Neuropsychopharmacology REVIEWS (2016) 41, 163-176 @

REVIEW

www.heuropsychopharmacologyreviews.org 163

The Neuro-Environmental Loop of Plasticity:

A Cross-Species Analysis of Parental Effects on
Emotion Circuitry Development Following Typical
and Adverse Caregiving

Bridget L Callaghan*' and Nim Tottenham’
"Department of Psychology, Columbia University, New York, NY, USA

Early experiences critically shape the structure and function of the brain. Perturbations in typical/species-expected early
experiences are known to have profound neural effects, especially in regions important for emotional responding. Parental care
is one species-expected stimulus that plays a fundamental role in the development of emotion neurocircuitry. Emerging
evidence across species suggests that phasic variation in parental presence during the sensitive period of childhood affects
the recruitment of emotional networks on a moment-to-moment basis. In addition, it appears that increasing independence
from caregivers cues the termination of the sensitive period for environmental input into emotion network development. In this
review, we examine how early parental care, the central nervous system, and behavior come together to form a ‘neuro-
environmental loop,” contributing to the formation of stable emotion regulation circuits. To achieve this end, we focus on the
interaction of parental care and the developing amygdala—medial prefrontal cortex (mPFC) network—that is at the core of
human emotional functioning. Using this model, we discuss how individual or group variations in parental independence,
across chronic and brief timescales, might contribute to neural and emotional phenotypes that have implications for long-term

mental health.

INTRODUCTION

The quality of the child-caregiver relationship, and indeed the
amount of parental care provided, are arguably the most
significant contributing factors to emotional functioning
across the lifespan. Indeed, numerous scientific theories and
perspectives, dating from Freud’s ‘Oedipus Conflict’ in the late
1800s (see Freud, 1953) to theories remaining enormously
successful and influential today (eg, ethological and attach-
ment theories, parenting styles, and family systems; Gewirtz
et al, 1958; Hofer, 1994; Kernberg, 1972) have all ascribed a
special importance to the parent-child relationship for
understanding emotional development in children. For
example, in attachment theory, the ability of the child to
form a specific attachment/bond with the caregiver (and,
indeed, the nature of that attachment) is believed to lay the
foundation for that child’s ‘internal working model of social
relationships.” This working model is proposed to remain with
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the individual throughout their life, affecting their social,
emotional, and cognitive development (Ainsworth, 1969;
Bowlby, 1969). Importantly, the central tenet of these theories
and perspectives (ie, that the relationship between parent and
child is the critical foundation upon which emotional health is
built) continues to influence the conceptual frameworks for
numerous behavioral and psychological treatments for
pediatric mental health disorders that are popular today
(see, eg, Dadds and Hawes, 2006; Scott and Dadds, 2009;
Timmer and Urquiza, 2014).

Considering the substantial body of epidemiological evi-
dence documenting the strong link between early rearing
adversity and mental health disorders (see, eg, Green et al,
2010), it is not surprising that the parent—child relationship
features so heavily in theories and perspectives on the
development of mental health. Recent meta analyses have
shown that childhood adversities involving maladaptive family
functioning (eg, neglect, parental mental illness, family
violence) are known to increase the risk of onset and
persistence of emotional disorders in children, with such
early adversity accounting for ~45% of child-onset and 32%
of adult-onset mental health disorders (Green et al, 2010;
McLaughlin et al, 2010). Indeed, in a recent cohort of adults
presenting for inpatient or outpatient mental health treatment,
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76% reported experiencing some form of childhood trauma
(commonly neglect; Wota et al, 2014). Importantly, in that
same sample, there appeared to be a positive dose-response
function, where adults with more frequent childhood trauma
reported more severe emotional symptoms.

The mechanisms underlying the strong connection
between the early rearing environment and children’s
emotional development have been the focus of increasing
attention, both in human and nonhuman animal studies.
This literature, spanning several decades, has combined to
suggest that parents are critical for children’s emotional
development, in part because of the pronounced regulatory
effect they have on children’s behavior, physiology, and
stress reactivity. Some of the initial evidence for this
regulatory role of the parents came from the seminal studies
of Myron Hofer who identified the rodent mother as a
‘hidden regulator’ of her pups’ behavior and physiology. By
separating infant rat pups from their mother for extended
periods of time and then observing behavior and physiology
of the pups when one component of the maternal stimulus
(eg, warmth or milk) was replaced, Hofer demonstrated that
different sensory stimuli from the mother were important in
maintaining homeostasis in different pup systems (Hofer,
1973a, b, 1994). For example, although waking of the pup
appeared to be unaffected by maternal lactation, sleep onset
was disrupted in infants pups cared for by a nonlactating
dam (Hofer, 1973b). Further studies have since shown that
even relatively complex emotional behaviors appear to be
under tight maternal regulation in rodents. For example, fear
learning in infant rat pups appears to proceed differently
under conditions of maternal presence or absence.
Specifically, whereas juvenile pups (ie, postnatal day (P) 21
and older) will consistently display aversion to an odor
paired with shock, infant pups (ie, P7-10) will instead
display approach responses to that odor. Interestingly, rats in
a transitional period (ie, P12-15) will display either approach
or avoidance behaviors, depending on whether their mother
is present during conditioning, approaching the odor when
the mother is present and avoiding the odor when she is
absent (Moriceau and Sullivan, 2006). These latter data
suggest that there may be a sensitive period during which
maternal presence can modulate emotional learning early in
life that closes as rats reach weaning age.

The human data demonstrating that parents are potent
regulators of their children’s emotional and physiological
reactivity are also compelling (see, eg, Ahnert et al, 2004;
Gunnar et al, 1996; see Hostinar et al, 2014 for a
comprehensive review of this literature; Nachmias et al,
1996; Seltzer et al, 2010; Spangler and Schieche, 1998). For
example, parents can successfully up- and down-regulate
their children’s behavioral expressions of fear depending on
their own emotional output. Specifically, infants were more
likely to cross to the deep side of a visual cliff if their mother
was expressing positive emotion than when she was
expressing negative emotion (Sorce et al, 1985). Similarly,
infants and mothers appear to exhibit adrenocortical
‘attunement’ (ie, similar fluctuations in CORT patterns)
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across the day (see, eg, Hibel et al, 2014b; Middlemiss et al,
2012; Papp et al, 2009). In addition, the mere presence of a
parent can influence children’s performance on an affect
regulation task, where it was shown to increase levels of
inhibitory control (Gee et al, 2014). In contrast, parental
presence had no effect on inhibitory control on that same
task in adolescence. Parental presence can also inhibit the
acquisition of conditioned fears in the child (Egliston and
Rapee, 2007). Furthermore, access to a caregiver has been
shown to regulate the hormonal response to stress; young
females exposed to a Trier Social Stress Test exhibited a
faster return to baseline cortisol (CORT) response if they
interacted with their mother in person, or even on the phone,
immediately after the test (Seltzer et al, 2012). These data
support the idea that a sensitive period exists before
adolescence in human development, during which time the
influence of parents on child emotion functioning and
physiological reactivity is amplified (see Figure 1).

In light of the data demonstrating the important modulating
effect that parents have on their children’s physiology and
emotionality, it makes sense that child populations experienc-
ing parental deprivation (eg, parental death, child neglect) are
at elevated risk for significant dysregulation within these
typically buffered systems. Indeed, children reared under
conditions of extreme parental deprivation (orphanages/
institutional settings with extremely high child to caregiver
ratios) exhibit higher rates of anxiety disorders, higher anxiety
symptomology, and poorer performance on an affect regula-
tion task than noninstitutionally reared children (see, eg,
Tottenham et al, 2010a; Zeanah et al, 2009). In addition, infant
rats reared under conditions of high maternal stress (produced
through drastically reduced nesting material) begin to exhibit
odor aversion learning much earlier in development than rats
receiving typical maternal care (Moriceau et al, 2009).
Similarly, infant rats that were maternally separated early in
life exhibit greater fear relapse and longer lasting fear
memories than infants with higher levels of maternal presence
across rearing (Callaghan and Richardson, 2011, 2012a, 2014;
Callaghan et al, 2013).

The research discussed above suggests that parental
availability acts in both tonic and phasic ways to regulate
the emotional and physiological development of the child.
Parental physical presence, parent’s emotional expression,
and parent’s own physiological reactivity act as phasic
modulators of child emotional and physiological reactivity—
regulating the child’s internal experiences and behavioral
output in different environmental contexts. This phasic
regulation may have an important long-term function,
helping to calibrate children’s set point of emotional and
physiological reactivity (Blair and Raver, 2012; Hibel et al,
2014a). In addition, tonic levels of parental care experienced
in early life appear to alter rates of child emotional
development. That is, early independence from caregivers
(such as that caused by institutionalization) appears to
reduce parental modulation of child emotion. However,
although the important role of the parent in regulating child
physiology, behavior, and emotionality now appears well
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Figure 1.

Pictorial depicts how relative independence from parent may act to regulate the timing of the sensitive period of plasticity in the amygdala—

prefrontal network. A certain level of parental independence is needed for the sensitive period to open and for the child to experience phasic modulation of
the amygdala—prefrontal network via parental buffering. The increased circuit tone that emerges from phasic parental modulation of the circuit would
trigger further self-regulation and independence from the parent. Once parental independence begins to exceed a certain threshold, the sensitive period
for parental input into amygdala—prefrontal circuitry would decrease—completing the ‘Neuro-Environmental’ loop.

established, a good understanding of how this effect is
mediated at a neurobiological level is still emerging. In this
review, we take a cross-species approach to examine how
parental availability early in development affects the
maturation of emotion neurobiology by focusing on a neural
circuit known to be critical to emotional expression and
regulation: the amygdala—prefrontal cortex circuit. We start
the review by briefly describing the concept of sensitive
periods, a notion drawn on regularly throughout the paper.
We then state what is known about the development of this
circuit, before summarizing the data on phasic parental
circuit control. We then examine how amygdala-prefrontal
circuitry develops under different levels of tonic parental
care, contrasting typical and parental deprivation rearing
conditions. In the second half of the review, we explore the
idea that parental availability and eventual independence
from the caregiver act as a ‘Neuro-Environmental Loop,’
where parental presence entrains independent functioning of
emotion circuits in early life, with the resulting independence
cueing the closure of the period for environmental input into
emotion circuit development.

Although the current paper focuses on the effects of the
postnatal environment on amygdala prefrontal development,

it is important to note that parenting influences begin well
before birth, influencing the way that offspring respond to
postnatal parenting practices. The review of such prenatal
effects are outside the scope of the current paper, and
interested readers are referred to the following recent studies
and literature review (Buss et al, 2012; McEwen and Morrison,
2013; Qiu et al, 2015; Sarkar et al, 2014) on the topic.

SENSITIVE PERIODS OF
NEURODEVELOPMENT

Sensitive periods are commonly conceptualized as epochs of
time during which a system is highly plastic and open to
environmental restructuring or attunement (see, eg, Hensch,
2005; Werker and Hensch, 2015). A classic example of
sensitive period plasticity is the organization of ocular
dominance columns in the visual cortex that occurs in
numerous species including rats and humans (see Hensch,
2005, for reviews of this literature; Wiesel and Hubel, 1963).
Although sensitive periods have traditionally been examined
in sensory domains, it is clear that sensitive periods occur
throughout the brain in a region-specific analytical level
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(ie, molecules to circuits) and in a time-dependent manner.
For example, a growing body of literature has begun to suggest
that sensitive periods also occur for emotion development
(Callaghan et al, 2014a, b; Callaghan and Richardson, 2014;
Gogolla et al, 2009; Tottenham and Sheridan, 2010). In that
work, the same molecular and structural signals known to
regulate the timing of sensitive period plasticity in the visual
cortex, language learning in humans (Werker and Hensch,
2015), and song learning in birds (Balmer et al, 2009) were
also shown to regulate the timing of sensitive period plasticity
in emotion circuits in humans (see, eg, Callaghan et al, 2014b;
Gogolla et al, 2009; Karpova et al, 2011; Nabel and Morishita,
2013). Considering the amygdala—prefrontal cortex is the
main neurobiological network underlying emotion regulation,
it makes sense to examine whether a sensitive period of
plasticity exists in this circuit and, if so, to determine the
parameters of such plasticity, including its timing, environ-
mental inputs, and regulators.

THE NEUROBIOLOGY OF EMOTIONALITY
Amygdala

Across species, the neurobiology of emotionality has been best
characterized at the level of the amygdala. This structure is
proposed to be part of a large circuit (also involving the insula,
ventral striatum, and ventral regions of the anterior cingulate
cortex and prefrontal cortex) involved in identification of
emotional salience and production of affective responses to
stimuli (Phillips et al, 2003a). As a unitary structure (although
comprising a constellation of subnuclei), the amygdala is well
known for its importance in emotion perception, learning,
and expression. Functional imaging studies, using positron
emission technology (PET) and functional magnetic reso-
nance imaging (fMRI), have consistently found greater
amygdala reactivity to emotional compared with neutral
stimuli, and often with stimuli with a negative valence as
opposed to positive valence (see Costafreda et al, 2008 for a
meta-analytic review of this literature). Similarly, studies on
subjects with bilateral amygdala damage have shown that the
amygdala is critical in the auditory and visual recognition of
emotions, especially anger and fear (Adolphs et al, 2005; Scott
et al, 1997), may help to regulate threat vigilance (Anderson
and Phelps, 2001; Terburg et al, 2012), and is critical in
decoding ambiguous emotional information (eg, fearful facial
expression on a person with an approach bodily stance;
de Gelder et al, 2014). In a very recent study, 200 single
neuron recordings were taken from the amygdala of
neurosurgical patients (presurgery) while they looked at
degraded pictures of emotion-expressing faces. Amygdala
reactivity was found to track patients’ subjective judgments of
emotions during that task (Wang et al, 2014), suggesting a
specific role for the amygdala in emotion perception, rather
than correct emotion identification.

Amygdala also plays a prominent role in fear learning. The
amygdala is considered to be the critical structure involved in
the formation and storage of conditioned fear associations
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(Davis, 1992; LeDoux, 2000; Phelps and LeDoux, 2005), with
the lateral nucleus (LA) acting as the site of plasticity and
storage for fear memories (see, eg, Davis, 1992; Kwon et al,
2014; LeDoux, 1994; Phelps and LeDoux, 2005), and the
central nucleus (CeA) acting as the fear output center—
through its projections to downstream structures involved in
fear expression (eg, paraventricular nucleus (PVN); Krettek
and Price, 1978; LeDoux et al, 1988; Veening et al, 1984). In
humans too, the amygdala has been consistently implicated
in fear conditioning. For example, numerous PET and fMRI
studies have shown reliable amygdala activation to the
conditioned stimulus (CS+) relative to a nonreinforced
stimulus (CS —; see, eg, LaBar et al, 1998; also see Whalen,
1998 for a review), even when those stimuli are presented
outside of conscious awareness (Morris et al, 1998). In
addition, the level of conditioned fear (measured through
electrodermal responses to the CS+) is positively associated
with regional blood flow in the amygdala (Furmark et al,
1997). Finally, amygdala reactivity has been shown to have
predictive clinical utility; amygdala hyperactivity is char-
acteristic of numerous emotional disorders (Phillips et al,
2003b).

Amygdala Development

Although the past few decades have seen massive advances in
our understanding of the structure, physiology, and func-
tioning of the amygdala, the vast majority of this research
has been performed in adult humans and nonhuman
animals. Despite the known importance of both the
amygdala and early-life experiences to emotional function-
ing, amygdala development remains comparatively under-
researched. What is known about amygdala structural and
functional development is summarized below.

Although the basic architecture of the human amygdala is
present at birth (Humphrey, 1968; Ulfig et al, 2003), it does
appear to undergo significant structural and functional
remodeling and refinement across the infancy, childhood,
and adolescent stages of development (see Tottenham, 2014;
Tottenham and Sheridan, 2009 for a review). Although the
most rapid postnatal volumetric growth occurs soon after
birth (eg, over 100% increase in volume in 0-1 year followed
by a 9% increase from years 1 to 2; Gilmore et al, 2012; also
see Payne et al, 2010; Uematsu et al, 2012), the amygdala
continues to increase in volume until 4 years of age in
females and 18 years of age in males (Giedd et al, 1996;
Mosconi et al, 2009; Nordahl et al, 2012; Schumann et al,
2004). Amygdala physiology also undergoes significant
change early in life. Animal studies have demonstrated
continued maturation of the intrinsic properties of amygdala
principal neurons (eg, increases in maximal firing and peak
resonance frequency; Ehrlich et al, 2012), and of inhibitory
neurotransmitter systems within the amygdala (ie, y-
aminobutyric acid (GABA); Ehrlich et al, 2013) until early
adolescence. In terms of functionality, the amygdala exhibits
very robust responding to emotional events in childhood,
with amygdala reactivity to emotional stimuli then
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decreasing across adolescence and into adulthood (Decety
et al, 2012; Gee et al, 2013b; Tottenham, 2012; Vink et al,
2014); however, see Moore et al. (2012) and Hare et al.
(2008) for a slightly different outcome. The strong early
reactivity in the amygdala parallels the normatively high fear
and emotionality that characterizes childhood; indeed, early
childhood fears (ie, separation anxiety) are mediated by the
excessively high amygdala activity observed during child-
hood (Gee et al, 2013a, b).

Although human studies are yet to examine the contribu-
tion of the amygdala to fear learning early in development,
animal studies have shown that amygdala does appear to be
involved in aversive conditioning even very early in life. For
example, around the time of weaning (P21), rats exposed to
olfactory fear conditioning exhibit impaired learning if given
amygdala lesions (Sananes and Campbell, 1989). However,
before weaning, the amygdala’s contribution to olfactory fear
learning appears to differ according to age. Specifically,
rats normally exhibit a developmental transition in their
behavioral responses to an odor paired with shock; under
conditions of maternal absence, rats younger than P10
typically exhibit approach responses to the odor, whereas
rats conditioned after P10 exhibit odor aversions (see, eg,
Sullivan and Wilson, 1993). Importantly, the transition into
odor aversion learning is accompanied by increased
amygdala reactivity to the shock-paired odor (Sullivan
et al, 2000). Critically, this finding parallels human studies
demonstrating that the amygdala is relatively less responsive
to emotional cues in early infancy (Blasi et al, 2011;
Dehaene-Lambertz et al, 2010; Graham et al, 2013). Taken
together, these developmental studies suggest that although
the amygdala is structurally and functionally immature in
childhood, it is clearly activated by emotional tasks and does
participate in emotion learning under some circumstances.
Importantly, this relative immaturity may have significant
implications for the openness of the amygdala to environ-
mental regulation early in life (Lupien et al, 2009).

Prefrontal Cortex

To the same extent that the amygdala has been implicated in
emotion perception and expression, prefrontal cortex (PFC;
specifically the medial PFC (mPFC), dorsal lateral PFC
(dIPFC), dorsal medial PFC (dmPFC), and ventromedial
PEC regions (vmPFC), as well as the orbital frontal cortex
(OFC) and the anterior cingulate cortex (ACC)) has been
implicated in emotional regulation. Specifically, the PFC is
believed to exert top-down inhibitory control over amygdala
reactivity, resulting in a dampening of emotional responding
(Milad et al, 2006). Rodent studies have demonstrated both
structural and functional connections between amygdala and
mPFC (McDonald et al, 1996; Quirk et al, 2003), and have
shown that mPFC lesions (specifically of the infralimbic
region (IL)) result in impaired extinction retention, while
leaving extinction learning intact (Milad and Quirk, 2002;
Quirk et al, 2000). Similarly, in humans, recall of extin-
guished fear memories increases vmPFC reactivity in
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response to the CS+ (Milad et al, 2007; Phelps et al, 2004),
and is positively associated with vmPFC thickness (Milad
et al, 2005). In addition, on a different emotion regulation
task involving cognitive reappraisal of a negative event, the
amygdala showed stronger coupling with the dIPFC, OFC,
subgenual ACC, and dmPFC, with the extent of such
coupling being positively associated with post-reappraisal
attenuation of negative affect (Banks et al, 2007; Ochsner
et al, 2002; Urry et al, 2006). Indeed, weak amygdala-mPFC
connections result in pathological emotional overarousal
(Milad et al, 2008, 2009; Motzkin et al, 2015). Hence, in
adults, there is clear evidence for the role of prefrontal
regions in emotion regulation and control of amygdala
output.

PFC Development

In humans, the PFC exhibits protracted structural develop-
ment. For example, maximum synaptic density in the PFC
lags 4 years behind visual cortex, and the dIPFC is one of the
last cortical regions to achieve adult thickness (Lenroot and
Giedd, 2006). Functional connections between amygdala and
PEC are also late emerging. Research in typically developing
populations has shown that amygdala-mPFC functional
connectivity during a passive viewing emotional task changes
dramatically across development, moving from a positive
functional connection in childhood to a mature and negative
connection in adolescence that more closely fits the top-down
regulatory profile proposed for this circuit in adults (Gee et al,
2013b). Functional connectivity between amygdala and PFC
has also been shown to increase across age during a moral or
emotional judgment task (Decety et al, 2012; Vink et al, 2014).
Similarly, functional connectivity between amygdala and
mPFC during rest also exhibits profound developmental
change. Specifically, amygdala connectivity with mPFC
changes from nonsignificant coupling to being positively
coupled, as children transition into adolescence (~10.5 years
of age; Gabard-Durnam et al, 2014; NB: patterns of resting
connectivity are often opposite in valence to task-based
patterns, suggesting that resting connectivity may function to
prime the circuit for expected connectivity patterns during
tasks). In addition, structural integrity of the uncinate
fasciculus (the major white matter tract connecting the PFC
and amygdala) increases across age and predicts reduced
amygdala reactivity to pictures of emotion-expressing faces
(Swartz et al, 2014). Importantly, the maturation of prefrontal
cortical regions and increase in connectivity between amyg-
dala and PFC also appears to have direct consequences for
emotional functioning in childhood. With increasing age,
excessive fears decline and this effect is mediated by
amygdala-mPFC connectivity (Gee et al, 2013b).

The role of the PFC during active emotion regulation has
only recently been investigated across typical development.
For example, using an emotional ‘go-no-go’ task (requiring
behavioral regulation in an affective context) amygdala-
vmPFC functional connectivity was shown to be essentially
‘adult-like’ in adolescents (Hare et al, 2008). In another
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study, negative emotion regulation was examined using a
cognitive reappraisal task that involved reinterpreting
emotional responses to stimuli (McRae et al, 2012). In a
sample of 10-22 year olds, age-related increases in reapprai-
sal effectiveness and in recruitment of mPFC regions during
reappraisal were observed. In another reappraisal study
investigating amygdala-mPFC connectivity in a sample of
10-22 year olds, all individuals demonstrated a decrease in
negative affect when using reappraisal strategies that
improved as a function of age (Silvers et al, 2014). In
addition, older age was found to predict increasingly negative
connectivity between the amygdala and rostrolateral PFC
during the reappraisal task, an effect consistent with the
prior functional research demonstrating increasingly nega-
tive amygdala-mPFC coupling across age (Gabard-Durnam
et al, 2014; Gee et al, 2013b). Importantly, age also predicted
larger decreases in amygdala response during emotional
reappraisal, consistent with the role of the PFC as a top-
down regulator of amygdala reactivity.

Studies in developing rodents too support a slow emerging
role for the PFC in emotion regulation. For example,
temporary inactivation of the IL before extinction training
impairs extinction retention in adults but has no effect on
extinction retention in infants (Kim et al, 2009; Sierra-
Mercado et al, 2010). Adolescent rodents, on the other hand,
do use the IL mPFC when extinguishing fear but appear to
require additional extinction training to sufficiently recruit
the IL and allow good retention of extinguished fear (Kim
et al, 2011; McCallum et al, 2010). Hence, even in rodents,
there appears to be a developmental lag in the recruitment of
amygdala—prefrontal circuits during emotion regulation.
This late onset of amygdala-mPFC functional connectivity
may mirror the ecology of the developing child. During a
time when parents are often readily available, it may be
ontogenetically unnecessary (and even inefficient) to activate
this system early. That is, it is possible that the parent may
help to regulate the amygdala at a time when the PFC is not
yet functionally mature. Emerging evidence appears to
support this role of parents in phasic modulation of
amygdala reactivity and in aiding emotional regulation.

PHASIC PARENTAL MODULATION OF
AMYGDALA-PREFRONTAL CIRCUITS

As reviewed in the Introduction, it is now well established that
parents act to buffer their children’s emotional and physio-
logical reactivity (reviewed in Hostinar et al, 2014). Interest-
ingly, increasing evidence suggests that parents may achieve
this emotional and physiological ‘buffering’ via the amygdala.
In a series of eloquent rodent studies, Sullivan and colleagues
(Moriceau and Sullivan, 2006) demonstrated that the
maternally mediated transition between learned approach
and avoidance responses to odor-shock conditioning in
transitional period rat pups (ie, P12-15) was regulated by
the mother’s effect on amygdala corticosterone (CORT).
Specifically, odor-shock conditioning of transitional period
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pups resulted in olfactory bulb activation and odor approach if
the mother was present. However, if the mother was absent,
the same conditioning procedure resulted in increased
amygdala activation, increased amygdala CORT, and an odor
aversion (Moriceau and Sullivan, 2006). Temporary inactiva-
tion of the amygdala during odor-shock conditioning in
maternal absence prevented aversion learning, suggesting that
amygdala activity is necessary to produce conditioned
aversion responses. Finally, direct infusions of CORT into
pup’s amygdala during conditioning with mother present
resulted in robust odor aversion learning, suggesting that
amygdala CORT is normally decreased by maternal presence
to allow learned approach responses. Subsequent studies have
demonstrated that CORT-induced increases in amygdala
dopamine are important in development of odor aversions,
suggesting that maternal presence may also suppress amyg-
dala dopamine levels during the transitional period (Barr et al,
2009). Importantly, across the studies just cited, the maternal
buffering effect seen in sensitive period rodents was not
observed in pups that were older than the sensitive period age.
These data suggest that there is specificity in the sensitive
period for maternal buffering to infancy stage in the rodent.

Although the role of mPFC has not been investigated in the
rodent maternal buffering model, it has been suggested that
mPFC is likely important for stress buffering effects (see
Hostinar et al, 2014 for a review of these data). That is,
although mPFC does not appear to spontaneously regulate
amygdala reactivity early in life, it may do so during
conditions of parental presence. Indeed, maternal presence
has been shown to increase mPFC activity during a stressful
procedure in juvenile macaques (Rilling et al, 2001), and
lesions of the mPFC impair the dampening of physiological
reactivity in this species (Herman et al, 2005). In addition,
mPFC activity was shown to be higher in parental presence
than under conditions of parental absence in the developing
rodent Octodon degu (Bock et al, 2012).

Interestingly, across human development, amygdala re-
activity also appears to be more responsive to parental input
in childhood than in adolescence, with parental regulation of
mPFC activity appearing to contribute to amygdala dampen-
ing. Specifically, right amygdala activity (which is typically
high in childhood) was suppressed when children were
viewing pictures of their mother, relative to when viewing
pictures of a stranger (Gee et al, 2014). Critically, there was
no difference in right amygdala reactivity in adolescents
viewing pictures of mothers and strangers. In addition,
amygdala-mPFC functional connectivity was stronger in
children when they were viewing pictures of mothers than
when they were viewing pictures of a stranger; a similar
pattern of amygdala-mPFC connectivity was observed in
adolescents regardless of which stimuli were being viewed
(mothers or strangers). These data suggest that the pictures
of the parent phasically activated a more mature profile of
connectivity between amygdala and mPFC in children,
driving amygdala reactivity down. Importantly, the recruit-
ment of mature amygdala-mPFC circuitry during the
maternal picture condition had positive psychological effects,
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whereby children and adolescents with the negative con-
nectivity pattern had lower separation anxiety and greater
attachment security. Finally, buffering of amygdala reactivity
by maternal stimuli also appeared to be positively related to
affect-related inhibitory control of children (but not
adolescents who already had good inhibitory control in that
domain); that is, on a task that involved pressing buttons to
emotion-expressing faces, fewer false alarms were made by
children when they were seated next to their mother, relative
to when sitting next to a stranger, and this effect was greater
in individuals who showed stronger buffering of amygdala
reactivity to maternal cues.

More evidence for parental buffering of amygdala-mPFC
circuitry in humans can be found in a fMRI study of youths
viewing physical threat words (Conner et al, 2012). Parental
presence was found to normalize neural activity in the
hypothalamus, vIPFC, and vmPFC of anxious youths to the
level of healthy control youths. Although the age range in
that study was not wide enough to make any conclusions
regarding the differential role of parental presence in
children versus adolescents, they are largely consistent with
the view that parental presence can have dramatic effects on
the recruitment of emotion circuits during early life.

Importantly, across species, it appears that the modulatory
effects of the mother on amygdala reactivity only occur
during a sensitive period of development (postnatal day 12-
15 in the rodents; childhood in the humans and monkeys).
This sensitive period appears to coincide with a stage of
considerable amygdala maturation (see, eg, Ehrlich et al,
2012, 2013), fitting with the idea that periods of rapid growth
open up opportunities for environmental input into system
functioning and development (Lupien et al, 2009). Impor-
tantly, the termination of this sensitive period appears to
coincide not only with increased age-associated neural
maturation but also with the increased independence from
parents as individuals approach adolescence.

Taken together, the studies described so far collectively
show that childhood is a developmentally unique period for
parental buffering of CORT, emotional responding, amyg-
dala reactivity, and amygdala-mPFC connectivity (see, eg,
Decety et al, 2012; Egliston and Rapee, 2007; Gabard-
Durnam et al, 2014; Gee et al, 2013b, 2014; Hibel et al, 2014b;
Middlemiss et al, 2012; Moriceau and Sullivan, 2004, 2006;
Papp et al, 2009; Seltzer et al, 2010, 2012; Silvers et al, 2014;
Sorce et al, 1985; Sullivan et al, 2000; Swartz et al, 2014; Vink
et al, 2014). Importantly, we believe that the role of the
parent in phasic modulation of the amygdala and mPFC is
critical for circuit tone and for the long-term effectiveness of
the circuit in emotion regulation. Specifically, in childhood,
parental presence has a buffering effect on CORT, suppresses
amygdala reactivity, and increases functional connectivity
between the amygdala and mPFC, thereby instantiating a
mature profile of connectivity between these brain regions;
amygdala reactivity decreases as mPFC reactivity increases
(see Figure 2). We propose that this coincidental activation
of amygdala and mPFC under conditions of parental
presence ‘entrains’ the amygdala and mPFC to connect in
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Figure 2. A proposed mechanism for parental buffering and putative
consequences for the amygdala—prefrontal network. Within the childhood
sensitive period (during typical development), parents can buffer amygdala
reactivity and fear responses. In other words, during the sensitive period,
mPFC reactivity is proposed to increase in physical parental presence,
whereas cortisol levels, amygdala reactivity, and fear responses are
decreased. In parental absence, however, we propose that the mPFC is
not activated, and that cortisol levels, amygdala reactivity, and fear are
increased. Hence, variations in parental presence and absence during the
sensitive period phasically modulate and tone the amygdala and mPFC to
begin to function as a regulatory network. The increased circuit tone is
proposed to mediate age-related reductions in amygdala reactivity seen
as children transition into adolescence. Children who have experienced
parental deprivation exhibit accelerated termination of the critical period
and less opportunities for circuit tone. Hence, it is proposed that amygdala
reactivity and fear remain high following deprivation.

a way that supports top-down control of amygdala activity,
thereby contributing to long-term regulatory connectivity in
the network.

Indeed, the idea that environmental experience can ‘entrain’
network connections does appear to have precedence in the
adult literature. For example, long-term changes in functional
connectivity within a neural circuit have been shown to occur
following learning that activates that circuitry (Harmelech
et al, 2013; Lewis et al, 2009; Mackey et al, 2013). In addition,
there is evidence that amygdala-prefrontal resting connectiv-
ity in developing populations is related to patterns of task-
based activity many years earlier (see Gabard-Durnam et al,
2014). We envision a very similar mechanism for parental
entraining of amygdala-prefrontal connectivity, ie, we believe
that the environmental experience of being with a parent acts
as a ‘neuro-scaffold’ that lays out the blueprint by which stable
patterns of brain connectivity are shaped.

A scaffold-like mechanism for developing connectivity in
the amygdala-mPFC circuit would suggest that the more
experience one has with parental modulation of emotion
during the sensitive childhood period, the greater the
regulatory capabilities of the circuit (and, therefore, the
better the self regulatory capacities of the individual) will be
after the sensitive period. Inversely, this mechanism also
suggests that parental absence/unavailability during the
sensitive period, or an inability of parental presence to result
in amygdala buffering during the sensitive period, may
contribute to impoverished functional/structural connections
in the circuit, potentially contributing to heightened
amygdala reactivity and enhanced emotionality across the
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lifespan. Indeed, emerging data in rodents as well as humans
who have experienced early parental deprivation support this
theory.

EFFECTS OF CHRONIC PARENTAL
DEPRIVATION ON AMYGDALA-PREFRONTAL
DEVELOPMENT

The ability of the parent to modulate fear neurobiology
depends on developmental plasticity in childhood. However,
emerging evidence suggests that developmental plasticity may
not be a consistent feature of childhood. Rather, these data
appear to suggest that the developmental trajectories of
emotion regulation circuits (ie, from plastic to stable) appear
to be accelerated under certain early rearing environments,
specifically, those of adversity. For example, studies in rodents
have shown that when maternal care is fragmented early in life
(eg, when reduced nesting material is given to the mother,
causing her to have to regularly rebuild the nest) rats make an
early transition from approach to avoidance behaviors
following odor-shock learning, an effect accompanied by
increased amygdala reactivity during conditioning (Moriceau
et al, 2009). In other words, it appears that the developmentally
sensitive period for maternal dampening of amygdala
responding and fear learning may have ended early following
a period of rearing under fragmented care conditions.
Similarly, early separation from the mother (because of
precocious weaning) has been shown to accelerate amygdala
myelination in mice (Ono et al, 2008); increased myelin is
considered to act as a brake on plasticity, resulting in circuit
stabilization (McGee et al, 2005). In yet another study in mice,
infant isolation lead to an early switch in the signaling cascades
for long-term potentiation in the hippocampus (from PKA
dependent to CAMKII dependent), a change that is critical
for adult-like memory expression (Huang et al, 2005). Other
researchers have shown that behaviors associated with
amygdala-mPFC connectivity (ie, fear conditioning and
extinction) have accelerated developmental trajectories follow-
ing early adverse rearing. Specifically, maternal separation for
the first 2 weeks of life resulted in preweaning rats exhibiting
relapse following extinction and longer lasting fear memories,
behaviors normally only seen in rats after weaning (Callaghan
and Richardson, 2011, 2012a; for a review see Callaghan and
Richardson, 2012b). Similarly, early exposure of rats to the
stress hormone CORT also resulted in an early transition into
adult-like fear retention and extinction, suggesting that early
stress exposure was a critical component in the -effect
(Callaghan and Richardson, 2012a, 2014). Hence, animal
studies appear to converge on the finding that the develop-
mental change from plastic to stable amygdala-mPFC circuitry
is accelerated following chronic parental deprivation. Put
another way, the data support the idea that early independence
from the parent cues early termination of the sensitive period
for environmental input into amygdala-mPFC circuitry.
Although studies in humans cannot directly manipulate
the early rearing environment to examine the outcomes of
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parental deprivation on developing amygdala-prefrontal
circuitry, some studies in humans have taken advantage of
preexisting instances of parental deprivation to study these
effects. For example, individuals reared in institutions (such
as orphanages) from early in life experience the very rare
occurrence of chronic parental absence. This lack of parental
care ends when stable families adopt the institutionalized
youth, creating a sample of previously institutionalized (PI)
individuals with a history of parental deprivation restricted
to early life. Interestingly, as predicted by findings from
rodent models of fragmented or separated care, PI indivi-
duals appear to exhibit accelerated termination of the
sensitive period for plasticity within amygdala-mPFC
circuitry. Specifically, whereas typically reared individuals
exhibit a switch in amygdala-mPFC connectivity from
positive coupling in childhood to negative coupling in
adolescence, PI individuals exhibit negative coupling even
as children (Gee et al, 2013a). That is, PI children appear to
exhibit the mature profile of connectivity (ie, reflecting stable
circuit function) earlier in development. Importantly, this
early maturation may serve a functional purpose, at least in
the short term; PI individuals who exhibited the negative
(mature) connectivity profile also exhibited better emotion
regulation than PI youths with positive connectivity.

Although no other human studies have directly examined
the role of parental deprivation on amygdala—prefrontal
circuit development (see Bick et al, 2015 for a comprehensive
analysis of white matter development following early
deprivation that may relate to amygdala-mPFC structural
connectivity), some studies have shown that other forms of
early-life adversity, eg, maltreatment or psychopathology
experienced in childhood or before early adolescence, may
also be associated with accelerated amygdala development.
For example, higher rates of childhood adversity were
associated with larger (ie, more mature) left amygdala
volume in early adolescence (Whittle et al, 2013), as was
adolescent-onset depression (another condition that disrupts
the early rearing environment; Whittle et al, 2014). In
addition, children exposed to maternal depression since birth
had larger amygdale than same-aged peers without depressed
mothers (Lupien et al, 2009). Interestingly, the effect of
prenatal stress on amygdala volume is similar to the
postnatal stressors reported here (ie, higher right amygdala
volume was reported in female children of mothers with
higher maternal cortisol in early gestation and was associated
with more affective problems in those girls during childhood;
Buss et al, 2012). Hence, other forms of adversity that would
conceivably affect or be affected by the early rearing
environment/parent—child relationship may also be asso-
ciated with accelerated amygdala development (but see the
following studies of decreased amygdala volume following
early adversity: Hanson et al, 2015; Luby et al, 2013).

The data discussed above are compelling in that they
converge on the finding that, across species, early depriva-
tion of caregiving stimuli/adversity in the caregiving
environment result in accelerated closure of the sensitive
period for amygdala structural and functional development,
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amygdala-mPFC functional connectivity, and behaviors
dependent on mature amygdala-mPFC functional connec-
tivity, namely, adult-like fear conditioning and extinction
(for a review see Callaghan et al, 2014a).

If the sensitive period of amygdala-mPFC circuit plasticity
is terminated early following conditions of adverse rearing,
we might expect to see an impairment in the phasic
regulation of amygdala-mPFC circuitry in PI youths under
conditions of (adoptive) parental presence. That is, like
typically reared adolescents, parental input may be less
effective in regulating amygdala-mPFC circuitry in PI
children. However, unlike typically reared adolescents, PI
children exhibiting an early closure of the sensitive period
would have had less opportunity for phasic parent-induced
amygdala-mPFC functional coactivation early in develop-
ment while the network was still maturing (ie, phasic
regulation requires high plasticity in childhood that does not
occur following chronic deprivation of parental care).
Considering that patterns of brain activation during learning
or practice are often recapitulated during rest to create stable
networks in adults (see, eg, Harmelech et al, 2013), it is
possible that chronic parental deprivation, resulting in low
coactivation between amygdala and mPFC during that
circuit-sensitive period of development, may have long-
term effects on the integrity of the circuit. Specifically, in the
long term, we anticipate that amygdala reactivity would be
chronically higher, and regulation of amygdala reactivity by
the mPFC may be poorer across the lifespan following
chronic early deprivation (see Figure 2), a feature that is
characteristic of anxiety disorders (see, eg, Hahn et al, 2011;
Kim and Whalen, 2009; Monk et al, 2008). Although the
hypothesized role of chronic parental deprivation on phasic
parental buffering of amygdala reactivity has not yet been
directly tested, it is supported by the numerous studies across
species that have demonstrated accelerated amygdala-mPFC
development following parental deprivation/rearing stress
(reviewed above).

A NEURO-ENVIRONMENTAL LOOP OF
PLASTICITY: A SENSITIVE PERIOD FOR
ENVIRONMENTAL INFLUENCE ON
AMYGDALA-PREFRONTAL CIRCUITRY

We have reviewed evidence that amygdala—prefrontal matura-
tion and associated emotional regulation skills exhibit a
protracted developmental trajectory that is ubiquitous across
species. Specifically, it appears that the circuit moves from
being relatively unresponsive to environmental regulation in
infancy, to being highly malleable to parental input in
childhood, before again reducing parental input in adoles-
cence (Blasi et al, 2011; Dehaene-Lambertz et al, 2010;
Gabard-Durnam et al, 2014; Gee et al, 2013b, 2014; Graham
et al, 2013; Moriceau et al, 2009). Critically, the same
environmental experience of parental deprivation appears to
have a similar effect on the maturation of the circuit across
species, leading to accelerated closure of the sensitive period
for environmental input into amygdala-mPFC development

Neuro-environmental loop of plasticity
BL Callaghan and N Tottenham

(Callaghan and Richardson, 2011, 2012a, 2014; Gee et al,
2013a; Moriceau et al, 2009). These features of the system
suggest a sensitive period of plasticity is open across childhood
to allow the shaping of amygdala-mPFC circuitry by species-
expected environmental experiences—ie, parental care.

One of the best-characterized molecular regulators of
plasticity is GABA inhibition. An optimal level of GABAer-
gic inhibition within the visual cortex is required before the
sensitive period is opened. Once that threshold is reached,
continued development of the GABAergic system results in
the formation of structural brakes on plasticity (such as
perineuronal nets) that terminate the sensitive period
(Hensch, 2005; Hensch and Fagiolini, 2005; Hensch et al,
1998). Here we suggest a similar mechanism for an
environmental signal to dynamically regulate the timing of
sensitive period plasticity in the amygdala-mPFC system—
parental independence. Specifically, we propose that levels of
caregiver independence across the infancy, childhood, and
adolescent periods of development are directly related to
plasticity within the amygdala-mPFC network (see Figure 2
for a graphical depiction of this idea). Within this model,
complete dependence on the caregiver at birth inhibits
environmental regulation of amygdala activity (Blasi et al,
2011; Dehaene-Lambertz et al, 2010; Graham et al, 2013).
With the onset of motor independence (eg, competent
walking), optimal levels of parent-child dependence are
neared and the sensitive period for environmental input into
emotion regulation and amygdala-mPFC circuitry is opened.
Then, as independence from the caregiver gradually
increases, the sensitive period for environmental input into
amygdala-mPFC development begins to close, leading to
relative circuit stabilization. Importantly, this model predicts
that individuals who experience premature caregiver in-
dependence (eg, those reared in institutional settings or
exposed to chronic parental neglect) will exhibit an early
closure of the sensitive period for amygdala-mPFC plasticity;
an outcome that is well established in rodent literature
(Callaghan and Richardson, 2012b, 2014; Moriceau et al,
2009; Ono et al, 2008) and is increasingly accepted to occur
in humans (Gee et al, 2013a).

Understanding parental regulation of amygdala-mPFC
plasticity within the framework of sensitive periods also fits
well within the larger social buffering literature. Specifically,
it is well known that social buffering occurs across the
lifespan, with different individuals being more effective
‘buffers’ at different stages of development. For example,
having a best friend present during a stressful experience had
a cortisol buffering effect in early adolescent males and
females (Adams et al, 2011). In addition, romantic partners
can buffer stressful experiences (either psychologically or
physiologically) in adulthood (Ditzen et al, 2007;
Kirschbaum et al, 1995). Although social buffering exerts
important effects on emotional functioning across the
lifespan, we argue that the consequences of social buffering
on the long-term effectiveness of the amygdala—prefrontal
circuit differ according to whether they occur within or
outside of the sensitive period (with buffering occurring
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within the sensitive period being most effective for long-term
circuit function), such that social buffering by the parent
during a sensitive period has enduring effects on the
structure and functioning of the circuitry. Indeed, learning
in adulthood has been shown to recapitulate many sensitive
period mechanisms of the visual cortex, although to a lesser
extent and on a more local timescale than what occurs within
the sensitive period (Donato et al, 2013).

If it is the case that caregiver independence acts as a
termination signal for amygdala-mPFC plasticity, then
increasing independence should be associated with the arrival
of molecular brakes on plasticity. Indeed, the transition into
adolescence (a period of increased independence from the
caregiver) is associated with increased white matter or myelin
(Paus, 2005). In addition, early caregiver weaning in the
rodent is associated with higher levels of myelin-associated
proteins in the amygdala (Ono et al, 2008). One recent study
has examined white matter development following institution-
alization and demonstrated decreased fractional anisotropy
values (a putative measure of myelin integrity) in numerous
fiber tracts across the brain (Bick et al, 2015). Importantly,
however, the main fiber tract connecting the amygdala and
mPFC—the uncinate fasciculus—did not appear to be affected
by the experience of deprivation, leaving open the question of
whether PI groups may actually show accelerated white matter
development in that tract.

Although numerous important and useful models describe
the role that early experiences (such as adversity) play in
neural development (see, eg, Lupien et al, 2009; McEwen,
2004), exactly how parents (and other important environ-
mental signals) regulate the maturation of emotion neurobiol-
ogy requires elaboration. Using the critical period framework
we propose a model—the ‘Neuro-Environmental Loop’ (see
Figure 2)—that describes the intersection between parental
care, independence, emotion neurobiology, and behavior.
Within this model, an optimal level of caregiver dependence is
achieved during childhood, where the child is capable of
exploring their own environment but looks to the parent for
emotional support and guidance. We propose that this semi-
independence acts as a signal to open amygdala-mPFC circuit
plasticity (ie, the sensitive period). In turn, phasic parental
presence during the sensitive period (as the child vacillates
between independent exploration and parental care) acts to
modulate and tone the circuit by engaging mature connectiv-
ity patterns between amygdala and mPFC (ie, suppression of
amygdala and increases in mPFC reactivity) when in parental
presence. We propose that the functional activation of
regulatory circuitry under conditions of parental presence in
childhood strengthens the long-term regulatory connections
between the two structures. In other words, phasic parental
availability entrains the development of stable regulatory
connections within the plastic circuit. Based on previous
research demonstrating the effect of parents on CORT levels
and the importance of CORT in parental buffering of fear
learning (Gunnar and Donzella, 2002; Moriceau et al, 2004,
2006), we propose that the phasic role of the parent in mature
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amygdala—-mPFC tone probably occurs via the pathway of
parental suppression of CORT levels.

As the regulatory emotional circuit is increasingly
stabilized by parental phasic modulation during the sensitive
period, we propose that children would exhibit increasing
levels of parental independence. Importantly, once displayed
independence surpassed an optimal level (see Figure 1), the
sensitive period for environmental input into amygdala-
mPFC functioning would be terminated. Put another way,
independence acts as a negative feedback signal to shut off
plasticity within the amygdala-mPFC circuit. Critically, if the
level of independence from parents is surpassed early in
development (ie, following chronic deprivation from the
caregiver), then termination of the sensitive period would
also occur earlier. Hence, the ‘Neuro-Environmental Loop’
can account for both typical and deprivation-induced
patterns of amygdala—prefrontal development.

Importantly, although the transition from parental depen-
dence to parental independence is proposed as a critical
regulator of sensitive period timing in the current model, we do
not suggest that such dependence levels are the only modulators
of timing. Pubertal maturation, physical growth, and the social
environment (eg, school initiation, driving, etc), are all factors
likely to feed into the timing of neural development, and may
also act as signals for greater levels of independence. That is,
parent—child distance is likely to increase through parent-
motivated mechanisms (eg, perceived increases in child
physical and emotional growth), child-motivated mechanisms
(eg, greater socialization outside of the home, motor indepen-
dence), as well as social factors (eg, school entry).

It has long been recognized that the parent-child relation-
ship has significant effects on the emotional functioning of
the child (Ainsworth, 1969; Bowlby, 1969; Green et al, 2010;
McLaughlin et al, 2010). Experimental evidence now suggests
that one of the main pathways via which the parent-child
relationship affects child emotion is parental modulation of
CORT and fear (Hostinar et al, 2014). In this paper we have
reviewed the emerging evidence demonstrating that parents
also buffer emotion circuits in the brain, and that parental
deprivation acts to accelerate the termination of the sensitive
period within emotion neurobiology. Using the framework
of sensitive period plasticity, we have described these effects
in terms of a ‘Neuro-Environmental Loop’, where relative
levels of caregiver independence regulate circuit tone and the
timing of sensitive period onset and offset. It is our hope that
this timely model can be used to guide future research in this
burgeoning field. Several predictions to emerge from the
model that can be examined in future research are discussed
in the following section.

FUTURE RESEARCH DIRECTIONS

One prediction to emerge from the neuro-environmental
loop model of plasticity relates to the ‘cost’ of accelerated
amygdala-mPFC development. Specifically, we would pre-
dict that early closure of the sensitive period would create
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vulnerability within the amygdala-mPFC circuit that may
become most evident later in development, or with
additional emotion regulation challenges. Actually, there is
some evidence demonstrating that vulnerability may exist in
this circuit following early sensitive period closure. For
example, higher rates of internalizing and externalizing
symptoms are observed in previously institutionalized youth
(Tottenham et al, 2010b; Zeanah et al, 2009). A related
prediction is that accelerated maturation of the amygdala-
mPFC network may impose a cost on concurrently or future
developing neural structures or circuits. Indeed, chicks
exposed to early visual stimulation exhibit accelerated visual
development at the expense of auditory maturation
(Lickliter, 2004). In the humans, there are numerous possible
candidate brain regions that might be affected by early
amygdala-mPFC development. As just one example, pre-
frontal and cerebellar regions appear to exhibit similarly
protracted developmental profiles (Diamond, 2000), and the
same deprivation experience that is associated with acceler-
ated amygdala-mPFC functional connectivity also results in
early impairments in cerebellar functions (ie, balance and
bilateral coordination; Roeber et al, 2014). Hence, it is
possible that accelerated development in emotion circuitry
following parental deprivation may be instrumental in
producing cerebellar or other circuitry deficits.

Although several components of the Neuro-Environmental
Loop model are well supported in the literature, some
sections remain speculative and require additional evidence.
Specifically, although parental buffering of CORT and fear
learning has been demonstrated in humans and rodents (see,
eg, Egliston and Rapee, 2007; Gunnar and Donzella, 2002;
Moriceau et al, 2006), parental buffering of amygdala
reactivity in humans under conditions of physical parental
presence requires further investigation. However, consider-
ing the parental buffering effect on amygdala reactivity that
was achieved through exposure merely to parental stimuli
(ie, pictures of the parent; Gee et al, 2014), it is expected that
buffering of amygdala reactivity under conditions of physical
parental presence will be stronger. In addition, although
activation of mature amygdala-mPFC connections has been
established during parental presence in humans, rodent
models are yet to explicitly verify the role of the mPFC in
parental buffering (although the mPFC is proposed to be
important for the effect; see Hostinar et al, 2014 for a
review). Although parental buffering of conditioned fear
responses is also well established in rodent models, human
studies are yet to examine the role of the parent in explicit
fear conditioning. Finally, longitudinal designs will be
required to establish whether phasic parental modulation
of amygdala-mPFC circuitry during the sensitive period is
fundamental in circuit tone after the sensitive period.
Importantly, animal models would be useful in developing
causal evidence for system ‘toning’ during developmentally
sensitive periods. Increasingly sophisticated and targeted
molecular manipulations in rodents (eg, optogenetics) could
be utilized to mimic maternal effects on amygdala-mPFC
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reactivity, to determine the timing and dose-response
functions of parentally buffered system ‘toning’ effects.

Although the model proposed in this review makes specific
suggestions about future research, a number of more general
recommendations can be derived from the body of data as a
whole. First, one of the clear benefits in the study of parental
buffering/parental deprivation is that there is clear transla-
tional validity in not only the phenomena but also the models
through which it is studied across species. Many benefits can
and have been obtained through the cross-species analysis of
parental buffering/deprivation, allowing for greater mechan-
istic insight and hypothesis-driven research (see Callaghan
et al, 2014a for a review). Future studies should aim for greater
collaboration between animal and human researchers in this
field and more integrated animal-human studies when
possible. Such studies will hold great value in identifying
avenues for intervention and treatment in the future. Finally,
this research highlights the great need for increased long-
itudinal studies across development. Considering that altered
trajectories may have significant effects on circuit integrity
and function, examining how a single individual matures
across multiple developmental epochs is a powerful means
through which trajectory deviation can be established and the
developing effects on various systems can be measured across
time. With these principles in mind, we look forward to the
next decade of research in the field of parental buffering and
early adversity.
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