development, we might predict that
early life is a sensitive period for the human amygdala,
much in the same way that has been demonstrated in the
rodent.

In humans, it is not yet known whether the mother
exerts a similar buffering effect over amygdala reactivity,
yet we may surmise that given the phylogenetic conser-
vation of the amygdala and the similar need to form an
attachment to a caregiver, that there exists at least a
consistent process in the postnatal period of the human.
Certainly, a motherÕs presence buffers against elevations
in CORT, particularly for highly fearful children (Nach-
mias, Gunnar, Mangelsdorf, Parritz, & Buss, 1996). Like
the rat pup, a similar stress hyporesponsive period has
been identiÞed in human infants, where physical exams
and inoculations do not result in CORT elevations during
infancy (despite outward displays of distress and protest,
Gunnar & Donzella, 2002). Basal levels are also typically
low at birth and seem to reach a production low during
the preschool period (Grunau, Weinberg, & WhitÞeld,
2004; Watamura, Donzella, Kertes, & Gunnar, 2004).
Given the extended period of caregiver-dependence in
the human species, we might expect this period of
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amygdala development to extend throughout childhood,
which would afford the system several opportunities to
learn about highly complex environments including care-
giver preference.

Evidence from human neuroimaging with children
and adolescents provides evidence of developmental
change during childhood. The amygdala shows evidence
of functionality in childhood that is followed by change
across development (Baird et al., 1999; Thomas et al.,
2001; Tottenham et al., 2009), that continues until a
reactivity peak in adolescence (Hare et al., 2008). Tho-
mas et al. (2001) showed that the amygdala response in
children was lower for fear faces than it was for neutral
faces, the opposite pattern that has been repeatedly ident-
iÞed in adults (reviewed in Davis & Whalen, 2001).
While these data have been interpreted as indexing the
ambiguity associated with neutral faces in childhood,
these data might also be interpreted as indicating that
the amygdala does not respond to negatively valenced
faces, like fear, in the same fashion as adults. Indeed,
several studies have shown that amygdala signal to
emotional faces increases through childhood, reaching
a peak in adolescence (Guyer et al., 2008; Hare et al.,
2008; Killgore & Yurgelun-Todd, 2007; Monk, McClure,
et al., 2003; Somerville, Hare, & Casey, in press). Thus,
throughout childhood, when less is known about the
relative safety or danger of different cues, the amygdala
may to be playing an increasing role in assigning valence
to stimuli through learning processes like those observed
in fear conditioning paradigms. To date, little is known
about amygdala involvement in fear conditioning during
typical development. One study using an airpuff to the
larynx showed adolescents recruited amygdala to cues
associated with the unconditioned stimulus (Monk,
Grillon, et al., 2003), suggesting that at least by adoles-
cence, the amygdala is engaged by emotional learning in
a similar fashion to adults.

Although neuroimaging based fear-conditioning stud-
ies have not yet been performed in children prior to
adolescence, we may make some inferences about the
normal ontogenetic engagement of the amygdala during
emotional learning based on behavioral Þndings. In terms
of general fear experience, according to self-reports,
fears, nightmares, and worrying increase from the pre-
school period to middle childhood (Muris, Merckelbach,
Gadet, & Moulaert, 2000; Muris, Merckelbach, Ollen-
dick, King, & Bogie, 2001). Some naturalistic studies
examining the development of learned fears showed that
trauma experienced prior to age 7 years old (needing
to be rescued while swimming) was not associated with
fear (of swimming) when measured at age 18 (Poulton,
Menzies, Craske, Langley, & Silva, 1999), and only late
(after 18 years old)-onset dental fear, but not early onset
dental fear, was associated with aversive conditioning

experiences at the dentist ofÞce (Poulton, Waldie, Thom-
son, & Locker, 2001). While these naturalistic studies
are few in number, in conjunction with the neuroimaging
studies discussed above, showing a developmental
increase in amygdala recruitment to emotional stimuli,
the Þndings are consistent with the hypothesis that in
typical development, the amygdala is less engaged
during emotional learning that during adulthood. Con-
sistent with Þnding from these naturalistic studies,
laboratory-based fear conditioning studies that have
measured heart rate and galvanic skin responses with
young children show that fear conditioning increases
from the preschool period to middle childhood (Block,
Sersen, & Wortis, 1970; Gao, Raine, Venables, Dawson,
& Mednick, 2010). It will be important to further
examine fear conditioning processes in the preschool
and childhood period, particularly in the context of neu-
roimaging paradigms, to determine whether the hypores-
ponsivity of the stress system results in preference
learning in humans as it does in the rodent. While this
prolonged period of amygdala development allows the
individual to learn about the environment, the changes in
the amygdala prior to adolescence leaves it vulnerable to
adverse early experiences that can have long lasting
effects. We will present Þndings from human imaging
and animal models of amygdala development under con-
ditions of expected rearing environments and those when
the expected parental input is absent.

ADVERSITY AND THE AMYGDALA

Adverse events do not impact the whole brain in a
uniform fashion, but instead the effects are region
speciÞc, exhibiting some of the largest effects in the
amygdala. In adult animals, stress or administration of
stress hormones increases the growth and activity of
amygdala neurons (Armony, Corbo, Clement, & Brunet,
2005; Liberzon et al., 1999; Rauch et al., 2000). Cells in
the amygdala participate in the earliest reaction to
environmental stressors, often initiating the HPA cas-
cade. They are quickly activated by stress and express
immediate-early genes (Honkaniemi et al., 1992). Stress-
ful events produce elevations in CRH that occur Þrst in
the amygdala and are observed only afterwards in other
neural regions like the hippocampus (reviewed in Baram
& Hatalski, 1998). Indeed, both psychosocial stress and
administration of CORT enhance expression of CRH
in the amygdala (reviewed in McEwen, 2003; Schulkin,
Gold, & McEwen, 1998). Numerous neuroimaging
studies have demonstrated that the amygdala is altered
structurally and functionally by psychosocial stress in
humans. Studies that have examined the amygdala in
individuals who experienced traumatic events (e.g.,
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combat, physical assault) show that in adults the amyg-
dala is both smaller (Driessen et al., 2000; Schmahl,
Vermetten, Elzinga, & Bremner, 2003) and more reactive
to emotional stimuli (Armony et al., 2005; Liberzon
et al., 1999; Rauch et al., 2000; Shin et al., 2004;
reviewed in Shin, Rauch, & Pitman, 2006).

In the developing animal, adversity can also impact
amygdala activity, perhaps even more so than adversity
that occurs later in life (reviewed in Tottenham & Sher-
idan, 2010). This position is supported by rat models of
early stress, which Þnd that the amount of CRH required
to produce amygdala-originating seizures in developing
animals is 200 times smaller than required for adult
animals (reviewed in Baram & Hatalski, 1998). Neonatal
separation stress resulted in an increase in CRF contain-
ing neurons in the amygdala in juvenile rodents (Becker,
Abraham, Kindler, Helmeke, & Braun, 2007). Adverse
and/or absent caregiving is a stressor for the developing
animal, and studies that have examined the timing of
exposure suggest that early adverse caregiving has
effects on brain development that last throughout the
lifespan (Matsumoto, Yoshioka, & Togashi, 2009; McE-
wen, 2008). For example, poor caregiving in rodents
results in increased anxiety- and aggressive-behaviors
in adulthood, which is associated with accelerated amyg-
dala development (Kikusui & Mori, 2009), early myeli-
nation (Ono et al., 2008), more CRH-containing neurons
(Becker et al., 2007), and sensitization of the adult amyg-
dala (Salzberg et al., 2007). A linear dose-response
association has been identiÞed for the quality of maternal
care (increased arched-back nursing and licking/groom-
ing) and amygdala phenotype (increased benzodiazepine
receptor binding; Caldji et al., 1998). Although the
amygdala is functionally dormant in the rat neonatal
period, signiÞcantly stressful events can precociously
activate the amygdala (Moriceau et al., 2004), perhaps
because of the early presence of CRH mRNA (present in
postnatal Day 2; Avishai-Eliner et al., 1996; Fenoglio,
Brunson, Avishai-Eliner, Chen, & Baram, 2004; Vazquez
et al., 2006), and these effects of stress on the amygdala
can be observed in adulthood, as has been shown by
alterations at the level of the receptor (benzodiazepine
and CRH receptors), facilitated amygdala kindling,
impaired emotional learning, and emotional responses
to future stressors (reviewed in Caldji, Francis, Sharma,
Plotsky, & Meaney, 2000; Caldji et al., 1998; Jones et al.,
2009; Kosten, Lee, & Kim, 2006; Plotsky et al., 2005;
Sevelinges et al., 2007; Sevelinges, Sullivan, Messaoudi,
& Mouly, 2008). Non-human primate work shows that
maternal deprivation stress also inßuences primate
amygdala development, including changes in amygdala
gene expression and associated emotional behaviors
(Sabatini et al., 2007) and has more devastating effects
the earlier in life it occurs. This long-lasting effect may in

part be related to the resistance amygdalar cells show to
recovery, unlike stress-induced changes in other regions
of the brain, like the hippocampus (Vyas, Pillai, &
Chattarji, 2004).

Caregiving Adversity and the HPA Axis

Poor or absent caregiving has similar effects on the HPA
axis of developing humans. Although we have been
focusing on caregiver deprivation, which might impact
an experience-expected developmental processes, there
may be some important insights from examining the
literature on differing qualities of attachments, which
may instead inßuence experience-dependent processes
(Smyke, Zeanah, Fox, Nelson, & Guthrie, 2010). In the
sustained presence of a caregiver, an attachment bond
typically forms and infant behavior is organized to main-
tain proximity with the attachment Þgure (Ainsworth,
1969; Cairns, 1966), regardless of the quality of care
provided by the caregiver (Kovach & Hess, 1963; Rain-
eki, Moriceau, & Sullivan, 2010; Reichmann-Decker,
DePrince, & McIntosh, 2009). In contrast to low quality
caregiving, orphanage care is institutional care, which is
characterized by staff members who rotate shifts and are
responsible for the survival of an extraordinarily high
number of infants. Not surprisingly, children developing
in these environments may show highly atypical attach-
ment behaviors (OÕConnor, Marvin, Rutter, Olrick, &
Britner, 2003; Smyke et al., 2010) or what some have
termed reactive attachments (Zeanah, Smyke, Koga, &
Carlson, 2005). That a bond forms when a sustained
caregiver is present may signify important differences
in terms of stress physiology between children who
receive poor quality caregiving and those who experience
maternal deprivation. In the Þrst case, an attachment
system becomes engaged and in the second, we hypo-
thesize that in place of the typical attachment system,
a stress-mediating system, including the amygdala,
becomes prematurely engaged. We present Þrst a discus-
sion of poor quality caregiving and the HPA axis, fol-
lowed by a discussion of the role of caregiver deprivation
on HPA axis function.

Low Quality Caregiving and the HPA Axis

Relative to children in secure attachment relationships,
children classiÞed as having insecure attachment
relationships (i.e., those relationships typically character-
ized by low sensitive caregiving) in infancy are at greater
risk for atypically high elevations in cortisol, especially
in combination with fearful temperaments (Nachmias
et al., 1996). Maternal stress and/or maternal depression
early in life has been associated with elevated cortisol
production in preschool (Essex, Klein, & Kalin, 2002) as
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well as in 8-year old children (Ashman, Dawson, Pana-
giotides, Yamada, & Wilkinson, 2002). CORT alterations
may not always be evidenced as elevations, as Bruce,
Fisher, Pears, and Levine (2009) found that children in
the United States foster care system showed signiÞcantly
decreased morning cortisol production and these
decreases were more likely in children who experienced
caregiver neglect, as opposed to emotional maltreatment.
Similarly, CORT baseline and reactivity levels were
atypically low in preschool children whose mothers were
clinically depressed (Fernald, Burke, & Gunnar, 2008)
and in children who had experienced maltreatment from
caregivers (Cicchetti, Rogosch, Gunnar, & Toth, 2010;
Hart, Gunnar, & Cicchetti, 2008). While high levels of
CORT production are typically associated with HPA
dysfunction, lower CORT levels are not uncommon in
studies of samples with histories of adversity (Gunnar &
Vazquez, 2001). Because of the complex dynamics of the
HPA axis, atypically low CORT levels are usually inter-
preted as signs of dysregulation of the axis following
chronic elevations in CORT and may in part reßect the
nature of the caregiving adversity (Cicchetti & Rogosch,
2001).

Caregiver Deprivation and the HPA Axis

Unlike children receiving low quality caregiving, chil-
dren raised in institutional care experience a postnatal
environment that is void of a sustained caregiver pres-
ence. Gunnar and coworkers (Gunnar, Morison, Chis-
holm, & Schuder, 2001; Kertes, Gunnar, Madsen, &
Long, 2008) found in a sample of previously institution-
alized children adopted from Romania, that those who
spent most of their Þrst year of life in an orphanage
showed cortisol production that was at levels two stand-
ard deviations above typically reared children. Fries,
Shirtcliff, and Pollak (2008) found that following inter-
action with the adoptive parent, previously institutional-
ized children exhibited signiÞcant CORT elevations
as compared to children without early caregiver
deprivation.

Early alterations to HPA activity provide a cellular
environment that can prematurely activate the amygdala,
which is rich with stress related receptors. As animal
models have shown, this early sensitivity of the amygdala
to adversity makes it vulnerable to being prematurely
activated under conditions when species-expected
environments are not available. We have been studying
a group of children who were raised in orphanages during
infancy and then were subsequently removed via inter-
national adoption in order to test whether similar mech-
anisms operate in the developing human. Orphanage care
is sparse and unstable (Gunnar, Bruce, & Grotevant,
2000) and fails to mimic the caregiving that most

children receive during infancy. Because children
adopted out of orphanages are placed into stable care-
giving arrangements, the timing of caregiver absence is
restricted to the early postnatal period. We found that
amygdala volumes were enlarged in this group of chil-
dren even though measurements were taken years after
the initial adversity (Fig. 1, Tottenham et al., 2010).
Notably, the older children were when adopted, the larger
the amygdala volumes. This dose-response association
suggests that longer stays in institutional care are associ-
ated with severity of impact on amygdala development.
Although these data contrast with studies of older indi-
viduals who have experienced stress, who often exhibit
smaller amygdala volumes (Driessen et al., 2000;
Schmahl et al., 2003), the developmental data have been
independently replicated with a separate sample of chil-
dren adopted from orphanage care (Mehta et al., 2009),
and are consistent with studies Þnding amygdala growth
at the cellular level following chronic stress adminis-
tration (Vyas, Mitra, Shankaranarayana Rao, & Chattarji,
2002; Vyas et al., 2004). The contrast between the human
adult data and the developmental data provides a sugges-
tion that the timing of adverse experiences and the
timing of amygdala measurement are important factors
in assessing the impact of environmental exposure
on amygdala phenotype (McEwen, 2003; Tottenham &
Sheridan, 2010). As a group, previously institutionalized
children are more likely to exhibit behavioral phenotypes
that are typically associated with increased vigilance,
such as internalizing problems and heightened anxiety
(Fig. 2; Casey et al., 2009), and these anxious phenotypes
are positively associated with amygdala volume (Totten-
ham et al., 2010). These volumetric data are consistent
with the hypothesis that the absence of early caregiving
alters emotional behavior by acting on amygdala
development.

Along with amygdala enlargement, previously insti-
tutionalized children show evidence of greater sensitivity
to negatively valenced faces. We tested children on the
Emotional Face Go/Nogo, which assesses the degree to
which emotional faces interfere with the successful
execution of a behavioral response. We showed that early
caregiver deprivation was associated with a greater num-
ber of errors during conditions when negative faces were
present (Fig. 3, left), but no effect for positively valenced
faces (Tottenham et al., 2010). These data show that
the behavior of previously institutionalized children
was more affected by negative emotional information.
Amygdala activity was also elevated for previously insti-
tutionalized children for negatively valenced faces
(i.e., fear) relative to the typically reared children
(Fig. 3, right, Tottenham et al., in press). The pattern of
amygdala response to fearful versus neutral faces more
closely resembles that of adult subjects than typically
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raised children of the same age, consistent with the hy-
pothesis that early caregiver deprivation results in
premature functional developmental of the amygdala.
There was no between-group difference in amygdala
response to neutral faces, and similar to the Þndings from
the Thomas et al. (2001) study, the comparison group

of children showed signiÞcantly greater amygdala acti-
vation to neutral faces than for fear faces. Taken together,
these behavioral and neuroimaging data support the
theoretical framework that children who lack stable
caregiving early in life are at risk for atypicalÑperhaps
earlierÑdevelopment of amygdala and associated

FIGURE 1 Amygdala volume following early caregiver deprivation. Left: Amygdala segmen-
tation highlighted in blue. Middle: Post-institutionalized (PI) children who had been adopted later
in life showed signiÞcant increases in amygdala volume. (Right) Longer periods of orphanage
care were associated with larger amygdala volumes. PI! previously institutionalized. Adapted
from Tottenham et al. (2010).

FIGURE 2 Left: PI children show more internalizing problems as measured by the child
behavior checklist (CBCL) and anxiety symptoms as measured by the SCARED. Right 2 panels:
Amygdala volume is positively associated with internalizing problems and continuous anxiety
symptoms. PI! previously institutionalized. Adapted from Casey et al. (2009) and Tottenham
et al. (2010).
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function. This early engagement of the amygdala may, in
part, be evidence of the system recruiting stress circuitry
for short-term survival, with the system adapting to the
constraints afforded by the environment. These adap-
tations may serve as an immediate resiliance factor for
the child (Masten & Obradovic, 2008), but in the long-
term may have detrimental consequences for mental
health (e.g., anxiety).

While elevated amygdala during childhood seems
to confer hyper-reponsivityto emotional information
and anxiety-like symptoms, as children typically
become more independent from caregivers, it is advan-
tageous for the amygdala to become engaged in the
learning process. In the rat pup, amygdala-mediated
learning coincides with the end of the stress hypores-
ponsive period, when rat pups begin leaving the nest and
exploring independently (Moriceau & Sullivan, 2005).
Although amygdala-mediating learning is advantageous
for navigating emotional environments independently
(Delgado, Jou, Ledoux, & Phelps, 2009), the system
must guard against overactivity of the amygdala.
In mature animals, the activity of the amygdala is
regulated by its connections with regions within the
prefrontal cortex (PFC). Regulation of the amygdala
via PFC-amygdala connections may be especially
important for predicting outcome in children who
experience early-adversity. Thus, individual differences
in long-term resiliance mayin part dependon the devel-
opment of regulatory processes (Masten & Obradovic,

2008) emerging from functional development of the
PFC.

Regulation of the Amygdala

A growing human neuroimaging literature combined
with a large non-human animal literature implicates the
amygdala and its connections with the ventral PFC
(which includes the orbitofrontal cortex and ventral
anterior cingulate cortex) as biological substrates that
underlie difÞculties in emotional reactivity and regula-
tion (reviewed in Monk, 2008). This is important because
a failure to effectively recruit this circuitry has been
implicated in a wide range of mental illnesses (e.g.,
anxiety, depression, schizophrenia, bipolar disorder,
sociopathy, personality disorder). The amygdala has
direct structural and functional connections with the ven-
tral PFC (Amaral, Price, Pitkanen, & Carmichael, 1992;
Ghashghaei, Hilgetag, & Barbas, 2007; Milad & Quirk,
2002). Studies of structural and functional connectivity
in humans have shown that greater coupling between the
two regions is associated with better regulation of
emotion (Banks, Eddy, Angstadt, Nathan, & Phan,
2007). The activity of these structures represents the
simplest form of emotional regulation, which is extinc-
tion learning. Extinction studies in adult animals support
this position and show that inhibition of the fear response
to a conditioned stimulus requires the ventral PFC
(Phelps, Delgado, Nearing, & LeDoux, 2004; Quirk,

FIGURE 3 Left: During performance on the emotional face Go/Nogo task, behavioral
performance is more impaired by negatively valenced faces in the PI group. Right: Direct group
contrast show that PI children (orange) show heightened amygdala activity in response to fear
faces. PI! previously institutionalized. Adopted from Tottenham et al. (2010) and Tottenham
et al. (in press).
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Russo, Barron, & Lebron, 2000). The ventral PFC can
modulate emotional responses through GABAergic
inhibitory projections to the amygdala, perhaps via affer-
ents to the intercalated cells that inhibit amygdala
activity (Akirav, Raizel, & Maroun, 2006; Harris &
Westbrook, 1998). Lesioning or inactivation of the
ventral PFC in adults with protein synthesis blockers
(e.g., anisomycin) interferes with extinction learning
(reviewed in Quirk & Mueller, 2008)Ñthe animal will
continue to exhibit fear responses when they are no lon-
ger needed. Consistent with a theorized regulatory role of
the ventral PFC over the amygdala (reviewed in Quirk &
Beer, 2006), the human amygdala response to emotional
stimuli, such as faces, habituates over the course of the
fMRI scanning session (Hare et al., 2008), presumably
because the emotional face is a conditioned stimulus that,
in the context of the experimental session, is not predic-
tive of any threat. This habituation has been likened to
an extinction process, whereby ventral PFC engagement
results in a progressive reduction amygdala activity over
the course of the session. Amygdala habituation is
associated with stronger negative connectivity between
amygdala and ventral PFC, and adolescents and adults
who show more amygdala habituation are less anxious
(Hare et al., 2008). The habituation seems to be sup-
ported by strong connectivity between amygdala and
ventral PFC (Hare et al., 2008; Pezawas et al., 2005).

The development of amygdala-ventral PFC connec-
tivity is not well characterized. Animal models suggest
that emotional processes involving the amygdala and
ventral PFC operate differently across development
(Kim, Hamlin, & Richardson, 2009). In the rodent, the
PFC develops late in life, not showing its volumetric
peak until the adolescent period (van Eden & Uylings,
1985). Connectivity between the PFC and the amygdala
does not emerge until the adolescent period (Cunning-
ham, Bhattacharyya, & Benes, 2002), when amygdala
projections to PFC Þrst emerge (Verwer, Van Vulpen,
& Van Uum, 1996). Consistent with the notion of a late
developing ventral PFC, rodent studies show that, unlike
in adulthood, pre-adolescent extinction learning does not
rely on the PFC, where PFC inactivation does not impair
extinction learning. Consequently, pre-adolescent extinc-
tion differs in behavioral phenotype (e.g., renewal and
reinstatement) from the extinction observed in mature
animals (Kim et al., 2009; Kim & Richardson, 2009).
Currently, much less is known about human amygdala-
PFC connectivity.

Even less is known about the development of the
PFC following early adversity, although some rodent
studies show that early life adversity alters PFC develop-
ment both structurally (higher synaptic densities com-
pared to controlsÑOvtscharoff & Braun, 2001) and
functionally (reduced tyrosine hydroxylase-positive Þber

innervationÑBraun, Lange, Metzger, & Poeggel, 1999).
How early adversity alters amygdala-PFC connections is
unknown at this point, but we can speculate that the
stress-induced changes in the amygdala may over the
course of development, weaken amygdala-PFC connec-
tions and communication. Our Þndings with previously
institutionalized children showed group differences in
ventral PFC activity in response to fearful faces during
the Emotional Face Go/Nogo (Tottenham et al., in press).
SpeciÞcally, typically reared children showed modu-
lation of the ventral PFC in response to fearful faces by
decreasing activity, whereas the fearful faces did not alter
PFC activity in previously institutionalized children.
Decreased coupling between the amygdala and PFC
has routinely been observed in individuals with poor
emotion regulation (Hare et al., 2008; Marsh et al.,
2008; Shin et al., 2006). These data with previously
institutionalized children are consistent with poor com-
munication between amygdala and PFC in the previously
institutionalized group, and diffusion tensor imaging has
identiÞed reduced white matter between amygdala and
prefrontal cortex in previously institutionalized children
(Govindan, Behen, Helder, Makki, & Chugani, 2009). If
this interpretation of the functional imaging data is cor-
rect, then it suggests that there may be developmental/
consequential effects of early caregiver deprivation on
the amygdalaÕs emerging connectivity with those regions
that regulate its activity.

Much behavioral work has demonstrated that early
caregiver deprivation results in signiÞcant emotional dif-
Þculty later in life. The replicability of these Þndings
strongly suggests that the presence of caregivers is a
species-expected environment, as described by Green-
ough et al. (1987), whose absence can cause signiÞcant
detriment to the typical developmental process. Studies
that use non-human animals have provided important
clues regarding the potential neurobiological mechan-
isms that might mediate the associations between care-
giver deprivation and altered emotional behavior. In the
current manuscript, we used these Þndings to generate
hypotheses about the neurobiological development of
humans following caregiver deprivation. Future studies
examining the development of human prefrontal connec-
tivity with the amygdala will provide insight into indi-
vidual differences in resilience (Masten & Obradovic,
2008), particularly during adolescenceÑa time when
we expect prefrontal cortex connections to be rapidly
forming and therefore, highly amenable to environmen-
tal-resilience factors (e.g., positive family environments).
While the human neural data are currently sparse, they
are mounting and support the hypothesis that caregiver
deprivation alters emotional behavior by taking
advantage of the readiness of the developing amygdala
to respond to environmental adversity.
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Underwood, 1974). Previous work has shown that the  development 
of cognitive control extends into late adolescence and early adult-
hood (Casey et al., 1997; Durston et al., 2002). Evidence for devel-
opmental change in cognitive control is based on numerous and 
varied laboratory tasks. Cognitive control has been measured in 
infants with the A, not B task (Piaget, 1954; Diamond, 1985), in tod-
dlers with laboratory motor and patience tasks (Kochanska et al., 
2000), in preschool-aged children with card sorting tasks (Zelazo 
et al., 1996; Munakata and Yerys, 2001), and school-aged children 
with Stroop-like tasks (Tipper et al., 1989; Marsh et al., 2006) and 
computerized tasks like �anker (Bunge et al., 2002), stop-signal 
(Oosterlaan et al., 1998), and go/nogo tasks (Casey et al., 1997). 
These studies have all shown that cognitive control processes are 
poor at younger ages, but because of potential ceiling effects in adult 
samples (Lagattuta et al., in press), it is most useful to employ tasks 
that can be used across multiple age groups. Traditional go/nogo 
paradigms, the type of task used in the current study, have been used 
across multiple age groups and show that children make more false 
alarm errors (i.e., demonstrate weaker cognitive control) relative 
to adults. The go/nogo task shows reliable and robust behavioral 
effects across multiple age groups (Casey et al., 1997; Durston et al., 
2002, 2006) making it an attractive neuropsychological tool, and 
in this paper we have modi�ed the traditional go/nogo task to 
examine cognitive control when emotional information is present 
and when it is absent.

The frequency of emotional stimulation in daily life motivated 
the examination of cognitive control in the context of emotional 
information and how this aspect of emotion regulation changes 
with age. Facial expressions are a rich source of emotional informa-
tion, and evidence from infant research suggests that the ability to 

INTRODUCTION
Cognitive control is a heterogeneous construct that has been 
de�ned as the ability to actively maintain representations of 
goals and the means to achieve them (Duncan, 2001; Miller and 
Cohen, 2001). One well-studied aspect of cognitive control is the 
ability to withhold a prepotent behavioral response, an ability 
that undergoes a protracted developmental course (reviewed in 
Casey et al., 2002). When cognitive control processes interact 
with emotional information, as commonly occurs in daily life, 
a second regulatory process is engaged, often labeled emotion 
regulation, a single term that encompasses several behavioral 
constructs, that collectively describe systematic changes that 
occur when emotions are activated (Cole et al., 2004). These 
changes include two types of regulatory phenomena, those proc-
esses that regulate an emotion (Gross, 1998) and those processes 
(e.g., memory, behavior) that are regulated by emotions (Campos 
et al., 2004; Cole et al., 2004). While much work has focused on 
the former (reviewed in Ochsner and Gross, 2005), the present 
study focused on the development of the latter aspect of emotion 
regulation, which is the ability to maintain cognitive control in 
the context of potentially interfering emotional information. The 
objectives of this study are to: (1) characterize age-related differ-
ences in cognitive control in the absence of and in the presence of 
emotional information (emotion regulation); and (2) provide a 
standard against which emotion regulation related processes can 
be measured in behavioral, clinical, and neuroimaging studies 
across development.

Regulating one’s behavior is particularly dif�cult early in life 
even in the absence of emotional information, and young chil-
dren are notoriously poor at behavioral regulation (Mischel and 
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MATERIALS AND METHODS
SUBJECTS
We recruited 101 subjects and present data from a sample of 
100 healthy volunteers (51 males and 49 females). These sub-
jects included 53 children [27 females; 5–12 years old; mean 
(SD) = 8.64 (1.95)], 24 adolescents [12 females; 13–18 years old; 
mean (SD) = 15.25 (1.56)], and 23 adults [10 females; 19–28 years 
old; mean (SD) = 23.74 (2.05)]. The remaining subject was excluded 
because of incomplete data. Subjects were included if they had 
no history of neurologic or psychiatric disorder (as measured 
by telephone screening) and had an estimated full scale IQ of 
greater than 80 as measured by the Wechsler Abbreviated Scale of 
Intelligence (WASI; Wechsler, 1999). All subjects or their parents 
(if minors) gave both verbal and written consent before the task 
was administered.

STIMULI
The set of stimuli consisted of grayscale images of 10 adults (�ve 
males and �ve females; Ekman and Friesen, 1976) posing �ve dif-
ferent expressions (happy, fearful, angry, sad, and neutral). Visual 
angle was approximately 12°.

BEHAVIORAL PARADIGM
The task required participants to press a button when a given facial 
expression target (e.g., neutral) was displayed. Face stimuli were 
presented singly in the center of the screen (Figure 1). Subjects were 
instructed to press a button as fast as they could when a named 
expression was presented. These “go” trials occurred frequently 
(70% of the trials) in order to create a prepotent tendency for the 
subject to respond. Participants were instructed to withhold press-
ing a button for a “nogo” facial expression stimulus (e.g., fearful 
face), and these “nogo” trials occurred infrequently (30% of the 
trials). Subjects were not told what the “nogo” faces were, but were 
instructed to withhold pressing for “any face other than the ‘go’ 
expression.” In each block, an emotional expression (happy, fear, 
angry, or sad) was always paired with a neutral expression, and 
depending on the block, either the emotional expression served as 
the “go” stimulus (when neutral was the “nogo” stimulus) or as the 
“nogo” stimulus (when neutral was the “go” stimulus). Therefore, 
eight randomized blocks of “go–nogo” pairs (happy–neutral, 

discriminate basic emotions emerges quite early, within the �rst 
year of life (Nelson and Dolgin, 1985; Flom and Bahrick, 2007), 
although this ability continues to develop throughout childhood 
and adolescence (Lenti et al., 1999; Thomas et al., 2007). Previous 
work has shown age-related changes in basic emotion discrimina-
tion tasks (McClure, 2000; Herba and Phillips, 2004; Herba et al., 
2006; Thomas et al., 2007), where age-related improvements 
continue to be observed through early adulthood. The current 
study builds on existing literature by testing very rapid emotion 
discrimination in the context of a go/nogo task in order to exam-
ine how discriminating between facial expressions of emotion 
interacts with control processes. Because of the ability of facial 
expressions to bias behavioral performance, here we examined 
age-related differences in exerting cognitive control in the pres-
ence and absence of emotional facial expressions. Previous studies 
have examined emotion regulation in various age groups, using 
separate, age-appropriate paradigms, for example: delay of grati-
�cation in preschoolers (Mischel and Underwood, 1974), Stroop 
task reaction times for children (Kindt et al., 1997), and simulated 
driving performance for adolescents (Steinberg et al., 2008). In the 
current study, we used a single task that is appropriate for child, 
adolescent, and adult subjects to characterize age-group related 
changes in emotion regulation. The use of a single task for all age 
groups allows for direct comparisons of behavioral performance 
between age groups.

Emotion researchers have outlined the empirical challenges in 
assessing emotion regulation, which include creating a task (a) 
that is appropriate for both young children and adults (Eisenberg 
et al., 2004) and (b) creating a task that allows for a comparison 
of emotion and regulatory phenomena in contrasting conditions 
(Cole et al., 2004). In the current study, we attempted to address 
these challenges by using an Emotional Go/Nogo task, that: (1) 
can be administered across a broad range of ages (in this study we 
tested 5- to 28-year olds); and (2) can be used to examine regu-
lation under multiple emotional conditions, including positive, 
negative, and neutral facial expressions. This task is appropriate for 
young children as well as challenging for adults. Moreover, rather 
than passively viewing emotions or attending to non-emotional 
features of the stimuli, this task directly measures the ability to 
approach or avoid the relevant emotional information and has 
been validated in neuroimaging studies to dissociate top down 
prefrontal cognitive systems from subcortical limbic regions for 
both negative and positive emotions (Hare et al., 2008; Somerville 
et al., in press). We tested whether it is possible to identify develop-
mental periods when behavioral patterns associated with cognitive 
control, emotion regulation, and facial expression discrimination 
emerge and/or demonstrate rapid age-related change. Although 
the literature has previously addressed these processes separately, 
here we simultaneously examined behavioral performance of these 
three typically co-occurring processes for direct comparison and 
to provide normative data on a neuropsychological tool that can 
be used across a wide age range. We tested the hypotheses that in a 
healthy sample of children, adolescents, and adults (1) emotional 
information can interfere with cognitive control processes, and 
(2) there will be unique age-group related improvements in these 
three skills.

FIGURE 1 | Illustration of task. In this example, neutral faces are the “go” 
stimulus, and fear faces are the “nogo” stimulus.
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p < 10� 14, � p
2 = 0 48. ], gender [F(1,94) = 24.23, p < 0.008, � p

2 = 0 07. ], 
emotion F(3,282) = 48.36, p < 10� 25, � p

2 = 0 34. ), and stimulus type 
[F(1,94) = 32.89, p < 10� 7, � p

2 = 0 26. ].

Emotion effects
As illustrated in Figure 2, post hoc t-tests showed that d-prime was 
signi�cantly lower when happy (t = 6.43, p < 10� 9) and sad faces 
(t = 3.90, p < 10� 4) were the “nogo” stimuli compared to when they 
were the “go” stimuli, and across all subjects, there was a main effect 
for stimulus type such that d-prime was lower for those condi-
tions when emotional faces were “nogo” stimuli [mean (SD) = 2.10 
(0.92)] compared to when neutral faces were “nogo” stimuli [mean 
(SD) = 2.46 (0.96); t = 5.89, p < 10� 8]. Across all subjects, discrimi-
nation was better for fear [mean (SD) = 2.61 (1.16); t (relative 
to angry) = 6.79, p < 10� 10; t (relative to sad) = 8.47, p < 10� 13] 
and happy [mean (SD) = 2.70 (0.99); t (relative to angry) = 8.82, 
p < 10� 14; t (relative to sad) = 10.86, p < 10� 18], which did not dif-
fer from each other (t = 0.91, ns), and worse for angry [mean 
(SD) = 2.00 (0.92)], and sad [mean (SD) = 1.82 (1.01)], which 
had the worst discrimination rate [t (relative to angry) = 2.479, 
p < 0.015] regardless of age.

Gender effects
D-prime was overall higher for females [mean (SD) = 2.42 (0.95)] 
who had more accurate emotion recognition than males [mean 
(SD) = 2.14 (0.80)].

Developmental effects
Discrimination increased with age, such that children had the low-
est d-prime scores [mean (SD) = 1.74 (0.73); t (relative to ado-
lescents) = 5.08, p < 10� 6; t (relative to adults) = 8.52, p < 10� 12], 
followed by adolescents [mean (SD) = 2.64 (0.68); t (relative to 
adults) = 2.97, p < 0.005] and then adults [mean (SD) = 3.14 
(0.50)]. There was no signi�cant quadratic effect across age groups 
in d-prime for emotional (p = 0.17) or neutral (p = 0.42) “go” 
conditions.

FALSE ALARMS
A repeated measures ANOVA with between subjects factors of age 
group (children, adolescents, adults) and gender (male, female) 
and within subjects factors of emotion (happy, fear, angry, sad) 
and stimulus type (emotion as “go” or “nogo”) was performed 
on the dependent measure of false alarm rate. As shown in 
Figure 3, there were two-way interactions of age by stimulus 
type [F(2,94) = 5.88, p < 0.04, � p

2 = 0 27. ] and emotion by stimu-
lus type [F(3,282) = 3.67, p < 0.015, � p

2 = 0 04. ], and there were 
main effects of age [F(2,94) = 40.29, p < 10� 13, � p

2 = 0 46. ], emo-
tion [F(3,282) = 31.21, p < 10� 17, � p

2 = 0 25. ], and stimulus type 
[F(1,94) = 34.18, p < 10� 8, � p

2 = 0 27. ].

Emotion effects
Regardless of age, emotion interacted with stimulus type such that 
false alarm rate was always higher when the emotional face was the 
“nogo” stimulus but this difference was smallest for fear, where both 
conditions that included fear faces had a high false alarm rate [mean 
(SD): fear as “go” = 0.18 (0.22); fear as “nogo” = 0.22 (0.23)]. Subjects 

 neutral–happy, fear–neutral, neutral–fear, angry–neutral, neutral–
angry, sad–neutral, and neutral–sad) with 30 randomized trials for 
each condition were administered to participants. Stimulus dura-
tion was 500 ms with 1000 ms between trials to ensure that partici-
pants had enough time to respond. Practice trials were administered 
to ensure that participants understood the task and could execute 
the responses. Stimulus presentation and response collection was 
programmed using Psyscope software (Cohen et al., 1993) and run 
on an Apple computer.

DATA ANALYSIS PLAN
There were four levels of the emotion condition for each analysis, 
which were happy, fear, angry, and sad emotional expressions. 
Within each block, these emotions were always paired with a 
neutral face for each condition such that if an emotional expres-
sion was the “go” target, then a neutral facial expression was the 
“nogo” non-target. Likewise, if an emotional face was the “nogo” 
non-target then a neutral face was the “go” target within that 
block of trials.

To fully capture the age-group related changes in behavior, we 
calculated the measures d-prime, false alarm rate, miss rate, reac-
tion time, and the speed/accuracy trade-off for each age group. 
We operationally de�ned the d-prime measure as our primary 
index of emotion recognition. D-prime, which provides an index 
of accuracy accounting for response bias, was calculated by sub-
tracting the z-transformed false alarm rate from the z-transformed 
hit rate. Overall false alarm rate (commission errors) was our index 
of cognitive control, and false alarm rate speci�cally to emotional 
“nogo” stimuli was our index of emotion regulation. False alarm 
rate and miss rate were calculated as the proportion of total possible 
errors for each type, and false alarm rate was used in our calcula-
tion of speed/accuracy trade-offs by age group. Because this task 
also requires an additional aspect of emotion regulation, which is 
the ability to approach a negatively valenced stimulus (e.g., angry 
faces), we examined reaction time differences to these expressions 
across the three age groups. Reaction times for hits were calculated 
for correct trials only, and outlier trials (more than three SDs away 
from the mean) were removed. A speed/accuracy trade-off score 
for emotion regulation conditions (i.e., where the “nogo” stimulus 
was an emotional expression) was computed by taking the ratio of 
z-transformed reaction time (normalized to the standard deviation 
of overall reaction time) to z-transformed false alarm rate (nor-
malized to the standard deviation of overall false alarm rate) for 
conditions when emotional faces were “nogo” stimuli. This ratio 
of reaction time to false alarm was the speed/accuracy trade-off 
score during emotion regulation conditions.

RESULTS
D-PRIME
A repeated measures ANOVA with between subjects factors of age 
group (children, adolescents, adults) and gender (male, female) 
and within subjects factors of emotion (happy, fear, angry, sad) 
and stimulus type (emotion as “go” or “nogo”) was performed on 
the primary dependent measure of d-prime. There was a two-way 
interaction between stimulus type by emotion [F(3,282) = 6.18, 
p < 10� 4, � p

2 = 0 06. ] and main effects of age group [F(2,94) = 43.17, 
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(0.06)]. As can be seen by the age group × stimulus type interac-
tion in Figure 3, emotion regulation (that is, inhibiting a prepo-
tent behavioral response in the context of emotional information) 
showed greater age-group related improvement relative to cognitive 
control (that is, inhibiting a prepotent behavioral response in the 
context of neutral information). The stimulus type by age interac-
tion was signi�cant, such that false alarm rate to emotional “nogo” 
stimuli was largest relative to neutral “nogo” stimuli for children 
[mean (SD): emotional “nogo” = 0.42 (0.17); neutral “nogo” = 0.29 
(0.17); t = 6.92, p < 10� 9], followed by adolescents [mean (SD): emo-
tional “nogo” = 0.19 (0.11); neural “nogo” = 0.14 (0.09); t = 2.53, 
p < 0.02], and then adults [mean (SD): emotional “nogo” = 0.12 
(0.08); neutral “nogo” = 0.08 (0.07); t = 2.69, p < 0.015]. We tested 
for the presence of a quadratic trend for age (separately for “nogo” 
conditions that were emotional and neutral), which was signi�cant 
only for emotional “nogo” trials (p < 0.05) but not for neutral 
“nogo” trials (p = 0.18).

had a higher false alarm rate when any emotional face was the “nogo” 
stimulus [mean (SD) = 0.30 (0.19)] compared to when an emo-
tional face was the “go” stimulus [mean (SD) = 0.21 (0.17); t = 7.43, 
p < 10� 11). Across stimulus types, the greatest false alarm rate was for 
sad [mean (SD) = 0.34 (0.21); t (relative to angry) = 5.16, p < 10� 6; 
t (relative to fear) = 8.76, p < 10� 14; t (relative to happy) = 10.07, 
p < 10� 17], followed by angry [mean (SD) = 0.27 (0.19); t (relative 
to fear) = 3.68, p < 10� 4; t (relative to happy) = 5.28, p < 10� 7], and 
then fear [mean (SD) = 0.20 (0.21)] and happy [mean (SD) = 0.19 
(0.16)], which did not differ from each other (t = 0.77, ns).

Developmental effects
Post hoc tests showed that false alarm rate was higher for children 
[mean (SD) = 0.36 (0.16); t (relative to adolescents) = 5.43, p < 10� 7; 
t (relative to adults) = 7.47, p < 10� 10] than it was for adolescents 
[mean (SD) = 0.17 (0.09); t (relative to adults) = 3.08, p < 0.004], 
who had a higher false alarm rate than adults [mean (SD) = 0.10 

FIGURE 2 | Emotion discrimination improves with age . D-prime, an index of 
emotion recognition, increased linearly with age su ggesting that emotion 
discrimination improved with increasing age. Regardless of age, females had 
better emotion discrimination than males, happy and  fear faces were the most 

accurately discriminated, and d-prime was lower during conditions when 
emotional faces were the “nogo” stimuli. H, happy; F, fear; A, angry; S, sad; 
dotted bars are D-prime mean values averaged over emotions for each age 
group.
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 interaction of emotion by stimulus type [F(3,282) = 10.96, p < 10� 7, 
� p

2 = 0 02. ], and an overall main effect of emotion [F(3,282) = 22.79, 
10� 13, � p

2 = 0 20. ].

Emotion effects
Regardless of age, reaction times were faster for happy faces when 
they were the “go” stimulus [mean (SD) = 460 ms (83)] compared 
to when they were the “nogo” stimulus [mean (SD) = 493 ms (88); 
t = 4.72, p < 10� 6] and slower when sad faces were the “go” stimulus 
[mean(SD) = 528 ms (81)] compared to when they were the “nogo” 
stimulus [mean (SD) = 511 ms (105); t = 2.10, p < 0.05]. Overall, 
subjects were fastest at discriminating happy [mean (SD) = 476 ms 
(78); t (relative to fear) = 3.57, p < 0.001; t (relative to angry) = 4.86, 
p < 10� 6; t (relative to sad) = 7.65, p < 10� 11], followed by fear [mean 
(SD) = 497 ms (93)] and angry faces [mean (SD) = 501 ms (82)], 
which did not differ from each other (t = 0.82, ns), and slowest 
to sad faces [mean (SD) = 520 ms (85); t (relative to fear) = 4.02, 
p < 10� 4; t (relative to angry) = 4.14, p < 10� 5]. We tested for the 
presence of a quadratic trend for age (separately for “go” conditions 
that were emotional and neutral), which was signi�cant for emo-
tion as “go” trials only, p < 0.015 and not for neutral as “go” trials 
(p = 0.07), suggesting that adolescents are the fastest group for the 
emotional “go” trials, but not for neutral “go” trials.

SPEED/ACCURACY TRADE-OFF
An ANOVA with between subject factors of age group (children, 
adolescents, and adults) and gender (male, female) was performed 
on the dependent measure of speed/accuracy trade-off. There 
was an interaction with age and gender [F(2,98) = 3.15, p < 0.05, 
� p

2 = 0 06. ].

Age by gender interaction
Post hoc t-tests showed that the source of the interaction was due 
to adolescent males’ higher speed/accuracy trade-off relative to 
children (t = 2.70, p < 0.015) and adults (t = 2.38, p < 0.03), who 

MISS RATE
A repeated measures ANOVA with between subjects factors of age 
group (children, adolescents, adults) and gender (male, female) and 
within subjects factors of emotion (happy, fear, angry, sad) and stimu-
lus type (emotion as “go” or “nogo”) was performed on the dependent 
measure of miss rate. There was a two-way interaction of emotion 
by stimulus type [F(3,282) = 6.17, p < 10� 4, � p

2 = 0 06. ] and an overall 
main effect of emotion [F(3,282) = 7.99, p < 10� 5, � p

2 = 0 08. ].

Emotion effects
Regardless of age, miss rate was especially low when happy faces 
were the “go” stimulus [mean (SD) = 0.08 (0.07)] relative to when 
it was the “nogo” stimulus [mean (SD) = 0.15 (0.18); t = 3.97, 
p < 10� 4] and especially high when sad was the “go” stimulus 
[mean (SD) = 0.18 (0.17)] compared to when it was the “nogo” 
stimulus [mean (SD) = 0.14 (0.15); t = 2.03, p < 0.05], suggesting 
that subjects are accurate in positive discrimination (pressing 
for the “go” stimulus) of happy faces and signi�cantly inaccu-
rate at positively discriminating sad faces. Overall, happy [mean 
(SD) = 0.11 (0.10); t (relative to fear) = 1.55, ns, t (relative to 
angry) = 4.93, p < 10� 6] and fear [mean (SD) = 0.13 (0.13); t 
(relative to angry) = 2.84, p < 0.005; t (relative to sad) = 2.48, 
p < 0.015] had the lowest miss rates, and angry [mean (SD) = 0.16 
(0.11); t (relative to sad) = 0.19, ns] and sad [mean (SD) = 0.16 
(0.13)] had the highest miss rates. We tested for the presence 
of a quadratic trend for age (separately for “go” conditions that 
were emotional and neutral), which was not signi�cant for either, 
p = 0.46 and 0.58, respectively.

REACTION TIME
A repeated measures ANOVA with between subjects factors of age 
group (children, adolescents, adults) and gender (male, female) 
and within subjects factors of emotion (happy, fear, angry, sad) 
and stimulus type (emotion as “go” or “nogo”) was performed 
on the dependent measure of reaction time. There was a two-way 

FIGURE 3 | Cognitive control versus emotion regulat ion. (A)  Cognitive control showed a steady improvement in p erformance for each age group, as indexed by 
decreasing false alarm rate. (B) Relative to cognitive control, emotion regulation,  de�ned by false alarms to emotional “nogo” stimuli , was more impaired for all 
subjects, and the discrepancy between cognitive con trol and emotion regulation diminished with increas ing age group.
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age groups to the emotional stimuli. Importantly, the adolescent 
group did not show this rapid response time for neutral “go” stimuli 
(when emotional faces were the “nogo” stimuli). Consistent with 
these reaction time data, there was an inverted-U shaped curve for 
speed/accuracy trade-off for conditions when “nogo” stimuli were 
emotional in the male subjects, suggesting that despite adolescent 
males responding fast to emotional “go” stimuli, they showed a 
signi�cant trade-off between speed and accuracy when inhibiting 
pressing to emotional “nogo” stimuli. Consistent with previous 
literature (McClure, 2000; Herba and Phillips, 2004; Herba et al., 
2006; Thomas et al., 2007), we showed that emotion discrimination 
(d-prime) was poorest for children, but in light of the miss rate 
data, which showed children performing at the same level as adults, 
these d-prime data suggest that emotion discrimination is most 
impaired when negatively discriminating an emotional expression 
(i.e., withholding a press for the emotional “nogo” stimulus). Thus, 
there are certain conditions under which children’s ability to make 
simple emotional discriminations based on facial information is 
more impaired than in others. When making positive discrimina-
tions (pressing for the emotional “go” face), child performance was 
at par with the adult group.

EMOTION RECOGNITION
Regardless of age, certain emotions are more readily discriminated 
than others. The emotions of fear and happy were recognized as 
more distinct from neutral faces as indexed by higher d-prime 
values and fast reaction times for all age groups, and sad was 
recognized most poorly, with low accuracy and longest response 
times. It is worth noting that although this task involved a simple 
emotion discrimination task (discriminating an emotional expres-
sion from neutral), the poor performance for sad faces has been 
noted elsewhere (Herba et al., 2006) and may be in part related to 
the greater perceptual similarity between sad and neutral faces. 
Across emotions, there were gender and age differences in emotion 
discrimination. Female subjects were overall more accurate than 
males in discriminating emotions as indexed by higher d-prime 

did not differ from each other (Figure 4; t = 1.23, ns). No other 
comparisons were signi�cant. We tested for the presence of a quad-
ratic trend for age (separately for each gender because age inter-
acted with gender), which was not signi�cant for female subjects, 
p = 0.68, but was signi�cant for male subjects for an inverted-U 
shaped curve, p < 0.008, con�rming the results from the ANOVA 
as shown in Figure 4.

DISCUSSION
Emotional and cognitive processes interact to in�uence emotion 
regulation, such that mature emotion regulation involves the abil-
ity to not only recognize the emotional signi�cance of perceived 
stimuli, but to regulate behavior in the context of emotional infor-
mation. We found support for the hypothesis that (1) emotional 
information can impair cognitive control processes, and (2) that 
there would be unique age-group related improvements in the skills 
of cognitive control, emotion regulation, and emotion discrimina-
tion. We summarize the �ndings here and discuss them each in 
more detail below. We provided evidence that emotional informa-
tion can interfere with cognitive control by showing higher false 
alarm rates in the context of emotional relative to neutral “nogo” 
stimuli. A similar result was found in a recent study using a “day/
night” task with iconic drawings of happy and sad faces (Lagattuta 
et al., in press), and our results showed that photographs of faces, 
expressing various emotions, create a similar performance de�cit. 
Furthermore, each age group showed unique patterns of emotion 
discrimination, cognitive control, and emotion regulation skills, 
at least as measured in a cross-sectional sample. Cognitive control 
improved with increasing age group in a linear fashion. An age 
group by stimulus type interaction showed that while false alarm 
rate to emotional “nogo” stimuli was higher than it was to neutral 
faces for all groups, the cost to false alarm rate caused by emotional 
information decreased with increasing age. By traditional ANOVA, 
reaction time did not change across the three age groups, but there 
was a signi�cant quadratic trend for emotional “go” stimuli, sug-
gesting that adolescents were responding faster than the other 

FIGURE 4 | Speed/accuracy trade-off during adolesce nce. Adolescent males showed a high speed/accuracy trade-off during conditions when emotional faces 
were the “nogo” stimuli, such that relative to chil dren and adults, adolescents slowed down response t ime to regulate their responding during these condi tions.
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information (e.g., fear, angry) were equally effective in disrupt-
ing behavioral performance relative to neutral distractors. False 
alarm rate to emotional “nogo” stimuli was worse than to neutral 
“nogo” stimuli across all subjects, but performance was especially 
poor in children. Although emotional “nogo” stimuli resulted in a 
performance de�cit across age groups, the de�cit decreased with 
increasing age, suggesting that emotion regulation is a slower 
developing process than general cognitive control. Future longi-
tudinal data is required to con�rm this interpretation. A recent 
longitudinal study using a modi�ed “day/night” task that included 
cartoon happy and sad facial expressions showed that emotional 
conditions resulted in worse inhibitory control performance than 
did the non-emotional conditions across development, consist-
ent with the results from the current study. This previous experi-
ment suggested that it was the interaction between emotion and 
the more “cool” aspects of executive function that resulted in the 
greater dif�culty for emotional stimuli in general (Lagattuta et al., 
in press). In contrast to the current study, this study did not �nd 
that emotional conditions interacted with age group (i.e., there was 
no developmental change in the size of the performance de�cit). 
This experimental difference may either suggest that there are no 
developmental changes in emotion regulation when studied lon-
gitudinally, or alternatively, that discriminating real-life images 
of facial expressions in the context of an inhibitory control task 
can reveal age-related improvements in emotion regulation. The 
Emotional Go/Nogo task is additionally useful in that it can be 
computerized for neuroimaging use to examine the neural cor-
relates that underlie changes in emotion regulation. Moreover, it 
provides an index of emotion discrimination (with both hit and 
miss data) across multiple facial expressions.

The child group had a high error rate in conjunction with the 
slowest response time. While children also had the lowest d-prime 
scores for emotion discrimination (as described above) presenting 
the possibility that poor emotion discrimination increased false 
alarm errors, both the low miss rate in the child group and the 
fewer number of false alarms to neutral “nogo” stimuli decrease the 
likelihood that, in these data, emotion discrimination was a con-
tributing factor to emotion regulation. Adolescents, in contrast, 
were the group that responded to the emotional “go” stimuli the 
fastest, as evidenced by the signi�cant quadratic trend. However, 
there was no quadratic effect for those conditions when neutral 
faces were the “go” stimuli (when emotional faces were the “nogo” 
stimuli) suggesting that adolescents were faster when approach-
ing emotional information. This speed to emotional stimuli is 
consistent with previous �ndings that adolescents tend to accel-
erate responding in emotional contexts (Steinberg et al., 2008). 
However, for male subjects, performance in the emotion regula-
tion condition required a cost to relative response time in that 
adolescent subjects slowed down in the blocks where the “nogo” 
stimuli were emotional. In other words, to exhibit more mature 
behavioral performance in accuracy, adolescent males employed 
the potentially fragile strategy of slowing down response time 
when faced with emotional “nogo” stimuli. Children did not 
modify mean reaction time during emotional “nogo” trials and 
consequently made many false alarm errors during these condi-
tions, and adults did not show this cost in reaction time, yet were 
able to demonstrate high accuracy. Therefore, adolescent males 

values, consistent with previous reports of females’ superior ability 
in facial expression processing (McClure, 2000). Children were less 
accurate at emotion recognition than adolescents who were less 
accurate than adults, and the linear age-group related change in 
d-prime suggests that the ability to discriminate emotions gradu-
ally, but consistently improves with age, a replication of previous 
�nding showing age-related changes in emotion discrimination 
across these ages (Lenti et al., 1999; McClure, 2000; Herba and 
Phillips, 2004; Herba et al., 2006; Thomas et al., 2007), where 
improvements in facial expression perception are observed into 
early adulthood. The miss rate (i.e., 1-hit rate) indexes the like-
lihood that a subject does not press for a target expression and 
provides a very important con�rmation of whether or not subjects 
could positively discriminate a named expression. The miss rate 
was low (i.e., the hit rate was high) and did not differ for the three 
age groups, suggesting that all subjects were able to positively dis-
criminate (via button presses) each named expression. The lack of 
age-group related change in miss rates despite age-group related 
change in d-prime scores suggests that children are able to positively 
discriminate emotions quite early, but that children were impaired 
when their emotion discrimination relied on inhibiting a response 
(correctly inhibiting “nogo” responding). It is important to note 
that the task used in this manuscript requires subjects to positively 
identify given expressions, but we cannot determine from this task 
whether or not subjects fully understood the emotional mean-
ing of each expression. Another limitation of this task is that we 
rely on facial expressions, and often standard facial expression sets 
include only one positive expression (happy), although we present 
multiple models posing this expression. Future studies that employ 
the Emotional Go/Nogo task may bene�t from including multi-
ple positive expressions (e.g., exuberant) to more fully explore the 
processing of positive expressions.

COGNITIVE CONTROL
False alarm rate was used to index cognitive control. There was 
a signi�cant age-group related decrease in false alarm rate from 
childhood to adolescence and from adolescence to adulthood sug-
gesting a linear improvement in cognitive control for each increas-
ing age group. The age-related change in mean false alarm rate but 
not mean miss rate suggests that the age-group related change in 
performance was due to changes in cognitive control. This �nding 
replicates �ndings from previous studies showing that cognitive 
control is a late developing process with improvement well into 
adulthood (Bunge et al., 2002; Durston et al., 2002; Somerville and 
Casey, 2010). The added value of the Emotional Go/Nogo task is 
in its ability to directly compare these changes in cognitive control 
to age-related changes in emotion regulation.

EMOTION REGULATION
Emotion regulation was de�ned in this study as the ability to 
regulate impulsive responses in the context of emotional infor-
mation. Thus, false alarm rate during conditions when emotional 
faces were the “nogo” stimulus was used as our index of emotion 
regulation (i.e., maintaining cognitive control in the presence of 
emotional information). False alarm errors to emotional “nogo” 
stimuli did not differ by valence of expressions, suggesting that 
both approach-related information (e.g., happy) and avoid-related 
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Abstract

A functional neuroimaging study examined the long-term neural correlates of early adverse rearing conditions in humans as they
relate to socio-emotional development. Previously institutionalized (PI) children and a same-aged comparison group were
scanned using functional magnetic resonance imaging (fMRI) while performing an Emotional Face Go‡Nogo task. PI children
showed heightened activity of the amygdala, a region that supports emotional learning and reactivity to emotional stimuli, and
corresponding decreases in cortical regions that support perceptual and cognitive functions. Amygdala activity was associated
with decreased eye-contact as measured by eye-tracking methods and during a live dyadic interaction. The association between
early rearing environment and subsequent eye-contact was mediated by amygdala activity. These data support the hypothesis
that early adversity alters human brain development in a way that can persist into childhood, and they offer insight into the socio-
emotional disturbances in human behavior following early adversity.

Introduction

Early postnatal life is a time of both developmental
opportunity and vulnerability, and the timing of experi-
ences is critical for developmental outcome. Non-human
animal studies have shown that early rearing conditions
can have long-term consequences on emotional behavior
(including reactivity and social behavior) and the effects
of early experience can be more significant than later
experiences (Sabatini, Ebert, Lewis, Levitt, Cameron &
Mirnics, 2007). Many of these behavioral outcomes are
associated with changes in the amygdala, a biological
substrate that supports emotional learning and reactivity
to emotional stimuli (Davis & Whalen, 2001). Amygdala
growth and hyperactivity mediate the expression of
hyperemotionality as measured by increased anxiety-like
behaviors (e.g. decreased exploration of rodents in an
open-arm maze) (Vyas, Pillai & Chattarji, 2004).
Numerous non-human animal studies have shown that
the amygdala is particularly sensitive to early-life rearing
conditions (i.e. poor or absent caregiving; Kikusui &
Mori, 2009; Plotsky, Thrivikraman, Nemeroff, Caldji,
Sharma & Meaney, 2005; Sabatiniet al., 2007). Experi-
mental control of timing is much more difficult
in humans since it is necessary to study populations
with already existing adverse rearing conditions and
early adverse caregiving is often followed by contin-
ued adversity throughout life. Institutional care (e.g.

orphanage rearing), which is sparse, unstable, and regi-
mented (Gunnar, Bruce & Grotevant, 2000), is unfortu-
nately a naturally occurring example of early caregiving
adversity in humans affecting millions of children
worldwide (http://www.hrw.org). What makes this pop-
ulation unique is that if a child is removed from the
orphanage via adoption, the enddate of the adversity is
documented, increasing our ability to draw conclusions
about the timing of adverse caregiving in a human
population. Although institutionalized infants experi-
ence an unknown combination of adverse events and we
have no means of isolating these unique experiences,
poor caregiving is common to all previously institution-
alized (PI) children (Gunnaret al., 2000), and the odds of
developmental delay following this type of caregiving are
devastatingly high (Nelson, Furtado, Fox & Zeanah,
2009).

Socio-emotional behavior is especially vulnerable to
early-life adversity, and often PI children exhibit elevated
emotional reactivity (Colvert, Rutter, Beckett, Castle,
Groothues, Hawkins, Kreppner, O•Connor, Stevens &
Sonuga-Barke, 2008) and low social competence (Hod-
ges & Tizard, 1989). PI children exhibit more anxiety
(Casey, Glatt, Tottenham, Soliman, Bath, Amso, Alte-
mus, Pattwell, Jones, Levita, McEwen, Magarinos,
Gunnar, Thomas, Mezey, Clark, Hempstead & Lee,
2009; Zeanah, Egger, Smyke, Nelson, Fox, Marshall &
Guthrie, 2009), internalizing problems (Juffer & van
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Ijzendoorn, 2005) and difficulty regulating behavior in
emotionally arousing contexts (Tottenham, Hare, Quinn,
McCarry, Nurse, Gilhooly et al., 2009a). PI children also
show social impairments (e.g. difficulty with peers and
fewer close relationships; Hodges & Tizard, 1989), and
impairments in perception of social stimuli have been
observed, including reduced cortical activity, as mea-
sured by electroencephalogram, in response to human
faces (Moulson, Fox, Zeanah & Nelson, 2009), difficulty
interpreting the facial expressions of others (Fries &
Pollak, 2004), and inappropriately familiar interactions
with strangers (Tizard & Hodges, 1978). This socio-
emotional profile persists for many years. Animal
models of early-life stress have shown that amygdala
development is altered by poor caregiving, and these
alterations are associated with subsequent socio-
emotional difficulties (Caldji, Francis, Sharma, Plotsky
& Meaney, 2000; Plotsky et al., 2005; Sabatini et al.,
2007); however, the means through which the early
caregiving environment influences neural development
and associated behaviors in humans is unknown. This
manuscript describes a functional magnetic resonance
imaging (fMRI) study that examines amygdala func-
tion in a PI population and its role in atypical socio-
emotional behavior.

Most studies of PI children, the present study
included, are necessarily quasi-experimental in nature,
making it difficult to draw conclusions about the causal
effects of institutional care. However, dose…response
associations between time in institution and phenotype,
which show that longer durations result in worse out-
come (Rutter & O•Connor, 2004; Tottenham et al.,
2009a), suggest that institutional care is causing these
effects. What is even more compelling is the random
assignment design used in the Bucharest Early Inter-
vention Project, showing that those children who
remained in institutional care exhibited significantly
more emotional difficulties compared to those who were
removed via random assignment (Zeanahet al., 2009).
These important data lend strong support for a causal
link between institutional care and the emotional diffi-
culties observed in this population.

Consistent with the non-human animal findings,
hyperemotionality in humans is associated with hyper-
activity in amygdala to emotionally relevant stimuli (e.g.
human faces) and corresponding hypoactivity in regions
that regulate the amygdala, such as ventromedial pre-
frontal cortex (vmPFC; Hare, Tottenham, Galvan, Voss,
Glover & Casey, 2008; Shin, Wright, Cannistraro, Wedig,
McMullin, Martis, Macklin, Lasko, Cavanagh, Krangel,
Orr, Pitman, Whalen & Rauch, 2005). Oculomotor
behavior may be affected by amygdala activity, in that
directing gaze away from the most arousing aspects of
emotional stimuli is associated with attenuated amygdala
activity (van Reekum, Johnstone, Urry, Thurow, Schae-
fer, Alexander & Davidson, 2007). Individual differences
in amygdala activity are associated with directing gaze
away from arousing (and informative) aspects of human

faces (Dalton, Nacewicz, Johnstone, Schaefer, Gerns-
bacher, Goldsmith, Alexander & Davidson, 2005), even
though doing so can interfere with successful interper-
sonal communication (Adolphs, Gosselin, Buchanan,
Tranel, Schyns & Damasio, 2005). Shy individuals, who
make less eye-contact than their non-shy peers (Pilkonis,
1977), show impairments in face recognition (Brunet,
Mondloch & Schmidt, 2009) and expression classifica-
tions (Battaglia, Ogliari, Zanoni, Villa, Citterio, Binaghi,
Fossati & Maffei, 2004). In typical populations, higher
amounts of eye-contact have been associated with social
competence and skill, as well as serving a number of
social functions like expressing intimacy, exchanging
social information, and regulating social exchanges
(reviewed in Kleinke, 1986). Therefore, exhibiting high
levels of eye-contact seems important for successful
social behavior. If an association between increased
amygdala activity and low levels of eye-contact held for
PI children, heightened amygdala activity could be a
mechanism by which the association between early
experience and socio-emotional behavior is maintained
over the course of development.

The primate amygdala develops early in life (Hum-
phrey, 1968; Ulfig, Setzer & Bohl, 2003) with the most
rapid rate of development occurring during the early
postnatal period (Payne, Machado, Bliwise & Bacheva-
lier, 2010), a rate which may heighten the vulnerability of
the amygdala to environmental exposures (Lupien,
McEwen, Gunnar & Heim, 2009). Gene expression
studies show that the sensitivity of the primate amygdala
and associated behaviors (self-regulation and social
behavior) to adverse rearing conditions may be at a peak
during the early postnatal period (Sabatiniet al., 2007),
and effects of adverse rearing environment on amygdala
development can persist through adulthood (Caldjiet al.,
2000). Consistent with these animal models, human
neuroimaging has revealed amygdala structural atypi-
calities and associated emotion difficulties following
adverse early caregiving environments that are
observable years after the removal from these conditions
(Tottenham et al., 2009a; Mehta, Golembo, Nosarti,
Colvert, Mota, Williams, Rutter & Sonuga-Barke, 2009).
To better characterize the neuroaffective phenotype fol-
lowing adverse rearing conditions, we used a combina-
tion of fMRI, eye-tracking and dyadic interaction to test
the hypothesis that early-life adversity would be followed
by amygdala hyperactivity and associated atypical social
behavior (decreased eye-contact).

Method

Participants

Imaging data were collected from 55 children (27 com-
parison (17 female), mean age (standard deviation) = 10
years old (0.49); 28 PI (22 female), mean age (standard
deviation) = 9 years old (0.43)). Six children (four
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comparison, two PI) were excluded due to excessive head
motion (> 2.5 mm or 2.5� of rotation), four children
(four PI) did not complete the fMRI task, and one
child•s neuroimaging data (one comparison) were not
usable due to technical problems. The final sample
included 44 children (22 PI; mean age = 9.3 years old, 16
female, mean time in orphanage care = 15 months;SD =
10, and 22 never-institutionalized comparison; 10.8 years
old, 13 female) whose characteristics are provided in
Table 1. PI children were recruited from a group of
families who had received local international adoption
consultation services or had responded to advertisements
placed in the listserves of international adoption family
networks. The comparison group was recruited via flyer
advertisements within the surrounding community.
Children in the comparison group were only included if
they were psychiatrically healthy, which was confirmed
with parent interview (described below). The families of
the PI and the comparison children had household
incomes well above the median annual household income
in the United States ($48,201; US Census Bureau, 2006),
similar to the high socioeconomic status that has been
observed in another sample of Midwest families who
have adopted internationally (e.g. Hellerstedt, Madsen,
Gunnar, Grotevant, Lee & Johnson, 2008).

Measures

Clinical measures

Parents were interviewed by a trained member of the
research team with the Kiddie-Schedule for Affective
Disorders and Schizophrenia (K-SADS-PL; Kaufman,
Birmaher, Brent, Rao, Flynn, Moreci, Williamson &
Ryan, 1997) to obtain reports of DSM-IV psychiatric
diagnoses including affective, psychotic, anxiety, and
behavioral disorders, as well as substance abuse and other
disorders. Additionally, parents completed the Self-
Report for Childhood Anxiety and Related Disorders
(SCARED; Birmaher, Brent, Chiappetta, Bridge, Monga
& Baugher, 1999) and the Conners Parent Rating Scale…
Revised: Short Form (Conners, 1997) to provide contin-
uous measures of anxiety and ADHD symptoms,

respectively. Parents also completed the Child Behavior
Checklist (CBCL; Achenbach, 1991), which provided a
standardized score of social competence (i.e. T scores). In
order to obtain a measure of child•s current mood during
the scan, children were asked to rate on a scale from 1 to 9
how happy they felt (1 = very unhappy; 9 = very happy;
anchored with unhappy and happy faces) prior to enter-
ing the scanner and immediately upon exiting the scanner
(when they were asked how they felt while in the scanner).

fMRI task

Children completed an Emotional Face Go‡Nogo task
(Hare et al., 2008) while in the MRI scanner. The event-
related task requires pressing a button (•Go• condition)
when target facial expressions appeared and inhibiting
this behavioral response when distracter (•Nogo• condi-
tion) facial expressions appeared. Face stimuli (Totten-
ham, Tanaka, Leon, McCarry, Nurse, Hare, Marcus,
Westerlund, Casey & Nelson, 2009b) were presented
singly with a fixed random order and an average inter-
stimulus jitter of 5 seconds (range: 2.5…10 seconds). The
face images were grayscale with a visual angle of 15
degrees. Four models (two female, two male) were chosen
from each of the following ethnic backgrounds: African-,
Asian-, and European-American. A multi-ethnic set was
chosen to avoid amygdala differences that might result
from in-group ‡out-group effects (Lieberman, Hariri,
Jarcho, Eisenberger & Bookheimer, 2005; Phelps,
O•Connor, Cunningham, Funayama, Gatenby, Gore &
Banaji, 2000). Images were normalized for size and
luminance. Children were instructed to execute the•Go•
response quickly for the named target expression (e.g.
•neutral•), which was presented frequently (70% of the
trials), while inhibiting the response when the distracter
expression (e.g.•fear•) appeared, which was presented
infrequently (30% of the trials). Which facial expression
participants responded to changed with each run. There
were two conditions separated by run, each presented
twice … fear faces as the target with neutral faces as the
distracter and neutral faces as the target with fearful
faces as the distracter … resulting in 120 target trials (60
fearful, 60 neutral) and 52 distracter trials (26 fearful, 26

Table 1 Subject characteristics

PI (N = 22) Comparison (N = 22)

Sex 16 female; 6 male 13 female; 9 male
Mean age in years (SD) 9.3 (2.2) 10.9 (2.4)
Mean (SD) IQ 103.8 (15.4) 110.2 (13.8)
Country of origin 18 East Asia;

4 Eastern Europe
22 US

Ethnic background 18 Asian-American
4 European-American

3 Asian-American
4 African-American
9 European-American
4 Latina ‡o-American
2 Unknown

Mean age when placed in orphanage in months (SD) 2.8 (6.8)
Mean age when adopted in months (SD) 17.8 (12.4)
Mean time with family in months (SD) 96.5 (28.6)
Modal family income range ($) 150,001…200,000 150,001…200,000

Neurodevelopment and adversity 3

� 2010 Blackwell Publishing Ltd.



neutral). The order of runs was counterbalanced across
participants. Each face stimulus was presented for 500
milliseconds, and participants were allowed 1500 milli-
seconds to respond by pressing a button with their index
finger.

Subjects viewed images projected onto an overhead
liquid crystal display panel with the Integrated Functional
Imaging System…Stand Alone (IFIS-SA; MRI Devices,
Waukesha, WI). A fiber optics response box was used for
recording behavioral responses. The entire task lasted
approximately 20 minutes, and participants were allowed
to take breaks if needed between runs. Prior to scanning,
children were given the opportunity to practice to ensure
that they understood and could perform the task.

Eye-contact measures

1. Eye-tracking task. Eye-tracking was employed to
obtain high precision measurements of eye-contact
during an out-of-scanner emotion-processing task. Eye-
tracking capability was not present in the MRI scanner.
However, we collected eye-tracking data for a separate
behavioral task (data not presented in this manuscript),
to provide an index of where children look at faces. After
calibration with the eye-tracking camera (ISCAN, Inc.),
children were shown single presentations of images of
faces for 1500 milliseconds that extended a visual angle
of 26 degrees. The face image (Tottenhamet al., 2009b)
was a grayscale face with either happy or fearful open-
mouthed expressions. The models were the same as those
used in the fMRI task (Emotional Face Go‡Nogo). In
total, there were 96 faces during which eye-tracking data
were collected. Children were instructed to pay attention
to the face for a memory task (data not presented here).
There were a total of 36 children (18 comparison, 18 PI)
who provided usable eye-tracking data, but there were
only 28 children (14 comparison, 14 PI) who provided
usable eye-tracking data and usable fMRI data. Eye-
tracking data were not obtained from all children either
because of an inability to obtain a usable track (n = 7),
because time did not permit for this procedure (n = 7), or
because the child participated prior to when this task was
added to the protocol (n = 2). The eye-tracking measure
was obtained by designating two areas of interest (AOI),
one around the eye and one around the mouth region of
the face stimulus, and calculating the number of frames
during which eye gaze was positioned in each AOI
relative to the number of frames during stimulus
presentation. There was no difference in eye-contact

between happy and fearful faces (t = 1.40, ns) and,
therefore, eye-tracking values were collapsed across the
two expressions as an index of eye-contact.

2. Live dyadic interaction. Eye-contact during live dyadic
interaction was recorded to provide an ecologically valid
measure of eye-contact. Children, who had been tested
with a member of the research team, were told to reunite
with their parent, who had been participating in a
videotaped interview with a different member of the
research team. This interaction was included as a part of
each family•s visit for the purpose of allowing the child to
rest and•check in• with his or her parent. No instructions
were given to the parent or the child, and the members of
the research team remained unobtrusive during the
interaction by tending to paperwork. Children and their
parents were videotaped during the unstructured dyadic
interaction lasting approximately 1 minute. A coder,
made as blind as possible to the rearing conditions of
participants, noted the digitally recorded interactions by
recording the time stamps on the video any time when
children made eye-contact and when eye-contact ceased.
It was impossible to ensure complete blindness since the
ethnic backgrounds of some of the PI children would
suggest to the coder their condition. There were 32
children (21 PI, 11 comparison) who provided usable eye-
contact data during live dyadic interaction, but there were
26 children (18 PI, eight comparison) who provided both
usable eye-contact data and usable fMRI data. The
reasons for not obtaining eye-contact data from all
children was refusal to be videotaped (n= 7) and technical
difficulties, including an inability to see the child•s face,
and equipment malfunction (n = 11). The eye-contact
measure during live dyadic interaction was obtained by
calculating the number of seconds the child made eye-
contact relative to the entire time that the child was in the
room with the parent. Thus, this eye-contact measure was
calculated as proportion of eye-contact made relative to
total time spent in interaction.

Procedure

Children came to the laboratory for two sessions. In the
first session, clinical measures, eye-tracking and dyadic
interaction data were collected, and children were accli-
mated to the scanner environment with an MRI replica.
The Emotional Face Go‡Nogo task was administered in
the MRI scanner on the second visit, which occurred on
a separate day. During this second visit, children indi-
cated current mood.

Table 2 Behavioral results (accuracy and response time) from the Emotional Face Go‡Nogo

Condition PI Comparison Sig. Value

Accuracy (proportion correct) Fear targets (•Go•) in the context of Neutral distracters (•Nogo•) 0.71 (0.03) 0.76 (0.03) ns
Neutral targets (•Go•) in the context of Fear distracters (•Nogo•) 0.70 (0.03) 0.76 (0.03) ns

Response time (milliseconds) Fear targets (•Go•) in the context of Neutral distracters (•Nogo•) 640.90 (177.52) 600.47 (146.34) ns
Neutral targets (•Go•) in the context of Fear distracters (•Nogo•) 661.32 (190.05) 612.88 (140.01) ns
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Scanning parameters

Subjects were scanned with a General Electric Signa 3.0
Tesla fMRI scanner (General Electric Medical Systems,
Milwaukee, WI) with a quadrature head coil. Foam
padding around the head was used to reduce motion. A
whole brain, high resolution, T1-weighted anatomic scan
(three-dimensional spoiled gradient; 256· 256 inplane
resolution, 240 mm field of view [FOV]; 124 mm· 1.4 mm
axial slices) was acquired for each subject for transfor-
mation and localization of functional data into Talairach
space (Talairach & Tournoux, 1988). A spiral in-and-out
sequence (Glover & Thomason, 2004) was used to collect
functional data (repetition time = 2500 msec, echo time =
30 msec, FOV = 200 mm, flip angle = 90� , 64· 64 matrix).
We obtained 34 4-mm-thick coronal slices (skip 0) with an
inplane resolution of 3.125· 3.125 mm covering the entire
brain except for the posterior portion of occipital lobe.

fMRI preprocessing

Functional imaging data were preprocessed and analyzed
with the Analysis of Functional NeuroImages (AFNI)
software package (Cox, 1996). All included data were free
of movement greater than 2.5 mm in any direction. After
slice time correction, images were registered to the first
image volume after the high-resolution anatomical dataset
with rigid body transformations and smoothed with
anisotropic 6-mm Gaussian kernel. Time series were nor-
malized to percent signal change to allow comparisons
across runs and individuals by dividing signal intensity at
each time point by the mean intensity for that voxel and
multiplying the result by 100. The model included regres-
sors for each of the two variable types (two stimulus types,
two expressions) by convolving the stimulus timing files
with a c-variate hemodynamic response function. Incor-
rect trials and six motion parameters were included as
separate regressors for a total of 11 regressors. General
linear modeling was performed to fit the percent signal
change time courses to each regressor. Linear and qua-
dratic trends were modeled in each voxel time course to
control for correlated drift. Group-level analyses were
conducted on the regression coefficients from the indi-
vidual analysis after transformation into the standard
coordinate space of Talairach and Tournoux with
parameters obtained from the transformation of each
subject•s high-resolution anatomical scan. Talairached
transformed images had a resampled resolution of 3 mm3.
A group-level linear mixed effects (LME) model was
conducted with the 3dLME program within AFNI. The
3dLME program uses functions from the R software
package (http://www.R-project.org). The LME model in-
cluded the factors Group (Comparison, PI), Emotion
(fear, neutral), and Trial Type (target, distracter).
Correction for multiple comparisons was applied at the
cluster level following Monte Carlo simulations conducted
in the AlphaSim program within AFNI. Clusterwise false-
positive rates ofp< .01 corrected for multiple comparisons

were determined for whole brain analyses andp< .01 small
volume corrected for amygdala (Kim, Somerville, John-
stone, Polis, Alexander, Shin & Whalen, 2004).

Imaging analysis plan

An omnibus ANOVA (Group [Comparison, PI] · Trial
Type [Target, Distracter] · Emotion [Fear, Neutral]) was
performed on the neuroimaging data. Our primary
region of interest was the amygdala, and amygdala signal
change was indexed by blood-oxygen-level dependent
(BOLD). However, we present data from all activated
regions of interest (ROI) in table format. Our focus was
on the statistical interactions with Group and, therefore,
we do not present the full set of results for interactions
that do not include this factor. Post-hoc t-tests were
performed for each group separately within each of the
ROIs resulting from the omnibus ANOVA. These t-tests
examined MR signal for the condition of interest relative
to baseline. Significant increases or decreases from
baseline are presented in table format (Tables 3 and 4). In
addition, we extracted the beta values from each ROI per
subject and conducted between-groupt-tests on these
values to interpret the direction of any interactions.
These between-group tests are also presented in table
format (Tables 3 and 4). These beta weights were also
used in the correlations with behavioral measures.

Results

Clinical measures

Based on parent interview (K-SADS-PL), one of the PI
children reached criterion for an anxiety disorder, four
for attention deficit hyperactivity disorder (ADHD), one
for both ADHD and anxiety, one for anxiety and a
learning disorder, two for learning disorders, and one for
oppositional defiant disorder. Based on parent report
using the continuous measures (SCARED and Conners),
the PI children exhibited more anxiety symptoms [Panic:
mean (SD) = 0.95 (1.28);t = 2.20, p < .05; a score of 7 or
greater indicates Panic Disorder) and Separation Anxi-
ety: mean (SD) = 3.65 (3.47);t = 2.76,p < .009; a score of
5 or greater indicates Separation Anxiety] than the
comparison group [Panic: mean (SD) = 0.24 (0.44) and
Separation Anxiety: mean (SD) = 1.12 (1.62)]. PI chil-
dren also exhibited more ADHD symptoms than the
comparison group [PI: mean (SD) = 8.67 (10.23) and
Comparison: mean (SD) = 2.06 (2.22);t = 2.61, p < .02]
(a score of 34 and greater indicates ADHD; Kumar &
Steer, 2003). We describe below the correlations between
these scores and the neuroimaging data. The difference in
social competence as measured by the CBCL did not
reach statistical significance (t = 1.75, p = .09), although
the comparison group (mean (SD) standardized T score
= 48.1 (7.0)) trended towards a higher social competence
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Table 3 Talairach coordinates and patterns of activation for regions of interest: Group· Emotion (F = 3.915, p < .01 corrected for whole brain)

ROI BA Side
Cluster

size x y z

Examination of groups and emotions separately

Fear relative to baseline Neutral relative to baseline

Comp PI Between-group post-hoc tests Comp PI Between Group Post-hoc tests

Ventromedial Prefrontal Cortex (Rostral ACC) 32 R ‡L 207 ) 4 41 11 ” … PI>Comp,t = 1.96, p = .057 ” ” ns
Ventromedial Prefrontal Cortex (Subgenual ACC) 32 R 20 5 35 ) 7 … … ns … ” Comp>PI, t = 3.358, p < .002
Medial Frontal Gyrus 6 R 20 11 ) 19 50 … … ns ” … ns
ACC 32 L 15 ) 10 17 32 ‰ ‰ ns … ‰ PI>Comp, t = 3.039, p < .004
Inferior ‡Middle Frontal Gyrus 9 R 14 44 14 29 ‰ ‰ ns ‰ ‰ PI>Comp, t = 2.139, p < .038
Amygdala R 35 19 ) 6 ) 10 … ‰ PI>Comp, t = 3.344, p < .002 ‰ … ns
Amygdala L 70 ) 20 ) 6 ) 11 … ‰ ns ‰ ‰ ns
Medial Temporal Gyrus 22 L 22 ) 58 ) 52 14 … ‰ PI>Comp, t = 2.361, p < .03 … … ns
Inferior Parietal Lobule 40 R 46 38 ) 49 56 ‰ ‰ ns ‰ … ns
Inferior Parietal Lobule 39 L 113 ) 43 ) 58 35 … ‰ ns … … ns
Cerebellar Tonsil R 21 38 ) 43 ) 34 … … ns … … ns
Cerebellum L 13 ) 31 ) 46 ) 52 … … ns ‰ … Comp>PI,t = 2.199, p < .003

p < .01 (corrected for total brain); Peak activity reported; Voxel size 3· 3 · 3; BA= Brodmann Area; Comp = Comparison Group; PI = Postinstitutionalized Group; ACC = Anterior Cingulate Cortex; ‰= significant increases relative
to baseline;” = significant decreases relative to baseline.

Table 4 Talairach coordinates and patterns of activation for regions of interest: Group· Trial Type (F = 3.915, p < .01 corrected for whole brain)

ROI BA Side Cluster size x y z

Examination of groups and emotions separately

Target relative to baseline Distracter relative to baseline

Comp PI Between-group post-hoc tests Comp PI Between-group post-hoc tests

Superior Frontal Gyrus 10 L 49 ) 13 65 20 … … ns ‰ … Comp>PI,t = 2.156, p < .05
Middle Frontal Gyrus 9 R 57 50 17 32 ‰ ‰ Comp>PI, t = 2.098, p < .05 ‰ ‰ PI>Comp, t = 2.995, p < .005
Ventrolateral Prefrontal Cortex (Middle Frontal Gyrus) 47 R 36 35 32 ) 4 … … Comp>PI,t = 2.036, p < .05 … ‰ ns
Ventromedial Prefrontal Cortex (Subgenual ACC) 25 L 45 ) 4 20 ) 13 … … ns ” … PI>Comp,t = 3.016,p < .005
Ventromedial Prefrontal Cortex (Rostral ACC) 24 R 37 11 29 11 … … ns ” ” PI>Comp, t = 2.429, p < .02
Inferior ‡Middle Frontal Gyrus 9 L 32 ) 37 8 32 … ‰ ns ‰ ” ns
Inferior Frontal ‡Precentral Gyrus 6‡9 R 30 38 2 23 ‰ ‰ ns ‰ … Comp>PI,t = 2.504, p < .02
Precentral Gyrus 4 R 30 59 ) 16 35 … … ns ” ‰ PI>Comp, t = 2.882, p < .006
Inferior Frontal Gyrus 44 R 19 53 5 20 … … ns ‰ ‰ ns
Amygdala R 37 17 ) 8 ) 13 ‰ … ns ‰ ‰ PI>Comp, t = 3.971, p < 10) 4

Amygdala L 16 ) 13 ) 1 ) 13 ‰ ‰ ns ” ‰ PI>Comp, t = 3.339, p < .002
Superior Temporal Sulcus R 48 47 ) 55 14 ‰ … ns ‰ ” Comp>PI, t = 2.371, p < .03
Paracentral Lobule 6 R 13 11 ) 31 53 … … ns … … Ns
Postcentral Gyrus 7 R 170 20 ) 49 65 … … ns ‰ ” ns
Postcentral Gyrus 7 L 30 ) 19 ) 46 65 … … ns ‰ … ns
Inferior Parietal Lobule 2 L 47 ) 31 ) 28 32 ‰ ‰ ns ‰ … ns
Inferior Parietal Lobule 40 L 36 ) 55 ) 25 29 … ‰ ns ‰ … ns
Precuneus 7 R 168 8 ) 49 47 … … ns … ” Comp>PI, t = 2.417, p < .02
Fusiform ‡Parahippocampal Gyrus 19‡37 L 360 ) 34 ) 49 ) 1 ‰ ‰ ns ‰ ‰ Comp>PI, t = 2.644, p < .02
Cerebellar Tonsil L 49 ) 31 ) 43 ) 43 … ‰ ns … ” ns

p < .01 (corrected for total brain); Peak activity reported; Voxel size 3· 3 · 3; BA= Brodmann Area; Comp = Comparison Group; PI = Postinstitutionalized Group; ACC = Anterior Cingulate Cortex; ‰=
significant increases relative to baseline;” = significant decreases relative to baseline.
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score relative to the PI group (mean (SD) standardized T
score = 43.1 (9.7)). There were no differences between the
groups on current mood (before scant = 1.815, ns: PI
mean (SD) = 3.3 (2.9), comparison mean (SD) = 1.8
(1.4); during scant = 0.03, ns: PI mean (SD) = 3.2 (2.2),
comparison mean (SD) = 3.2 (2.8)).

Emotional face go‡nogo

Behavior

Outlier response times (more than 3 standard deviations
from the mean) were removed from the data. Accuracy
was calculated as hits minus false alarms divided by the
total number of trials. Two separate repeated measures
ANOVAs, with Emotion (fear, neutral) as a within-sub-
jects variable and Group (PI, comparison) as the
between-subjects variable, were run on the accuracy and
reaction time data. There were no main effects or inter-
actions for accuracy (F values < 2.06,ns) or for response
times (all F values < 2.60,ns). The descriptive statistics
are listed in Table 2.

Neuroimaging

Since the amygdala was of primary interest, we describe
significant activations in this region first. The omnibus
ANOVA (Group [Comparison, PI] · Trial Type [Target,
Distracter] · Emotion [Fear, Neutral]) showed a main
effect of Group (F(1, 42) = 4.071,p < .01, Rxyz* = 17,
) 9, ) 12; Lxyz* = ) 16, ) 2, ) 15) on BOLD signal within
the amygdala, where higher amygdala signal was ob-
served in the PI group relative to the comparison group.
There was a Trial Type · Emotion interaction in the
amygdala (F = 3.915,p < .01; Rxyz* = 23, ) 6, ) 9; Lxyz*
= ) 21, ) 7, ) 10).T-tests (t = 1.974,p < .01) examined the
source of these interactions. Amygdala signal was higher
for (a) fear target than fear distracter trials (Lxyz� = ) 20,
) 3, ) 9), (b) for fear target than neutral target trials
(Rxyz� = 22, ) 7, ) 5; Lxyz� = ) 22, ) 1, ) 10), (c) for
neutral distracter than neutral target trials (Rxyz� = 23,
) 6, ) 7; Lxyz� = ) 26, ) 4, ) 9), (d) for neutral distracter
than fear distracter trials (Rxyz� = 23, ) 7, ) 10; Lxyz� =
) 19, ) 7, ) 10), and (e) for fear distracter than neutral
target trials (Rxyz� = 21, ) 4, ) 5). There was no differ-
ence between fear target and neutral distracter trials.

The factor Group interacted with Emotion and also
separately with Trial Type on BOLD signal in the
amygdala. We will first discuss the Group· Emotion
interaction, which was observed bilaterally in the amyg-
dala (F = 3.915, p < .01, Rxyz� = 20, ) 4, ) 8; Lxyz� =
) 19, ) 6, ) 9). Figure 1 shows the results of the omnibus
ANOVA for the amygdala, as well as the data separated
by group and emotion. As shown in Table 3, post-hoct-
tests between groups (t = 1.974,p < .01) showed that fear

faces resulted in greater bilateral amygdala activation in
the PI group relative to the comparison group (Rxyz� =
17, ) 9, ) 12; Lxyz* = ) 18, ) 10, ) 13), but there was no
difference between the two groups for neutral faces.
Within each group, two separatet-tests performed on the
beta weights obtained from the Group· Emotion ROI
showed that there was increased activity for fear faces
relative to neutral faces in the PI group in the right
hemisphere (t = 2.556,p < .02), but no difference for the
comparison group. There was also greater amygdala
activity to fear faces for the PI group relative to neutral
faces for the comparison group (Rxyz� = 14, ) 6, ) 14),
but no difference between neutral faces for the PI group
and fear faces for the comparison group.1 Other areas
activated for the interaction of Group and Emotion are
listed in Table 3. In addition to the results of the omni-
bus ANOVA, this table also provides the results for each
condition relative to baseline. There was an interaction
between group and emotion in regions of the prefrontal
cortex, including vmPFC, medial frontal cortex, anterior
cingulate cortex (ACC), and inferior‡middle frontal
gyrus, medial temporal cortex, parietal cortex, and cer-
ebellum. As seen in Table 3, between-group post-hoc
t-tests showed that both groups increased activity in
anterior cingulate and inferior‡middle gyrus for fear
relative to baseline, but the PI group increased activity in
these regions more for neutral face stimuli. The PI group
also showed relatively greater activity to fearful faces
than the comparison group in the vmPFC (rostral ACC),
but this difference was due to the comparison group
showing a relative decrease in vmPFC activity to fearful
faces, whereas the PI group showed no change in vmPFC
activity to fearful faces. In contrast, the PI group showed
a relative decrease in subgenual ACC activity to neutral
faces, whereas the comparison group did not. The com-
parison group also showed relative increase in cerebellum
for neutral faces, whereas the PI group showed no
change relative to baseline for neutral faces.

There was also a Group · Trial Type interaction
observed bilaterally in the amygdala (F = 3.915, p < .01;

* small volume corrected�
whole brain corrected

1 Since three of the PI children had clinical anxiety disorders and
anxiety has been associated with heightened amygdala activity in chil-
dren (Thomas, Drevets, Dahl, Ryan, Birmaher, Eccard, Axelson,
Whalen & Casey, 2001b), this analysis was performed excluding chil-
dren with an anxiety disorder (n = 3). We conducted between-group
t-tests on the amygdala beta weights obtained from the Group·
Emotion interaction without these children. Results show that the
effects remained in the amygdala. Fear faces resulted in greater amyg-
dala activation for the PI than the comparison children in the right
amygdala (t = 1.975, p < .01), and there was no difference between
groups for neutral faces. Therefore, the observed effects on amygdala
activity were not artificially produced by the three children with an
anxiety disorder. We also examined the association between amygdala
activity to fear and neutral faces and current mood using child-reported
mood prior to scanning and during the scanning session. Further, we
examined anxiety and ADHD symptoms continuously using the
SCARED and the Conners Parent Rating Scale…Revised: Short Form,
respectively. There were no associations between these continuous
measures and amygdala activity to fear or neutral faces (allps > .2).
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Rxyz� = 17, ) 10, ) 13; Lxyz� = ) 19, ) 1, ) 22 and) 13, ) 1,
) 16) (see Figure 2). Post-hoct-tests between groups (t =
1.974, p < .01) showed that (a) distracter trials were
associated with greater bilateral amygdala response for
the PI group relative to the comparison group (Rxyz� =
17, ) 9, ) 13; Lxyz� = ) 16, ) 4, ) 19), and that (b) there
was no signal difference in the amygdala between the
groups for target trials, (c) no signal difference for the
contrast of target trials for the PI group and distracter
trials for the comparison group and (d) no signal
difference for the contrast of distracter trials for the PI
group and target trials for the comparison group.2

Within each group, two separatet-tests performed on the
amygdala beta weights obtained from the Group· Trial
Type interaction showed that there was greater signal
change to target relative to distracter stimuli for the
comparison group in both hemispheres (Right:t = 2.584,
p < .02; Left: t = 2.585, p < .02), and in contrast, there
was greater signal change for distracter relative to target
stimuli for the PI group in the right hemisphere (t =

4.355, p < 10) 4). As seen in Table 4, in addition to the
amygdala, there was an interaction between Group and
Trial Type in prefrontal, medial temporal, and parietal
regions, as well as cerebellum. Between-group post-hoct-
tests showed that the PI group exhibited greater signal
change in the amygdala, precentral gyrus, and middle
frontal gyrus during the presentation of distracter stimuli
relative to the comparison group. Distracter stimuli also
resulted in greater signal in the PI group relative to the
comparison group, but this difference was due to the PI
group exhibiting less of a decrease relative to baseline
than the comparison group. In contrast, the distracter
stimuli resulted in greater relative signal increases in the
superior frontal gyrus, inferior ‡middle frontal gyrus,
superior temporal sulcus, and fusiform‡parahippocam-
pal gyrus in the comparison group than the PI group.
The comparison group also showed more signal change
to target stimuli than did the PI group in the middle
frontal gyrus and ventrolateral prefrontal cortex.
Distracter stimuli also resulted in greater activity in the
precuneus for the comparison group relative to the PI
group, but this difference was due to the PI group
showing a decrease in activity relative to baseline.

Eye-contact measured during eye-tracking and dyadic
interaction

We examined behavioral differences in eye-contact that
emerged as a function of early rearing condition. Com-
parison children spent significantly more time looking at
the eye region (t = 2.998, p < .005) (mean proportion of
time = 0.48, SD = 0.05) than the PI group (mean pro-
portion of time = 0.42, SD = 0.06) as measured by eye-
tracking, and there was no difference on the amount of
time children spent looking at the mouth region (t =

Figure 1 Amygdala signal change to Fearful Faces and Eye-contact. Left: A Group· Emotion interaction showed that PI children
exhibited greater signal change than the comparison group for fearful faces. Middle: Post-hoct-tests showed the results for each
emotion relative to baseline separately for PI and comparison children. Right: BOLD signal (beta weights) from the Group· Emotion
amygdala ROI was inversely correlated with amount of eye-contact children made during eye-tracking (proportion of frames spent
looking at the eye region). Note: The negative correlation between amygdala signal change and eye-contact during a live dyadic
interaction (proportion of time making eye-contact) was not statistically significant.

�

whole brain
2 This analysis was repeated excluding children with an anxiety disorder
(n = 3) using the amygdala beta weights obtained from the Group·
Trial Type Interaction. Results show that the effects remained in the
amygdala. Distracter faces resulted in greater amygdala activation for
the PI than the comparison children on the right (t = 2.352, p < .025)
and on the left (t = 2.297, p < .029), and there was no difference
between groups for target faces. Therefore, the observed effects on
amygdala activity were not artificially produced by the three children
with an anxiety disorder. We also examined the association between
amygdala activity and current mood using child-reported mood prior to
scanning and during the scanning session. Moreover, we examined
anxiety and ADHD symptoms continuously using the SCARED and
the Conners Parent Rating Scale…Revised: Short Form, respectively.
There were no associations between these continuous measures and
amygdala activity to fear or neutral faces (allps > .05).
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0.61,ns; mean (SD) proportion of time, PI = 0.45 (0.08),
comparison = 0.47 (0.06)). The group difference for
proportion of time making eye-contact during live dya-
dic interaction did not reach statistical significance (t =
1.490,p = .149) between the PI (mean = 0.25,SD = 0.16)
and comparison children (mean = 0.37,SD = 0.25).

Associations between amygdala activity and social
behaviors

We examined whether amygdala activity during the
Emotional Face Go‡Nogo correlated with social com-
petence as measured by the CBCL and the two measures
of eye-contact. We were specifically interested in amyg-
dala response to the fear and distracter stimuli since
these were the conditions that resulted in group differ-
ences in amygdala response. A correlation analysis
showed that social competence (CBCL T score) was
negatively correlated with amygdala activity in response
to fearful faces (beta weights obtained from Group·
Emotion ROIs; r = ) 0.35, p < .05), but not to other
conditions in the Emotional Face Go‡Nogo. There was
also an association between eye-contact and amygdala
activity during the Emotional Face Go‡Nogo. Specifi-
cally, amygdala activity (beta weights obtained from
Group · Emotion interaction) to fearful faces in the
right (r = ) 0.519,p < .006; Figure 1) and left (r = ) 0.534,
p < .004) hemispheres was inversely associated with eye-
contact when measured during the eye-tracking proce-
dure. The correlation between amygdala activity to
fearful faces and eye-contact during live dyadic interac-
tion approached statistical significance on the right (r =
) 0.36, p = .07). Amygdala activity to distracter stimuli
(beta weights obtained from Group · Trial Type inter-
action) was also negatively correlated with eye-contact
during the eye-tracking procedure in the right hemi-

sphere (r = ) 0.405,p < .03; Figure 2) and during the live
dyadic interaction both in the right (r = ) 0.605,p < .001)
and the left (r = ) 0.47, p < .015) hemispheres.

We also examined the association between the eye-
contact measures and amygdala activity within the PI
group. Just as was found with the entire sample, within
the PI group there was a negative correlation between
amygdala response to fearful faces and eye-contact as
measured by eye-tracking (right:r = ) 0.751, p < .003;
left: r = ) 0.648, p < .017). There was also a negative
correlation between amygdala response to distracter
stimuli and eye-contact during live dyadic social inter-
action within the PI group in the right hemisphere (r =
) 0.478, p < .045). There were no other associations
between eye-contact and amygdala response to fearful or
distracter stimuli.

Hierarchical regression: amygdala as mediator between
early rearing environment and eye-contact.Amygdala
activity was tested as a potential mediator of early
rearing environment on current eye-contact as measured
by eye-tracking, as specified by Baron and Kenny (1986).
We examined amygdala activity that differentiated the
two groups, namely right amygdala signal (beta weights
obtained from the Group · Emotion interaction) to
fearful faces and right and left amygdala response to
distracter stimuli (beta weights obtained from the Group
· Trial Type interaction) in three separate hierarchical
regression analyses. First, we will describe the results for
the model that included right amygdala signal in
response to fearful faces. This analysis showed that early
rearing environment was a significant predictor of the
amount of eye-contact made by children (beta = 0.375,p
= .014) (see Table 5). In the second step of the model,
rearing environment was simultaneously regressed on
eye-contact along with amygdala signal as the mediator

Figure 2 Amygdala signal change to Distracter Faces and Eye-contact. Left: A Group· Trial Type interaction showed that PI
children exhibited greater signal change than the comparison group for distracter stimuli. Middle: Post-hoc t-tests showed the results
for each trial type relative to baseline separately for PI and comparison children. Right: BOLD signal (beta weights) from the Group·
Trial Type amygdala ROI was inversely correlated with amount of eye-contact children made during both eye-tracking (proportion of
frames spent looking at the eye region) and live dyadic interaction (proportion of time making eye-contact).
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variable. The association between early rearing environ-
ment and amygdala signal was significant, as was the
association between amygdala signal and eye-contact
(Figure 3). Moreover, the association between early
rearing condition and eye-contact was mediated by
amygdala signal (b = ) .422, p < .05), which when
included in the analysis explained the majority of the
variance attributed to rearing environment, and the
coefficient between rearing environment and eye-contact
became non-significant when amygdala signal was
included (b = 0.191, ns). Rearing environment alone
explained 17% of the variance in eye-contact, whereas
rearing environment in conjunction with amygdala signal
accounted for 30% of the variance. The Sobel test was
employed to determine whether the inclusion of the
mediator significantly attenuated the contribution of
rearing environment in the prediction of eye-contact
(Sobel, 1982). The regression coefficients for rearing
environment decreased and were no longer significant
after inclusion of amygdala activity, indicating that
amygdala signal mediated the association between early
rearing environment and eye-contact. The two other
analyses that included amygdala response to distracter
stimuli showed that these values did not significantly
mediate the association between early rearing environ-
ment and eye-contact (Right:F = 2.702,p = .087; Group
coefficient = 0.04, p > .05, Amygdala coefficient =

) 3.590, p > .05 and Left: F = 1.430, p = .258; Group
coefficient = 0.036, p > .05, Amygdala coefficient =
) 0.206,p > .05).

Discussion

Here we show that adverse rearing conditions in the
postnatal period are followed by heightened amygdala
activity during childhood. We have previously shown
that institutional care during infancy is followed by
amygdala hypertrophy in childhood, which is associated
with emotional difficulties exhibited by the child (Tot-
tenhamet al., 2009a), and the current functional findings
add to these structural findings. Although an earlier
report using PET scanning found amygdala hypoactivity
in PI children relative to an adult and epileptic popula-
tion (Chugani, Behen, Muzik, Juhasz, Nagy & Chugani,
2001), here we show that when compared to healthy,
same-aged peers, PI children show atypically high
amygdala activity. Behavioral studies that employ ran-
dom assignment have found that anxious phenotypes,
which seem to be associated with elevated amygdala
activity (Thomas et al., 2001b), are caused by institu-
tional care (Zeanahet al., 2009), providing support for
the notion that the elevated amygdala activity observed
in the current PI sample is also caused by institutional
care. Non-human animal studies suggest that the early,
rapid development of the amygdala (Avishai-Eliner, Yi &
Baram, 1996; Payneet al., 2010; Vazquez, Bailey, Dent,
Okimoto, Steffek, L�pez & Levine, 2006) may increase
its vulnerability to environmental pressures, resulting in
elevated endogenous stress hormone, decreased gene
expression (guanylate cyclase1� 3), precocious structural
development, and altered future functioning (Becker,
Abraham, Kindler, Helmeke & Braun, 2007; Kikusui &
Mori, 2009; Moriceau, Raineki, Holman, Holman &
Sullivan, 2009; Plotskyet al., 2005; Sabatiniet al., 2007),
and our neuroimaging findings are consistent with vul-
nerability of the amygdala early in life.

PI children showed heightened amygdala activity rel-
ative to the comparison group in response to both fearful
faces and distracter stimuli, while neutral and target
stimuli did not produce group differences. In fact, the
comparison group did not show differential amygdala
response for fear and neutral faces, which is consistent
with previous reports of typical children not showing
greater amygdala response to fearful faces relative to
neutral as adults do (Thomas, Drevets, Whalen, Eccard,
Dahl, Ryan & Casey, 2001a). Therefore, it is noteworthy
that the PI group exhibits the adult-like amygdala acti-
vation for fearful faces above neutral faces, which may be
an indication of precocious amygdala development that
has been shown to follow early-life stressors in rodents
(Kikusui & Mori, 2009; Moriceau et al., 2009). PI
children also showed increased amygdala signal for
distracter stimuli relative to the comparison group. The
increased signal change in the PI group to distracter

Table 5 Hierarchical regression: amygdala activity to fearful
faces mediates association between early rearing environment
and current eye-contact

Variables in model B SE B b DR2 Sobel Test

Step 1
Early rearing
environment

0. 046 0.021 0.407* 0.165*

Step 2
Early rearing
environment

0.021 0.022 0.191

Amygdala activity ) 3.676 1.739 ) 0.422* 0.296* 1.93 (p = .05)

* p < .05

Figure 3 Amygdala response to fearful faces mediates asso-
ciation between early rearing environment and amount of
current eye-contact. The unstandardized coefficients are
shown for each association. The significant coefficient be-
tween rearing environment and eye-contact at the time of data
collection was reduced and became non-significant when
amygdala activity was included in the model, showing that the
association between early rearing environment and eye-con-
tact was mediated by the amygdala.
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faces suggests that the comparison children were better
able to ignore the emotional content of the distracter
stimuli, while the PI children were not. This increased
amygdala engagement to distracting emotional infor-
mation may in part explain the emotional lability
described in stressed populations (Lemieux & Coe,
1995), including PI children (Gunnar et al., 2000).
Heightened amygdala activity has been associated with
increased vigilance to emotionally significant stimuli,
and this neural phenotype may increase vigilance for
environmental threat in a PI population.

The Emotion of the face stimuli also interacted with
Group in several other regions, including the vmPFC
(including rostral anterior cingulate cortex), a region that
has strong bidirectional connections with the amygdala,
often playing a modulatory role over the amygdala in
healthy adults (Phelps, Delgado, Nearing & LeDoux,
2004; Quirk & Beer, 2006). This difference was the result
of comparison children showing a relative decrease in
vmPFC activity during the presentation of fearful faces.
In healthy populations, the amygdala and vmPFC show
inverse activity (Phelpset al., 2004), which might be
mediated by the integrity of the white matter tracts
between them (Kim & Whalen, 2009). However, patho-
logical populations show less inverse coupling between
the two regions (Marsh, Finger, Mitchell, Reid, Sims,
Kosson, Towbin, Leibenluft, Pine & Blair, 2008; Shin,
Rauch & Pitman, 2006), and decreased coupling has
been associated with increased trait anxiety (Hareet al.,
2008). Unlike the comparison children, the PI group
showed no change in vmPFC with increased amygdala
activity. These data are consistent with poor communi-
cation between the two regions in the PI group, and
recent diffusion tensor imaging has identified reduced
white matter between amygdala and prefrontal cortex
in PI children (Govindan, Behen, Helder, Makki &
Chugani, 2009).

Additionally, Emotion interacted with Group in
regions, including the dorsal prefrontal cortex, subgenual
anterior cingulate, temporal cortex, parietal cortex, and
cerebellum. In general, the differences in the dorsal
regions of prefrontal cortex were most obvious for the
neutral conditions, where the PI group showed greater
increases relative to baseline for neutral faces as com-
pared to the comparison group. Although we were sur-
prised to see increased prefrontal activity in the PI group,
the fact that these differences appeared for the neutral
face stimuli may reflect group differences in response to
neutral faces. In typical populations of children, neutral
faces are more likely to engage subcortical regions, like
the amygdala, than fear faces (Thomaset al., 2001a).
(Note that only the comparison group showed increased
activity in the right amygdala for neutral faces.) Given
the often inverse activity between cortical and subcorti-
cal regions, neutral faces may reduce cortical activity for
the comparison children. The PI group also showed
increased activity in temporal cortex for fearful faces.
Group differences in parietal activity are also suggested

by the Group · Trial Type interaction and the paired
comparisons between emotion and baseline. Activity in
temporal and parietal regions may reflect increased
emotional arousal that has been observed in other an-
xious developing populations (Krain, Gotimer, Hefton,
Ernst, Castellanos, Pine & Milham, 2008). The between-
group t-test showed greater cerebellar activity for the
neutral faces than the PI group. Cerebellar group dif-
ferences are consistent with recently reported cerebellar
volumetric differences identified in PI children relative to
a comparison group (Bauer, Hanson, Pierson, Davidson
& Pollak, 2009), although clearly more research is nec-
essary to interpret these findings. Thus, early adverse
caregiving is followed by differences in brain activity to
facial emotions, like fear and neutral, that includes
amygdala, frontal, temporal, parietal, cerebellar regions.

Previously we reported more errors for negatively
valenced faces in the PI group using a more difficult
behavioral version of the Emotional Face Go‡Nogo task
(shorter intertrial intervals) (Tottenham et al., 2009a). In
the present fMRI compatible version of the task (longer
intertrial intervals), we did not observe performance
differences between groups, perhaps reflecting the
decreased difficulty of the scanner version of the task.
Nonetheless, we observed increased amygdala activity to
distracter trials for the PI children relative to the com-
parison group. Similar to the vmPFC response to fearful
faces, the vmPFC response to distracter stimuli showed
greater decrease relative to baseline for the comparison
group than it did for the PI children, again indicating less
effective communication between the two regions for the
PI group. In general, the comparison group showed
greater signal increases in cortical regions including the
superior frontal gyrus, middle frontal gyrus, ventrolateral
prefrontal cortex, inferior ‡precentral gyrus, parietal
cortex, superior temporal sulcus, and fusiform gyrus to
distracter (i.e. nogo) stimuli. These frontal and parietal
regions have been implicated in cognitive control pro-
cesses (Bunge, Dudukovic, Thomason, Vaidya & Gabri-
eli, 2002; Durston, Mulder, Casey, Ziermans & van
Engeland, 2006), and the occipitotemporal regions
(fusiform gyrus and superior temporal sulcus) have been
implicated in representing the structural aspects of faces
(Haxby, Gobbini, Furey, Ishai, Schouten & Pietrini,
2001). The more robust cortical activity in the compar-
ison group suggests that they are more likely to engage
cognitive and perceptual processes than those children
with adverse caregiving histories. These differences show
that despite similar performance on the current Emo-
tional Face Go‡Nogo task (perhaps related to the
decreased sensitivity of this version of the task to detect
group differences at the behavioral level), the two groups
exhibit different patterns of neural activity and that face
distracters, regardless of valence, are effective in
increasing amygdala activity in the PI group. Thus, early
adverse caregiving is followed by differences in brain
activity to distracting social stimuli that includes amyg-
dala, frontal, temporal, parietal, cerebellar regions.
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These neural differences may lead to difficulty with self-
control in emotional contexts observed in this popula-
tion (Tottenham et al., 2009a).

It has been shown in previous PI samples (Hodges &
Tizard, 1989) that difficulty with social relationships is
common. In the current study, we examined indices of
social behavior including social competence and eye-
contact. Social competence was negatively correlated
with amygdala response to fearful faces, such that higher
amygdala response to faces was associated with lower
social competence. Eye-contact, a critical aspect of social
behavior, was also negatively correlated with amygdala
response to faces (both fear and distracters), such that
higher amygdala responses to faces were associated with
less eye-contact. This association was observed during
two independent measures of eye-contact, one with high
precision (eye-tracking) and one with ecological validity
(eye-contact during a live dyadic social interaction). As a
group, PI children made less eye-contact as measured
with eye-tracking. Importantly, amygdala activity medi-
ated the association between early rearing conditions and
the observed decreased eye-contact during childhood.
The significant contribution of amygdala activity in
explaining the association between early rearing envi-
ronment and decreased eye-contact suggests that the
often observed social difficulties in PI children (Hodges
& Tizard, 1989) are, in part, the result of amygdala
hyperactivity.

Studies in adults suggest that looking at the eye region
is particularly effective in increasing amygdala activity
(Whalen, Kagan, Cook, Davis, Kim, Polis, McLaren,
Somerville, McLean, Maxwell & Johnstone, 2004),
activity that can increase subjective experiences of neg-
ative emotion (Lanteaume, Khalfa, Regis, Marquis,
Chauvel & Bartolomei, 2007). Therefore one means of
decreasing amygdala activity may be to direct gaze away
from the most arousing aspects of stimuli (Daltonet al.,
2005; van Reekumet al., 2007). Since we found a similar
association in the current study between amygdala acti-
vation and eye-contact, one possible explanation of this
finding is that minimizing eye-contact may be an attempt
on the child•s part to regulate overarousal caused by
face-to-face interactions. In light of the critical role that
face processing plays in successful social interaction,
these findings suggest a neurobehavioral mechanism by
which early adversity is followed by poor socio-emo-
tional health. Thus, beyond social deprivation experi-
enced during institutional care, PI children continue to
have daily atypical experience with faces, a finding which
may explain the decreased fusiform activity in the PI
group, a brain region that supports developing expertise
with faces (Golarai, Ghahremani, Whitfield-Gabrieli,
Reiss, Eberhardt, Gabrieli & Grill-Spector, 2007; Tarr &
Gauthier, 2000). The eye-contact measures and parent
report of social competence used in the current study are
distal measures of social competence; however, our
findings might provide insight into the constellation of
socio-emotional atypicalities observed in children with a

history of adversity including atypical friendliness
towards unfamiliar adults, atypical affective attachments
to parents, and atypical social relationships with peers
(as reviewed in Gunnaret al., 2000).

There are many limitations of this study. We cannot
ever determine the specific events infants experience pre-
adoption, nor do we have insight into the prenatal con-
ditions or the genetic profile of this population, making
conclusive statements about causality difficult. However,
a rapidly growing literature suggests that institutional
rearing results in adverse developmental outcomes
(Colvert et al., 2008; Fries & Pollak, 2004; Johnson &
Dole, 1999; Kertes, Gunnar, Madsen & Long, 2008;
Tottenham et al., 2009a; Zeanahet al., 2009), and recent
advances in the ability to use random assignment en-
hance our ability to make claims about the directionality
of events (Zeanahet al., 2009).

Second, we cannot control the sample•s characteristics,
some of which may confound our findings. The numerous
levels of privation of the PI group present a challenge for
identifying all of the appropriate controls, and we utilize a
comparison group which differs in many ways from the PI
group. Since we cannot conclude that any one factor
caused the observed effects, the present results must be
interpreted with appropriate caution. In the current study,
the comparison group was of a similar age, sex, and IQ as
the PI group, although they differed on ethnic back-
ground, and future attempts to match on ethnic back-
ground will be necessary if amygdala activity differences
are identified between ethnically dissimilar children.
However, there are no data to suggest that ethnically Asian
individuals show elevated amygdala activity except in
cases when the elevated activity is an artifact of decreased
familiarity with the ethnicities of the models used in the
experiment (Chiao, Iidaka, Gordon, Nogawa, Bar, Ami-
noff, Sadato & Ambady, 2008; Denrtl, Habel, Robinson,
Windischberger, Kryspin-Exner, Gur & Moser, 2009).
Although, there was a high representation of girls adopted
from China in this sample, the large representation of
Chinese children may reduce some of the levels of priva-
tion typically found in samples of PI children. It has been
reported that Chinese infants are typically healthy upon
arrival at the orphanage, overwhelmingly being aban-
doned by non-impoverished two-parent households,
where the decision to abandon was most often made by the
birthfather … the primary reason for abandonment having
to do with the preference for a son (Johnson, Banghan &
Liyao, 1998). Children adopted from China are more likely
to show elevated lead levels, anemia, and hepatitis B, but
they often experience better prenatal conditions and spend
less time in institutional care than other PI children (Miller
& Hendrie, 2000). While this caregiving history is some-
what less bleak than has been reported in populations of
children adopted from Eastern European countries (Sai-
man, Aronson, Zhou, Gomez-Duarte, Gabriel, Alonso,
Maloney & Schulte, 2001), we have nonetheless observed
elevated amygdala responses in this sample. This func-
tional difference is consistent with amygdala structural
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atypicalities reported previously (Tottenhamet al., 2009a),
as well as social-emotional difficulties such as impaired
emotion regulation (Tottenham et al., 2009a) and greater
trait anxiety (Caseyet al., 2009). Many of the children in
the PI sample had a mental illness (particularly anxiety
and impulse control problems). Because children with
anxiety disorders show elevated amygdala response to
fearful faces (Thomaset al., 2001b), we performed anal-
yses removing children with anxiety disorders and found
the same results as when they were included. We were less
concerned about impulse control artifacts in the observed
amygdala activations since children with impulse control
problems (e.g. ADHD) show typical amygdala responses
to fearful faces (Marsh et al., 2008). Nonetheless, our
analyses that examined the association between continu-
ous measures of these phenotypes (both anxiety and
ADHD) showed that the heightened amygdala response
observed in the PI group was not an artificial result of these
children being included in the sample. Instead, our find-
ings suggest that the observed amygdala effects were di-
rectly associated with early adverse caregiving.

Another source of concern might be group differences
in habituation of the amygdala since amygdala response
to fearful faces in the scanner occurred after the eye-
tracking procedure (when children also saw fearful faces).
However, the two presentations of fearful faces never
occurred on the same day, and previous work in healthy
adults has shown that the amygdala response to fear does
not habituate when test sessions are separated by a period
of days or weeks (Johnstone, Somerville, Alexander,
Oakes, Davidson, Kalin & Whalen, 2005). Instead, the
response is highly stable across days. Therefore, the
chance that the initial presentation of fearful faces during
the eye-tracking resulted in a decrement in the amygdala
response during the scanner is unlikely.

These data are consistent with the hypothesis that early
life is a time when poor caregiving can have significant
long-term effects on neural development, and that these
experiences can impact socio-emotional behavior. Alter-
ations in these phenotypes following early-life adversity
appear resistant to change when measured in childhood.
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Abstract

Early adversity, for example poor caregiving, can have profound effects on emotional development. Orphanage rearing, even in
the best circumstances, lies outside of the bounds of a species-typical caregiving environment. The long-term effects of this early
adversity on the neurobiological development associated with socio-emotional behaviors are not well understood. Seventy-eight
children, who include those who have experienced orphanage care and a comparison group, were assessed. Magnetic resonance
imaging (MRI) was used to measure volumes of whole brain and limbic structures (e.g. amygdala, hippocampus). Emotion
regulation was assessed with an emotional go-nogo paradigm, and anxiety and internalizing behaviors were assessed using the
Screen for Child Anxiety Related Emotional Disorders, the Child Behavior Checklist, and a structured clinical interview. Late
adoption was associated with larger corrected amygdala volumes, poorer emotion regulation, and increased anxiety. Although
more than 50% of the children who experienced orphanage rearing met criteria for a psychiatric disorder, with a third having an
anxiety disorder, the group differences observed in amygdala volume were not driven by the presence of an anxiety disorder. The
findings are consistent with previous reports describing negative effects of prolonged orphanage care on emotional behavior and
with animal models that show long-term changes in the amygdala and emotional behavior following early postnatal stress. These
changes in limbic circuitry may underlie residual emotional and social problems experienced by children who have been
internationally adopted.

Introduction

According to data published by the US Department of
State, approximately twenty thousand infants and
children are adopted from abroad each year … a trend
that has increased steadily over the past 15 years. With
this growing number of adopted children in the US has
come a new wave of studies on the effects of orphanage
rearing and growing concerns on the long-term
consequences of such early experiences (Ames, 1990).
As outlined by Gunnar, Bruce and Grotevant (2000), the
social-emotional behavioral domain, including attach-

ment relationships (Smyke, Dumitrescu & Zeanah,
2002), peer interactions, and emotion regulation
(Hodges & Tizard, 1989), is a common area of concern
for previously institutionalized (PI) children. In a sample
of Romanian children, emotional behavior with peers
was disrupted even in children adopted before 4 months
of age who showed resilience in other non-emotional
developmental domains (Ames, 1997). Diagnostically,
PI children have an increased prevalence of anxiety
disorders (Ellis, Fisher & Zaharie, 2004). Such emotional
difficulties may reflect a more general problem of
heightened emotional reactivity. These socio-emotional
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profiles may be ameliorated by living with post-adoption
families, but subtle effects tend to remain well into
adolescence (Hodges & Tizzard, 1989), a finding that
suggests that there may be long-term changes in neural
systems associated with processing emotional
information following orphanage care.

Even in the best institutions, orphanage care is outside
the bounds of species-typical caregiving. As described by
Gunnar and colleagues (2000; Gunnar & van Dulmen,
2007), the caregivers are paid employees who rotate shifts
and are in charge of an overwhelming number of children
(sometimes as high as 20 children:1 caregiver), resulting in
continuous instability of caregiving for an infant, and the
caregiving in an orphanage lacks in terms of both quality
and quantity (Smyke, Koga, Johnson, Fox, Marshall,
Nelson, Zeanah & Group, 2007). Lackof a stable caregiver
is a potent stressor for the human infant (Johnson, 2002).
In fact, unstable caregiving in an otherwise enriched
environment (e.g. high staff-to-child ratios, stimulating
toys), is sufficient to alter social and emotional
behavior years after adoption (Hodges & Tizard, 1989).
Studying the emotional development of children who had
been institutionalized during infancy and have
subsequently been removed from this environment
allows us to ask questions regarding the long-term
correlates of early adversity (which is often difficult to
separate from later-life adversity) in a human sample.

Impact of adversity on emotional processing

Individuals with a history of maltreatment have
difficulty regulating their emotions in the context of
threatening stimuli (Pollak, Vardi, Putzer Bechner &
Curtin, 2005). There is evidence to suggest that the
difficulties arise in part because of enhanced processing
of negatively valenced information. Maltreated children
show a greater attentional bias for negatively valenced
stimuli in a dot-probe task (Dalgleish, Moradi, Taghavi,
Neshat-Doost & Yule, 2001), a processing bias for
threatening stimuli, as measured by decreased amount
of perceptual information needed to recognize threat
(Pollak & Sinha, 2002), and an increased amplitude of
the N170, an event-related potential sensitive to facial
expressions (Blau, Maurer, Tottenham & McCandliss,
2007), for fear faces (Parker & Nelson, 2005). The
emotional weight negatively valenced stimuli carry for
individuals with a history of early adversity can result in
emotion regulation difficulties (Williams, Mathews &
MacLeod, 1996). Such findings suggest that life
stressors increase the emotional salience of negative
information, making it more difficult for these
individuals to regulate behavior in the context of
negative information.

This processing bias for negatively valenced
information increases the risk of developing an anxiety
disorder. It has been shown that both anxious adults
(Bradley, Mogg, White, Groom & de Bono, 1999;
Derryberry & Reed, 2002) and anxious children (Vasey,

el-Hag & Daleiden, 1996) have this bias. Even in a non-
referred population of children, higher trait anxiety
produces faster search times for threatening faces
(Hadwin, Donnelly, French, Richards, Watts & Daley,
2003). Thus, both anxious individuals and those with a
history of adversity are more affected by negative
information in such a way that perception and
orientation toward negative information is enhanced.
The neurobiological systems that support these changes
in behavior have largely been investigated in animal
models. In this article, we present neurobiological and
behavioral data that show a relationship between early-
life adversity and changes in anxiety-related phenotypes
within a population of children.

Animal models of deprivation have provided evidence
within a laboratory-controlled setting that the quality of
an environment has drastic, long-lasting effects on
behavior (Greenough, Black & Wallace, 1987;
Greenough, Hwang & Gorman, 1985; Greenough,
McDonald, Parnisari & Camel, 1986). The large
numbers of changes that occur early in development
make this period of life particularly sensitive to
environmental effects. Poor or non-existent maternal
care produces lifelong alterations in emotion regulation,
as evidenced by increased stress reactivity and fearful
behavior in the offspring in rodents (Caldji,
Tannenbaum, Sharma, Francis, Plotsky & Meaney,
1998; Francis, Champagne, Liu & Meaney, 1999;
Huot, Thrivikraman, Meaney & Plotsky, 2001) and in
non-human primates that experience stressors while
parenting (Rosenblum, Forger, Noland, Trost & Coplan,
2001). Other work has examined the effects of
manipulating timing of maternal separation on
emotion regulation and showed that while all
maternally deprived juvenile rhesus monkeys show
increases in anxious behaviors, the timing of maternal
deprivation has specific effects on subsequent socio-
emotional behavior (Nelson, Bloom, Cameron, Amaral,
Dahl & Pine, 2002). The effects of stress on emotional
behavior may be mediated by morphologic and
neurofunctional changes that follow stressful
experiences. These neural phenotypes may, in part,
account for the anxiety and emotion regulation
difficulties that often characterize the behavior of PI
children (Smyke et al., 2002).

Impact of adversity on limbic regions

Stressful experiences produce specific changes in the
brain, particularly in limbic regions like the amygdala
and hippocampus (McEwen, 2004). The amygdala, a
structure implicated in processing and responding to
emotional information (Davis & Whalen, 2001), has been
shown to be important in learning about the emotional
environment and safety of that environment. In adult
animals, psychological stressors or direct administration
of stress hormones increases dendritic arborization and
formation of new spines (Mitra, Jadhav, McEwen, Vyas
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& Chattarji, 2005; Vyas, Bernal & Chattarji, 2003; Vyas,
Mitra, Shankaranarayana Rao & Chattarji, 2002) and
activity of the amygdala (Rosen, Hamerman, Sitcoske,
Glowa & Schulkin, 1996; Rosen & Schulkin, 1998).
Early-life stress has long-term effects, and rat pups who
were separated from their mothers during the neonatal
period show greater amygdala response to stress as
adults than non-separated rats (Sanders & Anticevic,
2007). In contrast, stress decreases hippocampal
arborization in rodents (Vyas et al., 2002). Decreased
hippocampal volumes have been observed in adult
humans who have experienced high levels of stress or
trauma (Bremner, Randall, Scott, Bronen, Seibyl,
Southwick, Delaney, McCarthy, Charney & Innis, 1995;
Bremner, Randall, Vermetten, Staib, Bronen, Mazure,
Capelli, McCarthy, Innis & Charney, 1997; Gurvits,
Shenton, Hokama, Ohta, Lasko, Gilbertson, Orr,
Kikinis, Jolesz, McCarley & Pitman, 1996), although
not all studies show this association (Bonne, Brandes,
Gilboa, Gomori, Shenton, Pitman & Shalev, 2001;
De Bellis, Keshavan, Clark, Casey, Giedd, Boring,
Frustaci & Ryan, 1999). Smaller hippocampal volumes
have not been reported in children with early-life stress;
in fact, one report shows larger hippocampal volume in
previously stressed children (Tupler & De Bellis, 2006).
Animal models suggest that differences in hippocampal
volumes attenuate once the stressor has ended, unlike the
stress-related growth in amygdala volume, which seems
more resistant to recovery (Vyas, Pillai & Chattarji,
2004). Based on this recovery effect and the lack of
evidence of smaller hippocampal volume in previously
stressed children, we predict that amygdala changes, but
not necessarily hippocampal ones, will be observed in PI
children who have been adopted out of orphanages into
families.

Consistent with these data from animal models of
stress, neuroimaging studies show that stress and trauma
affect amygdala structure and function in humans.
Previously stressed adults have exaggerated amygdala
responses to threatening stimuli relative to nonstressed
comparison groups (Liberzon, Taylor, Amdur, Jung,
Chamberlain, Minoshima, Koeppe & Fig, 1999; Rauch,
Whalen, Shin, McInerney, Macklin, Lasko, Orr &
Pitman, 2000; Shin, Wright, Cannistraro, Wedig,
McMullin, Martis, Macklin, Lasko, Cavanagh,
Krangel, Orr, Pitman, Whalen & Rauch, 2005). Given
the amygdala•s role in monitoring the environment for
emotional significance (Dolan & Vuilleumier, 2003),
these findings would predict more anxious and vigilant
behavior in stressed individuals.

A large literature suggests that the amygdala is the
mediating agent between environmental stress and
subsequent self-regulation difficulties, like anxiety and
mood disorders. Amygdala volumes are atypically
larger and more reactive in anxious children and
adolescents relative to typically developing individuals
(De Bellis, Casey, Dahl, Birmaher, Williamson, Thomas,
Axelson, Frustaci, Boring, Hall & Ryan, 2000;

MacMillan, Szeszko, Moore, Madden, Lorch, Ivey,
Banerjee & Rosenberg, 2003; Thomas, Drevets, Dahl,
Ryan, Birmaher, Eccard, Axelson, Whalen & Casey,
2001), they are larger in adults at the first episode of
depression relative to non-depressed adults (Frodl,
Meisenzahl, Zetzsche, Bottlender, Born, Groll, Jager,
Leinsinger, Hahn & Moller, 2002), and amygdala
volumes positively correlate with levels of anxiety in
adults (Barros-Loscertales, Meseguer, Sanjuan, Belloch,
Parcet, Torrubia & Avila, 2006). Taken together, the
behavioral and neurobiological evidence suggests that
adversity is followed by atypical amygdala development
and these differences result in greater reactivity to
emotional information. Better understanding of how
the environment impacts the neurobiological systems
that support emotional reactivity provides insight into
the etiology of anxious behaviors following stress.
However, the varying times and durations of the
stressful events in most studies make it unclear how
timing played a role in the observed effects, and imaging
studies of stressed or anxious populations do not
consistently find larger amygdala volumes (Bremner
et al., 1997; Lindauer, Vlieger, Jalink, Olff, Carlier,
Majoie, den Heeten & Gersons, 2004; Schmahl,
Vermetten, Elzinga & Bremner, 2003; Wignall, Dickson,
Vaughan, Farrow, Wilkinson, Hunter & Woodruff, 2004).
The strength of studying a group of internationally
adopted children is that the timing of the adverse
experience is known and is temporally discrete.

To get at this issue of timing, studies of PI children
have often made distinctions between early and late
adoptions because duration of institutionalization affects
outcome. The cut-off age has varied from study to study
and has included early infancy (O•Connor & Rutter,
2000), 1 year old (van Ijzendoorn & Juffer, 2006), and
2 years old (Gunnar & van Dulmen, 2007; Rutter &
O•Connor, 2004). These varying ages suggest that there
may not be one critical cut-off age of adoption, but the
impact of the cut-off age may differ depending on the
outcome measure. The current study places the split
between early and later adoptions at the median age of
adoption.

The current study used structural magnetic resonance
imaging (MRI) to examine the development of limbic
structures including the amygdala and hippocampus
(controlling for cortical size) with relative specificity to a
control structure (caudate), following a discrete period of
early-life stress. In addition we measured emotion
regulation with an emotional go-nogo behavioral
paradigm (Hare, Tottenham, Davidson, Glover &
Casey, 2005; Hare, Tottenham, Galvan, Voss, Glover &
Casey, 2008; Ladouceur, Dahl, Williamson, Birmaher,
Axelson, Ryan & Casey, 2006), shown to recruit the
amygdala (Hareet al., 2005, 2008), and measured clinical
status using parental reports of individual differences in
anxiety symptoms and internalizing behaviors. We
hypothesized that longer exposure to orphanage rearing
would be associated with larger amygdala volume and
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greater difficulties in regulating behavior in the context
of emotional information. Moreover, we predicted that
amygdala volume would be related to these behavioral
difficulties and to higher levels of anxiety.

Method

Subjects

The seventy-eight children (38 PI children and 40
comparison, never-institutionalized children) who
participated are described in Table 1. Of the 38 total
PI children, 53% met criteria for at least one
psychiatric disorder, and specifically 18% of the PI
children met criteria for an anxiety disorder. Figure S1
shows that diagnosis was equally represented across the
three analyses for the total sample, the sample with
MRI data, and the sample with behavioral data. The
PI children in our sample had parents whose yearly
income was comparable to the parents of the
comparison group (see Table 2), and both groups had
a household income that was well above the median
annual household income in the United States
($48,201; US Department of State, 2008), a high
socio-economic profile similar to that described in a
Minnesotan population (Hellerstedt, Madsen, Gunnar,
Grotevant, Lee & Johnson, 2008). Age adopted out of
the orphanage was negatively correlated with time
spent with family (r(36) = ) 0.39, p < .02), positively
correlated with duration of time in the orphanage
(r(36) = 0.91, p < 10) 6), but showed no relationship
with age at testing (r(36) = 0.22, ns). Not all children
completed both behavioral and MRI portions of the
study as a result of a number of factors (e.g. motion
artifact, fatigue, running out of time during the
session) and thus the participants that were entered
into each analysis are described below in detail.

Neuroimaging data

Imaging data were successfully collected from 62 children
(34 PI and 28 comparison). As seen in Table 1, the
groups were similar to each other in terms of sex and age.
Because age at adoption is a variable of interest, this
variable was examined continuously and also examined
dichotomously by forming two subgroups of the PI
children, split at median age of adoption (15 months).
This split resulted in a group of 17 early-adopted
children (15 girls, two boys; 16 from Asia, one from
Eastern Europe) and 17 late-adopted children (10 girls,
seven boys; 11 from Asia, six from Eastern Europe), and
these two groups did not differ in age at testing
(t(32) = 0.06, ns; early-adopted mean age = 101.4
months, SD = 21.3 and late-adopted mean age = 101.8
months, SD = 23.7). The comparison group was also
divided into two subgroups that were made as similar as
possible to the two PI subgroups on age and sex (14 T
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children (13 girls, one boy) in the comparison group for
the early-adopted PI children and 14 children (10 girls,
four boys) in the comparison group for the late-adopted
PI children).1 The mean age of the comparison group for
the early-adopted children was 117.8 (SD = 21.3)
months, which was older than the early-adopted PI
children by approximately 16 months (t(29) = 2.13,
p < .05). The mean age of the comparison group for
the late-adopted children was 109.4 (SD = 31.1) months,
which was not significantly different from the late-
adopted children (t(29) = 0.77,ns). The early-adopted PI
group had been living with their families for an average
of 92.0 months (SD = 21.9; range: 55.4…134.3) at the
time of testing, which was significantly longer than the
late-adopted PI group had been living with their families
(mean: 73.0 months;SD = 19.4; range: 43.1…97.8) at the
time of testing (t(32) = 2.68,p < .05).

Behavioral data

Complete behavioral data were collected from 46
children (19 PI and 27 comparison), and characteristics
of these children are provided in Table 1. As seen in
Table 1, the groups were similar to each other in terms of
sex and age.

As with the neuroimaging analyses, PI children were
identified as either early or late adopted based on a
15-month age of adoption cut-off, which resulted in a
group of late-adopted PI children (n = 12); it was our
opinion that the remaining early-adopted children
(n = 7) were too few to perform statistical tests. Of the
12 late-adopted PI children (eight female and four male),
seven were born in Asia and five were born in Eastern
Europe. Mean age at testing was 98.8 months old
(SD = 22.8), which was not significantly different from
the 12 children (eight female, four male) used in the
comparison group (mean age = 111.1 months (SD =
23.9); t(22) = 1.28,ns).

There were 30 children (15 PI (10 girls, five boys), and
15 comparison (10 girls, five boys)) who provided
complete neuroimaging and data from the behavioral
task. Average age of the PI children who completed the
behavioral task and the imaging procedure was
107.44 months (SD = 17.87), which was not signifi-
cantly different from the comparison children (mean
age: 114.80 months; SD = 29.18; t(28) = 0.83, ns).
Twelve of these PI children were from Asia, and three
were from Eastern Europe.

Analyses were performed to examine the association
between internalizing behaviors‡ anxiety and amygdala
volume across PI and comparison children (complete
magnetic resonance imaging (MRI) and Child Behavior
Checklist (CBCL; Achenbach, 1991) data were obtained
from 43 children (30 PI (22 girls and eight boys; mean
age = 101.50 (SD = 22.72); 24 born in Asia and six born
in Eastern Europe)); 13 comparison (nine girls and four
boys; mean age = 112.34 months (SD = 30.52)), and
complete MRI and SCARED (Screen for Child
Anxiety Related Emotional Disorders) data were
obtained from 25 children (22 PI (17 girls and five
boys; 103.81 months (SD = 22.02); 17 born in Asia and
five born in Eastern Europe); three comparison (one girl
and two boys; mean age = 152.54 (SD = 33.74)).2

Measures

Structured interview

Diagnostic information was obtained using a structured
interview with the parent (Schedule for Affective
Disorders and Schizophrenia for School-Age Children -
Parent version; Orvaschel, 1994). In addition, all subjects
participated in IQ testing using the WASI (Wechsler
Abbreviated Scale of Intelligence; Wechsler, 1999).

Internalizing and anxiety questionnaires

Parents completed the CBCL (Achenbach, 1991), an
instrument that measures internalizing and externalizing
behaviors on a continuum and has been shown to be
reliable and valid, and they also completed the Screen for
Child Anxiety Related Emotional Disorders (SCARED),
a parent-report instrument that measures anxious
behaviors on a continuum and has been shown to be
reliable and valid (Birmaher, Brent, Chiappetta, Bridge,
Monga & Baugher, 1999).

Behavioral task

The emotional go-nogo paradigm was employed to
measure self-regulation in emotional contexts. The task

Table 2 Yearly household income of the families of the
comparison and PI children

Yearly income $ Comparison PI

10,000…40,000 14% 10%
40,001…85,000 7% 22%
85,001…150,000 29% 28%
150,001…200,000 36% 18%
more than 200,000 14% 24%

1 Previous cross-sectional data indicate that while some
volumetric development occurs between the ages of 4 and 18
years old (Giedd, Vaituzis, Hamburger, Lange, Rajapakse,
Kaysen, Vauss & Rapoport, 1996), the change occurred in male
children and was not observed in female children. The majority
of the children in the current sample are also female, and
therefore, we were less concerned with age-related changes over
a 16-month period. Nonetheless, analyses are described in the
Results section to address the age di�erence.

2 SCARED data were obtained from only a subsample of
participants because this measure was collected after the start
of the study.
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requires the subject to either rapidly detect emotional
(either positively or negatively valenced) faces amidst a
series of neutral face distractors or to detect neutral
faces amidst a series of emotional face distractors
(Hare et al., 2005, 2008; Ladouceuret al., 2006). Faces
with negative (fearful, sad, or angry) or positive
(happy) valence were paired with neutral faces, and
depending on the block, either the emotional or the
neutral faces were the distractor stimuli (Figure 1). The
set of stimuli consisted of pictures of eight adults
(Ekman & Friesen, 1976). Stimulus duration was
500 milliseconds with an interstimulus interval of
1500 msec. Targets were presented with 70%
probability. These data were collected outside of the
scanner environment. Children were instructed at the
beginning of each of eight randomized blocks of 30
trials to press a button to a named facial expression but
told not to press to other expressions. They were
provided with practice blocks to ensure that they could
perform the task.

MRI acquisition

Magnetic resonance imaging was performed using a GE
1.5 Tesla Unit and a 3 Tesla Unit3 (Signa System,
General Electric Medical Systems, Milwaukee, WI). A
sagittal scout series verified patient position. A three-
dimensional spoiled gradient recalled acquisition was
used to obtain 124 contiguous images with slice thickness
of 1.5 mm in the coronal plane (time of echo = 5, time of
repetition = 25, flip angle = 40� , acquisition matrix =
256 · 256, number of excitations = 1, field of view =
24 cm).

Procedure

Parents of participants gave written consent in
accordance with procedures approved by the Institu-
tional Review Board of the Weill Cornell Medical
College. In addition, children provided both verbal and
written assent to participate. Participants and their
parents took part in a two-day protocol. On the first
day the behavioral task was administered to children,
the structured interview and questionnaires were
administered to parents, and children practiced MRI
scanning within a mock scanner. On the second day,
MRI scanning occurred while children were occupied by
a movie of their choosing.

Morphometric analysis

The automated procedures for volumetric measures of
the different brain structures are described in detail by
Fischl et al. (Fischl, Salat, Busa, Albert, Dieterich,
Haselgrove van der Kouwe, Killiany, Kennedy,
Klaveness, Montillo, Makris, Rosen & Dale, 2002;
Fischl, Salat, van der Kouwe, Makris, Segonne, Quinn
& Dale, 2004). This procedure automatically assigns a
neuroanatomical label to each voxel in an MRI volume
based on probabilistic information estimated from a
manually labeled training set. The classification
technique employs a non-linear registration procedure
that is robust to anatomical variability, including the
reduced ventricle size of a pediatric population. The
segmentation uses three pieces of information to
disambiguate labels: (1) the prior probability of a given
tissue class occurring at a specific atlas location, (2) the
likelihood of the image given the tissue class, and (3) the
probability of the local spatial configuration of labels
given the tissue class. The technique has previously been
shown to be comparable in accuracy to manual labeling.
The segmentations were visually inspected for accuracy
by a single operator, and edited when necessary.

Figure 1 Temporal layout of one block where subjects were instructed to only press a button for the neutral faces and withhold
pressing to other expressions. In this example, neutral faces are the target stimuli and faces with negative valence are the distractor
stimuli.

3 The results obtained in this study were consistent across the
two scanner environments. We provide evidence for the inter-
scanner reliability in the Results section.
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Figure 2a shows the anatomical segmentation of the
amygdala from neighboring structures, which is often
difficult to segment manually.

Calculation of behavioral data

We calculated separate reaction times and percentage
correct scores ((hits) false alarms)‡total trials) · 100)4

for facial expressions with positive and negative valence.
Reaction time averages were calculated only from correct
trials, and outliers (more than 3 SDs from the mean)
were removed.

Results

Morphometry

Overall cortical volume did not significantly differ
between PI children (mean volume = 1,193 cm3,
SD = 125) and comparison children (mean
volume = 1,232 cm3, SD = 105; t(60) = 1.32, ns), nor
was cortical volume related to age of adoption (F(1,
33) = 1.33, ns). All regional volumes reported below
control for total cortical volume (i.e. by dividing regional
volume by cortical volume) and current age. Because
diagnosis could influence the results, its role was
examined as well.

Regional volumes for the PI children relative to the
comparison group were examined. An alpha of 0.02
(0.05‡3) was used to correct for multiple comparisons.
Volumetric measurements (mean adjusted volume (SD))
did not differ for the amygdala (t(60) = 1.32,ns; 0.00277
(0.00039) and 0.00290 (0.00032)), the hippocam-
pus (t(60) = 0.71, ns; 0.00689 (0.00064) and 0.00677

(0.00070)), or the caudate (t(60) = 0.64, ns; 0.0066
(0.0006) and 0.0064 (0.0009)) between comparison and
PI children, respectively. However, when early-adopted
children were distinguished from later-adopted children
(i.e. less than 15 months old vs. more than 15 months old
at time of adoption, respectively), a one-way ANOVA
showed a difference between the four groups (early-
adopted PI, late-adopted PI, comparison for early-
adopted PI, and comparison for late-adopted PI) for
the amygdala (Figure 2b;F(3, 61) = 4.24,p < .009), but
not for the hippocampus (F(3, 61) = 0.32, ns) or the
caudate (F(3, 61) = 0.14, ns). Post-hoc tests (LSD)
showed that later-adopted PI children had significantly
larger adjusted amygdala volumes than the early-adopted
group and the comparison groups.5 Adjusted amygdala
volume did not differ between the early-adopted children
and the comparison groups.6

(b)(a)

Figure 2 Morphometric segmentation across groups. (a) Anatomical segmentation of the amygdala (in aqua) from neighboring
structures. (b) Adjusted volumes by group. Children who had been adopted out of the orphanage at older ages (> 15 months old) had
larger amygdala volumes than early-adopted children (< 15 months old) and comparison children, who did not differ from each
other.

4 We also calculated sensitivity using ad-prime score showing
a similar pattern of results, but d-prime cannot be accurately
calculated when there is very high hit or false alarm rate.

5 The early-adopted PI group is 16 months younger than their
comparison group. Although this age di�erence is not expected
to result in amygdala volumetric di�erences, we compared the
age of the early-adopted PI group with the age of the
comparison group used for the late-adopted PI group (since
amygdala volume did not di�er between these two groups
either). Age was not signi“cantly di�erent (t(29) = 0.85, ns).
Therefore, we are con“dent that the lack of volumetric
di�erence between the early-adopted PI group and their
comparison group was not the artifact of a 16-month age
di�erence.
6 These same statistical analyses were run separately for those
data collected in the 1.5T scanner and the 3T scanner, although
the number of subjects provides little statistical power. The
pattern obtained when the data were collapsed is the same
pattern observed when the data are split for the scanner that
was used for data collection. A one-way ANOVA showed a
di�erence between groups for the amygdala in both the 1.5T
(trend: F(2, 23) = 2.73, p = .09) and 3T scanner (F(2,
37) = 7.74, p < 0.002), but not for the hippocampus (F(2,
23)= 1.04, ns; F(2, 37) = 0.03, ns, 1.5T and 3T scanners,
respectively) or the caudate (F(2, 23) = .05, ns; F(2,
37) = 1.18, ns, 1.5T and 3T scanners, respectively).
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Length of time in orphanage

The association between amygdala volume and length of
orphanage stay was examined with regression analysis
within the PI group of children. Adjusted amygdala
volume was associated with age adopted out of the
orphanage (Figure 3; F(1, 33) = 8.43, p < .007), an
association that also held when current age was
controlled for using partial correlation (r(31) = 0.54,
p < .001).7 Because IQ was also correlated with age
adopted out of the orphanage (r(32) = ) 0.34, p < .05),
partial correlations were performed and showed that the
association between age adopted out of the orphanage
and amygdala could not be explained by IQ
(r(31) = 0.37, p < .05). The association was not driven
by children with anxiety disorders either (De Belliset al.,
2000), for when children with anxiety disorders were
removed from the analysis, the association between age
adopted and adjusted amygdala volume remained (F(1,
25) = 7.26,p < .05).

Behavior

Separate repeated measures ANOVAs were performed on
reaction time and percentage correct, with valence
(positive, negative) and emotional stimulus type (target,
distractor) as the within subjects variables and group (PI,
comparison) as the between subjects variable.

Reaction time

There was a main effect of valence (F(1, 44) = 8.79,
p < .005) such that mean reaction times were slower
during blocks of faces with negative valence
(mean = 526.04 msec,SD = 18.43) than with positive
valence (mean = 498.69 msec,SD = 16.29). There was
an interaction between valence and stimulus type (F(1,
44) = 16.25,p < .0001) where reaction times were fastest
to faces with positive valence when they were the
target stimuli (mean = 481.75 msec,SD = 111.64); mean
reaction time during blocks with positive valenced
distractors was 511.94 msec (SD = 115.02), mean react-
ion time during blocks with negqatively valenced targets
was 531.35 msec (122.35), and mean reaction time
during blocks with negatively valenced distractors was
518.43 msec (130.04). There was an interaction between
valence, stimulus type, and group (F(1, 44) = 7.84,
p < .008). Post-hoc t-tests showed that the PI children
were more likely than the comparison children to modify
reaction time depending on the valence (positive vs.
negative) and the stimulus type (target vs. distractor)
such that whichever face in the block was relatively more
negative resulted in a slowed reaction time (Figure 4). In
other words, PI children tended to slow reaction times to
positively valenced blocks when pressing to neutral faces
(i.e. positively valenced faces were the distractor stimuli)
relative to when they were pressing to positively valenced
faces (t(18) = 3.43, p < .005). To a lesser degree,
although still reliably, PI children tended to slow
reaction times more to negatively valenced blocks when
pressing to the negative face relative to when they were
pressing for the neutral faces (i.e. negative faces were the
target; t(18) = 2.16, p < .05). However, the comparison
group showed no modulation of reaction time as a
function of whether the emotional faces were the target
or the distractor stimuli (positive target vs. distractor
t(26) = 1.00, ns; negative target vs. distractor t(26) =

Figure 4 Reaction time for emotional faces as targets and
distractor stimuli by group. PI children had relatively slower
reaction times for neutral faces in the presence of distractor
faces with positively valence and relatively faster reaction
times for neutral faces in the presence of distractor faces with
negative valence.

Figure 3 Age of adoption and amygdala volume. The older
children were when adopted out of the orphanage, the larger
their amygdala volume. This association exists even when the
child adopted at 60 months old is removed from the analysis.

7 This association between age adopted and amygdala volume
was observed even when the child who was adopted at 60
months of age was removed from the analysis (F(1, 32) = 5.46,
p < .03) and when only children from Asia were included in
the analyses (F(1, 26) = 7.58, p < .015).
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0.26, ns). There were no other main effects or
interactions. There was no relationship between reaction
time to positive faces and amygdala volume
(r(28) = 0.28), negative faces (r(28) = 0.10), neutral
faces in the context of positive faces (r(28) = 0.08),
or neutral faces in the contact of negative faces
(r(28) = 0.04).

Percentage correct

High percentage correct scores on the emotional go-nogo
task was an indication that the subject had high hit rates
while controlling for number of false alarms. When all
children were included in the analyses, there was a main
effect of valence (F(1, 44) = 36.34, p < .0001) and
stimulus type (F(1, 44) = 9.68,p < .003) on percentage
correct such that performance was more accurate during
blocks that included positive facial expressions
(mean = 82.87%,SD = 1.49) than it was during blocks
that included negative facial expressions
(mean = 75.56%, SD = 1.37) and performance was
more accurate during blocks when emotional faces
were the target stimuli (mean = 81.07%,SD = 1.39)
than when they were the distractor stimuli
(mean = 77.43%, SD = 1.44). When only the late-
adopted PI children and their comparison group were
included in the analysis, the main effect of valence
remained (F(1, 22) = 22.02, p < .0001) on percentage
correct such that performance was more accurate during
blocks that included positive facial expressions (mean =
82.50%, SD = 2.12) than it was during blocks that
included negative facial expressions (mean = 74.72%,
SD = 1.77). Additionally, there was an interaction
between valence and group (F(1, 22) = 4.79, p < .05)
such that the PI children made more errors than the
comparison group specifically during blocks that
contained negative faces but performed like the
comparison group for blocks with positive faces
(Figure 5). There were no other main effects or
interactions on percentage correct.

Whether there was an association between accuracy for
negative faces and amygdala volume was examined for all
children (PI and comparison). There was a trend for
larger amygdala volumes to be associated with more
errors (i.e. lower percentage correct) during blocks that
contained negative face distractors relative to
performance on the positive faces (accuracy during
blocks with negative distractors ) accuracy during
blocks with positive distractor; r(28) = ) 0.34,p = .06).

Length of time in orphanage

The association between age of adoption and behavior
on the emotional go-nogo task was examined within the
PI group. Separate linear regression analyses with age
adopted out of orphanage were performed on reaction
time and percentage correct scores during blocks of
positive and negative faces. There were no effects of age

adopted on reaction time (F(2, 18) = 1.29,ns) or percent
correct (F(2, 18) = 0.38, ns). Because of the group
differences in percentage correct to negative faces
described above, false alarm and omission rates were
also examined using linear regression within the PI group
to investigate the source of the increased errors. These
analyses showed that age adopted out of the orphanage
was associated specifically with the number of false
alarms to negative expressions (F(2, 18) = 4.27,p < .05;
beta = 0.59), and not to positive expressions (beta =
) 0.01), and age of adoption was also not associated with
errors of omission for faces with positive or negative
valence (F(2,18) = 0.11,ns).

Relationship between internalizing‡anxious behaviors
and amygdala volume

Analyses were performed to examine the association
between internalizing behaviors‡ anxiety and amygdala
volume across PI and comparison children. Internalizing
behaviors‡ anxiety scores from the PI and comparison
group were not directly compared because internalizing
behaviors‡anxiety data were obtained from only a small
fraction of the comparison children. Separate linear
regression analyses showed that amygdala volume
predicted parental ratings of internalizing behaviors as
measured by the CBCL as shown in Figure 6 (F(1,
42) = 9.18, p < .004) and anxiety as measured by the
SCARED (F(1, 24) = 5.69,p < .03).

Discussion

The goal of this study was to examine the development
of limbic structures and emotional behavior in children
who experienced early-life adversity. An advantage of
studying a population of children who have experienced

Figure 5 Sensitivity on the face go-nogo by group. Late-
adopted PI children made more errors during blocks that
contained negatively valenced faces than the comparison
children, but showed no group difference in responses to
positive valence.

Previous institutionalization 9

� 2009 The Authors. Journal compilation � 2009 Blackwell Publishing Ltd.



orphanage care and have subsequently been adopted by
families is that the period of that particular adversity is
temporally discrete and the end date for the adversity is
known. Therefore, we are able to examine the effects of
timing of early-life stress on the developing emotional
system. It was hypothesized that longer stays in an
orphanage would be associated with atypical limbic
development and associated emotion regulation
difficulties, including anxiety. In general, the data from
this study support this hypothesis.

We provide evidence that long periods of orphanage
rearing are associated with alterations in neuro-
anatomical development. Specifically, children who had
remained in orphanage care for the longest amount of
time had amygdala volumes (cortex-corrected) that
exceeded those of comparison children. These data
suggest that the type of caregiving present in
orphanages may act as a psychological stressor for an
infant and alter the developmental trajectory of a major
neuroanatomical system involved in emotion processing.
What is striking about the data from the current study is

that the effects of adversity are observed years after
termination of the adversity, similar to what has been
shown in animal models of stress and recovery (Vyas
et al., 2004). In these animal studies the hippocampus,
but not the amygdala, recovers from its dendritic
shrinkage, and this recovery may explain why only a
non-significant trend for smaller hippocampus volume
was observed in the PI group. The comparison group for
the early-adopted PI group was approximately 1 year
older than the early-adopted PI children. Measurable
amygdala development during a year was not expected
and therefore, the age difference is not concerning.
Moreover, amygdala volume did not differ between the
early-adopted group and a comparison group that did
not differ in age.

Developmental outcome for children who experience
orphanage rearing is impacted by the length of time a
child is there, with longer stays generally associated with
psychiatric disturbances (Beckett, Maughan, Rutter,
Castle, Colvert, Groothues, Kreppner, Stevens,
O•Connor & Sonuga-Barke, 2006; Durfee & Wolf,
1933; Rutter, 1998; Rutter & O•Connor, 2004). The
current study examined likely biological substrates that
underlie these dose-related effects on emotional behavior.
There is no appropriate control group for PI children
since there are a number of variables that could differ
between groups. Therefore, by comparing within the PI
group, with age adopted out of the orphanage as an
independent variable in the regression analyses, we in
part control for this variability and compare within the
PI group along this influential variable. Age adopted out
predicted amygdala volume in a dose-related fashion,
where longer periods of orphanage rearing were related
to larger amygdala volumes (cortex-corrected), a pattern
which is highly consistent with the earlier described
animal models that have shown a causal link between
early-life stress and subsequent emotional behavior.
Although Gunnar and colleagues (2007) have shown
that children adopted from Eastern Europe are at greater
risk for developing behavior problems and in the current
sample children from Eastern Europe tended to be
adopted at older ages, the association between age
adopted out and amygdala volume remained even when
only children adopted from Asia were included in the
analyses.

In contrast, prolonged stress typically results in a
decrease in structure and function (see Bremner, 2006,
and McEwen, 2007, for a review of the literature), a
phenotype which shows recovery once the stressor period
has ended (Vyaset al., 2004), even when that stress is
experienced early in life (Yang, Hou, Ma, Liu, Zhang,
Zhou, Xu & Li, 2007). Similarly, in the current study,
the difference in hippocampal measurements between
PI and comparison children did not reach statistical
significance, perhaps as a result of the overwhelming
enrichment PI children typically receive in homes relative
to orphanages. The lack of hippocampal and caudate
differences also highlights the specific long-term

(a) 

(b) 

Figure 6 Amygdala volume association with internalizing
behavior and anxiety. Larger amygdala volumes were
associated with (a) higher ratings of internalizing behaviors as
measured by the CBCL and (b) number of anxiety symptoms as
measured by the SCARED inventory.
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association between stress and the amygdala.
Alternatively, hippocampal changes following stress
may be masked during childhood. Studies do not find
stress-induced hippocampal shrinkage in children,
although adults who experienced stress as children
show decreased hippocampal volume (Bremner,
Vythilingam, Vermetten, Southwick, McGlashan,
Nazeer, Khan, Vaccarino, Soufer, Garg, Ng, Staib,
Duncan & Charney, 2003). Perhaps developmental
change in hippocampal volume prevents observation of
stress-induced changes in hippocampus as measured by
MRI. Indeed, most of the children in the current study
were female, and in typical female subjects hippocampal
volume tends to show developmental change during
childhood and adolescence (Gieddet al., 1996), while
amygdala volumes tend not to show development change
as measured by structural MRI.

We used an emotional go-nogo task to measure
individual differences in the ability to regulate behavior
during the presentation of emotionally provocative social
information. As a group, all children performed better
when blocks contained positive facial expressions and
when emotional faces were the target stimuli rather than
the distractor stimuli, as indexed by high percentage
correct scores and fast reaction times. However, children
who spent the longest amount of time in orphanage care
made significantly more errors during blocks of trials
that contained negatively valenced faces. The errors
associated with later ages of adoption were false alarm
errors when the distractor item (the item during which
one was instructed to withhold pressing) was a negatively
valenced face. These errors are viewed as errors in
behavioral regulation (i.e. default to the prepotent
response of pressing the button, which is the more
frequent response) when cognitive resources were
captured by emotionally salient events. The greater
number of accidental responses to distractors might be
the result of PI children being more affected by the
emotional context of the task in general and, therefore,
their behavior being biased more by this information. In
support of this theory, unlike with the comparison group,
the amount of time needed for a PI child to press the
button for targets varied greatly depending on both the
valence and the stimulus type. The resulting pattern,
relative slowing to neutral in the context of positive
valence and relative accelerating to neutral when in the
context of negatively valenced faces, is consistent with
the notion that late-adopted PI children are more likely
than other children to be influenced by emotional
contexts. This susceptibility to the emotional context is
consonant with the difficulty in emotion regulation
reported previously for this population of children
(Hodges & Tizard, 1989) and may be the basis for
emotion regulation difficulties. These statements are
made with caution since children who have experienced
parental neglect have shown impairments in expression
recognition (Pollak & Sinha, 2002), and these difficulties
could contribute to poor performance in the face

go-nogo. However, in the current study age adopted
out of an orphanage was specifically associated with false
alarm errors, not misses, and this pattern of errors
suggests that early institutionalization is associated with
poor self-regulation in the presence of emotionally
arousing stimuli.

Poor emotion regulation is mediated by cellular
growth in the amygdala in animal models of stress
(Mitra et al., 2005; Vyaset al., 2002). Anxious humans
(both children and adults) typically have a larger and
more reactive amygdala as well as a greater processing
bias for negative information (Barros-Loscertaleset al.,
2006; Bradleyet al., 1999; Dalgleishet al., 2001; Mogg,
Bradley, de Bono & Painter, 1997; Mogg, Bradley &
Hallowell, 1994; Mogg, Kentish & Bradley, 1993)
PI children tend to show more anxiety (Ellis et al.,
2004) and internalizing behavior problems relative to
non-adopted peers (although still showing less than
children who were domestically adopted; Juffer & van
Ijzendoorn, 2005). Therefore, understanding the
development of these phenotypes provides a framework
for understanding anxiety. In the current study, larger
amygdala volumes predicted higher ratings of anxiety (as
measured by the SCARED) and more internalizing
behaviors (as measured by the CBCL), which is a risk
factor for later psychopathology including mood
disorder (Hofstra, van der Ende & Verhulst, 2002). The
association between internalizing‡anxious behaviors and
larger amygdala volume existed for both the PI group
and the comparison group, suggesting that early stress
may be one of many possible routes to later anxious
phenotypes. There was a trend for amygdala volume to
predict more difficulties in emotional regulation (greater
number of errors for faces with negative valence). The
number of PI children in this study who reached
diagnostic threshold for an anxiety disorder exceeded
those reported within the greater population (Costello,
Angold, Burns, Stangl, Tweed, Erkanli & Worthman,
1996). Nonetheless, there were too few to properly test
whether the presence of an anxiety disorder was related
to amygdala volume; however, the association between
amygdala volume and age adopted out of the orphanage
remained even when children with clinical anxiety were
excluded from the analysis. While we cannot determine
directionality based on these results, in the context of the
animal literature, they suggest that early stress can result
in amygdala hypertrophy, which produces greater
reactivity to highly emotional stimuli and a more
anxious phenotype. This type of adversity-driven
•kindling • of the amygdala may be a significant risk
factor for the development of anxiety disorders (Rosen &
Schulkin, 1998). This etiological model of anxiety is
supported by previous work (Thomas et al., 2001)
showing that greater amygdala response to negative
information correlates positively with everyday ratings of
anxiety in children and adolescents.

Ethical constraints render it difficult to randomly
assign children to rearing environments (although see
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Nelson, Zeanah, Fox, Marshall, Smyke & Guthrie, 2007;
Zeanah, Nelson, Fox, Smyke, Marshall, Parker & Koga,
2003), and therefore, these data can only show a
relationship between orphanage rearing and differences
in emotion processing systems. There are other possible
interpretations of the data. For example, longer periods
in an orphanage translate into shorter periods with the
family, and based on the high socioeconomic status
profile of families who tend to adopt internationally
(Hellerstedt et al., 2008), presumably this is an
environment that is an enriched one relative to an
orphanage. So, although these data suggest that the
effects of institutionalization were greatest for those
children who remained in the orphanage the longest, it
may instead be that amygdala volume and
hypersensitivity to negative stimuli decrease with
increasing amounts of time spent with a family. In this
way, time with family can be viewed as an•intervention•
for children who have experienced orphanage rearing.
Although data from animal models suggest that changes
in amygdala morphology are resistant to recovery (Vyas
et al., 2004), longitudinal data will establish whether
these data reflect actual plasticity and eventual
normalization in emotion processing systems.

There are a number of limitations of this study
inherent to research on this special population. First,
the current nature of international adoption is such that
parents, and thus researchers, do not have access to
preadoption developmental histories, and there are many
levels of privation. Given the heterogeneity of this
sample, it would be impossible to define an appropriate
control group for PI children. The approach taken in this
paper, to rely on the continuous variable of age of
adoption, has merit in that we are able to compare
children within groups and make claims about the
duration for which the adversity was experienced. We
see this approach as a promising one for future studies
with this population, and recognize that the comparison
against non-adopted healthy children may be too liberal.
Such comparisons are, however, informative when trying
to understand how PI children may deviate from typical
progressions of behavior and brain development.
Because of the correlational nature of this study, it is
also possible that children who are psychiatrically
healthier may be more likely to be adopted out of the
orphanage at earlier ages. Third, although the adoption
process itself may be a temporary stressor, it is a constant
across the PI group, and our measures were taken years
after the adoption process. Therefore, it is our opinion
that the observed effects were the effects of insti-
tutionalization, not the adoption process itself. Fourth,
although neuroimaging data are presented from 62
children and behavioral data are presented from 46
children, only 30 children provided complete
neuroimaging and behavioral data. There remains the
possibility that the children who provided neuroimaging
but not behavioral data and children who provided
behavioral data but not neuroimaging data are different

from each other and, therefore, should not be grouped
together in discussion of long-term correlates of early
institutionalization. Although the general pattern of
increased emotionality remains consistent across all
subgroups of PI children who participated in this study,
conclusions about the consistency between emotional
behavior and amygdala findings based on these results
should be tempered. One of the goals of this study was to
examine the development of limbic structures and
associated behaviors following early institutional care.
While this question is best addressed using a longitudinal
design, the current design was cross-sectional, which
tempers the strength of the conclusions that can be drawn
from the data.

A final question that remains unanswered regards the
age at which the adversity was experienced. Age adopted
out of the orphanage predicted amygdala volume and
performance on the emotional go-nogo task. It is not
clear whether these effects were caused by the duration of
time spent in the orphanage or the chronological age at
which children experienced the stressor. Data from non-
human primates that vary the age of maternal separation
suggest that the experiences of later maternally separated
youngsters and the mourning they endure are
fundamentally different from those who are separated
soon after birth (Nelson et al., 2002). We are unable
to ask this developmental question with the current
design.

What does a larger amygdala indicate on a functional
level? The literature from animal models suggests that
amygdala hypertrophy is associated with increased
reactivity (Vyas, Jadhav & Chattarji, 2006), consistent
with the behavioral and clinical data presented in this
manuscript. Decreased activity in limbic regions,
including the amygdala, has been reported elsewhere
(Chugani, Behen, Muzik, Juhasz, Nagy & Chugani,
2001), although the comparison groups used in that
study (adults and epileptic children) make the results
difficult to interpret. To better understand the functional
significance of enlarged amygdala volumes found in this
population, future work will need to examine amygdala
activity to emotionally provocative stimuli in this
population using such techniques as functional MRI.

Much has been learned from animal models about the
effects of stress on emotional behavioral and underlying
neural circuitry. Because pre- and post-adoption environ-
ments differ to a great extent, studying children who have
experienced orphanage rearing provides an opportunity
to examine how early adversity can impact the developing
emotional system in ways that are difficult to do in other
stressed populations, where the effects of early and later
stress cannot be easily untangled. Importantly, such
studies also provide information on how and whether
these systems can be altered or normalized to a typical
developmental trajectory. The dose-related finding
directly informs policy-making by underscoring the
importance of a rapid adoption process. Data like those
presented in this paper should inform parents, therapists,
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pediatricians, agencies, and policy-makers to minimize
orphanage rearing experiences worldwide.
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Abstract

In altricial species, like the human, the caregiver, very often the mother, is one of the most potent stimuli during development.
The distinction between mothers and other adults is learned early in life and results in numerous behaviors in the child, most
notably mother-approach and stranger wariness. The current study examined the influence of the maternal stimulus on amygdala
activity and related circuitry in 25 developing children (n = 13) and adolescents (n = 12), and how this circuitry was associated
with attachment-related behaviors. Results indicated that maternal stimuli were especially effective in recruiting activity in the
left dorsal amygdala, and activity in this amygdala region showed increased functional connectivity with evaluative and motor
regions during viewing of maternal stimuli. Increases in this left dorsal amygdala activity and related amygdala-cortical
functional connectivity were associated with increased mother-approach behaviors as measured by in-scanner behavioral
responding and out-of-scanner child-report. Moreover, age-related changes in amygdala activity to non-mothers statistically
mediated the developmentally typical decline in stranger wariness seen across this period. These results suggest that mother-
induced behaviors are enacted by maternal influence on amygdala-cortical circuitry during childhood and adolescence.

Introduction

The caregiver is one of the most potent stimuli for
altricial species, like humans, providing multiple regula-
tory influences including physiological, thermal, nutri-
tional, and emotional (Hofer, 1994). The mother1…child
relationship is intense, long-lasting, and complex, char-
acterized by proximity-seeking on the part of the infant
(Bowlby, 1982). The affective bond is learned (Ains-
worth, 1969; Moriceau & Sullivan, 2005), and by the end
of the first postnatal year, a clear mother‡non-mother
boundary is established. Behavior is marked by mother
preference and stranger wariness‡avoidance, signaling
infants• recognition that all adults are not the same and
that the mother is the most relevant social stimulus.
Thus, at the approach‡avoidance behavioral level,
mothers are robustly distinguished from strangers. The
goal of the current study was to examine how the
mother‡stranger distinction is represented at the neural
level during development and how these neural responses
translate into maternally motivated behaviors.

The recognition of the caregiver•s relevance, very often
the mother, affords the child a powerful tool for learning
about and engaging with the environment, in particular
with the mother. This effect is seen in social referencing
behavior, which is the child•s tendency to use the mother
when deciding to act on a stimulus (Tamis-LeMonda,

Adolph, Lobo, Karasik, Ishak & Dimitropoulou, 2008),
and in children•s tendency to show approach-related
behaviors in mother•s presence (and not strangers•)
(Zarbatany & Lamb, 1985). In mother•s presence, chil-
dren show less fear (Campos, Emde, Gaensbauer &
Henderson, 1975), exhibit greater exploration (Ains-
worth & Bell, 1970; Routh, Walton & Padan-Belkin,
1978), and feel free to express more protest (Shaw &
Routh, 1982) and aggression (Levin & Turgeon, 1957).
Taken together, these studies suggest that the maternal
stimulus enacts a process that increases the child•s
approach behaviors, yet the mechanisms of how mother•s
presence enacts these effects are unknown.

In non-human animals, the mother is highly effective in
modulating limbic circuitry, including the amygdala
(Caldji, Francis, Sharma, Plotsky & Meaney, 2000;
Moriceau & Sullivan, 2006; Plotsky, Thrivikraman,
Nemeroff, Caldji, Sharma & Meaney, 2005). The activity
of the amygdala codes for the biological relevance of
learned stimuli (Adolphs, 2008). It provides substantial
projections to primary and higher-order sensory‡motor
areas of the brain (reviewed in Davis & Whalen, 2001),
making it well positioned to modulate sensory and motor
activity based on emotional relevance of incoming stim-
uli. Moreover, the amygdala is an early developing
structure in the primate, including humans (Humphrey,
1968; Payne, Machado, Bliwise & Bachevalier, 2010), with
the basic neuroanatomical architecture present at birth
(reviewed in Tottenham, Hare & Casey, 2009), making it
readily available to support the learning that occurs about
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We use•mother• here for simplicity, although other adults can serve as
the primary caregiver.
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mothers in early years. Therefore, the central aim of this
manuscript is to test the hypothesis that the emotional
relevance of the maternal stimulus will uniquely recruit
amygdala activity, and second, that this activity will
facilitate behavioral responding to mothers. A previous
study performed by Todd, Evans, Morris, Lewis and
Taylor (2011) examined patterns of neural activity elicited
by mother•s faces in very young children (mean age 4.8
and 6.9 years old) and did not observe amygdala activity
that differentiated mothers• from strangers• faces
(although other regions, notably the ventromedial pre-
frontal cortex (vmPFC), did preferentially respond to
mothers• faces). The absence of amygdala response to
mothers may have been due to the inclusion of angry faces
in that study, which, unlike happy faces, significantly
reduced amygdala response, and may have mitigated the
effect of the maternal stimulus on amygdala response.
Alternatively, and perhaps more intriguing, is the possi-
bility that there are age-related changes in amygdala
response to mothers and strangers that extend beyond the
age range studied by Todd and colleagues. To address
these possibilities, in the current study, we examined
amygdala response in a broader age range and used only
happy and neutral faces of mothers and strangers.

A second aim of this study was to investigate how
amygdala response to mothers and strangers was asso-
ciated with attachment-related behaviors, including
approach towards mothers and age-related declines in
stranger wariness. We tested the hypothesis that mothers
and strangers would differentially recruit amygdala-
mediated circuitry to enhance mother-approach behav-
iors and stranger wariness, respectively.

Method

Participants

Complete imaging data were collected from 25 healthy
children (n = 13; 4.5…11 years old) and adolescents
(n = 12; 11.3…16.5 years old) whose demographic infor-
mation can be found in Table 1. An additional 26th child

was excluded due to excessive head motion (> 2.5 mm or
2.5� of rotation). All included children completed the
fMRI task and provided usable behavioral and fMRI
data. Families were recruited via flyer advertisements
within the surrounding community and were paid for
participation. Children were only included if they were
physically and psychiatrically healthy, which was con-
firmed with a telephone screening at the time of
recruitment. Children in the sample had IQs that were in
the normal range (mean(SD) = 111.7(17.6)) as measured
by the Wechsler Abbreviated Scale of Intelligence
(Wechsler, 1999), and all subjects were right handed.
Families had household incomes above the median an-
nual household income in the United States (US Census
Bureau, 2010).

Measures

Questionnaires

Attachment-related behaviors. Subjects completed the
Security Scale (Kerns, Klepac & Cole, 1996), which
assesses children•s perceptions of security in parent…child
relationships in middle childhood and early adolescence.
Items are rated on a 4-point scale, with higher scores
signifying a more secure attachment. The instrument
provides scores for three subscales: (1) children•s belief
that their attachment figure is responsive and available;
(2) children•s reliance on the attachment figure in times
of stress; and (3) children•s ease and interest in commu-
nicating with the attachment figure. Kerns et al. (1996)
demonstrated good internal consistency (Cronbach•s
a = .84 and .88, respectively), and the measure was
highly correlated (p < .01) with children•s self-esteem,
peer acceptance, observer ratings of friendship quality,
and behavioral conduct, but longitudinal studies have
not been performed to test its concordance with infant
measures of attachment security.

Social‡stranger wariness.We used the Self-Report for
Childhood Anxiety and Related Disorders … parent report
(SCARED; Birmaher, Brent, Chiappetta, Bridge, Monga
& Baugher, 1999) to obtain an index of social wariness.
This measure is typically used to provide a continuous
measure of several anxiety phenotypes and has been
shown to have good internal consistency (a = .74 to .93)
(Birmaher et al., 1999). The current study was primarily
interested in the subscale for social anxiety.2 Although this

Table 1 Participant demographics (N = 25)

Children
(4.5…11

years old)

Adolescents
(11.4…16.5
years old)

Mean (SD) age in years 7.7 (2.2) 14.4(1.8)
Sex 8M‡5F 9M ‡3F
Mean (SD) estimated IQ (WASI) 125 (11) 107(19)
Ethnicity*

American Indian ‡Alaska Native 1 1
Asian-American 6 1
African-American or Black 3 6
European American or White 4 6
Other or not reported 1 1
Mean family income $100,001…

$150,000‡year
$85,001…
$100,000‡year

*Some participants may have selected more than one ethnicity.

2

While social anxiety increases with age, with average age of clinical
onset at 16 years old (Last, Perrin, Hersen & Kazdin, 1992; Schneier,
Johnson, Hornig, Liebowitz & Weissman, 1992; Sumter, Bokhorst &
Westenberg, 2009), we observed a decrease in these behaviors as age
increased, consistent with the age-related decrease in social‡stranger
wariness observed in typical development. Taken together, this negative
correlation with age and the relevance of the items to anxiety associated
with strangers increased our confidence that this measure provided
valid information about age-appropriate social‡stranger wariness.

2 Nim Tottenham et al.
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subscale is typically used to assess pathological anxiety
symptoms, there are age-appropriate displays of social
wariness, for example stranger anxiety, which we expected
to observe in this sample of children given the age range.
The Social Anxiety items map onto the behavioral
phenotypes consistent with social‡stranger wariness (e.g.
doesn•t like to be with people he‡she doesn•t know well,
feels nervous with people he‡she doesn•t know well, hard
for my child to talk with people he ‡she doesn•t know well,
feels shy with people he‡she doesn•t know well) and,
therefore, provides this study with a continuous index of
wariness of strangers. Items are rated on a 3-point scale,
with higher scores signifying more anxiety. Within the
current sample, relatively high internal consistency was
found for the social anxiety subscale (a = .83).

fMRI task

Children completed a block design Mother…Stranger
task while in the MRI scanner. Children viewed pictures
of their mother3 and an ethnicity matched unfamiliar
individual, who was the mother of another child (stran-
ger) in alternating blocks of 28 seconds each. Both
mother and stranger stimuli posed happy and neutral
expressions, where all models wore white material around
their necks; thus there were two images of mother stimuli
and two images of strangers. These images were obtained
within the laboratory and standardized for size and
luminance. The face images were in full color with a
vertical visual angle of approximately 15/. Children were
instructed to respond quickly for the happy facial
expression (regardless of model), which was presented
50% of the time with a fixed random order. Thus, the
task required pressing a button when the target facial
expression (happy) appeared, and inhibiting this behav-
ioral response when a distracter facial expression (neu-
tral) appeared. There were four blocks of mother, four
blocks of stranger, and three blocks of fixation, which
were presented in alternating blocks of mother and
stranger (+MSMS+SMSM+) and counterbalanced
across subjects. Each block contained 18 stimuli of either
mother (happy and neutral) or stranger (happy and
neutral), resulting in a total of 144 stimulus presentations
… 72 mother trials and 72 stranger trials. Each face
stimulus was presented for 500 milliseconds followed by
approximately 1 second of fixation. Thus, participants
were allowed approximately 1500 milliseconds to
respond by pressing a button with their index finger.
Subjects viewed images through video goggles (Reso-
nance Technology, Inc., model: VisuaStim Digital, soft-
ware version 8). A response box (Current Designs, Inc.,
model: 932 fORP, with custom MacStim 1-9 no. 5
setting) was used for recording behavioral responses. The
entire task lasted approximately 4:54 minutes. Prior to
scanning, children were given the opportunity to practice

to ensure that they understood and could perform the
task.

Procedure

Children came to the laboratory for two sessions. In the
first session, behavioral measures were collected and
children were acclimated to the scanner environment
with an MRI replica. The Mother…Stranger task was
administered in the MRI scanner on the second visit,
which occurred on a separate day.

Scanning parameters

Subjects were scanned with a Siemens Trio 3.0-Tesla fMRI
scanner. Foam padding around the head was used to
reduce motion. Awhole brain, high resolution, T1-weighted
anatomic scan (MP-RAGE; 192 X 192 inplane resolution,
250 mm field of view [FOV]; 176 mm · 1 mm sagittal
slices) was acquired for each subject for transformation
and localization of functional data into Talairach space
(Talairach & Tournoux, 1988). For the functional run, we
collected 143 T2*-weighted echoplanar images (34 slices,
slice thickness 4 mm (skip 0), TR = 2000 ms, TE = 30 ms,
flip angle = 90 degrees, matrix 64· 64) at an oblique
angle of approximately 30 degrees.

fMRI preprocessing

Functional imaging data were preprocessed and analyzed
with the Analysis of Functional NeuroImages (AFNI)
software package (Cox, 1996). All included data were
free of movement greater than 2.5 mm in any direction.
After slice time correction, images were registered to the
first image volume after the high-resolution anatomical
dataset with rigid body transformations and smoothed
with anisotropic 6-mm Gaussian kernel. Time series were
normalized to percent signal change to allow compari-
sons across runs and individuals by dividing signal
intensity at each time point by the mean intensity for that
voxel and multiplying the result by 100. The model
included regressors for each of the two variable types
(two stimulus types; mother and stranger) by convolving
the stimulus timing files with cannonical hemodynamic
response function. Six motion parameters were included
as separate regressors for a total of eight regressors.
General linear modeling (GLM) was performed to fit the
percent signal change time courses to each regressor.
Linear and quadratic trends were modeled in each voxel
time course to control for correlated drift. Group-level
analyses were conducted on the regression coefficients
from the individual analysis after transformation into the
standard coordinate space of Talairach and Tournoux
with parameters obtained from the transformation of
each subject•s high-resolution anatomical scan. Talair-
ached transformed images had a resampled resolution of
3 mm3. A group-level ANOVA was performed with the
3dANOVA program within AFNI. Correction for multiple

3

One child viewed images of his father and an ethnically matched male
stranger.
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comparisons was applied at the cluster level following
Monte Carlo simulations conducted in the AlphaSim
program within AFNI. Clusterwise false positive rates of
p < .01 corrected for multiple comparisons were deter-
mined for whole brain analyses andp < .01 small volume
corrected for amygdala (Phan, Fitzgerald, Nathan &
Tancer, 2006).

Results

Task-based behavior

Separate repeated measures ANOVAs were performed
using the within-subjects factor of Person (Mother,
Stranger) and the between-subjects factor of age on the
dependent measures of hits (to happy), false alarms (i.e.
errors of commission to neutral), and correct reaction
times (to happy).Reaction Time: There were main effects
of Person (F = 7.91, p < .01) and Age (F = 13.414,
p < .001) on correct reaction time. Reaction time was
slower for younger ages, and reaction times were faster to
own mother (Figure 1A). Moreover, there was an inter-
action of Person · Age (F = 6.405, p < .02), where
younger age was associated with faster responding to
own mother•s face than to a stranger.False Alarms:
There were also main effects of Person (F = 10.57,
p < .004) and Age (F = 7.50, p < .012) on false alarms.
Younger age was associated with a greater number of
false alarms, and false alarms were more common to own
mother•s face (Figure 1B). Additionally, there was an
interaction between Person· Age (F = 5.02, p < .035),
where younger age was associated with a greater number
of false alarms to own mother than to a stranger. High
false alarm number to own mother decreased with
increasing age (r = ) .55, p < .004), but there was no
age-related change in false alarms to strangers (r = ) .32,

p = .117), and false alarms to strangers were relatively
infrequent. There were no other main effects or interac-
tions. Taken together, the false alarm and reaction time
data suggest that one•s own mother•s face increases the
tendency to approach the stimulus, and this tendency is
particularly pronounced at earlier ages.

fMRI data

Whole brain analysis. An omnibus AVOVA with the
within-subjects factor of Person (Mother, Stranger)
showed a main effect of Person in the left dorsal
amygdala (F = 7.83, p < .01, corrected), where amygdala
signal was higher for child•s own mother than for a
stranger (Figure 2).4 Post-hoc tests within AFNI showed
that the left dorsal amygdala responded to both own
mother (p < .01, corrected) and a stranger (p < .01,
corrected) relative to baseline, but that the activity to
mothers exceeded that of strangers. All subsequent
analyses are based off this ROI. Other significant
activations included regions of the prefrontal, parietal,
and temporal cortex, which are listed in Table 2.

Connectivity. In order to determine how left dorsal
amygdala activity to one•s own mother was associated
with cortical activity, a psychophysiological interaction
analysis (PPI) was performed using the left dorsal
amygdala ROI obtained from the effect of Person as
the seed region. For each individual, we extracted the

(A) (B)

Figure 1 Task-based behavior showing increased approach to own mother. Reaction times (A) were faster and more false alarms
were committed (B) to own mother relative to a stranger (unfamiliar parent).

4

To examine possible sex effects, we extracted the signal from this ROI
and performed a repeated measures ANOVA with the within-subject
factor of Person (Mother, Stranger) on the signal extracted from the left
dorsal amygdala including the between-subject factor of participant sex.
There were no effects associated with sex (allps > .47). Therefore, sex
was not included in subsequent analyses.

4 Nim Tottenham et al.

� 2011 Blackwell Publishing Ltd.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58



BOLD time series from voxels within the left dorsal
amygdala mask generated from the own mother minus
stranger contrast. Variance associated with the six
motion regressors was removed from the extracted time
series. The time course was then deconvolved based on
the model for the canonical hemodynamic response to
construct a time series of neural activity in the left dorsal
amygdala. These time series along with the six motion
parameters were subjected to a GLM for each subject.
Finally, coefficients from each subject•s contrasts were
subjected to a group-level GLM using the 3dANOVA
program within AFNI, using the within-subjects factor
of Person (Mother, Stranger). The results of this analysis
showed that left dorsal amygdala activity to own
mother•s face positively correlated with task-constrained
vmPFC, motor cortex (left precentral gyrus), right
caudate‡putamen, and bilateral insula activity that was
unique to own parent (see Table 3 and Figure 3). In
other words, these four regions were functionally corre-
lated with left dorsal amygdala activity when viewing
images of one•s own mother.

Relationship between neural activity and task-based
behavior

Amygdala and task-based behavior.We wanted to
examine how the amygdala activity to one•s mother

was associated with behavior directed at the mother
stimulus. To test this, we performed a bivariate correla-
tion between left dorsal amygdala activity to mother and
reaction time (normed by creatingz-scores … i.e. (reaction

(A) (B) (C) (D)

Figure 2 Left dorsal amygdala response is greater to own mother relative to a stranger (unfamiliar parent). Panels A and B show the
pattern of neural activity to own mother and to stranger, respectively, relative to baseline. Panel C shows that left dorsal amygdala
activity is selectively greater to own mother. Panel D shows the difference in the beta coefÞcients extracted from the amygdala
functional ROI. The F statistic from the ROI level coefÞcient is provided.

Table 2 SigniÞcant activations for the contrast own mother >
stranger (unfamiliar parent) from omnibus ANOVA

x y z (Peak) # voxels§ BA F value*

Ventromedial PFC ) 1 44 ) 4 71 32 10.16
L Amygdala** ) 19 ) 4 ) 10 16 9.67
R Superior parietal‡
Medial Temporal

53 ) 58 14 173 22‡39 18.35

L Superior parietal ‡
Medial Temporal

) 31 ) 73 44 554 7‡39 9.18

Posterior Cingulate ) 1 ) 49 14 515 30 26.61
L Middle Temporal ) 55 ) 4 ) 13 74 21 15.85
L Superior ‡Middle
Temporal

53 2 ) 10 53 38 9.41

R Fusiform 50 ) 52 ) 16 56 37 9.47

§ 3 · 3 · 3 mm; * p < .01, corrected;** p < .01, small volume corrected.

Table 3 SigniÞcant psychophysiological interactions (posi-
tive� ) with left dorsal amygdala when viewing mother

x y z (Peak) # voxels§ BA F value*

Ventromedial PFC ) 1 38 2 25 32‡24 9.58
L Precentral Gyrus ) 49 ) 13 35 21 4 9.92
R Inferior
Frontal ‡ Insula

38 20) 4 98 47 17.80

L Inferior
Frontal ‡ Insula

) 40 20) 4 36 47 15.39

R Caudate‡Putamen 5 5) 1 34 9.55

§ 3 · 3 · 3 mm; * p < .01; � there were no negative correlations.

(A) (B)

(C) (D)

Figure 3 Connectivity with left dorsal amygdala activity to
own mother (psychophysiological interaction). Using the left
dorsal amygdala region that was selectivity more active to own
mother as the seed, four regions showed positive connectivity
that was greater for own mother than for a stranger. These were
(A) vmPFC (ventromedial prefrontal cortex), (B) left motor
cortex (precentral gyrus), (C) bilateral insula, and (D) right
caudate‡putamen.
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time … mean reaction time)‡SD(mean reaction time)).
This analysis showed that left dorsal amygdala response
to one•s own mother was negatively correlated with
reaction time to one•s own mother (r = ) .48, p < .02),
and this association did not change when controlling for
age group (rp = ) .48, p < .02). That is, more left dorsal
amygdala activation to one•s mother•s face was associ-
ated with faster responding to the mother.

Cortical mediators of amygdala and behavior.In order
for emotionally relevant stimuli to exert a behavioral
influence, the activity of the left dorsal amygdala must
influence the activity of non-amygdala neural regions.
Therefore, we used a mediation analysis to examine
potential mediators of the association between left dorsal
amygdala activity and behavioral output. Before we
performed the mediation analysis, it was necessary to
identify which of the four functionally correlated regions
(i.e. left motor cortex, vmPFC, right caudate‡putamen,
and bilateral insula) from the PPI analysis should be
included in the meditational analysis. To do this, we
performed a linear regression with the activity from each
of the four ROIs, namely left motor cortex, vmPFC,
right caudate‡putamen, and bilateral insula, as regres-
sors on normed reaction time (to own parent) using the
backwards remove method (McMorris, Davranche,
Jones, Hall, Corbett & Minter, 2009). The results
indicated a significant model,F(4, 24) = 13.06,p < 10) 5,
where left motor cortex (beta = ) .32, p < .005), vmPFC
(beta = 5.60, p < 10) 5), and right caudate‡putamen
(beta = 3.07, p < .006), all contributed significantly to
the variance in reaction time, but insula activity did not
(beta = ) .97, ns). Therefore, we included in the media-
tion analysis only those ROIs that were correlated with
behavior. We conducted the mediation analysis to test
whether the association between left dorsal amygdala
activity and reaction time to own parent was mediated by
left motor cortex, vmPFC, and right caudate‡putamen
activity. Because we used multiple mediators, we used the
SPSS macro for multiple moderators provided by
Preacher and Hayes (2008). In the first step of the
hierarchical regression, left dorsal amygdala activity was
regressed onto reaction time, and the association was
significant, Fmodel(C) = 6.78, p < .02, betaamygdale = ) .477,
p < .02, with amygdala activity to parent explaining 23%
of the variance in reaction time. In the second step, left
dorsal amygdala, left motor cortex, vmPFC, and right
caudate‡putamen activity were simultaneously regressed
with left dorsal amygdala activity onto reaction time. As
can be seen in Figure 4, this model was significant
(Fmodel(C•) = 12.29,p < 10) 5), with left motor (beta = ) .46,
p < .015) and vmPFC (beta =) 1.27,p < 10) 5) both being
negatively associated with reaction time, and these
regressors explained an additional 58% of the variance
in reaction time. With these additional regressors
included in the model, the association between left
dorsal amygdala activity and reaction time became non-
significant (beta = ) .084,ns), suggesting a full mediation

of the association between left dorsal amygdala activity
and reaction time. The confidence intervals of the
indirect effect of vmPFC and left motor cortex on
reaction times did not overlap with 0 (bias corrected and
accelerated confidence intervals for vmPFC and motor
cortex, respectively: CI =) 4.18, ) .60; CI = ) 1.17, -.26).
These findings suggest that left dorsal amygdala activity
to the mother•s face acted through vmPFC and left
motor cortex to result in faster responding to the
maternal stimulus.

Individual differences

Attachment security. There were no age effects for the
scores on the Security Scale (possible range:1…4), which
ranged from 2.2 to 3.8, with a mean (SD) of 2.97 (.51)
indicating that there was a wide range of attachment
scores. We performed separate regressions for each
subscale of the Security Scale as it related to left dorsal
amygdala activity to own parent (relative to stranger),
controlling for age. These analyses showed that the

(A)

(B)

Figure 4 Left dorsal amygdala response to motherÕs face
facilitates reaction time via cortical mediators. (A) Left dorsal
amygdala activity to motherÕs face is negatively associated
with reaction time to motherÕs face (C). However, inclusion of
the vmPFC and left motor cortex completely mediates this
association between amygdala activity and reaction time (CÕ).
Unstandardized coefÞcients are provided along with standard
errors in parentheses. (B) Plotted is the amount of variance in
reaction time that is explained by vmPFC and motor cortex
activity, controlling for amygdala and caudate‡putamen
activity. vmPFC = ventromedial prefrontal cortex. *p < .05;
****p < .0001.
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subscale measuring the child•s tendency to approach
their parent when stressed (as opposed to another
individual) was positively associated with left dorsal
amygdala response to the mother (Figure 5),F(2,
20) = 7.76,p < .005 (Bonferroni corrected). That is, the
more that subjects indicated that they were likely to
selectively approach parents when stressed, the more left
dorsal amygdala signal increased for their own mother•s
face relative to a stranger. None of the other ROIs from
the Mother minus Stranger contrast was associated with
the Security Scale. We performed a confirmatory analysis
where the Security Scale was entered into the original
model within AFNI and have provided those findings in
the Supporting Materials.

Age effects

Using beta weights extracted from the left dorsal amyg-
dala ROI that distinguished mother from a stranger, we
performed an additional ANOVA using the within-
subjects factor of Person (Mother, Stranger) and the
between subjects factor of Age Group (children (4.5…
11 yrs), adolescents (11.3…16.5 yrs)). As before, there was
a main effect of Person (F = 14.3, p < .001). Addition-
ally, there was an Age Group · Person interaction
(F = 5.093, p < .034). Post-hoct-tests showed that this
interaction was due to children showing greater left
dorsal amygdala signal to the stranger than adolescents.
Specifically, the adolescent group was significantly less
likely to recruit amygdala activity to a stranger (t = 3.97,
p < .005), although there was no age effect for amygdala
response to own mother (t = .92, ns), suggesting that
with age, left dorsal amygdala response to mothers does

not change, but response does decrease to stranger. As
illustrated in Figure 6, we examined age continuously
and observed that signal in the left dorsal amygdala
significantly decreased to a stranger with increasing age
(r = ) .40, p < .05), but signal to own mother did not
change with age (r = ) .28, ns). Thus, the greatest age-
related change in the Mother…Stranger task was due to
younger participants• high level and older participants•
low level of left dorsal amygdala response to stranger•s
face. In the next analysis, we examined how this amyg-
dala response to strangers was associated with age-
related changes in social‡stranger wariness.

Social‡stranger wariness, age, and amygdala activity..
We examined how social‡stranger wariness (as indexed
by the social anxiety subscale of the SCARED) changed
with age and neural function. Social‡stranger wariness
was negatively correlated with age,r = ) .66, p < 10) 4.
Social‡stranger wariness was associated with left dorsal
amygdala response to a stranger (r = .72, p < 10) 4).5 We
thus sought to examine whether the age-related decline in

Figure 5 ParentÐchild security is associated with left dorsal
amygdala signal speciÞc to own mother. When controlling for
age, a higher likelihood of relying on their parent under times
of stress was associated with more selective amygdala response
for motherÕs face relative to a strangerÕs face.

Figure 6 Age-related decrease in left dorsal amygdala re-
sponse to stranger. Unlike the amygdala response to oneÕs own
mother, the amygdala response to a stranger declines with
increasing age.

5

We also examined the association between Stranger Wariness and all
other ROIs listed in Table 2. We entered each region into a linear
regression, with stranger wariness as the dependent measure, using the
backwards remove method. The result of this analysis showed that the
left amygdala was the only significant predictor of stranger wariness,
F = 20.74,p < 10) 4, betaamygdale = .72. All other regions had betas that
were not significantly associated with Stranger Wariness,p > .05.
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social‡stranger wariness was mediated by amygdala
response to a stranger. We performed a mediation
analysis using hierarchical regression as specified by
Baron and Kenny (1986), where the first step of the
regression tested the association between age and
social‡stranger wariness. This step showed that age was
a significant predictor of social‡stranger wariness
(Fmodel(C) = 8.52, p < .009, betaage = ) .56, p < .009)
and explained 31% of the variance in social‡stranger
wariness. In the second step of the model (Fmodel(C•) =
12.24, p < 10) 4), age was simultaneously regressed on
social‡stranger wariness along with left dorsal amygdala
response to stranger as the mediator variable. The
association between age and left dorsal amygdala signal
was significant (beta =) .42, p < .05), as was the asso-
ciation between left dorsal amygdala signal and social‡-
stranger wariness (beta = .72,p < 10) 4). Moreover, as
can be seen in Figure 7, the association between age and
social‡stranger wariness was fully mediated by left dorsal
amygdala activity (beta = .59, p < .003), which when
included in the analysis explained an additional 26% of
the variance in social‡stranger wariness, and the coeffi-
cient between age and social‡stranger wariness became

non-significant (betaage = ) .27, ns). The Sobel test was
employed to determine whether the inclusion of the
mediator significantly attenuated the contribution of age
in the prediction of social‡stranger wariness (Sobel,
1982). The regression coefficient for age became non-
significant after the inclusion of the left dorsal amygdala
activity, indicating that the amygdala signal to stranger
fully mediated the association between age and social‡-
stranger wariness (Sobelt-test = 1.97,p < .05).

Discussion

The goal of the current study was to examine patterns of
neural responding, with particular emphasis on the
amygdala, to a child•s own mother relative to an unfa-
miliar adult. The mother is one of the most influential
stimuli during development, impacting numerous
behaviors most notably mother-approach, and our aim
was to examine how this maternal effect was enacted
through neural mechanisms. Results indicated that dur-
ing childhood and adolescence, left dorsal amygdala
activity was preferentially recruited by the mother stim-
ulus (although this left amygdala signal increased to both
mothers and strangers relative to baseline), and this
signal was accompanied by a greater tendency to
approach the mother as measured by two measures,
including faster reaction times to maternal stimuli during
an in-scanner behavioral task as well as an out-of-scan-
ner child-report of attachment-related behavior. Amyg-
dala activity is critical for fear learning (LeDoux, 2003),
but there is substantial evidence that amygdala activity
codes more generally for relevant and arousing stimuli
(reviewed in Sander, Grafman & Zalla, 2003) (Hamann
& Mao, 2002; Ousdal, Jensen, Server, Hariri, Nakstad &
Andreassen, 2008; Paton, Belova, Morrison & Salzman,
2006; Santos, Mier, Kirsch & Meyer-Lindenberg, 2011),
and this may be especially true during childhood, when
arousing stimuli, regardless of valence, effectively recruit
amygdala activity (Todd et al., 2011). We do not believe
that the left dorsal amygdala signal obtained in the
current study reflects a valence judgment (especially since
the expressions used in this study were happy and neutral
faces of mothers), but instead we interpret the left dorsal
amygdala increases as coding for the relative emotional
relevance of the maternal stimulus. This interpretation is
supported by the task-based behavioral data showing
both faster reaction times and more false alarms to
mother•s faces, consistent with greater approach ten-
dencies evoked by the maternal stimulus.

Mother-specific left amygdala activity was localized to
the dorsal region, which in the human encompasses the
central‡superficial nuclei (Amunts, Kedo, Kindler, Pie-
perhoff, Mohlberg, Shah, Habel, Schneider & Zilles,
2005). This region has been associated with coding for
arousal value (Kim, Somerville, Johnstone, Alexander &
Whalen, 2003) because it comprises the major outputs of
the amygdala and is well-positioned to modulate sensory

(B)

(A)

Figure 7 Left dorsal amygdala mediates the negative associ-
ation between age and stranger wariness. (A) A mediation
analysis, as speciÞed by Baron and Kenny (1986), showed that
the negative association between age and stranger wariness (C)
is completely mediated by amygdala activity in response to
strangerÕs face (CÕ). Unstandardized coefÞcients are provided
along with standard errors in parentheses. (B) Plotted is the
amount of variance in stranger wariness that is explained by
amygdala signal to strangerÕs face, controlling for age.
*p < .05; **p < .01; ****p < .0001.
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and motor activity. Accordingly, we observed significant
mother-specific positive functional connectivity with re-
gions modulated by left amygdala activity, namely
vmPFC, left motor cortex, right caudate‡putamen, and
bilateral insula which, collectively, support evaluative
and motor processes. Taken together, our behavioral and
neural data support a theorized modulatory role of the
amygdala over cortical networks, whereby the amygdala
prioritizes input, and via extensive cortical connections,
influences behavior (reviewed in Pessoa & Adolphs,
2010). We found that the approach-related behavior to
mother stimuli was associated with left dorsal amygdala
activity (as measured by faster reaction times to maternal
stimuli during an in-scanner behavioral task as well as an
out-of-scanner child-report of attachment-related behavior).
Moreover, this left amygdala…behavior association was
fully mediated by vmPFC and left motor cortex con-
nectivity (this is important because the behavioral
response of interest … reaction time … was executed with
the right hand in all subjects, and since motor control is
contralateral, we would anticipate amygdala connectivity
with left motor cortex activity), suggesting that maternal
stimuli effectively increase left dorsal amygdala activity,
which in turn signals to the prefrontal and motor
cortex resulting in decreased response times to maternal
stimuli.

This amygdala activity was left lateralized, which is
very common in fMRI studies that use block design,
perhaps due to the rapid habituation of the right
amygdala to repeated stimuli (Sergerie, Chochol &
Armony, 2008). Although our paradigm randomly pre-
sented happy and neutral faces to subjects that were
blocked separately by identity, we addressed the issue of
potential habituation of amygdala response in the Sup-
porting Data section with a habituation analysis per-
formed using a voxel-wise analysis, which showed that
while amygdala response did show evidence of habitua-
tion over the scan session, there was no interaction with
person identity (that is, mother versus stranger). The
exception to this finding was, when using a follow-up
ROI analysis approach, the younger group (children)
showed significant habituation to mothers only, and not
strangers. We believe that this effect was the result of
young children showing an extraordinarily high response
to face stimuli in general, and in particular to mothers,
and an initial high level of activity may increase the
magnitude of the signal decrease over the scan session as
has been shown in other samples (Kleinhans, Johnson,
Richards, Mahurin, Greenson, Dawson & Aylward,
2009). The similar rate of habituation across the two
stimulus types across subjects provides additional
confidence that the obtained contrast results between
mother and stranger were not artifacts of signal atten-
uation. Additionally, examination of only the early trials
revealed no activity that was specific to mothers• faces in
the right amygdala, suggesting that the absence of right
amygdala activity was not due to signal habituation. An
alternative reason for the laterality might instead be that

the left dorsal amygdala response reflects the positive
valence, which frequently recruits left amygdala activity
(Sergerieet al., 2008) associated with a mother•s face.
Another reason may be that subtractive methodology
masks any effect of Mother versus Stranger in the right
amygdala. As illustrated in Figure 2, the amygdala re-
sponse to the mother was robust and bilateral. Thus our
findings using subtractive methodology only suggest that
the left amygdala was unique indiscriminating the two
types of identity, perhaps because of the left amygdala•s
decreased responsiveness to a stranger•s face.

This study adds to an emerging body of work exam-
ining maternal representations in the brain. Cortical
activity, measured by ERP, is greater in magnitude for
mother than stranger beginning in infancy (de Haan &
Nelson, 1997) and changes with age across the preschool
period (Carver, Dawson, Panagiotides, Meltzoff,
McPartland, Gray & Munson, 2003). During the pre-
school period, amygdala does not differentially respond
to mother•s face (Todd et al., 2011), suggesting that
heightened amygdala signal to mothers might not emerge
until mid-childhood. Supporting this hypothesis is a
large animal literature showing that at early postnatal
ages, mother•s presence attenuates amygdala activity, via
suppression of glucocorticoids (Moriceau & Sullivan,
2005). This maternally induced amygdala suppression
may be necessary for the initial formation of caregiver
attachments. Therefore, maternally induced increases in
amygdala activity (most likely in the dorsal nuclei) may
not be observed until some time after the postnatal
period. This hypothesis … that amygdala activity is ini-
tially suppressed by mother•s presence in the postnatal
period, but is potentiated by her presence at later stages
of development … needs further testing, but if supported,
would provide very important neurobiological informa-
tion regarding how attachment processes occur during
development. The hypothesis that amygdala activity
supports attachment-related behaviors is substantiated
by the finding that mothers also show amygdala
increases when viewing their own children (Leibenluft,
Gobbini, Harrison & Haxby, 2004). Other intense emo-
tional relationships (e.g. committed romantic relation-
ships and sibling relationships) have also been shown to
increase left amygdala activity in adulthood (Platek &
Kemp, 2009; Taylor, Arsalidou, Bayless, Morris, Evans &
Barbeau, 2009). Interestingly, in contrast to other intense
emotional relationships, during adulthood mothers•
faces do not activate amygdala (Arsalidou, Barbeau,
Bayless & Taylor, 2010, Tayloret al., 2009), which may
be indicative of a decreased behavioral relevance for
caregivers during adulthood (unlike for one•s children or
romantic partner). This amygdala effect seems specific to
intense social attachments, since familiarity alone (i.e.
viewing images of moderately familiar individuals)
resulted in a decreased amygdala response (Gobbini &
Haxby, 2006). Taken together, these data suggest that the
intimate parent…child relationship is supported by
amygdala activation.
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In addition to the left dorsal amygdala, activity within
the vmPFC preferentially increased in response to
mothers• faces, and this increase has been observed
previously in a sample including both younger children
and adult subjects (Toddet al., 2011). Moreover, in the
current study, viewing the mother•s face specifically in-
creased functional connectivity between the left dorsal
amygdala and the vmPFC. Anatomically, there are
strong bidirectional connections between the amygdala
and the vmPFC in both primates and rodents (Amaral,
Price, Pitkanen & Carmichael, 1992; Ghashghaei, Hil-
getag & Barbas, 2007; Milad & Quirk, 2002), and in a
recent review, Kim, Loucks, Palmer, Brown, Solomon,
Marchante and Whalen (in press) have argued that, given
their strong interconnectivity, the amygdala and medial
PFC (including the vmPFC) be examined as one circuit
that mediates automatic reactions to emotionally rele-
vant stimuli. Several animal studies have shown that
direct projections from the amygdala to the cortex affect
physiological and behavioral responses to emotional
stimuli to enhance information gathering. The combined
activity of the amygdala and vmPFC is necessary when
learning about emotionally relevant cues (Sierra-Merca-
do, Padilla-Coreano & Quirk, 2011), which may occur
via bottom-up projections from the amygdala to the
cortex. For example, stimulation of the amygdala in-
creases both cholinergically mediated neocortical arousal
(Kapp, Supple & Whalen, 1994) and mild behavioral
activation that is accomplished via glutamate increases in
vmPFC (Jackson & Moghaddam, 2001). The results
from the present study show that presentation of the
mother stimulus increases functional coupling between
the dorsal amygdala and vmPFC, which is associated
with enhanced motor response. The results from the
present study suggest that these connections are estab-
lished early in life, during childhood, and may reflect
bottom-up processing whereby maternal stimuli influ-
ence motor behavior.

Individual differences

The association between individual differences in
attachment-related behaviors and amygdala activity was
examined. Although the frequency and intensity of
attachment-related behaviors decline after infancy,
attachment-related behaviors continue to be observed
during childhood and adolescence, particularly under
times of stress (Kerns, Aspelmeier, Gentzler & Grabill,
2001). Our results indicated that greater seeking of the
mother in times of stress, as measured by out-of-scanner
child-report on the Security Scale (Kernset al., 2011),
was associated with greater amygdala response to
mother. While attachment-related processes are highly
complex, requiring a distributed and dynamic neural
network, these results show that at least one component
of the attachment repertoire is associated with amygdala
activity and provide conceptual constraints on theories
regarding attachment representation at the neural level.

Age-related effects

We observed a greater likelihood of differentiating mo-
ther and stranger in amygdala response in older partic-
ipants (adolescents). While this finding may appear
counterintuitive to the observations that parents provide
significant emotional information at earlier ages, we do
not believe the imaging results are contrary to this
observation. The amygdala activity to mother•s face was
very high at younger ages and did not change with
increasing age, unlike the response to strangers, which
decreased with age (i.e. a high level of amygdala activity
to mother•s face was observed across all ages, while the
amygdala response to strangers• faces decreased at older
ages). This age-related change to strangers allowed for a
greater likelihood of observing an amygdala differential
to mother and stranger at older ages.

The age-related decrease in amygdala signal to
strangers may be linked to general stranger wariness, the
emotion experienced by the child in response to the
presence of unfamiliar people (Ainsworth & Bell, 1970;
Waters, Matas, & Sroufe, 1975). Stranger wariness is a
developmentally appropriate fear that peaks during late
infancy, and declines as children age (Greenberg &
Marvin, 1982), allowing for more independent explora-
tion of the social environment. If the amygdala signal
observed in this study codes for the relevancy of the face
stimulus, the decreased signal to strangers with increas-
ing age would suggest that stranger•s faces become less
emotionally relevant to subjects as they age from child-
hood into adolescence. Consistent with this hypothesis,
social‡stranger wariness (as measured by the Social
Anxiety subscale of the SCARED) decreased with
increasing age. Importantly, the association between age
and social‡stranger wariness was fully mediated by the
activity of amygdala to strangers• faces, suggesting that
developmentally appropriate social‡stranger wariness
early in life is supported by high amygdala activity in
response to strangers and that decreasing amygdala
activity to strangers attenuates social‡stranger wariness
as children age. Stranger anxiety has been studied
extensively in the infant period (Waterset al., 1975), but
there is little literature on stranger anxiety after the
preschool period, although as children age they clearly
engage in more independent exploration of the social
environment. We chose to use the social anxiety subscale
of the SCARED instrument because the items (e.g.
doesn•t like to be with people he‡she doesn•t know well)
map on to traditional behavioral phenotypes associated
with stranger anxiety (e.g. wariness with strangers,
avoidance of strangers; Waterset al., 1975). Our confi-
dence that this measure provided a valid assessment of
social‡stranger wariness was increased by the observa-
tion that scores decreased with increasing age, as we
would expect stranger anxiety to, unlike social anxiety,
which typically increases with age, as cognitive abilities
develop allowing for children•s increasing appreciation
that others can evaluate them (Westenberg, Drewes,
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Goedhart, Siebelink & Treffers, 2004). Future work
delineating the developmental time course of social‡-
stranger wariness will be useful in better understanding
the neurobiology that results in changes in behavioral
phenotype. The current results may be additionally
important in providing a better understanding of the
associations between stranger anxiety and social anxiety
(and whether these are truly distinct behavioral pheno-
types or heterotypically continuous with each other).

In the current study, we examined patterns of neural
activity to mothers versus strangers (i.e. other children•s
mothers) purposefully to control for the parental experi-
ence of the models. Thus, a limitation of this design choice
is that we cannot exclude the possibility that patterns of
behavior and neural activity obtained in this study were
not a function of familiarity. Future studies that add a
third condition, that is a familiar non-parent, would
address this concern. However, Gobbini, Leibenluft,
Santiago and Haxby•s (2004) and Liebenluftet al.•s (2004)
combined findings that amygdala activity when viewing
intimate attachments was independent of familiarity leads
us to believe that our current findings are not due to
familiarity alone, but rather a reflection of the intense
attachment relationship. Another limitation to the study
design was the wide age range, which was purposefully
chosen to directly examine age-related changes in amyg-
dala signal to mothers• faces. However, the current find-
ings, although robust across ages, would benefit from
replication employing larger samples defined by more
constrained age ranges. Finally, because we included very
young children in the study, we employed a simple
behavioral task design, which only required subjects to
search for happy faces (and not neutral). Thus, we cannot
say with certainty that the same findings would be
obtained had the behavioral task been counterbalanced.

If not related more generally to familiarity, the results
from the current study have important implications for
understanding how early caregiving stimuli influence the
development of attachments and how these relationships
can influence behavior. The mother…child relationship is
essential for typical behavioral and brain development
(reviewed in Tottenham, in press). The mother stimulus
establishes an affective repertoire that can have long-
lasting effects on behavior regarding the self, the mother,
and others. Delineating the neural mechanisms of this
learning tool informs our understanding of how mothers
influence behavior.
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of stressful events for humans. We purposefully narrow our focus to 
provide a richer discussion of the amygdala and hippocampus and 
how developmental timing interacts with environmental inß uences. 
Because the systemic output of the HPA axis, glucocorticoids (corti-
sol in humans), can pass through the blood-brain barrier, the HPA 
axis is one of the major pathways through which the effects of stress 
can shape brain development. The amygdala and hippocampus are 
rich with receptors for cortisol and are therefore major targets of the 
HPA axis. Thus, we see narrowing our review to the amygdala and 
hippocampus as one reasonable way to limit the scope of the neural 
effects of adversity that we examine here. We will describe some 
speciÞ c examples of when amygdala and hippocampal development 
are disrupted by negative psychosocial environments. By describ-
ing these associations, we hope to distill potential mechanisms by 
which exposure to adversity could become biologically embedded 
resulting in increased susceptibility to mental illness. Finally we 
describe potential future directions for research. Throughout the 
review, we will be making the argument that the effects of adversity 
will vary as a function of developmental timing, such that regionally 
deÞ ned effects will depend on the age at which exposures occurred 
and when neural outcomes were measured.

This focus on timing is consistent with the notion of sensi-
tive periods identiÞ ed in other developmental processes, such 
as vision or language, where developmental timing modiÞ es the 
environmentÕs impact on neural development. A fundamental 
precept of developmental studies is that the timing of a particu-
lar exposure matters for the expression of a phenotype. Not all 
neural regions follow the same developmental trajectory (Giedd 
et al., 1996; Bourgeois, 1997; Huttenlocher and Dabholkar, 1997). 
For example, primary sensory cortex such as V1 (visual cortex) 
appears to undergo important structural changes in the Þ rst year 
leading to life-long differences in visual perception, whereas other 
cortical regions (e.g., prefrontal cortex) continue to show struc-
tural development into adulthood. In the case of binocular vision 

INTRODUCTION
Early adverse social environments such as abuse and neglect have 
been associated with a wide range of negative outcomes, including a 
dramatically increased risk for a variety of mental disorders (Breslau 
et al., 1999; Brewin et al., 2000). These often include, but are not 
limited to, anxiety, depression, ADHD, substance use disorders, and 
tobacco dependence. The link between childhood trauma and adult 
risk for mental health disorders has been described in a variety of 
ways but fundamentally, this link is biological in nature. These nega-
tive social environments become biologically embedded as changes 
in neural structure and function and, ultimately, the behaviors that 
lead to mental illness. Although initial susceptibilities for exposure 
to adversity may contribute to this association, pressures from the 
environment can alter neural development leading to negative 
outcomes. Describing the mechanisms by which adverse experi-
ences during childhood lead to changes in neural development is 
an important step for understanding both brain development and 
ultimately for developing tools for clinical intervention.

In this review we will attempt to link the timing of negative 
childhood psychosocial stress exposure to differences in neural 
structure and function during childhood and adolescence. We 
restrict this review to empirical articles that address psychosocial 
trauma of abuse and neglect. A paper by Raizada & Kishiyama 
(this issue) reviews the literature on cognitive deprivation (e.g., low 
socio- economic status of the family), and therefore, this manuscript 
will not focus on early adversity of that type. We further limit our 
review to the neural development of two subcortical structures: 
the hippocampus and amygdala. We focus on these two regions 
because, based on a large adult human and non-human animal 
literature, we would expect signiÞ cant environmental inß uence on 
these structures. The hippocampus and amygdala are important 
for socio-emotional functioning throughout development and 
are closely linked with the activity of the hypothalamic pituitary 
adrenocortical (HPA) axis, a signiÞ cant neuroendocrine mediator 
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1997). In contrast, glucocorticoid occupation of amygdala receptors 
can have a facilitating effect on the activity of the HPA axis, often 
increasing CRH production within the amygdala. Therefore, circu-
lating glucocorticoids can have contrasting effects in the amygdala 
and hippocampus, and these two structures can play contrasting 
roles in the activity of the HPA axis.

As discussed in Gunnar and Quevedo (2007), stress is a psycho-
logical condition in which the individual experiences challenges 
to their well-being that overwhelm their resources for coping. 
Although this construct can be studied behaviorally and biologi-
cally (Dantzer, 1991), behavioral distress does not always mirror 
physiological stress reactions. For example, infantsÕ physiological 
(cortisol) response to inoculation is not perfectly correlated with 
amount or intensity of crying (Gunnar et al., 1989). However, 
elevated HPA axis activity can provide one biological index of 
stress, and importantly, one that can shape brain development.

There is much evidence that children who are exposed to early 
adverse experiences, such as poverty (Lupien et al., 2000), abuse 
(Tarullo and Gunnar, 2006), or orphanage rearing (Gunnar et al., 
2001; Dobrova-Krol et al., 2008), have increased stress reactiv-
ity and corresponding increased GR exposure. Adverse caregiv-
ing is a type of stress also used in animal models. These models 
provide the opportunity, usually not available in humans, for 
examination of stress effects at the cellular level. A variety of 
stressors (Bonaz and Rivest, 1998), as well as administration of 
high levels of glucocorticoids (Makino et al., 1994a), result in 
increased mRNA for CRH receptors hypothalamus and amygdala. 
This upregulation can lead to an increased fear response and/or 
a lowered threshold for the fear response to occur. High levels 
of glucocorticoids will also result in CRH mRNA level increases 
in the amygdala (Makino et al., 1994a), thereby potentiating the 
fear response. The amygdala has been understood to be func-
tionally dormant in the rat neonatal period. However, signiÞ cant 
stressors and/or GR administration can precociously activate the 
amygdala (Moriceau et al., 2004), indicating that the amygdala is 
biologically prepared to be activated early in life under the right 
conditions. In addition, CRH receptors are maximally expressed 
in the amygdala and hippocampus early in development (reviewed 
in Baram and Hatalski, 1998), a Þ nding that may provide insight 
into why young animals are especially vulnerable to adversity. 
Moreover, high elevations of glucocorticoids can downregulate 
hippocampal receptors that normally aid in the negative feedback 
to the HPA axis (van Haarst et al., 1997), thereby resulting in a 
dysregulated axis. The process of glucocorticoids increasing hip-
pocampal receptors occurs throughout development, including 
early in life (Vazquez, 1998). We will discuss in greater detail 
below how the products of the HPA axis speciÞ cally affects both 
the hippocampus and the amygdala.

HIPPOCAMPUS
The hippocampus has been implicated in learning and memory in 
adults and children. In adults, when the hippocampus is removed 
surgically, encoding of long term memories is disrupted result-
ing in anterograde amnesia: new memories cannot be formed 
(Markowitsch and Pritzel, 1985). Initial Þ ndings such as these 
in neuropsychological research were the result of bilateral hip-
pocampal resection as a treatment for epilepsy (including the 

or phoneme perception, timing of environmental exposure and 
timing of measurement is critical for observation of normal per-
ceptual development (Hubel and Wiesel, 1970; Kuhl, 2004). These 
are powerful examples of the concept of a developmental sensitive 
period, which are periods of life when a system exhibits increased 
plasticity and therefore, susceptibility, to environmental inß uences. 
Although the effects of sensitive periods are observed in behavior, 
they are properties of neural circuits (see Knudsen, 2004). Central 
to this concept is the notion that the process of development itself 
may increase the systemÕs likelihood of being shaped by the envi-
ronment (Casey et al., 2000). These periods often coincide with 
rapid development of a brain system, and therefore, individual 
neural systems will have their own sensitive periods (Lupien et al., 
2009). Once environmental exposure occurs, it modiÞ es the archi-
tecture of the circuit in such a way that certain patterns of future 
activity are preferred (Knudsen, 2004). Therefore, knowing the 
developmental timing of environmental exposures is critical when 
evaluating its effects. Beyond the timing of exposure, the tim-
ing of measurement can inß uence how we interpret the effects of 
environmental exposures, like adversity. Because compensatory 
neural mechanisms, which were not present during the stressor, 
may emerge once the adverse experience has terminated, timing 
should be well-characterized to disambiguate the effects of stress 
versus the effects of recovery. Moreover, as will be discussed below, 
the effects of an environmental exposure may not emerge for some 
time after the termination of the exposure. In the case of adversity 
we predict that the timing of exposure (i.e., age at which exposure 
occurred) and the timing of measurement (time since stressor) 
will matter for neural structure and function. Therefore, we will 
present human developmental neuroimaging studies to support 
this hypothesis and use Þ ndings from the animal literature to pro-
vide some description of mechanisms for developmental timing 
(literature summarized in Table 1).

PSYCHOSOCIAL STRESS EXPOSURE: HPA AXIS FUNCTION
Psychosocial stress can adversely impact brain development, and 
the literature on stress suggests that these changes occur largely 
through the HPA axis (reviewed in Loman and Gunnar, 2010). 
We will begin by brieß y reviewing the structure of the HPA axis. A 
stressor sufÞ ciently strong will elicit a full stress response (Kemeny, 
2009) which includes activation of both the sympathetic nervous 
system and activation of the HPA axis. The latter, which produces 
a longer-term response to a stressor than the former (hours rather 
than seconds to minutes), begins with signals from the amygdala 
(reviewed in Herman and Cullinan, 1997), which lead to peripheral 
(systemic) glucocorticoid increases via hypothalamus, pituitary, 
and adrenal gland activity and increases in corticotropin-releasing 
hormone in the brain (CRH; including in the amygdala; Makino 
et al., 1994a). Eventually peripheral glucocorticoids make their way 
to the brain. Glucocorticoids easily pass through the blood-brain 
barrier (Zarrow et al., 1970), and because the amygdala and hip-
pocampus have a high density of receptors for unbound glucocor-
ticoids, they are regions that are highly susceptible to the products 
of the HPA axis. When the stressor is removed and high circulating 
glucocorticoids are no longer necessary, glucocorticoids suppress 
HPA axis activation by occupying receptors in the hippocampus 
eventually inhibiting activity of the HPA axis (van Haarst et al., 
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Table 1 | Summary of Þ ndings on hippocampus and amygdala.

 Article N Human/
Animal

Sex Age of 
adversity

Test during or 
post adversity

Age at test Adversity Findings

Admon et al. 
(2009)

50 Human 
adults

25M/25F 18 years Within 6 months 
post stress

19 years Combat exposure 1.   Amygdala Reactivity pre stress 
predicted increase in stress-related 
symptomology.

2.  Increases in Hippocampal 
reactivity predicted increases in 
stress-related symptomology

Gilbertson et al. 
(2002)

35 Human 
adult

12M Combat exposed Twin 
pairs/23 M noncombat 
exposed twin pairs

Adulthood Post 52.8/51.8 Combat exposure 1.   Small hippocampal volume is a risk 
factor for PTSD. No effect of 
combat stress on volume

Kasai et al. (2008) 41 Human 
adult

18M Combat exposed Twin 
pairs/23 M noncombat 
exposed twin pairs

Adulthood Post 52.8/51.8 Combat exposure 1.   Combat exposed twin with PTSD 
showed decreased hippocampal 
activity relative to combat exposed 
twin without PTSD

Liberzon et al. 
(1999)

39 Human 
adult

14M Combat Exposure and 
PTSD/11M Combat only/ 
14M Control

Adulthood Post 45–52 Combat exposure/current 
anxiety disorder

1.   PTSD patients exhibited elevated 
activation of left amygdala to 
combat sounds for

Rauch et al. 
(2000)

16 Human 
adult

8M Combat Veterans with 
PTSD/8 Controls

Adulthood Post 48–61 years Combat exposure/current 
anxiety disorder

1.   Combat Exposed Veterans with 
PTSD had exaggerated amygdala 
responses to faces

Shin et al. (2004) 36 Human 
adult

17 (7M) Combat Exposed 
Veterans with PTSD/19(9M) 
Combat Exposed Veterans 
without PTSD

Adulthood Post adulthood Combat exposure/current 
anxiety disorder

1.   Male Combat Veterans with PTSD 
exhibited elevated amygdala 
activity

Shin et al. (2004) 16 Human 
adult

8M Fire� ghters with 
PTSD/8M Controls

Adulthood Post adulthood Fire � ghting exposure/
current anxiety disorder

1.   Participants with PTSD showed 
decreased hippocampal activation 
during memory task. 

2.  Participants with PTSD had smaller 
hippocampal volume than controls

Gianaros et al. 
(2007)

48 Human 
adults

48 F Adulthood During 48 years Self report of stress on 
perceived stress scale for 
20 years

1.   Decreases hippocampal volume 
associated with increased life 
stress

Armony et al. 
(2005)

13 Human 
adults

9F/4M Adulthood Post (within past 
4–6 weeks)

19–57 years Motor vehicle accidents 1.   Increased amygdala activation to 
masked fearful faces > masked 
happy faces

Andersen et al. 
(2008)

43 Human 
adults

26F with abuse; 17F healthy 
controls

Childhood Post 18–22 years Retrospective sexual abuse 
reporting

1.   Sexual abuse at 3–5 or 11–13 years 
of age was associated with 
reductions in hippocampal volume. 

2.  Sexual abuse at 9–10 and 
14–16 years was not

Bremner et al. 
(1997)

34 Human 
adult

12M/5F with child abuse; 
12M/5F matched controls

Childhood Post 30–50 years Chronic child abuse (at least 
once a month for a year)

1.   PTSD patients have smaller 
hippocampus and unchanged 
amygdala

(Continued)



Frontiers in H
um

an N
euroscience 

w
w

w
.frontiersin.org

 
January 2010 | V

olum
e 3 | A

rticle 68 | 4

Tottenham
 and S

heridan 
S

tress and hum
an neurodevelopm

ent 

 Article N Human/
Animal

Sex Age of 
adversity

Test during or 
post adversity

Age at test Adversity Findings

Cohen et al. 
(2006)

250 Human 
adult

Sex unreported; 100 with 2 
or more early negative 
events/150 with less than 2 
negative events

Childhood Post 18–70 years; 
mean age 40 
years

Retrospective reporting of 
early life stressors (various)

1.   Differences in hippocampal 
volume were marginally signi�  cant 
and amygdala were nonsigni� cant 
between groups

Driessen et al. 
(2000)

42 Human 
adults

21F patients with borderline 
personality disorder/21 age, 
gender, handedness 
matched contents

Childhood Post 21–40 years Childhood trauma/current 
borderline personality 
disorder

1.   Patients had 16% smaller 
hippocampal volume and 8% 
smaller amygdala than controls

Schmahl et al. 
(2003)

33 Human 
adult

10F with Borderline 
Personality Disorder and 
childhood trauma/10F 
controls with childhood 
trauma/13F controls with no 
trauma

Childhood Post 20–39 years Childhood trauma/
Borderline Personality 
Disorder (BPD)

1.    Patients with BPD had smaller 
amygdala (� 22%) and hippocampal  
(� 14%) volumes; Trauma exposure 
only was not tested

Carrion et al. 
(2001)

24 Human 
children

14M/10F with trauma and 
PTSD or subthreshold 
PTSD; 14M/10 Fage 
matched controls

Childhood Post 7–14 years Various traumatic 
exposures

No differences in hippocampal 
volume

DeBellis et al. 
(1999)

52 Human 
children

44 Children with PTSD 
(25M)/61 Control (36M)

Childhood Post 8–13 years Childhood maltreatment/
current anxiety disorder

1.   Decreased intercranial and 
cerebral volume, increased 
ventricle size.

2.  No differences in hippocampal 
volume

DeBellis et al. 
(2001)

18 Human 
children

9 Children with PTSD(5M)/9 
age, gender, Tanner Stage 
matched Controls

Childhood/
pre-puberty

Post Pre (10 years)/post 
(13 years) puberty; 
longitudinal 
design

Childhood maitreatment/
current anxiety disorder

1.   No signi� cant decrease in 
hippocampal volume for children 
with PTSD across adolescence in 
a longitudinal design

Tottenham et al. 
(2009b)

62 Human 
children

8M/26F previously 
institutionalized; 5M/23F 
comparison

Infancy Post 5–12 years Adverse caregiving 1.   Larger amygdala volume in 
previously institutionalized group.

2.  No differences in hippocampal 
volume

Mehta et al. 
(2009)

25 Human 
children

6M/8F previously 
institutionalized; 6M/5F 
comparison

Infancy Post 16 years Adverse caregiving 1.   Larger amygdala volume in 
previously institutionalized group.

2.  No differences in hippocampal 
volume

Conrad et al. 
(1999)

72 Sprague-
Dawley rat

36M chronically stressed/
36M no stress

Adulthood 0, 10, and 20-
days post stress 
termination

Adulthood 6 h of restraint stress for 21 
consecutive days

1.   Decreased hippocampal CA3 
apical dendrite morphology.

2.  10 or 20 days of recovery 
eliminated changes in dendritic 
morphology caused by stress

Honkaniemi et al. 
(1992)

24 Sprague-
Dawley rat

20 Capsaicin/4 Control Adulthood Post Adulthood Capsaicin 1.   Expression of c-fos, c-jun, and junB 
in the PVN and central nucleus of 
the amygdala

Table 1 | (Continued)

(Continued)
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 Article N Human/
Animal

Sex Age of 
adversity

Test during or 
post adversity

Age at test Adversity Findings

Kim et al. (2001) 28 Long-Evans 
rats

28M Adulthood Post Adulthood Restraint/tail shock 1.  Lesioning the amygdala pre-stress 
protected hippocampal structure 
(LTP) and function (Morris Water 
Maze) effects of stress exposure

Vyas et al. (2002) 3 groups Adult Wistar 
rats

Male Wistar Rats (Chronic 
Immobilization Stress/
Chronic Variable Stress/
Control

2-months old 
(adulthood)

Directly after 
stress

3-months old 
(adulthood)

Chronic immobilization 
stress/chronic variable 
stress

1.   Accelerated dendritic arborization 
in the amygdala.

2.  Dendritic atrophy in CA3 
(hippocampus)

Vyas et al. (2004) 3 groups Adult Wistar 
rats

Male Wistar Rats (Chronic 
Immobilization Stress/
Chronic Variable Stress/ 
Control

2.5–3 months 
old (adulthood)

Post 3.5–4 months old 
(adulthood)

Chronic immobilization 
stress

1.   Anxiety behavior and amygdala 
dendtric arborization persisted in 
stressed rats compared to control.

2.  Hippocampal dendritic atrophy did 
not persist after 21 days of 
recovery

Liu et al. (1997) – Norway rat Several large liters PND 1–10 Post Adulthood Reduced maternal care 1.   Increased adrenocorticotropin and 
corticosterone to stress, 
decreased hippocampal GR mRNA

Plotsky et al. 
(2005)

20 Long evans 
hooded rats

5M non-handled/ 5M 
handled/5M maternal 
separation/5 M control

PND2–14 Post PND 100–120 Maternal separation 1.   Elevated CRH mRNA in Amygdala 
of Maternally separated and non-
handled rats

Brunson et al. 
(2005)

Sprague-
Dawley rat

Several male litters PND2-weaning Post 4-and 12-months 
old

Poor maternal care 1.   Impaired hippocampal function 
appeared only in middle aged 
adults

Tsoory et al. 
(2008)

104 Sprague-
Dawley rat

56M exposed to juvenile 
stress/48M control

PND 27–29 Post PND 33 - 
juvenile/9-week-
old adult

3-day variable stress 
exposure

1.   Increased neural cell adhesion 
molecule in basolateral amygdala, 
hippocampus CA1, dentate gyrus, 
entorhinal cortex measured at 
adulthood but not during the 
juvenile period

Andersen and 
Teicher (2004)

100 Sprague-
Dawley rat

50M/50F PND 2–20 Post PND 25, 40, 60, 
80, 100

Maternal separation 1.   Synaptophysin OD decreases in 
hippocampal CA1 and CA3 at 
postnatal day 60 (not before).

2.  No effect on Synaptophysin OD in 
the amygdala

Ono et al. (2008) 148 Balb/c mice 76 (33M) early weaned/ 72 
(34M) typically weaned

PND 14 Post 3, 5, and 8 weeks 
of age

Early weaning (PND 14) 1.   Precocious development of 
amygdala, not hippocampus 
(accumulation of galactosylcera-
mide) at 5 weeks of age

Chen et al. (2006) 55 Sprague-
Dawley rat

55 stressed PND 18 and 
Adult (3 months 
old)

Directly after 
stress

PND 18 and Adult Restraint/restraint-noise 1.   Hippocampal response (FOS) to 
stress was more rapid and robust 
at PND 18 than adulthood

Kikusui and Mori 
(2009)

129 Balb/c mice 63(28M) early weaned/66 
(32M) typically weaned

PND 14 Post 8–22 weeks Early weaning (PND 14) 1.    Accelerated amygdala 
development

(Continued)

Table 1 | (Continued)
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Animal

Sex Age of 
adversity

Test during or 
post adversity

Age at test Adversity Findings

Salzberg et al. 
(2007)

29 Wistar rats 16 (9M) maternal 
separation/13 (6 M) early 
handling

PND 2–14 Post 7 weeks Maternal Separation 1.   Amygdala sensitization following 
maternal separation

Isgor et al. (2004) 156 Juvenile 
Sprague 
Dawley rats

156M PND 28 24 h post stress/ 
3 weeks post 
stress

PND 57/77 28 days of variable chronic 
stress

1.   3 weeks post stress when rodents 
were adults hippocampal volume 
(CA1 and CA3) was decreased due 
to inhibited growth.

2.  24-h post stress when rodents 
were still juvenile hippocampal 
volume differences were absent or 
reversed

Becker et al. 
(2007)

20 Octodon 
Degus

10M stressed/10M non-
stressed

PND 1–21 Post stress PND 22 (post 
weaning/pre 
reproduction)

PND1–21 separated 1x per 
day for 1 h

1.   Higher levels of CRF neurons in 
basolateral amygdala.

2.  Lower levels of corticotropin 
releasing factor (CRF) � bers/
neurons in central amygdala and 
hippocampal dentate gyrus and CA1

Vazquez et al. 
(2006)

300 Hybrid 
Sprague-
Dawley/
Long-Kvans

80 (40M) stress at PND 6/ 
80(40M) stress at PND 
12/80(40M) stress at PND 
18/ 60(30M) controls

PND 6, 12, 
or 18

Directly after, 1 h 
after, or 4 h after

PND 6, 12, or 18 Maternal separation and 
restraint stress

1.   Basal CRH gene expression is 
higher at earlier ages in amygdala 
than hippocampus.

2.  Deprivation had site-speci� c 
effects on the temporal response 
to restraint stress

Vazquez et al. 
(1996)

12 
groups

Juvenile 
Wistar rats

Stressed at PND 6, 9, or 18/ 
challenged at PND 6, 9, 18/ 
control PND 6, 9,18

PND 6/9/18 1-h post stress PND 6/9/18 Maternal deprivation/saline 
injection

1.   Mineral corticoid receptor (MR) 
and glucocorticoid receptor (GR) 
mRNA decreases in hippocampus 
of deprived pups

Moriceau et al. 
(2004)

108 Juvenile 
Long Evans 
rats

Approximately 1/2 M PND 8 or 12 During stress PND 8 or 12 Predator odor 1.   Exogenously administered Cortisol 
increased amygdala activation and 
fear responding in young rats

Hatalski et al. 
(1998)

2 litters Juvenile 
Sprauge 
Dawley

Mixed litters PND 9/10 4-h post stress PND 9/10 Single exposure to cold 
stress/3 exposures to cold

1.   Increased CRF-mRNA in the 
central nucleus of the amygdala

Sabatini et al. 
(2007)

12 Juvenile 
Rhesus 
Macaque

4 F 1 week maternally 
seperated/4F 1 month 
maternally separated/ 4F 
controls

Infancy 
equivalent

Post stress 3 months 1 week maternally 
seperated/1 month 
maternally separated

1.   Early separation, more than later 
separation, decreased amygdala 
gene expression (guanylate 
cyclase 1 �  3)

Spinelli et al. 
(2009)

28 Rhesus 
monkeys

15 (7M) mother reared/13 
(6M) peer reared

0–6 months old Post stress 23–32 Months 
(age equivalent to 
childhood)

Maternal deprivation 1.   No difference in hippocampal 
volume measurements

Table 1 | (Continued)
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famously described patient HM; Zola-Morgan et al., 1982). When 
the  hippocampus is lesioned in children, a similar speciÞ c deÞ -
cit in episodic memory is observed (Vargha-Khadem et al., 1997; 
Brizzolara et al., 2003; Temple and Richardson, 2004).

As described above, in the context of stress exposure, the hippoc-
ampus has another important role; it provides a negative feedback 
mechanism, which modiÞ es the HPA axis response (as reviewed 
in Kim and Yoon, 1998). This negative feedback mechanism is 
 accomplished via activation of glucocorticoid (GR) and miner-
alocorticoid receptors (MR) by circulating levels of glucocorticoids. 
Within the brain, MR have a 90% higher afÞ nity for glucocorti-
coids than GR. At basal (non-stress) levels, the majority of MR are 
occupied by circulating levels of glucocorticoids. During a typical 
HPA axis stress response, increased availability of glucocorticoids 
leads to GR occupation, activating a negative feedback loop and 
 decreasing the HPA axis response. Early in life, the MR/GR ratio is 
lower than later in life, with MR mRNA increasing with age and GR 
mRNA decreasing with age (Vazquez et al., 1996). The immature 
ratio of MR to GR may result in unique hippocampal vulnerability 
to stress early in life. As has been demonstrated in older animals, 
chronic occupation of GR may impair the hippocampally-mediated 
negative feedback process resulting in extended HPA axis activa-
tion following stressful events and dysregulation of the HPA axis. 
Down-regulation of hippocampal MR has been identiÞ ed in very 
young rats as well (reviewed in Vazquez, 1998), which may increase 
the likelihood of GR occupation for young animals.

HIPPOCAMPAL DEVELOPMENT
In developmental neuroimaging studies, there is some evidence for 
age-related change (increases) in recruitment of the hippocam-
pus during long-term memory tasks across late childhood (Paz-
Alonso et al., 2008). However, other studies observed unchanging 
hippocampal recruitment across 8Ð24 years of age during scene 
memory encoding (Ofen et al., 2007), supporting the idea that 
hippocampal function is intact at least by childhood. Structural 
studies using magnetic resonance imaging (MRI) have revealed 
developmental differences in the volume of the hippocampus 
from birth through young adulthood. From birth to year 2, the 
hippocampus shows relatively little growth (Knickmeyer et al., 
2008). More substantial structural changes tend to be observed 
later in development. In an initial cross-sectional study of chil-
dren it was determined that the hippocampus showed protracted 
volumetric growth across childhood for girls but not boys (Giedd 
et al., 1996). In subsequent studies, however, this gender differ-
ence was not replicated, and instead, a longitudinal analysis of 
hippocampal growth between the ages of 4Ð25 years has shown 
continued developmental change into adulthood, where that 
the anterior hippocampus decreases in volume across childhood 
while the posterior hippocampus increased in volume (Gogtay 
et al., 2006).

As will be discussed further below, the animal literature sug-
gests that hippocampal development lags slightly behind amygdala 
development. For example, whereas learning to pair a cue with a 
shock (cued fear conditioning Ð an amygdala-dependent function) 
is present by postnatal day 18 in the rat, the same aged rats are 
unable to pair a context to a shock (contextual fear  conditioning Ð a 
hippocampus dependent function; Rudy, 1993). These Þ ndings have 

been interpreted as occurring because of the relative immaturity 
of the hippocampus (Cotman et al., 1973; Wilson, 1984; Rudy and 
Morledge, 1994) Similarly, a recent non-human primate Þ nding 
obtained with longitudinal structural MRI showed that, although 
both structures showed early development during an age- equivalent 
to early childhood, hippocampal development lagged behind the 
amygdala as indexed by age at which the slope of change leveled 
off (Payne et al., 2010).

Despite the protracted development of the hippocampus, behav-
ioral evidence suggests that some aspects of hippocampal function 
are present early in life. Across the Þ rst year of life, memory becomes 
increasingly context-independent, which is evidence of increased 
relational memory and involvement of the hippocampus (Robinson 
and Pascalis, 2004). Extending putative hippocampal development 
into early childhood, Sluzenski and colleagues demonstrated that 
4-year olds were not able to perform a relational memory task 
binding together pictures of animals and backgrounds whereas 
6-year olds could and showed adult-like performance (Sluzenski 
et al., 2006). However, when using more familiar objects (faces and 
scenes), 9-month-old infants showed evidence of intact relational 
memory (Richmond and Nelson, 2009). Taken together, these 
Þ ndings are consistent with the notion that the basic relational 
function of the hippocampus is present early in life, although the 
hippocampus and its connections continue to show developmental 
change into adulthood.

HIPPOCAMPUS AND STRESS
Evidence from adult rodent models shows that stress exposure 
alters hippocampal volume and function in adulthood (McEwen, 
1999, 2007). At baseline levels, glucocorticoids appear to aid 
memory formation by enhancing hippocampal excitability 
(Diamond et al., 1992; Pavlides et al., 1993, 1994). However, dur-
ing stress-induced HPA axis activation, hippocampal function is 
disrupted (Diamond et al., 1992; Pavlides et al., 1993), and pro-
longed exposure to glucocorticoids from chronic stress is harmful 
to the hippocampus, resulting in reduced dendritic spines and 
eventually apoptosis of hippocampal neurons (Sapolsky, 1996; 
Kim and Yoon, 1998). Rodents exposed to early stress also dem-
onstrate dendritic atrophy in hippocampal cells and decreased 
amplitude of long term potentiation in the CA3 area of the hip-
pocampus, leading to deÞ cits in memory formation (Brunson 
et al., 2005).

Most animal studies of stress exposure examine pre- and 
early postnatal stress exposure or chronic stress exposure in the 
mature animal. To keep the parallels to human psychosocial 
trauma exposure as consistent as possible, we will not review 
the effects of prenatal stress here. Poor or absent maternal care 
has lasting effects on the hippocampus. Early stress exposure of 
this variety is associated with decreased hippocampal volume 
and function and dysregulated HPA function in adulthood (Liu 
et al., 1997; for review, see Sanchez et al., 2001). Few rodent stud-
ies have examined the effect of stress experienced or measured 
during the child/adolescent equivalent of the juvenile phase. In 
one study of juvenile rodents, early exposure to chronic stress 
did not result in differences in the hippocampus 24-h post stress 
but did 3-weeks post exposure when these rodents had reached 
adulthood (Isgor et al., 2004), suggesting that hippocampal effects 
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may not be readily apparent until animals are mature. In studies 
of mature rodents, chronic stress exposure is followed by hip-
pocampal volume reductions 24-h post stress exposure. Adult 
rodent stress exposure confers risk for short-term differences in 
hippocampal structure, which within ten stress-free days, reverse 
(Conrad et al., 1999). Intervention during the adolescent phase of 
development may modify the behavioral effects of juvenile stress 
exposures in rodents (Francis et al., 2002), but does not alter the 
hippocampal pathology in adulthood associated with exposure 
to stress during the juvenile phase. Thus, it appears that stress-
related reductions in hippocampal volume and changes in HPA 
axis activation incurred as a result of juvenile stress exposure are 
more permanent than those incurred during adulthood (Seckl 
and Meaney, 2004). This may be the result of a greater number 
of stress hormone receptors early in life (reviewed in Baram and 
Hatalski, 1998) and/or decreased MR (higher afÞ nity)/GR(lower 
afÞ nity) ratios early in life (Vazquez et al., 1996).

In human adults, stress-related pathologies, such as major 
depressive disorder and post-traumatic stress disorder (PTSD), 
correlate with decreased hippocampal volume (Sheline et al., 2003; 
Campbell et al., 2004; Geuze et al., 2005; Kitayama et al., 2005; 
Smith, 2005) and altered activity (Bremner, 2006; often decreased 
activity Etkin and Wager, 2007, but increased activity has also been 
identiÞ ed Ð Shin et al., 2004). Even in healthy middle-aged adults, 
self-reported stress over 12 years in a longitudinal study was associ-
ated with decreases in hippocampal grey matter volume acquired 
at year 13 in women aged 54 years (Gianaros et al., 2007). In aging 
populations (60Ð90 years), high baseline and chronically increasing 
exposure to glucocorticoids measured yearly across a 6-year period 
predicted decreases in hippocampal volume relative to moderate 
baseline and decreasing glucocorticoids across the same time period 
(Lupien et al., 2005). Patients taking high doses of corticosteroids 
for long periods demonstrate hippocampally-mediated memory 
deÞ cits (Keenan et al., 1996), and healthy volunteers given GR 
agonists perform more poorly on memory tasks within a few days 
(Wolkowitz et al., 1990; Newcomer et al., 1994). Finally, studies of 
adults who were exposed to abuse during childhood reveal decreases 
in hippocampal volume (Bremner et al., 1997) and increased stress 
hormone production (Heim et al., 2002).

Because toxic levels of stress cannot be experimentally manipu-
lated in humans, these studies cannot causally link stress exposure 
to hippocampal volume. Recent data has called into question the 
direction or timing of the association between adult stress expo-
sure and hippocampal volume; for instance small hippocampal 
volume may confer risk for acquiring PTSD or reporting greater 
stress instead of vice-versa. One study attempted to address this 
problem of directionality by showing that for monozygotic twins 
one of whom was in combat and one who was not, volume of the 
hippocampus in the non-combat exposed twin predicted PTSD 
symptomology in the individual exposed to combat (Gilbertson 
et al., 2002; Kasai et al., 2008). This Þ nding points to the potential 
importance of early-shared environment and/or genetics in deter-
mining hippocampal volume separate from chronic exposure to 
toxic levels of stress in adulthood. Early environment in the form of 
childhood trauma exposure is a predictor of PTSD risk in combat 
exposed veterans (Brewin et al., 2000; Dedert et al., 2009). How 
early stress predisposes an individual to hippocampal alterations 

and increases stress reactivity is unclear, but a recent study showed 
that the association between hippocampus and emotional reactivity 
is predicted by pre-existing amygdala reactivity (Admon et al., 2009). 
This prospective study suggests a speciÞ ed temporal relationship 
between amygdala and hippocampus Ð one potential mechanism 
by which hippocampal volume indexes risk for PTSD.

Despite the numerous studies showing reduced hippocampal 
volume in adulthood following stress exposure in either childhood 
or adulthood, there is no evidence of hippocampal volume dif-
ferences during childhood caused by stress. In fact, it has been 
concluded that adversity exposed individuals studied during child-
hood do not differ in hippocampal volume from their peers (De 
Bellis et al., 2001; Woon and Hedges, 2008), despite evidence that 
children who experience trauma have increased GR exposure (De 
Bellis et al., 1999a). While it is possible that developmental timing 
of stress exposure is responsible for this lack of effect in the hip-
pocampus, it is also possible that this discordance in Þ ndings is the 
result of timing of measurement. That is, hippocampal impacts 
could emerge late in life even when exposure to stressful life circum-
stances occurred early. Only one longitudinal study has attempted 
to directly test this hypothesis. De Bellis and colleagues imaged 
children before puberty (Tanner stage I or II) and 2 to 3 years 
later (Tanner stage III or IV) to determine if childhood stress-
induced changes in hippocampal volume become evident during 
adolescence. This investigation did not support the hypothesis that 
early abuse exposure might ÔemergeÕ as differences in hippocampal 
volume during adolescence (De Bellis et al., 2001); however, in the 
Þ nal stage of this longitudinal study, these participants were not 
yet adults. A more recent study that extends the age at test has 
shown evidence of hippocampal changes that emerge in adulthood 
from childhood stress (Andersen et al., 2008). Taken together, these 
data suggest that early-life stress results in hippocampal volume 
decreases and functional alterations when measured in adulthood, 
but these effects are difÞ cult to observe or are not observable during 
childhood. The conclusion that childhood stress exposure leads to 
adult but not childhood differences in hippocampal volume leaves 
open certain possibilities. For instance, early stress exposure, while 
unrelated to childhood hippocampal volume, may result in other 
neurobiological changes (for example, in the amygdala) during 
childhood, which subsequently result in adulthood differences in 
hippocampal volume. We will discuss the impact of adversity on 
the amygdala during development in the subsequent section.

AMYGDALA
The amygdala has been implicated in learning about the emotional 
signiÞ cance of stimuli (Davis and Whalen, 2001). Having a mecha-
nism to determine the relative safety or danger of situations is adap-
tive at any age. However, when less is known about the environment 
(e.g., early in life), the need to learn about the safety or danger 
of novel events will be greater (Tottenham et al. 2009a), and this 
type of learning is heavily dependent on the amygdala (reviewed 
in Davis and Whalen, 2001; LeDoux, 1993). Neuroimaging studies 
have conÞ rmed that, like in rodents and non-human primates, the 
human amygdala responds to negative as well as positively valenced 
stimuli (Breiter et al., 1996; Somerville et al., 2004; Hennenlotter 
et al., 2005), suggesting it supports learning about the emotional 
signiÞ cance of the environment in general.
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that negative events activate amygdala response above and beyond 
positive events (Morris et al., 1998; Hamann et al., 2002; Whalen 
et al., 2004) Ð suggesting that the adult amygdala discriminates 
based not only on arousal properties but also on the valence of 
stimuli. It is not yet established whether early in life the amygdala 
discriminates stimuli of different valence as well as it does to 
arousal properties.

The amygdala appears to be more reactive earlier in life than in 
adulthood. This claim is supported by the repeated Þ ndings that 
amygdala activity continues to change from childhood to adult-
hood, peaking in activity during adolescence before it declines 
in adulthood (Monk et al., 2003b; Killgore and Yurgelun-Todd, 
2007; Guyer et al., 2008; Hare et al., 2008) and this activity is tightly 
 coupled to the modulatory connections of the ventromedial pre-
frontal cortex (vmPFC) (Hare et al., 2008). This increased suscep-
tibility to emotionally-relevant events would aid in learning about 
the environment, at a time in life when relatively little is known 
about the world. Moreover, the functional precocity of the amygdala 
may reß ect the relative importance of establishing competence in 
recognizing and learning about emotionally-relevant stimuli prior 
to establishing competence in other developmental domains (e.g., 
cognitive development).

Consistent with the notion that the amygdala is highly active 
early in life, lesion studies that have isolated the timing of lesions 
to discrete periods of life suggest that lesions early in life often 
have a more dramatic effect on behavior than those that occur 
later. Naturally occurring lesion studies in humans show that early 
amygdala lesions (i.e., congenital) signiÞ cantly impair processing of 
facial expressions, particularly fearful ones (Adolphs et al., 1994). 
However, amygdala lesions occurring later in life (i.e., adulthood) 
appear to have less of an effect on processing these expressions 
(Hamann and Adolphs, 1999). These developmental differences 
are most apparent when the task is non-verbal (e.g., judgments of 
perceived similarity between expressions). Presumably, the amy-
gdala is important during developmental periods when learning 
about the meaning of relevant social stimuli, like facial expressions, 
is occurring, but may be less critical once these associations have 
been formed. More precise lesion studies in non-human primates 
when the effects of timing can be manipulated also lend support to 
the idea that the amygdala of young animals is uniquely important 
in learning about the environment. Amygdala lesions that occur 
both in neonatal or adult macaques result in the animals showing 
less fear of non-social items. However, these lesions produce distinct 
responses to social stimuli that vary as a function of the timing of 
the lesion. Amygdala lesions in adult animals result in an increase 
in afÞ liative social behaviors (e.g., less distance from peers, more 
afÞ liative vocalization coos, more walk bys; Emery and Amaral, 
1999), but when they occur in infancy, these lesions result in exag-
gerated fear responses during social interactions (e.g., decreased 
exploration, increased fear grimaces and screams; Bauman et al., 
2004). Prather et al. (2001) suggest that the exaggerated social fear 
in monkeys with early amygdala lesions is the result of these mon-
keys never having the capacity to appropriately learn any social 
signal from conspeciÞ cs, and therefore, are left unable to recognize 
social cues that signal safety. To summarize, the literature suggests 
that the amygdala becomes functionally active early in life although 
it demonstrates continued reÞ nement (largely through increased 

AMYGDALA DEVELOPMENT
The basic architecture of the human amygdala is present at birth 
(Humphrey, 1968; UlÞ g et al., 2003). Nonetheless, the amygdala 
undergoes structural and functional change across an extended 
developmental period (reviewed in Tottenham et al., 2009a). 
Structurally, the amygdala exhibits a protracted period of devel-
opment, extending from year one through late childhood. In an 
initial study, the amygdala was observed to grow in volume across 
4Ð18 years only for male subjects (Giedd et al., 1996); structur-
ally, the female amygdala reached adult-like volume by age 4-years 
old. This growth trajectory was conÞ rmed in subsequent studies 
(Schumann et al., 2004) and observed developmental change even 
when children 2 years of age were included (Mosconi et al., 2009). 
Notably, many studies of amygdala volume in children have focused 
on autism, therefore limiting the control sample to male children, 
which may be problematic given the sexual dimorphism identiÞ ed 
in structural studies (Giedd et al., 1996). Amygdala volume devel-
opment for female children is understudied, and sex-hormones 
inß uence amygdala development in human populations (Rose 
et al., 2004), indicating that future research should carefully con-
sider the role of sex in modifying differences in amygdala function 
and structure in response to stress. Despite these structural changes 
observed during childhood, a recent longitudinal non-human study 
showed that the most rapid rate of primate amygdala develop-
ment occurs during the early postnatal period, leveling off soon 
after (Payne et al., 2010). This rapid rate of change may heighten 
the vulnerability of the amygdala to environmental inß uence early 
in life.

Similar to structural development, the amygdala shows early 
functionality that is followed by developmental change across child-
hood and adolescence. Like adults (e.g., Breiter et al., 1996), chil-
dren and adolescents reliably recruit the amygdala when processing 
emotion from facial expressions. Greater amygdala activity for fear-
ful faces relative to Þ xation is observed in both adolescents (Baird 
et al., 1999; Killgore et al., 2001) and children (Thomas et al., 2001). 
Adolescents also demonstrate greater activity in response to these 
faces than adults, activity that is not generated by differential visual 
scanning of the faces (Guyer et al., 2008). However, the response 
pattern differs for younger subjects where children, unlike adults, 
exhibit greater amygdala recruitment for neutral faces than fearful 
(Thomas et al., 2001) and other facial expressions (Lobaugh et al., 
2006), suggesting that the amygdala (and most likely its connec-
tions with cortical regions) undergoes reÞ nement over childhood 
and adolescence.

Fear conditioning experiments with adolescents (e.g., pair-
ing a neutral cue with an air blast directed at the larynx) have 
shown that before adulthood, individuals can learn to associate 
a neutral stimulus with a negative one via increased amygdala 
activity to the conditioned stimulus (Monk et al., 2003a). This 
type of amygdala-dependent cued fear conditioning is similar 
to the process identiÞ ed in adults (LaBar et al., 1998; Critchley 
et al., 2002; Knight et al., 2005; Delgado et al., 2006). In adults, 
both positively valenced (e.g., reward, happy and/or attractive 
faces) and negatively valenced events recruit amygdala activity 
(Breiter et al., 1996; LaBar et al., 1998; Baxter and Murray, 2002; 
Hamann et al., 2002; Somerville et al., 2004; Hennenlotter et al., 
2005; Belova et al., 2007). However, many studies with adults Þ nd 
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cortical connections) throughout childhood and adolescence. How 
this trajectory interacts with exposure to stress will be discussed 
in the next section.

AMYGDALA AND STRESS
The amygdala and the extended amygdala (the bed nucleus of the 
stria terminalis; Davis, 1994), appear to be critical in activating the 
HPA axis in response to cognitive-emotional challenge and threat 
(reviewed in Dedovic et al., 2009). Stress and glucocorticoids have 
been found to increase CRH levels and upregulate CRH recep-
tors in the amygdala of both mature (Makino et al., 1994b) and 
developing rodents (Hatalski et al., 1998) lowering the threshold 
for the fear response to occur. Chronic GR administration acts to 
augment the amygdala-mediated startle response in rats (Lee et al., 
1994) and CRH antagonist administration (Swerdlow et al., 1989) 
suppresses the fear response in primates. Lesions of the amygdala 
prevent elevations in glucocorticoids in response to psychological 
stressors, such as restraint in rats, but do not prevent elevations 
in response to physiological stressors, such as illness or injury 
(Feldman et al., 1994; Herman and Cullinan, 1997). There are a 
large number of CRH producing neurons and CRH receptors in 
the amygdala, and infusion of CRH to the amygdala (Rosen and 
Schulkin, 1998), amygdala stimulation (Mason, 1959), and stress 
(Baram and Hatalski, 1998; Bonaz and Rivest, 1998) produce large 
increases in glucocorticoids and corresponding increases in behav-
iors indicative of fear and anxiety. Developmental human neuroim-
aging studies have also shown that naturally occurring elevations in 
glucocorticoids are associated with amygdala hyperactivity (Maheu 
et al., 2008). Taken together, these Þ ndings strongly support the 
notion that the HPA axis and amygdala CRH are involved in poten-
tiated fear responses following stress. Adverse experiences produce 
long-term changes in the amygdala structurally and functionally 
via high levels of circulating glucocorticoids and endogenously 
produced CRH, decreasing an individualÕs threshold for reacting 
to emotional events. Animal models have provided evidence for 
this type of stress-induced kindling of the amygdala (where con-
tinual stimulation produces greater future excitability; Adamec and 
Shallow, 2000).

Numerous neuroimaging studies have demonstrated that the 
amygdala is altered structurally and functionally by psychosocial 
stress in humans as well. Many of these studies have been with 
adults who have experienced extremely traumatic events (e.g., com-
bat, physical assault) and show that in adults the amygdala is both 
smaller (Driessen et al., 2000; Schmahl et al., 2003) and more reac-
tive to emotional stimuli (Liberzon et al., 1999; Rauch et al., 2000; 
Shin et al., 2004; Armony et al., 2005; reviewed in Shin et al., 2006). 
The amygdala is inß uenced by trauma of less intensity as well. In 
one study, Þ rst and second year undergraduates showed a correla-
tion between their parentÕs social status, linked in previous studies 
to stress reactivity (Lupien et al., 2000; Evans and Kim, 2007) and 
their amygdala activation while viewing angry faces (Gianaros et al., 
2008). Although it is difÞ cult to draw conclusions about causality 
from most human studies, directionality between adversity and 
amygdala structure and function has been conÞ rmed with animal 
models of stress, which have routinely identiÞ ed changes in the 
amygdala following stress administration (reviewed in Roozendaal 
et al., 2009).

Developmentally, there are some similarities and some differ-
ences in the associations between amygdala and stress. Studies that 
have manipulated the timing of stress, typically in non-human 
animals, have found that the amygdala is particularly sensitive to 
stress early in life. Poor caregiving in rodents results in increased 
anxiety- and aggressive-behaviors in adulthood, which is associated 
with acceleration of amygdala development (Kikusui and Mori, 
2009), including early myelination (Ono et al., 2008), increases in 
CRH-containing neurons (Becker et al., 2007), and sensitization 
of the amygdala in adulthood (Salzberg et al., 2007). Although the 
amygdala is functionally dormant in the rat neonatal period, signiÞ -
cantly stressful events and/or GR administration can precociously 
activate the amygdala (Moriceau et al., 2004), perhaps because of 
the early presence of CRH mRNA [present in day 2 (Avishai-Eliner 
et al., 1996; Fenoglio et al., 2004; Vazquez et al., 2006)], and such 
amygdala effects can last until adulthood (elevated CRH mRNA; 
Plotsky et al., 2005; reviewed in Caldji et al., 2000). Non-human 
primate work shows that maternal deprivation stress also alters 
amygdala development. These effects can be more devastating the 
earlier they in life they occur, and they include deÞ cits in socio-
emotional behaviors (e.g., decreased social behavior and increased 
self-comforting), which are mediated by stress-induced changes 
in amygdala gene expression (Sabatini et al., 2007). These stress-
related timing effects coincide with the early development of the 
amygdala (Payne et al., 2010), and suggests that amygdala vulner-
ability to stressors may be at a peak during the early postnatal period 
primates. This position is supported as well by rat models of early 
stress, which Þ nd that the amount of CRH required to produce 
amygdala-originating seizures in developing animals is 200 times 
smaller than required for adult animals (reviewded in Baram and 
Hatalski, 1998) Ð another suggestion that the juvenile amygdala has 
heightened susceptibility to environmental pressure.

While there are a growing number of studies that have exam-
ined the role of stress on amygdala structure and function during 
development, most in humans have not been able to isolate the 
timing of stress to a discrete period in development (the way that 
animal models can). This difÞ culty is common in human studies 
since adversity that occurs at one point in development is rarely 
isolated and typically is accompanied by a lifetime of adverse rear-
ing environment, making temporally-deÞ ned periods of stress 
difÞ cult to identify. Studies in adults have often found decreased 
amygdala volumes in individuals with a history of stressful child-
hoods (Driessen et al., 2000; Schmahl et al., 2003 Ð note: these 
individuals also had borderline personality disorder). This type of 
Þ nding seems to contradict animal studies, which have identiÞ ed 
larger amygdala cell size in addition to exaggerated amygdala activ-
ity (Vyas et al., 2002, 2004). In one human study that examined the 
effects of adverse caregiving restricted to the postnatal period (i.e., 
children reared in and then removed from orphanages) also found 
amygdala volume to be larger (once controlling for total brain 
volume), and did not Þ nd hippocampal differences (Tottenham 
et al., 2009b). A second independent study replicated these Þ nd-
ings of amygdala volume increases and a lack of hippocampal 
differences in adolescents who experienced institutional rearing 
in infancy (Mehta et al., 2009). Importantly, these populations of 
previously institutionalized children were studied years after the 
adversity ended, and children were adopted into families of very 
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Such a trajectory would explain why many studies in adults who 
experienced years of adversity show decreased amygdala volume. 
This hypothesized trajectory has been identiÞ ed in studies with 
depressed patients, who after the initial depressive episode show 
enlarged amygdala volume, but after living with depression for an 
extended period of time, show amygdala volume decreases (Frodl 
et al., 2002; Lange and Irle, 2004). These Þ ndings point to the 
hypothesis that alterations of amygdala following neonatal stress 
are apparent early in life because of the amygdalaÕs early functional 
development, its early exposure to stress hormones (those associ-
ated with the HPA stress response), and its maximal expression of 
stress hormone (CRH) receptors early in life (reviewed in Baram 
and Hatalski, 1998).

STRESS AND A CONSIDERATION OF TIMING
Stressful events do not impact the whole brain in a uniform 
fashion, but instead the effects are region speciÞ c, exhibiting 
some of the largest effects in the amygdala and hippocampus. 
The amygdala and the hippocampus exhibit differential effects of 
stress that occurs in adulthood, and often contrasting, such that 
stress decreases size, complexity, and activity of the hippocam-
pus (reviewed in Lupien et al., 2007; Bremner et al., 2008) and 
shows the opposite effects in the amygdala (larger, more reac-
tive amygdala) (Liberzon et al., 1999; Rauch et al., 2000; Armony 
et al., 2005). The differences between the two structures seem to 
be partially related to the time course of the molecular events 
that occur between the two structures that follows stress. This 
cascade begins in the amygdala, which exerts molecular and 
chemical downstream effects on the hippocampus. Cells in the 
amygdala participate in the earliest reaction to environmental 
stressors, often initiating the HPA cascade. They are quickly acti-
vated by stress and express immediate-early genes (Honkaniemi 
et al., 1992), whereas the hippocampus begins to play its role 
later in the cascade, negatively feeding back on the HPA axis to 
inhibit its activity (Herman and Cullinan, 1997). CRH-induced 
seizures produce the earliest discharges in the amygdala (Baram 
et al., 1992), which propagate later to the hippocampus (Haas 
et al., 1990). Therefore, stress-induced changes in the amygdala 
may have downstream effects on the HPA axis that over time 
can change the structure and function of later stages in the axis 
(Brunson et al., 2001b), like the hippocampus. These timing dif-
ferences may contribute to the reasons why hippocampal altera-
tions tend to developmentally follow amygdala alterations from 
stress (Admon et al., 2009).

Observation of these effects may depend on when they are 
measured. The effects of early-life adversity have been observed 
in the amygdala during development (Sabatini et al., 2007; 
Mehta et al., 2009; Tottenham et al., 2009b). Although there 
is evidence for molecular-level stress-induced changes in the 
immature hippocampus (e.g., Hatalski et al., 2000; Chen et al., 
2006), stress-induced changes in the hippocampus are often dif-
Þ cult to observe during the juvenile period, but may be apparent 
later in life. Maternal deprivation stress in non-human primates 
failed to show hippocampal differences as measured by structural 
MRI in the age-equivalent of childhood (Spinelli et al., 2009). 
Rodent studies that have manipulated timing of stress and time 
of measurement have found that hippocampal alterations may 

high socio-economic status. These data suggest that the amygdala 
can change as a function of early adverse experiences, but once it 
does it is resistant to ameliorative environmental inß uences Ð an 
interpretation supported by animal work showing that cellular 
growth in the amygdala following adult stress, unlike the hippoc-
ampus, fails to reverse during a recovery period (Vyas et al., 2004; 
Yang et al., 2007). Perhaps this heightened and biased sensitivity 
to emotionally-relevant events is one way the organism ensures 
that it is prepared for future adversity, in an environment that has 
already proved to be threatening. Longitudinal studies that vary the 
timing of stress in humans to include the neonatal period, child-
hood, adolescence, and adulthood are required to fully understand 
sensitive periods for environmental stress.

The amygdala is part of an extended neural network. In particu-
lar, it has rich connections with the vmPFC (Amaral et al., 1992; 
Milad and Quirk, 2002; Ghashghaei et al., 2007) and hippocampus 
(Ikegaya et al., 1996a,b). The vmPFC can modulate the activity of 
the amygdala through descending projections, perhaps via afferents 
to the intercalated cells of the amygdala that inhibit its own activity. 
Secondly, the amygdala and hippocampus co-modulate each other 
such that the amygdala can inß uence hippocampally- mediated 
memory formation and the hippocampus inß uences amygdala 
response when emotional stimuli are encountered (Phelps, 2004). 
The three structures (amygdala, hippocampus, and vmPFC) coor-
dinate during emotional learning. In new environmental contexts, 
the hippocampus inhibits the vmPFC, which releases the amygdala 
from vmPFC inhibition (reviewed in Kim and Richardson, 2010). 
Like the amygdala and hippocampus, stress alters vmPFC activ-
ity in adults, where signiÞ cantly stressful events leads to impaired 
vmPFC-dependent fear extinction learning (Milad et al., 2009). 
It has been demonstrated that chronic stress impairs extinction 
learning (Miracle et al., 2006) possibly via blockage of long-term 
potentiation (Maroun and Richter-Levin, 2003) and dendritic 
reorganization (Wellman, 2001; Izquierdo et al., 2006), including 
shortening of dendritic length caused by stress-induced reduction 
of the growth factor brain-derived neurotrophic factor (reviewed 
in Czeh et al., 2008). Also, chronic stress weakens vmPFC regula-
tion over amygdala and results in enhanced amygdala sensitivity 
to footshock (Correll et al., 2005). Additionally, the bidirectional 
and direct connections between amygdala and vmPFC suggest that 
stress-induced changes in the amygdala may, over the course of 
development, impair amygdala-vmPFC connectivity. Much less is 
known about the development of the vmPFC following early adver-
sity, although a small number of rodent studies shows that early-
life adversity alters vmPFC development both structurally (higher 
synaptic densities compared to controls Ð Ovtscharoff and Braun, 
2001) and functionally (reduced tyrosine hydroxylase-positive Þ ber 
innervation Ð Braun et al., 1999). Because of its rich interconnect-
edness, early-life stress may act on this system through multiple 
pathways and future investigations will beneÞ t from a systems-level 
approach. At the current time, the literature has primarily focused 
on the effects of stress on each area.

Taken together, the developmental data and the human adult 
data suggest that early in life, the amygdala undergoes expan-
sive growth following a stressor. This growth is accompanied by 
hyperactivity, which after a prolonged period results in cellular 
atrophy and/or death (and smaller volumes as measured by MRI). 
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not Þ nd amygdala differences following trauma exposure (Carrion 
et al., 2001; De Bellis et al., 2001, 1999b). These amygdala effects are 
typically unobservable, or have not been measured, in adults who 
experienced childhood stress (Bremner et al., 1997; Cohen et al., 
2006), where it has even been reported that childhood stress may 
actually result in smaller amygdala volumes in adulthood (Driessen 
et al., 2000). This pattern suggests that initial stress-induced hyper-
trophy and hyperactivity of amygdala neurons eventually leads to 
neuronal atrophy or cell death by adulthood (Teicher et al., 2003), 
a pattern identiÞ ed in other populations (e.g., autism spectrum 
disorders) who demonstrate amygdala hypertrophy in childhood 
followed by smaller volumes in adulthood (Schumann et al., 2004). 
Effects of trauma do not appear in amygdala volumetric measures 
in adulthood, while such effects are observable in the hippocam-
pus (reviewed in Lupien et al., 2007; Bremner et al., 2008), leav-
ing open the possibility that hippocampal effects may not emerge 
until adulthood, possibly as a result of stress-induced changes in 
the amygdala.

It is also possible that the hippocampus (perhaps due unique 
developmental timelines) is less vulnerable to stress effects early 
in life than the amygdala (at least as measured by volume). This 
may be related to the developmental timing of the structural 
development of these two structures. As noted earlier, there are 
data consistent with the hypothesis that amygdala development 
slightly precedes hippocampal development, and this develop-
mental differential may have consequences for each structureÕs 
vulnerability. Alternatively, hippocampal effects may be masked 
during development. Perhaps measuring changes in volume 
caused by stress are difÞ cult in the context of developmental 
changes (Giedd et al., 1996) as measured by MRI. The asser-
tion that the developing hippocampus is entirely invulnerable 
to environmental stressors is weakened by molecular studies 
in rodents that show that juvenile stress is followed by altered 
expression of molecules involved in neural development and syn-
aptic plasticity (i.e., neural cell adhesion molecules), effects that 
extend into adulthood (Tsoory et al., 2008) (Isgor et al., 2004). 
Perhaps volumetric studies may not be sensitive enough to show 
stress-induced hippocampal changes in childhood, although the 
effects in the amygdala are robust enough to be observed by 
this measure.

Technological advances are improving our ability to better 
address these questions in humans. Using diffusion tensor imaging, 
DTI, studies have replicated and extended Þ ndings from volumetric 
studies of adversity. In one study young adults exposed to verbal 
abuse as children had signiÞ cant differences in the white matter 
tracts associating medial temporal lobe structures to the prefrontal 
cortex (cingulum bundle) and the fornix Þ bers of the hippocam-
pus (Choi et al., 2009). DTI reveals the structural connectivity of 
neural structures and may aid researchers in better describing how 
associations between structures, such as the ones hypothesized here 
between the amygdala and hippocampus support developmental 
patterns in the effects of stress exposure. Other methods for explor-
ing associations between structures such as resting state fMRI, or 
resting state functional connectivity have not yet been employed 
in the service of understanding the effect of adversity on neural 
development. But these techniques have been used to great effect 
in understanding development generally (Fair and Dosenbach, 

be developmentally delayed and appear later in life; neonatal 
maternal deprivation did not result in a drop in hippocampal 
synaptophysin (a synapse related protein) until postnatal day 60 
(adulthood; Andersen and Teicher 2004). Behaviors that depend 
on the hippocampus follow a similar trajectory; early-life insults 
often result in ÒacquiredÓ cognitive decline, only appearing in 
older animals, not younger (Brunson et al., 2005). During early-
adulthood, the hippocampally-mediated cognitive decline asso-
ciated with maternal deprivation was unobservable and were 
not apparent until animals were middle-aged. These behavioral 
impairments are accompanied by decreased hippocampal LTP, 
dendritic atrophy, and mossy Þ ber expansion Ð hippocampal 
phenotypes typically associated with stress that occurs in adult-
hood (McEwen, 1999). It is noteworthy that, unlike with the 
mature hippocampus, which shows recovery after the termina-
tion of a stressor, stress administered early in life has long-term 
effects on the hippocampus.

Contributing to the differences between the two regions during 
development may be the differential emergence of HPA-related 
peptides following stress. Stress hormones and CRH mRNA pro-
duction in amygdala have a developmentally early onset, appear-
ing as early as postnatal day 2 in the rat (Avishai-Eliner et al., 1996; 
Vazquez et al., 2006), an earlier onset than in the hippocampus 
(Fenoglio et al., 2004). This discrepant time course between the 
amygdala and hippocampus maybe related to the modulatory 
role that the amygdala has over the hippocampus (Packard and 
Teather, 1998). These temporal discrepancies appear early in life, 
where stressful events produce elevations in CRH that occur Þ rst 
in the amygdala and are observed only afterwards in the hippoc-
ampus (reviewed in Baram and Hatalski, 1998). Environmental 
manipulations that result in changes in stress-related gene expres-
sion (CRH/GR receptors) are apparent in the amygdala at an 
age when they are not present in the hippocampus (during the 
early postnatal period). Neonatal separation stress resulted in 
an increase in CRF containing neurons in the amygdala, but not 
the hippocampus in juvenile rodents (Becker et al., 2007). Taken 
together these data illustrate the interaction between develop-
mental timing and timing of stress exposure (Fenoglio et al., 
2004) and suggest that the amygdala response to stressors is a 
temporal prerequisite for hippocampal changes following stress 
(Kim et al., 2001). In support of this postulate, a rare prospective 
study with new recruits to the Israeli Defense Forces showed that 
while amygdala and hippocampal activity closely correlated with 
subjective reported stress, hippocampal vulnerability to stress 
depended on how hyperactive the initial amygdala response was 
(Admon et al., 2009).

If future studies continue to show that the effects of stress occur 
in the amygdala developmentally earlier than the hippocampus, 
it might shed some light on the timing effects often observed in 
human neuroimaging studies. Evidence from the human literature 
supporting this temporal hypothesis is mounting. The effects of 
adversity on these two regions vary by when the stressor was admin-
istrated and by age at which testing occurred. For example, larger 
amygdala volumes are observed during childhood following neo-
natal early adverse caregiving, although no hippocampal differences 
were observed (Tottenham et al., 2009b). Age at test is critical since 
developmental studies that include adolescent subjects often do 
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stress that may modify its impact on neural structures. Chief 
among these are the kind and duration of stress. Because stress 
is chieß y a psychologically deÞ ned construct (Gunnar and 
Quevedo, 2007), one that is subjective in nature, determining 
which stressors (e.g., abuse vs. neglect) are Òthe worstÓ is difÞ cult 
since there are multiple stressors that can present challenges to 
the individualÕs homeostasis. However, certain aspects of stress, 
for example, controllability and predictability may be particularly 
effective at inß uencing HPA activity (Davis and Levine, 1982). 
Presumably the stressors described throughout this manuscript 
are unpredictable and uncontrollable from the standpoint of the 
infant or child experiencing them, thus  increasing the potential 
impact of early stressors. Stress duration should additionally be 
considered as a factor, since chronic stressors may affect neural 
development differently, often detrimentally, than single instance 
traumatic events (reviewed in Brunson et al., 2003). Again, 
the literature reviewed throughout this manuscript provides 
examples of chronically stressful environments. Nonetheless, 
dose-response relationships between stress duration and brain 
development have been reported (Brunson et al., 2001a; Mehta 
et al., 2009; Tottenham et al., 2009b). A Þ nal variable that should 
be considered when examining the effect of adversity on neural 
development is the temporal context in which neural devel-
opment is tested. For example we argue here that amygdala 
development and its modiÞ cation by stress precedes that of the 
hippocampus. However many developmental studies of trau-
matic stressors (for example, studies of child abuse) may occur 
when children are still under a great deal of stress. Duration 
since stressor needs to be considered, since the amygdala and 
hippocampus may have different recovery rates (Vyas et al., 2004; 
Yang et al., 2007). For example, when measured almost a dec-
ade after removal from orphanages, post-institutionalized chil-
dren show amygdala hypertrophy and hyperactivity, but do not 
show differences in hippocampal structure (Mehta et al. 2009; 
Tottenham et al., 2009b). However, differences in duration since 
stressor cannot account for all of the data since many studies 
(in older individuals) show decreased hippocampus years after 
stress termination (Andersen et al., 2008), suggesting again that 
developmental timing of exposure will inß uence the outcome 
measure. Nonetheless, more control over duration since stres-
sor is warranted in order to better understand the effects of 
adversity. To summarize, we suggest that (1) early life is a period 
of increased vulnerability although the effects of stress may be 
difÞ cult to detect for years (as seems to be the case with the 
hippocampus) (2) stress-induced changes in amygdala (initial 
increases in activity and growth) are apparent earlier in life and 
more robustly than the hippocampus (decreases in growth), and 
(3) later in life, when hippocampal changes are Þ nally apparent, 
the initial amygdala volume increases may ultimately change to 
volumetric decreases (although it may remain hyperactive).

CONCLUSIONS
Adverse experiences shape brain development, and these changes 
are often global in nature. However in this manuscript, we have 
focused on the effects on amygdala and hippocampal develop-
ment, two regions that are particularly vulnerable to stress in adult 
 populations. We argue that a developmental approach is necessary 

2007; Fair and Cohen, 2008) and in deÞ ning functionally con-
nected regions of interest in individual subjects (Cohen et al., 2008) 
a technique which would be well suited to the investigation of 
individual differences associated with stress. In addition, resting 
state connectivity and DTI could be used in a range of ages down 
to children as young as 2 years who have been successfully stud-
ied while asleep (Redcay and Courchesne, 2008). Thus, through a 
combination of connectivity and volumetric studies, it would be 
possible to, in children as young as 2 and extending through adult-
hood, examine the structural and functional networks that underlie 
the embedding of adversity, and directly test the hypothesis, pro-
posed here, that amygdala changes lead and produce hippocampal 
effects of adversity.

The techniques proposed here have in common with volumetric 
studies that they can be performed in the same way with children, 
adolescents, and adults. Notably absent are functional neuroim-
aging techniques which require the use of a task. In examining 
the developmental effects of adversity the use of functional neu-
roimaging presents potential challenges. Examining functional 
differences across studies is difÞ cult because subtle differences in 
experimental design disallow certain Þ ndings. In addition, across 
ages the same task may be more salient and/or more difÞ cult. For 
example a young child may not understand a task which includes a 
great deal of peer feedback about behavior where as an adolescent 
will both understand this task and peer feed back will be a very 
salient emotional stimulus. Including information like this in the 
interpretation of results can be difÞ cult. These caveats aside, neural 
activation is most closely linked to behavior and obtaining func-
tional neuroimaging data as a function of early adversity would 
have the potential to expose important differences and similarities 
structure-function relationships.

Transitions between developmental stages have not been studied 
extensively with regard to early adversity, and longitudinal work 
that includes a close examination of transitions into childhood and 
adolescence is necessary to delineate the effects of early adversity. 
Indeed, there is some behavioral evidence that the effects of early 
adverse caregiving may exacerbate once children age into adoles-
cence. In a longitudinal study of children adopted from Romanian 
orphanages, Rutter and colleagues have shown that unlike other 
domains of development (e.g., cognitive development, height, head 
circumference) which show massive catch-up following removal 
from orphanage care, there was a signiÞ cant increase in emotional 
difÞ culties caused by institutional care once children transitioned 
into adolescence (Colvert et al. 2008). These Þ ndings are consist-
ent with the notion that the transition into adolescence potentially 
marks another period when the environment can exert large effects 
on the brain (Sisk and Foster, 2004; Schulz et al., 2009). Findings 
from the rodent suggest that pubertal onset may be an important 
agent in amplifying or making obvious environmental inß uences 
on brain development. For example, stress-induced sex difference 
in  hippocampally-dependent trace learning only emerge after ado-
lescence (Hodes and Shors, 2005), perhaps as a result of the organ-
izing effects of increased pubertal testosterone on the hippocampus 
(reviewed in Sisk and Zehr, 2005.

Thus far we have considered the timing of stress exposure as 
a variable that may moderate the effect this variable has on the 
hippocampus and amygdala. There are various other aspects of 
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in understanding how environmental conditions such as trauma 
can impact outcome in these structures. While this review is limited 
in its scope, the restriction was purposeful in that it allowed for 
greater discussion of how timing of exposure and age at meas-
urement can differentially inß uence these neural phenotypes. The 
hypothesis driving the manuscript was that developmental tim-
ing of adverse experiences and the age at testing would inß uence 
structure and function of the amygdala and hippocampus. The 
literature discussed in this review suggest that the amygdala and 
hippocampus are highly vulnerable to the effects of adverse early 
environments, although these effects may be more evident in the 
amygdala early in life, whereas the hippocampus effects may be 
more subtle early in life and may be more readily observable in 
humans studies later in life.

We included data from animal models of stress to address issues 
of timing and biological mechanism that are difÞ cult to address 
with most human studies. Two of these issues in the human litera-
ture include methodological differences between studies and the 
methods of identifying the timing of stressful experiences. First, 
studies differ on how/whether they control for total brain volume 
when examining the effects of stress on regional morphometry. 
This difference will have a signiÞ cant impact on volume Þ ndings 
since children with a history of trauma are more likely to have a 
smaller total brain volume relative to control samples (Casey et al., 
2009; De Bellis et al., 1999b). In addition, recognizing changes in 
the volume of subcortical structures over time may be difÞ cult 
because cortical volume decreases rapidly across development. 
Controlling for total cortical volume across development while 
measuring changes in structure volume may inadvertently increase 
observed structure development.

Secondly, the overwhelming majority of studies on stress rely 
on retrospective data. This approach, while usually a necessary nui-
sance in human studies of stress, is problematic because researchers 
must rely on subject reporting, which may be inaccurate (Maughan 
and Rutter, 1997), particularly with respect to timing of events. 
Moreover, even if reporting is accurate, the  varying times and dura-
tions of the stressful events in most studies make it unclear how 
timing played a role in the observed effects. Human developmental 
studies are critical in order to understand how stressful experi-
ences speciÞ c to infants and children impact neural development. 
Drawing Þ rm conclusions about the impact of stressful and trau-
matic events will rely on methodological advances. Longitudinal 
studies, where observation occurs at multiple time points allows for 
direct observation of change over time. Ideally, these studies would 
be prospective in nature, a design aspect that further complicates 
data collection. These types of studies are difÞ cult and costly, but 
provide valuable information about developmental trajectories 
not often provided by cross-sectional design (Sowell et al., 2004; 
Durston et al., 2006; Gogtay et al., 2006; Giedd et al., 2008).

The main purpose of this manuscript is to highlight the impor-
tance of considering developmental timing, and the investigation 
into the short-term and long-term effects of adversity on neural 
development is only at its earliest stages. The hypotheses posited 
here will continue to be shaped by future results, and approaches 
like those described in this paper will help constrain interpreta-
tions of those data. This approach will be informative regarding the 
neural mechanisms that underlie mental health problems following 
early adversity and provide insight into the sensitive periods that 
deÞ ne the windows of opportunity and vulnerability to environ-
mental events, both adverse as well as ameliorative.
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