'.\' frontiers

in Human Neuroscience

REVIEW
published: 26 August 2021
doi: 10.3389/fnhum.2021.669120

OPEN ACCESS

Edited by:
Mar Sanchez,
Emory University, United States

Reviewed by:

Janine Michele Dutcher,

Carnegie Mellon University,

United States

Roger Lee Clem,

Icahn School of Medicine at Mount
Sinai, United States

*Correspondence:
Claire-Dominique Walker
Dominique.walker@douglas.mcgill.ca

Specialty section:

This article was submitted to
Brain Health and Clinical
Neuroscience,

a section of the journal

Frontiers in Human Neuroscience

Received: 18 February 2021
Accepted: 29 July 2021
Published: 26 August 2021

Citation:

Guadagno A, Belliveau C,
Mechawar N and Walker C-D (2021)
Effects of Early Life Stress on

the Developing Basolateral
Amygdala-Prefrontal Cortex Circuit:
The Emerging Role of Local Inhibition
and Perineuronal Nets.

Front. Hum. Neurosci. 15:669120.
doi: 10.3389/fnhum.2021.669120

Check for
updates

Effects of Early Life Stress on the
Developing Basolateral
Amygdala-Prefrontal Cortex Circuit:
The Emerging Role of Local
Inhibition and Perineuronal Nets

Angela Guadagno23, Claudia Belliveau’23, Naguib Mechawar’2 and
Claire-Dominique Walker2*

" Douglas Mental Health University Institute, Montreal, QC, Canada, ? Department of Psychiatry, McGill University, Montreal,
QC, Canada, ® Integrated Program in Neuroscience, McGill University, Montreal, QC, Canada

The links between early life stress (ELS) and the emergence of psychopathology such
as increased anxiety and depression are now well established, although the specific
neurobiological and developmental mechanisms that translate ELS into poor health
outcomes are still unclear. The consequences of ELS are complex because they depend
on the form and severity of early stress, duration, and age of exposure as well as
co-occurrence with other forms of physical or psychological trauma. The long term
effects of ELS on the corticolimbic circuit underlying emotional and social behavior
are particularly salient because ELS occurs during critical developmental periods in the
establishment of this circuit, its local balance of inhibition:excitation and its connections
with other neuronal pathways. Using examples drawn from the human and rodent
literature, we review some of the consequences of ELS on the development of the
corticolimbic circuit and how it might impact fear regulation in a sex- and hemispheric-
dependent manner in both humans and rodents. We explore the effects of ELS on local
inhibitory neurons and the formation of perineuronal nets (PNNs) that terminate critical
periods of plasticity and promote the formation of stable local networks. Overall, the
bulk of ELS studies report transient and/or long lasting alterations in both glutamatergic
circuits and local inhibitory interneurons (INs) and their associated PNNs. Since the
activity of INs plays a key role in the maturation of cortical regions and the formation of
local field potentials, alterations in these INs triggered by ELS might critically participate
in the development of psychiatric disorders in adulthood, including impaired fear
extinction and anxiety behavior.

Keywords: development, sex differences, corticolimbic circuit, perineuronal nets, amygdala, early life stress, fear,
parvalbumin interneurons

INTRODUCTION

Numerous human epidemiological and observational studies have strongly linked adverse early life
experiences with consequences on cognitive and emotional health (Bremne and Vermetten, 2001;
Pechtel and Pizzagalli, 2011; Gould et al., 2012). Emotional, sexual and physical abuse, as well as
neglect contribute to chronic early-life stress (ELS) in children, increasing their vulnerability to
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develop future psychiatric disorders, including anxiety,
depression, and substance abuse (Weber et al., 2008; Green
et al, 2010; Carr et al, 2013). It is estimated that 45% of
childhood-onset mental health disorders and over 30% of later-
onset of disorders are associated with early life adversity (Green
et al,, 2010; VanTieghem and Tottenham, 2017). The problem of
childhood adversity is amplified because in humans as in non-
human primates, there is a strong transgenerational transmission
of infant maltreatment (Greene et al., 2020; Zeynel and Uzer,
2020). In macaques, stable transmission occurs mainly through
the maternal line (Maestripieri, 2005; Morin et al., 2020) while
in humans, both maternal and paternal early adversity can lead
to adverse early experiences in their children. Adverse childhood
experiences display marked sexual dimorphism in its occurrence,
but also in the ensuing neurological and behavioral consequences
which depend on the type, timing and duration of stress exposure
(Fox et al., 2010; Gee and Casey, 2015; McLaughlin et al., 2019;
White and Kaffman, 2019). For instance, girls are more likely to
experience chronic sexual abuse, whereas boys are more likely
to be exposed to physical violence and neglect (Maikovich-Fong
and Jaffee, 2010; Gauthier-Duchesne et al., 2017; Coelho et al.,
2018). Specific changes in gray matter volume (GMV) have been
observed depending on the type of abuse encountered, with
parental verbal abuse being associated with higher GMV in the
adult auditory cortex and observations of decreased GMV in
left and right visual cortex (V1) as well as cortical thinning of
somatosensory cortex representing the genital areas in children
exposed to sexual abuse (Teicher et al., 2016).

The heightened neuronal plasticity of the immature brain is
usually advantageous and adaptive, allowing an individual to
cope with and adapt to unfavorable conditions. However, this
system may also become maladaptive in the face of early life
adversity, dependent on genetic differences between individuals,
and epigenetic changes of specific genes (McEwen, 2006; Buss
et al., 2012; Franklin et al., 2012; Dunn et al., 2019). An
alternative view is that ELS might selectively modify the way by
which the brain processes information in a meaningful manner,
leading to experience-dependent selective adaptations (Teicher
et al., 2016). Structural and functional modifications would be
geared toward ensuring increased survival and faster reaching
of reproductive capabilities (Colich et al., 2020) in unfavorable
conditions. This might come to the expense of accelerated
aging since a recent report demonstrated that early life trauma
predicted accelerated aging based on epigenetic clocks even
though the trauma was not associated with age of menarche
in this particular study (Hamlat et al., 2021). Childhood abuse,
but not neglect, predicted faster epigenetic aging, emphasizing
differences between the type of early adversity encountered.
Similarly, a systematic review revealed that associations between
early adversity and accelerated cortical thinning were region-
and adversity specific, with threat-related adversity consistently
associated with thinning in the ventromedial prefrontal cortex
(vmPFC) (infralimbic, IL portion), and deprivation/neglect-type
of adversity being associated with thinning in frontoparietal,
default, and visual networks (Colich et al., 2020). Accelerated
maturation of an adult-like type of corticolimbic connectivity
has also been documented in individuals subjected to early life

adversity (Gee et al., 2013a) even though a consistent association
of ELS with amygdala-PFC connectivity was not detected in a
recent large meta-analysis (Colich et al., 2020).

Current research efforts in humans and preclinical models are
largely dedicated to understanding how early life perturbations
begin to shape later physiological and behavioral responses
in a sex-dependent manner (Figure 1) and to find specific
windows of vulnerability amenable to successful interventions
(Callaghan et al, 2014; Walker et al, 2017; Luby et al,
2020). The corticolimbic circuit including the amygdala (and
in particular the basolateral amygdala, BLA), medial prefrontal
cortex (mPFC), and ventral hippocampus (vHipp) is critically
implicated in ELS-induced psychopathologies and more widely in
the generation of symptoms of depressive and anxiety disorders
(Shin and Liberzon, 2010; Burghy et al, 2012; Godsil et al,
2013; Gee and Casey, 2015; Yan et al., 2017). Dysfunction in
the corticolimbic circuitry also predicts increased fear responses,
stress hypersensitivity and negative behavioral outcomes.

Central to this circuit is the amygdala and in particular,
the BLA nucleus and its efferent output projections. The
amygdala is as heterogeneous functionally as it is anatomically;
it plays a complex role in emotional and social behavior
(LeDoux, 2000; Adolphs, 2010), stress response (Roozendaal
et al, 2009), learning and memory, anxiety (Rauch et al,
2003), and conditioning to appetitive or aversive stimuli
(Shabel and Janak, 2009). In humans, ELS enhances amygdala
reactivity during the presentation of negative emotional stimuli
and weakens amygdala-prefrontal cortex (PFC) resting-state
functional MRI (rs-fMRI) connectivity (Tottenham et al,
2011; Burghy et al, 2012; Pagliaccio et al, 2015). While
connectivity between corticolimbic regions is established mainly
through reciprocal glutamatergic projections involving principal
pyramidal neurons, local inhibitory interneurons (INs) in each of
these structures are critical in regulating the activity and function
of principal neurons (PN) and ultimately regulate behavior.
In addition, GABAergic INs are important for the assembly
of neuronal circuits during critical developmental periods and
they have been strongly associated with the development of
psychopathologies (Marin, 2016). Interestingly, a subpopulation
of local inhibitory neurons expressing parvalbumin (PV) is
ensheathed by perineuronal nets (PNNs), which are proteoglycan
rich assemblies derived from the extracellular matrix that control
the opening and closure of critical windows of plasticity in several
brain regions (Hensch, 2003, 2005). Experimental dissolution of
PNNs within the corticolimbic circuit has allowed to unravel a
critical role of these molecular assemblies in the formation and
retrieval of adult fear memory (Ehrlich et al., 2009; Gogolla et al.,
2009). Emerging studies are now also documenting that ELS
significantly alters PNNs and their role of stabilizing synaptic
inputs onto developing inhibitory INs. It is therefore conceivable
that preclinical research on the activity of INs and their associated
PNN structures after ELS will greatly enhance our knowledge of
how the corticolimbic circuit develops in unfavorable conditions.
Furthermore, it might allow for the specific targeting of IN
activity in the design of novel therapeutic strategies.

In this paper, we will first review developmental aspects
of the corticolimbic circuit and how these can be altered
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FIGURE 1 | Factors associated with early life adversity in humans and experimental procedures in non-human primate and rodent studies that have been used in
studies of ELS and adversity. Several, but not all of these factors and procedures produce a sexually dimorphic exposure in the offspring. In humans, poverty, being
raised in a low SES milieu or being part of migratory movements might be less directly associated with sex-differences in exposure. These modalities causing ELS
have in common that they occur during a critical developmental period for the corticolimbic circuit, affecting the normal developmental trajectory as well as critical
periods of plasticity characterized by changes in the balance of excitation and inhibition in amygdala (AMY), medial prefrontal cortex (mPFC), anterior cingulate cortex
(ACC), and hippocampus (dorsal and ventral). At the cellular level, both morphological and functional changes in principal neurons (PN) and inhibitory interneurons
(IN) have been documented after ELS and these vary as a function of the sex of the offspring. The important role of perineuronal nets (PNNs) in stabilizing synaptic
inputs on interneurons and closing critical periods of plasticity is also modified by ELS. Based on anatomical, morphological and functional changes triggered by
ELS, behavioral outcomes of ELS and childhood adversity are further modified by genetic risk factors and epigenetic changes that confer risk and resilience to the
offspring. In all three species examined in this paper, behavioral consequences of early adversity are differentiated according to sex and specific behavioral
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by ELS. We will then focus on some of the molecular and
cellular changes observed in the amygdala and PFC that
impact both principal neurons and inhibitory tone, and discuss
how corticolimbic responses to ELS are impacted by sex and
hemispheric differences.

AMYGDALA-PREFRONTAL CORTEX
DEVELOPMENT IN HUMANS AND
RODENTS

Amygdala Development

Studies across species have revealed that amygdala development
is protracted, with many changes in morphology and function
of the BLA occurring postnatally in both humans and rodents.
Thus, environmental insults, such as ELS, during critical periods
of amygdala neurodevelopment could lead to deviations in
the normal maturational trajectory and subsequently affect the
integrity of the amygdala. The human amygdala, including the
basolateral complex, emerges early in embryonic life (Muller
et al.,, 2006) and is well established at birth (Avino et al., 2018).
A structural MRI study reported that the amygdala undergoes
a 40% increase in volume between 8 and 18 years old in

neurotypical individuals (Schumann et al., 2004; Uematsu
et al., 2012). The dramatic increase in amygdala volume
from youth to early adulthood is due to several factors,
including an increase in the number of mature neurons, as
well as increased synaptogenesis and dendritic growth during
neuronal maturation. Remarkably, the increase in the number
of mature neurons in the entire amygdala is primarily driven
by increases in the number of BLA neurons (30%), and less
so by neuron increases in other amygdala nuclei such as the
LA, which only exhibit a 3% increase in mature neuronal
counts throughout development (Avino et al., 2018). Although
adult neurogenesis has not been demonstrated in the adult
primate amygdala, a region located near the temporal lobe
lateral ventricle and adjacent to the BLA called the paralaminar
nucleus (PL), does, however, contain a large population of
neurons exhibiting an immature phenotype in adolescence and
adulthood (Sorrells et al., 2019). The PL in the primate amygdala
is similar in location to the dense clusters of GABAergic cells
found around the BLA in the rodent amygdala, called the
intercalated nuclei. The observation of a protracted maturation
of excitatory neurons in the human amygdala and the fact
that the most substantial changes in the composition of the
PL occur during adolescence suggests that these neurons
might remain highly vulnerable to the effects of ELS. Indeed,
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a recent study conducted in the macaque found that early
life maternal separation modifies gene expression in the PL
later in life (de Campo et al, 2017) and that neonatal
hippocampal lesions accelerated the maturation of the PL
neurons (Chareyron et al., 2016).

As in humans, the rat BLA forms in embryonic development
(Berdel et al., 1997) since most neurons are generated between
embryonic day (E) E14 and E17 (Bayer, 1980) and the total
volume of the BLA increases until the third postnatal week
(Rubinow and Juraska, 2009; Chareyron et al, 2011). Total
neuron and glia numbers are unchanged from postnatal day
(PND) 20 to PND35, but decrease by 13% between PND35-90
(Rubinow and Juraska, 2009). After PND35 and until adulthood,
total BLA volume remains stable, but overall amygdala volume
in female mice is generally smaller than that of males between
PND30-90 (Koshibu et al, 2004). Principal BLA neurons
undergo dramatic structural changes, particularly during the
first postnatal month (Ryan et al., 2016). For instance, neuron
soma size nearly doubles between PND7-28 and total dendritic
length increases by three-fold until PND21 (Ryan et al., 2016).
Dendritic arborization and spine density only reach maturity
by PND28, which is comparable in age to early adolescence in
humans (Quinn, 2005). Synaptogenesis in the BLA, as detected
by presynaptic synaptophysin immunoreactivity, peaks at PND14
and stabilizes by PND30 (Morys et al., 1998). Increases in total
synapse number during postnatal development may reflect the
maturation of inputs to the BLA, particularly those coming from
the mPFC which develop between PND13-21 (Bouwmeester
et al., 2002b; Arruda-Carvalho et al., 2017).

Many of the morphological changes occurring in the rat
BLA during postnatal development coincide with alterations in
neuron physiology and synaptic plasticity. Passive membrane
properties of principal BLA neurons, such as input resistance and
membrane time constant, decrease with age and reach maturity
at the end of the first postnatal month, in parallel with their
structural development (Ehrlich et al., 2012). With regards to
developmental changes in BLA synaptic plasticity, early studies
have shown that high-frequency stimulation of LA inputs to the
BLA results in modest long-term potentiation (LTP) on PND7-
10, whereas after that and until PND19, long-term depression
(LTD) is predominant (Thompson et al., 2008). The LTD state
can be reverted to immature LTP via the application of GABA
receptor antagonists, suggesting that developmental changes in
GABAergic transmission likely modulate synaptic plasticity in
the neonatal BLA (Thompson et al., 2008). Indeed, many aspects
of GABA transmission in the BLA only mature at the end
of the first postnatal month (Ehrlich et al., 2013). However,
in contrast to earlier findings, successful LTP in the BLA was
demonstrated as early as PND20 in male and female rats without
any pharmacological blockade (Bender et al., 2017). Around the
end of the second postnatal week in the BLA (Ehrlich et al., 2013),
there is a fundamental switch of GABAergic transmission from
depolarizing to hyperpolarizing that has also been documented in
the mPFC and hippocampus (Ganguly et al., 2001; Le Magueresse
and Monyer, 2013). This early excitatory GABA function might
thus facilitate weak LTP in the young BLA in the absence of
GABA , receptor antagonists (Thompson et al., 2008).

Amygdala-Prefrontal Cortex Circuit

Development

A rich body of human and rodent literature has identified robust
structural and functional connections between the amygdala
and PFC during the developmental period (Bouwmeester et al.,
2002a,b; Kim and Whalen, 2009; Gee et al, 2013ab). In
humans, the developmental trajectory of amygdala-PFC circuitry
is hierarchical in nature, because the amygdala displays early
functionality relative to the PFC (Tottenham and Gabard-
Durnam, 2017). Functional magnetic resonance imaging (fMRI)
data have shown that the amygdala in children (ages 4-9) exhibits
strong reactivity to emotional stimuli (i.e., fearful faces) before
mature connections with the PFC are established (Gee et al,
2013b). Furthermore, functional connectivity in response to fear
between the amygdala and PFC switches from positive in early
childhood to negative at age 10, and then becomes progressively
more negative into young adulthood (ages 18-22) (Gee et al,
2013b). The exact nature of these reciprocal connections
remains unclear, although some studies have suggested that
negative amygdala-PFC functional connectivity in adolescence
and adulthood results from the development of active inhibitory
PFC influence on the amygdala (Hariri et al., 2003; Kim et al,,
2003; Hare et al., 2008). Thus, it is conceivable that early amygdala
activity is able to instruct development of the PFC. As the
PFC matures, top—down signaling increases with age and likely
contributes to the observed valence switch in connectivity (Gee
et al., 2013b; Tottenham and Gabard-Durnam, 2017).

In neonatal rats (PND10-12), the onset of fear learning relies
on the postnatal maturation of anatomical connections between
the BLA and mPFC (Raineki et al., 2010; Tallot et al., 2016), which
is predominantly achieved in the second and third postnatal
weeks (Bouwmeester et al., 2002b; Arruda-Carvalho et al., 2017).
Specifically, BLA efferents to the IL and prelimbic (PL) regions
of the mPFC emerge between PND7-9 and reach an adult-like
innervation pattern in the mPFC by PND13. Most of the BLA-
mPFC projections discovered in preweaning (PND18-20) rats
are intra-hemispheric, but few inter-hemispheric connections
also exist at this age (Verwer et al, 1996). The number of
BLA to PFC projections continues to increase throughout
adolescence and only stabilizes in adulthood (Cunningham et al.,
2002). The descending mPFC to BLA projections mature later,
between PND13-21 (Bouwmeester et al., 2002b) and remain
relatively stable until they undergo pruning in late adolescence
(PND45) (Cressman et al., 2010). Thus, as described previously
in humans (Tottenham and Gabard-Durnam, 2017), there is a
sequential type of maturation between the ascending and top-
down components of this bidirectional circuitry that influences
the development of behavioral responses to fear, fear extinction
and fear memory.

Development of Amygdala-Related Fear
Behaviors in Rodents

Most of our understanding of the corticolimbic fear circuitry
has emerged from seminal studies using Pavlovian conditioning,
an experimental paradigm that is frequently implemented
to examine fear learning in both humans and rodents
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(Fanselow and LeDoux, 1999; Maren, 2001; Carrere and
Alexandre, 2015). Fear expression may be decreased through
fear extinction, which is considered a different learning process
(Krabbe et al., 2018) that occurs in three phases known as
acquisition, consolidation and retrieval (Quirk and Mueller,
2008; Lee et al., 2015). Once the fear memory is consolidated, it
may be reinstated by presenting the conditioning stimulus (CS)
in the same context in which extinction occurred (Quirk and
Mueller, 2008) or renewed by placing animals in a novel context
(Marschner et al., 2008; Maren et al., 2013). Importantly, the
renewal of context-dependent fear memories is developmentally
regulated in rats, since extinguished fear responses can only be
reinstated after the third postnatal week (Kim and Richardson,
2007). Before this time, fear experience is erased and there
is no fear recall when rats are placed in a novel context
(Kim and Richardson, 2007).

The protracted postnatal development of the corticolimbic
circuit contributes to changes in the maturation of emotional
behavior (Ryan et al., 2016; Sullivan and Opendak, 2020a).
During the first week and a half of postnatal life, rat pups have
limited hearing and vision and quickly learn to preferentially
recognize maternal odors which promotes caregiver attachment
(Sullivan, 2001; Tallot et al., 2016; Sullivan and Opendak, 2020b).
Many studies using conditioning paradigms in neonatal rodents
have therefore used olfactory cues as the CS (Jovanovic et al.,
2013). Elegant studies have shown that during the first 2 weeks
of postnatal life in rats, the mother has the ability to modify
the emotional valence of stimuli (Moriceau and Sullivan, 2006;
Santiago et al,, 2017; Sullivan, 2017) even though pups can
learn aversive responses after PND10. Before that time, PND8
rats are able to pair an odor and a foot shock (US), but
the conditioned response is approach rather than avoidance
to the shock (Sullivan et al., 2000). Once pups leave the nest
around PND10, this same odor-shock conditioning can produce
avoidance responses (Moriceau et al., 2006; Thompson et al.,
2008), although when conditioning occurs in the presence of
the mother, approach rather than avoidant responses to the CS
are observed. When pups grow in the presence of an abusive
mother, the beneficial buffering effect of the mother is lost and
early avoidance responses to shock are observed. Other aspects of
emotional responses such as freezing and fear-potentiated startle
also mature along the development of the corticolimbic circuit.
Conditioned freezing in rats emerges on PND16-18 (Hunt et al.,
1998; Barnet and Hunt, 2006; Ryan et al., 2016) and reaches
adult-like levels by PND23-27 (Jovanovic et al., 2013). Similarly,
fear-potentiated startle to a tone is observed after weaning on
PND23, but not earlier in the rat (Hunt et al., 1994).

Fear extinction outcomes and cellular mechanisms across
development are also fundamentally different. In neonates
(PND16), extinction training promotes the permanent erasure of
fear memories (Kim and Richardson, 2007, 2008). By contrast,
the same protocol in PND23 rats reinstates extinguished fear,
as seen in adulthood (Kim and Richardson, 2007, 2008, 2010).
This switch appears to be mediated by developmentally regulated
changes in NMDAR activity in the brain (Langton et al., 2007),
as their blockade only disrupts fear extinction on PND23,
while PND16 extinction is unaffected. PNNs that surround

primarily GABAergic neurons may also play a significant role
in protecting fear memories from erasure at later developmental
stages because enzymatic “dissolution” of PNNs in the BLA of
adult rats reinstated the phenotype of erasure of fear memory
that is normally only observed in young neonatal rats (Gogolla
et al., 2009). Lastly, inactivation of the amygdala [BLA, lateral
amygdala (LA), central amygdala (CeA)] disrupts extinction
on PND17 but not on PND24 (Kim and Richardson, 2008),
suggesting that extinction becomes more dependent on the
mPFC once reciprocal connections between the BLA and mPFC
are established (Kim and Richardson, 2008; Sotres-Bayon and
Quirk, 2010; Jovanovic et al., 2013).

Summary

In both humans and rodents, development of the corticolimbic
circuit is not achieved until the juvenile, peri-adolescent period,
with ascending projections from the amygdala to the prefrontal
cortex maturing earlier than top—down control of the amygdala
by the PFC. The progressive change in connectivity between
these two regions, follows important maturation processes in
the amygdala with large increases in volume, synaptogenesis
and dendritic arborization occurring up to the third week of
life in rodents and 18 years in humans. The protracted and
predominantly postnatal development of the corticolimbic circuit
in human and rodents makes this circuit particularly sensitive
to environmental stressors occurring during the neonatal and
juvenile periods (Bouwmeester et al., 2002a,b; Gee et al., 2013a;
Tottenham and Gabard-Durnam, 2017). As a consequence, the
acquisition of fear can be accelerated in adverse conditions
and in particular, negative, more “mature” connectivity between
the amygdala and the PFC is observed in children raised in
institutions compared to those raised in their biological families
(Gee et al, 2013a). Similarly, the perception of an aversive
situation is observed shortly after the first week in rodents,
although it is usually buffered by the presence of the mother. In
the case of an abusive mother, the buffering effect is lost and rat
pups exhibit enhanced aversive learning. Conditioned freezing
to an aversive shock is learned by the 2nd or 3rd week of life
in rodents, although fear memory only appears after weaning
in parallel with the maturation of top down projections from
the PFC and amygdala that are responsible for fear extinction.
Because of the sequential maturation of the ascending (fear
acquisition) and descending (fear extinction) projections in both
human and rodents and the sensitivity of the maturing amygdala
to stress, it is understandable that exposure to early life stress
and trauma has such severe consequences on the exaggerated
processing of fear and sustained fear memory that ultimately
leads to an anxiety phenotype.

IMPACT OF EARLY LIFE STRESS ON
THE CORTICOLIMBIC CIRCUIT

Early adversity produces robust changes in the amygdala and
amygdala-prefrontal pathway across species that associate with
emotional difficulties throughout the life-span (Ellis et al., 2004;
Burghy et al., 2012; Gee and Casey, 2015; Hanson et al.,, 2015).
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Major changes are observed in the structure and excitability of
the amygdala as well as in the functional connectivity between
the amygdala and the PFC. These changes are long-lasting
and might well represent the neural underpinnings of anxiety
and mood disorders.

Structural Alterations in the Amygdala

Following Early Life Stress

The amygdala is one of the few structures that generally
increases in volume in response to chronic stress (Vyas et al,
2002; Mehta et al., 2009; Tottenham et al., 2010) and this
might be related to the high density of glucocorticoid receptors
present in the amygdala (Geuze et al., 2012). The amygdala is
extremely sensitive to the effects of both acute (Mitra et al,
2005; Rodriguez Manzanares et al., 2005; Duvarci and Pare,
2014; Kim et al., 2014) and chronic stress exposure (Vyas
et al., 2002, 2004, 2006; Tottenham et al., 2010; Rau et al.,
2015). In humans, somewhat conflicting results on the effects
of early life adversity on amygdala volume have been reported
depending on the developmental timing of stress exposure, as
well as the duration and intensity of the stress (Lupien et al.,
2009; Fox et al, 2010; Gee and Casey, 2015). For instance,
children reared in orphanages display significantly larger bilateral
amygdala volumes (Mehta et al., 2009; Tottenham et al., 2010),
while children who suffered from physical abuse or early neglect
were found to have significantly smaller left amygdala volumes
(Hanson et al.,, 2015). Similarly, children exposed to maternal
depressive symptomology since birth (i.e., prolonged stress)
exhibit increased amygdala volume, while hippocampal volume
remains unaffected (Lupien et al,, 2011). Interestingly, a recent
study found that self-reported childhood neglect was associated
with sex-specific and lateralized changes in the adolescent
amygdala, with boys, but not girls, having larger right amygdala
volumes (Roth et al., 2018). In adulthood, greater exposure to
chronic stressors during childhood, measured using an index of
cumulative risk exposure, is positively correlated with enlarged
amygdala volumes (Evans et al., 2016).

Consistent with many human studies, the rodent BLA also
undergoes hypertrophy in response to chronic stress. Juvenile
chronic restraint stress (PND20-41) increases BLA pyramidal
neuron dendritic length in male and female rats (Eiland et al,
2012). Similarly, chronic immobilization stress (CIS, 2 h/day
for 10 days) in adult rats enhances dendrite arborization of
pyramidal and stellate neurons in the BLA (Vyas et al., 2002).
Interestingly, the same stress paradigm does not impact neuron
morphology in the CeA (Vyas et al., 2003). Chronic stress also
alters neuron morphology in the hippocampus by reducing spine
density and arborization, however these changes are reversible,
unlike those observed in the BLA (Vyas et al., 2003, 2004). Even
after animals are given a 21-day stress-free period following CIS,
the dendritic arbors in their BLA continue to increase in size,
indicating that the amygdala may be ‘sensitized’ and thus more
resistant to recovery following chronic stress (Vyas et al., 2004;
Gee and Casey, 2015).

While the effects of chronic stress on the amygdala have
been well documented in adults, less understood are the effects

of chronic ELS on the structure of the neonatal and juvenile
amygdala. Prenatal stress was shown to increase BLA volume,
as well as neuron and glia density in male juvenile (PND25)
rat offspring (Kraszpulski et al., 2006). Even though these
structural differences appear to dissipate by adulthood, it is
suggested that the accelerated BLA growth trajectory could
impair developing reciprocal connections with the mPFC and
enhance fear behaviors in the long-term (Kraszpulski et al., 2006).
In our studies, we did not find significant volumetric changes in
the preweaning amygdala after ELS, although there was a clear
trend toward an increased volume (Guadagno et al., 2018a,b).
ELS in the form of early weaning (on PND14) causes precocious
myelination in the BLA of adolescent male mice (Ono et al.,
2008). Collectively, these findings indicate that the consequences
of ELS on the amygdala can be observed early as alterations in
amygdala structural integrity in neonates, such as increased spine
density that is observed exclusively in males (Guadagno et al.,
2018a) occur in parallel with enhanced amygdala reactivity and
neuron excitability (Guadagno et al., 2020).

Effects of Early Life Stress on Amygdala

Reactivity and Excitability

Humans with a history of ELS typically have larger amygdala
volumes that presumably contribute to heightened amygdala
reactivity to emotional stimuli (Tottenham et al., 2010).
Retrospective (Dannlowski et al,, 2013; Van Harmelen et al,
2013) and recent prospective studies (Javanbakht et al., 2015;
Evans et al., 2016) of adults exposed to early adversity have
identified exaggerated amygdala reactivity to negative emotional
cues. In line with these findings, children and adolescents
(all right-handed, males and females) that were previously
institutionalized display right-lateralized hyperreactive amygdala
responses to fear faces (Gee et al, 2013a). Youths having
experienced caregiver deprivation or emotional neglect similarly
display enhanced amygdala activation during the analysis of
detailed emotional faces, but only on the left side (Maheu et al.,
2010). In this case, left as opposed to right-lateralized amygdala
activity may be due to the type of task used that engaged
more extensive and conscious emotional processing (Maheu
et al., 2010). Interestingly, the earlier the onset of childhood
maltreatment, the more severe the hyperreactive amygdala
responses to emotional stimuli, which further emphasizes the
importance of the timing of postnatal ELS exposure in predicting
amygdala outcomes (McCrory et al., 2013). It is worth noting that
adverse rearing conditions increase amygdala reactivity to fearful
relative to neutral faces in children (Tottenham et al., 2011),
a response normally only observed in naive adults (Thomas
et al, 2001), suggesting that ELS might enable precocious
amygdala development.

Amygdala reactivity in rodents is similarly enhanced following
exposure to chronic stress during early life and adolescence
(Raineki et al., 2012; Malter Cohen et al., 2013; Rau et al,,
2015). More specifically, amygdala neural activity, measured
with c-Fos immunohistochemistry, is increased after exposure
to acute forced swim in adolescent male and female rats
subjected to ELS (Raineki et al, 2012). ELS in the form
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of altered maternal care between PND2-21 also increases
the expression of c-Fos protein in the BLA of juvenile and
adolescent male mice (PND26-34) exposed to a threatening
context (Malter Cohen et al., 2013). ELS-induced changes in the
development of the amygdala might result from dysregulated
HPA axis activity that is associated with ELS. For example,
the emergence of amygdala fear reactivity is accelerated by
increasing CORT levels systemically or by injecting CORT
directly in the amygdala of male and female neonatal rats
(Moriceau et al., 2006). Following adolescent social isolation,
adult male rats show hyperexcitability of BLA pyramidal neurons
(Rau et al, 2015). In summary, the few existing studies on
the effects of ELS on the juvenile or adult amygdala emphasize
amygdala hyperexcitability and increased emotional behavior.
Increased synaptic plasticity found in the right BLA of juvenile
male rats exposed previously to ELS (Guadagno et al., 2020)
might constitute one of the mechanisms leading to amygdala
hyperexcitability after ELS, seeing as chronic stress in adulthood
increases LTP formation in the amygdala (Dalton et al., 2012;
Suvrathan et al., 2014).

Functional Amygdala-mPFC Connectivity
Is Altered After Early Adversity

Studies in both rodents (Yan et al., 2017; Johnson et al,
2018; Guadagno et al., 2018b; White et al., 2020) and humans
(Burghy et al.,, 2012; Gee et al., 2013a; Peverill et al., 2019)
have demonstrated that functional connectivity within the
corticolimbic circuitry is extremely sensitive to ELS exposure. In
humans, early life adversity has been shown to weaken resting
state amygdala-PFC functional connectivity in childhood (Gee
et al., 2013b), adolescence (Burghy et al., 2012) and adulthood,
suggesting that ELS exposure programs lasting changes in the
functional integrity of the corticolimbic circuit. Based on results
found in 7-8 year-old children, it was argued that heightened
amygdala reactivity found in previously institutionalized youths
accelerates the development of a more “mature” and weaker
amygdala-PFC connectivity as assessed by fMRI in response
to an emotional task (Gee et al., 2013b). However, a more
recent study using a larger sample population has failed to
replicate the pattern of changes seen in the study by Gee
et al. (2013b), Zhang et al. (2019) and challenged the view that
changes in the patterns of amygdala-mPFC connectivity with
ELS truly reflects accelerated maturation of the corticolimbic
circuit. Regardless of the notion of accelerated maturation,
reduced functional connectivity between the amygdala and
other brain structures important for emotional processing
could explain the behavioral outcomes observed in the long
term. In particular, reduced functional connectivity between
the amygdala and anterior cingulate cortex (ACC) is also
observed in children with high levels of prior cumulative stress
exposure (Pagliaccio et al., 2015) and between the right amygdala
and vmPFC in maltreated females, but not males (Herringa
et al.,, 2013). Reduced connectivity between the vmPFC and left
hippocampus was seen in both sexes (Herringa et al., 2013),
emphasizing the fact that at least in humans, sex-related ELS
effects exhibit hemispheric specificity that is dependent of the

regional circuit considered. The reduced functional connectivity
between the amygdala and several subregions of the prefrontal
cortex was also observed in a longitudinal study in infant to
juvenile macaques raised by abusive mothers (Morin et al,
2020). This effect was particularly observed in maltreated
females and was partially predicted by increased exposure to
cortisol in infancy.

Neuroimaging studies in rodents exposed to ELS have revealed
equally disrupted patterns of amygdala functional connectivity
(Holschneider et al., 2016; Yan et al., 2017) that persist until
adulthood (White et al., 2020). For instance, exposure to
unpredictable varied stressors (PND14-25) in mice increased
amygdala-PFC, amygdala-vHipp (Johnson et al, 2018) and
vHipp-PFC connectivity in adult male, but not female offspring
(White et al, 2020). In this study, tractography revealed a
significant hemispheric effect on amygdala-vHipp connectivity,
with higher connectivity changes in the left hemisphere.
When earlier time points were examined, early adversity in
preweaning rats reduced rs-fMRI connectivity between the
BLA and mPFC (Guadagno et al, 2018b) and this was also
documented in adolescent and adult male rats (Yan et al,
2017). This suggests that there might be significant differences
between ELS models, animal models (rat vs. mouse) or specific
time windows associated with differential sex effects of ELS.
Importantly, a recent study used high resolution ex vivo diffusion
tensor imaging to visualize bilateral BLA-mPFC projections
in PND56 rats and compare naive to ELS-exposed rats. The
results of this study showed an increased number of tracts
crossing the midline (Bolton et al., 2018), indicating that ELS
might cause aberrant inter-hemispheric structural, as well as
functional connectivity.

Early life stress affects amygdala-related emotional behaviors,
as indicated earlier, most studies on early adversity in children
report an increased vulnerability to developing anxiety and
mood disorders and it is thought that molecular, cellular
and circuit-based modifications in the development of the
corticolimbic circuit are essential mechanisms that promote such
vulnerability. Examples are numerous. For instance, children
reared in orphanages with greater amygdala volumes display
more internalizing behaviors and anxiety (Tottenham et al,
2010), which are risk factors for the development of future
psychopathologies (Hofstra et al., 2002). Indeed, roughly half
of the children tested in this study met diagnostic criteria for
at least one psychiatric illness, of which ~20% were anxiety
disorders (Tottenham et al., 2010). Higher levels of self-reported
childhood neglect in adolescent males associate with enhanced
right amygdala activity and elevated anxiety symptoms (Roth
et al, 2018). Adults with anxiety disorders and a history of
ELS also display enhanced amygdala activity to threat cues
(Bremner et al.,, 2003a,b, 2005). It is believed that atypically
large amygdala volumes in ELS-exposed individuals might allow
for greater processing of negatively valenced information and
increased amygdala sensitivity to fearful cues (Tottenham et al.,
2010; Gee et al., 2013a). In addition, the heightened amygdala
reactivity observed in early development might actually reduce
the functional connectivity between the amygdala and the PFC
(Burghy et al., 2012; Gee et al., 2013b), leading to a phenotype of
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higher trait anxiety and emotional reactivity (Burghy et al., 2012;
VanTieghem and Tottenham, 2017). Of interest is the notion that
ELS might modify the number of fiber tracts crossing the midline
that target cortical regions, as well as modify their integrity
(Bolton et al., 2018; Howell et al., 2019). This is important since
previous reports have shown that the structural integrity of white
matter tracts between the amygdala and the PFC is inversely
correlated with anxiety symptoms in adult humans (Kim and
Whalen, 2009; Burghy et al., 2012).

In rodents, exposure to chronic stress during the
developmental period also has lasting effects on the male
adolescent and adult amygdala, as evidenced by increased anxiety
and conditioned fear responses in these animals (Stevenson et al.,
2009; Eiland et al., 2012; Molet et al., 2014; Guadagno et al,,
2018a). Adolescent male rats reared under suboptimal conditions
display increased BLA neural activity and enhanced anxiety and
depressive-like behaviors (Raineki et al., 2012). Importantly,
when the amygdala is temporarily deactivated, depressive-like
behaviors in ELS animals are reversed, suggesting a causal
link between amygdala functioning after ELS and behavioral
dysfunctions (Raineki et al., 2012). Similarly, enhanced BLA
neural activity observed in juvenile and adolescent mice exposed
to ELS increases fear responses to a threatening context (Malter
Cohen et al,, 2013). Hypertrophy of BLA neurons in male
and female adolescent mice following chronic juvenile stress
associates with enhanced anxiety-like behavior in the elevated
plus maze (Eiland et al., 2012). In line with the human literature
(Gee et al., 2013b), reduced rs-fMRI connectivity between the
BLA and mPFC after ELS is linked to long-term decreases in
social interactions and increased depressive behaviors in adult
rats (Yan et al., 2017).

Summary

In both human and rodents, exposure to early adversity
increases amygdala volume and reactivity, in particular to fearful
faces in children. The earlier the onset of maltreatment, the
higher the magnitude of amygdala hyperactivity. Precocious
myelination and increased synaptic plasticity has been observed
in the rodent amygdala after early adversity, with males being
more susceptible in general to the effects of early stress. In
humans, it has been suggested that adversity might also enable
precocious amygdala development. An accelerated maturation
of the amygdala together with aberrant inter-hemispheric
structural connectivity might precipitate the characteristic
reduced functional connectivity of the amygdala with other
brain regions demonstrated consistently across species. Most
models of ELS exposure in humans, non-human primates
and rodents have demonstrated that it creates a phenotype
of enhanced anxiety and depression as well as reduced social
behavior that is likely to be mediated, at least in part, by
morphological and functional changes in the corticolimbic
circuitry. Variations in the magnitude of the effects, the type
of behavior mostly impaired and the possibility for resilience
might depend on the genetic and epigenetic makeup of the
individual as well as the timing and nature of the early
stressors (Tottenham and Sheridan, 2009; Gee and Casey, 2015;
McCarthy et al., 2017).

SEX AND HEMISPHERIC DIFFERENCES
IN CORTICOLIMBIC DEVELOPMENT AS
MODULATING FACTORS IN THE
EFFECTS OF EARLY LIFE STRESS

Sex differences in the development of the rodent corticolimbic
circuit and its specific components has been recently elegantly
reviewed (Premachandran et al., 2020) and sex effects have been
outlined at the level of the amygdala, mPFC and hippocampus
in terms of differences in volume, morphology, synaptic
organization, cell proliferation, microglia, and GABAergic
signaling. Morphological and functional changes over the
course of development have been studied mostly in the dorsal
hippocampus, reporting both transient, and long-term effects of
sex on this structure. Interestingly, females undergo an earlier
switch in GABA-mediated excitation to inhibition during the
first postnatal week in rodents, occurring between PND4-7
compared to PND8-14 in males (Premachandran et al., 2020).
This difference in the timing of inhibition onset might be
critical to determine further developmental processes in this
structure and to identify potential windows of sensitivity to
external stimuli. Consequences of sex-differences in maturation
of the hippocampus have been found in the context of behaviors
that are mediated by the dorsal hippocampus such as cognitive
strategies for spatial learning (Shansky, 2018; Grissom et al.,
2019). In contrast, few studies have investigated sex differences
in the development of the vHipp regions and results of
sex-related anxiety studies early in development have been
somewhat contradictory.

The rodent amygdala, especially the BLA, has been the subject
of far fewer studies examining sex and hemispheric differences
during development. Work focusing on the medial amygdala
(MeA), which is the region of the amygdala containing the
highest concentration of estrogen and androgen receptors, has
suggested that this amygdala subregion matures faster than other
subregions in both sexes (Chareyron et al., 2011). Volumes of
the MeA reach adult-like values faster in females (PND5) than
in males (PND21) males, although increased total structural
volumes, dendritic volumes and neuron numbers were observed
in prepubertal (PND26-29) male compared to female rats (Cooke
et al., 2007), independent of amygdala side. They also found
that MeA neurons in males had more frequent miniature
excitatory postsynaptic currents (mEPSCs) and a greater number
of excitatory synapses on dendritic spines compared to females,
again only on the left side (Cooke and Woolley, 2005). Enhanced
MeA neuron numbers in males persist until adulthood (PND60)
(Morris et al, 2008). For the developing rat BLA, no sex
differences or interactions with amygdala hemisphere were found
for total volume or number of neurons on PND20, 35, or 90
(Rubinow et al., 2009; Guadagno et al., 2018b), although exposure
to ELS increased spine density in the BLA of males, but not female
PND10 and PND21 rats (Guadagno et al., 2018a). There was
also no significant effect of sex on maturation of physiological
properties of BLA pyramidal neurons in the first postnatal month
(between PND7-28) (Ehrlich et al., 2012). Only in adulthood
do some sex and hemispheric differences emerge in the BLA

Frontiers in Human Neuroscience | www.frontiersin.org

August 2021 | Volume 15 | Article 669120


https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

Guadagno et al.

Early Adversity on Developing Corticolimbic Circuit

under normal circumstances. For instance, male adult rats have
more dendritic spines on pyramidal BLA neurons compared to
females (Rubinow et al., 2009), and greater numbers of PV-
positive cells in the left compared to the right BLA (Butler et al.,
2018). Thus, effects of sex and laterality in the rat emerge earlier
in the developing MeA than in the BLA, highlighting that these
amygdala nuclei are fundamentally different, both anatomically
and functionally (Sah et al., 2003). If there are little underlying sex
or laterality differences during the normal BLA developmental
trajectory, sex and hemispheric-dependent effects of ELS on the
young rat BLA (Guadagno et al.,, 2020) could likely be a direct
consequence of the stress exposure.

In the human amygdala, a structural MRI study found that
between 1 month to 25 years of age, the total growth period for
males was longer than that of females, and likely contributed
to the observed larger male amygdala volume (Uematsu et al.,
2012). However, growth of the amygdala is not linear because
the dramatic gains in volume at 5 and 6 years of age become
more moderate as youths enter early adolescence with the
volumetric growth of the left amygdala peaking earlier than the
right amygdala (Russell et al., 2021). There is some discrepancy
about sex differences in amygdala growth, some reports showing
that the female amygdala volume (including white and gray
matter) peak in pre-adolescence, 18 months earlier than in males,
regardless of hemisphere (Uematsu et al., 2012) while others
found that amygdala GMYV is increased in males compared to
females (ages 8-15), only on the left side, and varies according to
pubertal stage and circulating testosterone levels (Neufang et al.,
2009). These findings suggest that gonadal steroid levels might
play an important role in governing sexually dimorphic amygdala
development. Hemispheric differences in total amygdala volume
are seen in males during development, but the direction of this
asymmetry is related to the age range and type of amygdala
tissue imaged. For instance, in contrast to results reported by
Neufang et al. (2009), right asymmetry of amygdala volume was
observed in males, but not females, from infancy until adulthood
(Uematsu et al., 2012) and it is believed that the right and
left amygdala develop at different rates and may be involved
in different emotional regulation processes (Wager et al., 2003;
Uematsu et al., 2012; Wen et al., 2017). Fetal testosterone has
been shown to positively correlate with GMV in the left, but
not the right, amygdala of typically developing boys (aged 8-
11 years old) (Lombardo et al., 2012), suggesting that early
organizing effects of sex hormones prenatally may contribute
to lateralized amygdala volume. Other environmental factors
in early preterm infants like exposure to musicotherapy in the
NICU have been found to improve white matter maturation and
increase amygdala volume compared to preterm infants with
standard of care (Sa de Almeida et al., 2020).

While maturation of the hippocampus and amygdala occurs
relatively early in development, that of the mPFC is not complete
until young adulthood in humans, non-human primates and
rodents (Cunningham et al.,, 2002). In the rat, there appear to
be waves of development/pruning of the mPFC, in particular in
the PL with a peak of volume around PND14 and PND24 and a
gradual reduction in volume by PND35 (Van Eden and Uylings,
1985) associated with neuronal loss, which continues until

adulthood (Markham et al., 2007). The neuronal decline is more
pronounced in females, which exhibit a sharp decline around
puberty onset (PND35-45) while in males, the neuron loss
continues more linearly between periadolescence and adulthood
(Willing and Juraska, 2015). Hemispheric mPFC differences have
been documented in the adult rat, in particular for dopaminergic
innervation and the role of the mPFC in neuroendocrine
stress responses (Sullivan and Gratton, 2002), however, these
studies have not examined the onset of mPFC laterality during
development. Basal extracellular Dopamine concentrations, but
not 5HT or norepinephrine exhibited sex-related lateralized
differences in the vmPFC of adolescent rats, suggesting that
differential maturation of neurotransmitter innervation of mPFC
could participate in lateralized mPFC function already in
adolescence (Staiti et al., 2011). Exposure of neonatal rats to ELS
in the form of early weaning and unpredictable adolescent stress
showed that the mean excitatory latency of vmPFC neurons to
in vivo stimulation of the amygdala was longer in ELS compared
to control rats in the right compared to the left hemisphere
(Ishikawa et al., 2015), supporting impaired connectivity that
could be more pronounced in the right vs. left vmPFC.

A large number of studies have found that neuronal,
functional and behavioral outcomes of ELS are sexually
dimorphic (Figure 1) and recent reviews have addressed this
topic (Loi et al., 2014; Walker et al., 2017; White and Kaffman,
2019; Bath, 2020). In several experimental models of ELS, adult
female behavior appears to be significantly less impaired than
male behavior, but this should not be interpreted to indicate that
females are entirely resilient to early adversity. In fact, many
human studies have shown that females exposed to childhood
maltreatment are more sensitive (White and Kaffman, 2019) and
likely to develop stress-related mental disorders, such as anxiety
and depression, compared to males (McCarthy, 2016; McCarthy
et al., 2017). Other reports have specified that sex differences in
the behavioral consequences of early adversity strongly depend
upon genetic susceptibility and the type and developmental
timing of maltreatment (Walker et al., 2017; White and Kaffman,
2019). In addition to being caused by chromosomal, epigenetic
and hormonal differences in neurodevelopmental events, sexually
dimorphic outcomes can also be due to differences in maternal
care toward males and females after exposure to ELS as outlined
in a review by Bath (2020). In the case of the development of
the corticolimbic system, it is still unclear whether ELS affects
the normal sexually dimorphic maturation of corticolimbic brain
regions at different time points of development in male and
female individuals or whether ELS affects maturational processes
differentially between males and females.

EARLY LIFE STRESS MODULATES
LOCAL AMYGDALA CIRCUITS AND
INHIBITORY INTERNEURONS

When considering studies on the mechanisms of fear learning,
extinction and fear memory, the large majority of studies have
mainly considered the role of principal excitatory projection
neurons (PN) because they exhibit varied response properties
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that are input-selective and they are highly interconnected within
several brain networks. PNs constitute the large majority of cells
in areas of the corticolimbic circuit, and in particular, in the
BLA and PFC, and their critical role in emotional processing
has been demonstrated. However, there is mounting evidence
to suggest that their activity is highly orchestrated by their
interactions with local inhibitory, GABAergic INs (Lucas and
Clem, 2018). Inhibitory GABA INs are diverse in many aspects
such as their pattern of peptidergic co-expression, their axonal
targets, firing characteristics and dendritic morphology. They can
actively shape network activity and this is particularly relevant
during the developmental period when both PNs and INs mature
at different rates.

Local Amygdala Circuits in Fear

Regulation

During acquisition and consolidation of conditioned fear,
multimodal sensory information from the thalamus and cortex
converges onto projection and GABAergic neurons of the LA,
but also directly to BLA neurons (Romanski and LeDoux,
1993; Ehrlich et al., 2009; Duvarci and Pare, 2014). Activated
LA projections terminate on glutamatergic cells in the BLA
(Ehrlich et al., 2009), which engage separate disinhibitory
mechanisms involving PV-positive and somatostatin-positive INs
(Wolft et al,, 2014) to facilitate excitatory output to the CeA.
During the conditioned stimulus (CS = auditory tone), PV-
expressing cells are stimulated and inhibit somatostatin INs,
which results in dendritic disinhibition of BLA PNs (Wolff et al.,
2014). Conversely, presentation of the unconditioned stimulus
(US = footshock) inhibits both PV and somatostatin INs, through
the action of vasoactive intestinal peptide (VIP)-positive INs on
both PV and somatostatin neurons. This process of sequential
feedforward inhibition ultimately leads to the disinhibition of
BLA PNs, activation of CeA output neurons and enhanced
fear learning (Ehrlich et al., 2009; Duvarci et al., 2011; Tovote
et al, 2015; Krabbe et al., 2019; Figure 2). In addition to
processing and relaying sensory information to the CeA, the
BLA encodes (Gale et al., 2004) and stores permanent fear
memories (Fanselow and LeDoux, 1999; Maren, 2001; Repa
et al, 2001; Gale et al,, 2004), a process that is dependent
upon connections with the PL mPFC and vHipp (Arruda-
Carvalho and Clem, 2014). Disruption of BLA activity not
only impairs fear acquisition and conditioned fear responses
(Amano et al, 2011), but also fear extinction (Herry et al,
2006). It is now recognized that within the BLA, functionally
distinct populations of neurons encode fear acquisition (fear
neurons) and fear extinction (extinction neurons). As illustrated
in Figure 2, these neurons are differentially connected with
the mPFC and vHIPP, in particular, to regulate many aspects
of fear processing (Herry et al,, 2008). Taken together, these
data demonstrate that acquisition, extinction and memory of
fear require precisely coordinated interactions between PNs and
several subtypes of local inhibitory INs. Stress-induced disruption
in the establishment and maturation of any of these local
circuits is likely to have lasting consequences on fear processing
and the storage of fear memories. Understanding how these

local amygdala inhibitory circuits are established and where
critical elements of regulation lie will help clarify some of the
mechanisms through which, early life adversity dysregulates
emotional behavior.

Amygdala Inhibitory Interneurons

Approximately 80-85% of the neurons in the BLA are
glutamatergic PNs with spiny dendrites (McDonald, 1982) and
their activity is coordinated by interactions with local INs, which
constitute the remaining 20% of BLA neurons. PNs densely
innervate the dendritic spines of other surrounding PNs, as
well as the peri-somatic and distal dendrites of spine-sparse
GABAergic INs (Muller et al., 2006). Reciprocally, most of
the glutamatergic PNs within the BLA are the post-synaptic
targets of INs, which can significantly influence their activity
(Spampanato et al., 2011). The INs in the BLA are characterized
by their expression of calcium binding proteins (calbindin,
calretinin, parvalbumin) and/or neuropeptides like somatostatin,
CCK or VIP (Muller et al., 2006; Spampanato et al., 2011)
and their pattern of innervation of PNs (Muller et al., 2007;
Woodruff and Sah, 2007). For instance, PV-positive cells with
basket-type morphology synapse on the peri-somatic region of
PNs, including the soma, axon initial segment, and proximal
dendrites, whereas those with ‘chandelier’ morphology form
another class of axo-axonic synapses, innervating the largest
portions of the axon initial segment (Gabbott et al., 2006).
In addition, PV-INs that constitute half of the BLA INs form
synapses with INs from their own or other groups (Spampanato
et al,, 2011). They are not only critical in generating theta-range
oscillations (30-80 Hz) (Marin, 2012), but are also differentially
recruited according to the specific stimuli associated with fear
conditioning and inhibition (Courtin et al., 2014; Wolff et al,,
2014; Krabbe et al, 2019). IN firing properties are incredibly
diverse and quite different from those of PNs (Rainnie et al.,
2006). For instance, PV-cells in adult rats have more positive
resting membrane potentials (-60 mV) than PNs and their burst-
firing pattern requires high energy while other IN subtypes
display regular and fast-firing patterns (Rainnie et al., 2006).
The high frequency of action potentials observed in PV-positive
INs and their dense excitatory innervation (Gulyds et al., 1999)
makes them more sensitive to oxidative stress because of the
higher metabolic requirements (Morishita et al., 2015; Steullet
et al., 2017). Their higher sensitivity to oxidative stress might
also make them more vulnerable to other types of stress
from the environment. This is illustrated in a recent study
showing changes in PV staining intensity, but not PV neuron
numbers in the amygdala after early maternal separation in
adult male and female rats (Gildawie et al., 2020a; Soares et al.,
2020). It is interesting to note that in this particular study,
maternal separation did not change PV staining intensity or
cell number in the mPFC or in subfields of the hippocampus
of either males or females, suggesting that effects on PV-INs
are region-specific. However, ELS increased 8-oxo-dG in PV
neurons, a marker of DNA oxidation in PV cells of the BLA
and PL mPFC, indicating that PV neurons in these regions
might be more sensitive to oxidative stress after ELS exposure
(Cabungcal et al, 2013). In the mPFC, maternal separation
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FIGURE 2 | Amygdala and corticolimbic pathways involved in fear conditioning and extinction. Strengthened and weakened connections are represented by the
solid and dashed lines, respectively. (A) During fear conditioning, multimodal sensory information from the cortex and thalamus primarily converges onto lateral
amygdala (LA) projection neurons and activates descending projections to fear neurons in the BLA, as well as inputs to GABAergic neurons in the intercalated cell
masses (ITC). BLA fear neurons are also stimulated by projections from the ventral hippocampus (VHIPP) and prelimbic medial prefrontal cortex (PL mPFC). Output
neurons in the medial division (Cey) of the CeA are disinhibited by GABAergic neurons in the ITC and lateral division of the central amygdala (Ce ) and activated by
BLA fear neurons, leading to high fear responses. (B) During fear extinction, incoming sensory information mostly converges onto LA inhibitory interneurons, leading
to suppressed activity of LA projection neurons and decreased BLA fear neuron activity. Projections from the vHIPP inhibit PL mPFC activity and stimulate infralimbic
mPFC activity (IL mPFC). The IL region activates glutamatergic extinction neurons in the BLA, which stimulate neurons in the ITC and inhibit BLA fear neurons, thus
resulting in the inhibition of Cey output neurons and reduced fear responses. (C) Organized microcircuit of feedforward inhibition in the rodent BLA regulate the
activity of principal neurons (PN) under associative fear learning. VIP interneurons receiving direct inputs from the auditory cortex and thalamus are strongly activated
by unexpected aversive events (US: aversive shock) and they gate information flow to a large fraction of PNs by releasing them from the strong inhibition provided by

Krabbe et al. (2019), and Zimmermann et al. (2019).

SOM and PV interneurons. There is an extended reciprocal inhibitory connectivity between all three interneuron subtypes found in the BLA. Figure adapted from
Ehrlich et al. (2009), Sotres-Bayon and Quirk (2010), Sotres-Bayon et al. (2012), Lee et al. (2013), Duvarci and Pare (2014), Arruda-Carvalho and Clem (2015),

led to a reduction in PV expression, as measured by Western
blot, that appeared earlier in juvenile females than males
(Holland et al., 2014).

In other regions of the corticolimbic circuit such as the
hippocampus, distinct environmental exposures (i.e., either
enrichment or fear conditioning) modulate the level of
expression of PV in mice without necessarily modifying PV
expressing cell numbers (Donato et al., 2013).

Development of Parvalbumin Inhibitory

Interneurons

The importance of IN development and functionality within
the corticolimbic circuits to regulate the inhibition:excitation
ratio has been well described in previous reviews (Marin, 2012;
Arruda-Carvalho and Clem, 2015; Lucas and Clem, 2018) and
there is little doubt that early dysfunction in INs may underlie
the emergence of several neurodevelopmental disorders (Marin,
2012) in addition to adult social dysfunction (Bicks et al., 2020)
and anxiety. In rodents exposed to ELS, the rhythmic firing of
neurons in the amygdala (theta and gamma oscillations range) is
increased (Raineki et al., 2015), while theta and beta oscillations
in the mPFC and ACC are reduced (Murthy et al, 2019;
Murthy and Gould, 2020). Maturation of PV-neurons coincide
with the early postnatal period when ELS has profound effects
on the development of the corticolimbic circuitry. PV-positive
neurons begin differentiating around PND10-14 in the mouse
BLA (Davila et al., 2008) and they reach a mature phenotype
by PND30 (Berdel and Morys, 2000), at the peak of inhibitory

function in the mouse amygdala (Arruda-Carvalho et al., 2017).
Exposure to ELS in the form of limited bedding (LB) conditions
led to a transient increase in PV-cell density in the BLA of
PND21 mice that was not observed in the mPFC (Manzano
Nieves et al., 2020). By adulthood, the effect of LB on PV-
cell density in the BLA was absent. This is consistent with
another study in juvenile rats (PND28) under LB conditions that
failed to document a significant effect of ELS on PV-positive
cell density in the BLA in either males or females (Guadagno
et al., 2020). The type of ELS paradigm might cause different
region-specific changes in PV-INs in diverse periods of life. For
instance, maternal separation in rats increased PV-cell density
in the BLA only in adolescent males, but not females and this
effect was not seen in the PL or IL regions of the mPFC (Gildawie
et al., 2020b). Prenatal insults, such as maternal infection in
late gestation has also been reported to induce a large increase
in mPFC PV-positive neuron density in the offspring between
PND14-28 (Boksa et al., 2016), a period that coincides with the
expansion of threshold levels of inhibition important to trigger
critical periods of cortical plasticity (Hensch, 2005). While the
onset of critical periods is typically associated with the appearance
of PV-positive neurons in several cortical areas (visual, auditory,
mPFC), closure of these critical periods is more closely associated
with maturation of PV neurons and their stable integration in
functional circuit networks. An important component of the
regulation of PV maturation and PV expression is the formation
of PNNs that surround perisomatic synapses and proximal
dendrites of particular subsets of neurons. The role of PNNs
in stabilizing synaptic inputs preferentially on PV-positive IN
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population (Freedom et al., 2014; Carceller et al., 2020) and in
allowing for the binding of Otx2, a factor that is necessary for
PV-cell maturation in the visual cortex (Bernard and Prochiantz,
2016) makes these molecular scaffolds important potential targets
to ELS-induced cellular and network modifications (Kwok et al.,
2011; Reichelt et al., 2019).

Development of Perineuronal Nets
(PNNs) in Corticolimbic Regions

Perineuronal nets (PNNs) are lattice-like structures consisting of
large molecular aggregates composed primarily of chondroitin
sulfate proteoglycans (neurocan, brevican, aggrecan, and
versican) and extracellular matrix components such as collagen,
laminin and fibronectin as well as additional molecules (Tsien,
2013; Van’t Spijker and Kwok, 2017). Components of PNNs are
thought to be contributed by both neurons and glial cells (Carulli
et al., 2006; Tanti et al., 2020) although their development is not
yet fully understood. Evidence in animals suggest that PNNs
may serve very different functions in specific brain regions,
for example, loss of PNNs in the adult mouse visual cortex
enhances LTP formation (de Vivo et al., 2013) whereas similar
manipulations in the adult mouse LA reduces LTP (Gogolla
et al., 2009). Furthermore, PNNs have been considered like
“punch cards, in which the position and size of the holes (in the
net) preserve the long-term location and strength of synapses”
(Tsien, 2013). After a synapse is surrounded by the PNN, little
synaptic reorganization occurs (McRae et al, 2007) and the
synapse is stabilized into a mature state with limited AMPAR
movement (Van’t Spijker and Kwok, 2017; Bosiacki et al., 2019).
The intensity of PNN staining is thought to be correlated with the
maturation level of the PNN itself; as the holes tighten their grip
on the perforating synapses throughout maturation and staining
intensity increases (Sigal et al., 2019). PNNs protect fast-spiking
PV-INs that are susceptible to oxidative stress (Cabungcal
et al., 2013; Brenhouse and Schwarz, 2016) and provide a
local buffer for cations that are close to the synapse. Although
PNNs preferentially surround PV-INs, other neurons, including
glutamatergic neurons also harbor PNNG, but likely to a smaller
extent. Parvalbumin neurons surrounded by PNNs exhibit larger
somata and higher level of PV expression compared to those not
ensheated with PNNs (Enwright et al., 2016). High PV expression
increases the calcium buffering potential of PV-positive cells
and affects GABA release from these cells. In addition to their
multiple cellular roles at the level of the synapse and in particular
during developmental periods, recent data have suggested that
the role of PNNs might extend into adulthood to modulate some
of the cellular consequences of environmental changes. Indeed,
maternal experience as a surrogate mother was found to increase
the density of PNNs in the mouse primary somatosensory cortex
and this increase was hemispheric dependent as a function of
the specific cortical region considered (Lau et al., 2020). In this
study, laterality of PNN expression was observed in naive adult
mice and disappeared once the mice became surrogate mothers,
suggesting that the increased demand for tasks involving tactile
stimulation in surrogate mothers might have triggered activity-
dependent changes in PNNs that are potentially hemispheric

differentiated. More generally, it is also tempting to entertain
the idea that lateralization of PNN expression in the adult brain
could contribute to functional hemispheric specialization by
differentially regulating INs and even principal neurons.

It is not surprising that PNNs development and maturation
are activity dependent (McRae et al., 2007), coinciding directly
with the closure of critical periods of plasticity in several brain
regions. In the visual cortex of the mouse, closure of critical
plasticity occurs at the end of the first postnatal month (Hensch,
2003) and degradation of PNNs in the adult visual cortex results
in atypical or “juvenile” ocular dominance plasticity (Pizzorusso
et al., 2002) and enhanced LTP formation (de Vivo et al., 2013).
Within the mouse BLA, PNNs emerge on PND16 and reach
mature levels by PND28 (Gogolla et al., 2009) and in rats,
PNN density gradually increased between juvenile and adult rats
with no obvious sex-related differences in naive rats (Gildawie
et al., 2020a). In juveniles, the percentage of PNNs on total
inhibitory GAD67-positive cells in the BLA approximated 40%
(Guadagno et al., 2020). By adulthood, the majority of PNNs
encapsulate PV-INs as well as a fraction of excitatory cells (Alpar
et al., 2006; Morikawa et al., 2017). Interestingly, the appearance
of PNNs in the mouse BLA coincides with a developmental
switch in fear learning, such that conditioned fear memories
are subject to context-dependent renewal following extinction
training (Gogolla et al., 2009). The experimental degradation of
PNNs on all BLA cell types in adulthood decreases LTP formation
at LA inputs, reactivates critical period of plasticity and re-enables
the permanent erasure of fear memories, a process normally
only observed in neonatal mice. These results suggest that in
the adult BLA, PNNs actively protect fear memories from being
extinguished by facilitating synaptic strengthening (Gogolla et al.,
2009). Degradation of PNNs in the hippocampus or mPFC also
impairs the formation of conditioned fear memories in rats
(Hylin et al., 2013).

In the mPFC, increased inhibition during adolescence is
thought to contribute to a sensitive period for cortical plasticity
that is associated with reaching adult-like levels of PV-positive
cell density in this region (Baker et al.,, 2017). In contrast, the
maturation of PNNs drastically increases between the juvenile
period and adolescence in both IL and PL subregions of the
mPFC. As a result, the number of PV-positive cells expressing
PNNs reaches adult-like levels already by adolescence in the rat
(Baker et al., 2017). The precise development of PNNs in the
mPFC might follow a slightly different trajectory between male
and female rats. In males, puberty did not affect the density of
PNNs, but in females, the onset of puberty led to an abrupt
reduction in the number of PNNs that persisted through mid-
adolescence, before showing an increase toward adult levels at
PND60 (Drzewiecki et al., 2020). This sex-dependent protracted
PNN development in females in adolescence was observed in
both IL and PL mPFC and might indicate a longer period of
cortical plasticity in the mPFC. The rise in pubertal estrogens
appears necessary for an increased inhibition within the ACC,
although it is still unclear how estrogens modulate the expression
of PNNG in these cortical regions (Piekarski et al., 2017).

Similar to rodents, PNNs develop in human PFC and
hippocampus from as young as 2 months after birth with a
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protracted course of postnatal maturation stabilizing between the
ages of 8-12 years old (Mauney et al., 2013; Rogers et al., 2018).
In the PFC, PNNs enwrap mainly PV-cells (Rogers et al., 2018),
although they are expected to also enwrap excitatory cells in
CA2 of the hippocampus and deep cerebellar nucleus as they
do in rodents (Van’t Spijker and Kwok, 2017; Bozzelli et al.,
2018). Moreover, 31% of PV-positive cells in the human amygdala
are ensheathed by PNNs (Pantazopoulos et al., 2006) leaving a
large population of neurons that are covered to be characterized.
Although human PNN studies are lacking, alterations in PNNs
have been reported in post-mortem studies of various brain
disorders. Deficits in PNNs are well documented in schizophrenia
across many different brain regions, including the LA, superficial
layers of the entorhinal cortex, HPC and layer III and V of
the PFC (reviewed in Berretta et al., 2015). Furthermore, the
intensity of labeling of both PNNs and PV + cells in the
dorsolateral PFC (Enwright et al., 2016) is decreased which
is thought to contribute to the dysfunction of microcircuits
associated with this mental illness. In bipolar disorder, PNN
reduction has been observed in entorhinal cortex layer II, but
not in the PFC (Pantazopoulos et al., 2010; Mauney et al,
2013). Recently, Crapser et al. (2020) reported a specific decrease
in PNNs in the subiculum of Alzheimer’s disease patients.
Despite these observations, little is currently known about the
mechanisms underlying such disorder-specific changes nor about
their functional consequences. It can be assumed, however, that
changes in PNN/PV GABAergic neurotransmission may be at the
root of altered gamma oscillations, an important rhythm in the
BLA, which have been documented in multiple brain disorders
(McNally and McCarley, 2016; Bozzelli et al., 2018; Blanco and
Conant, 2020).

Early Life Stress Affects the Formation of
PNNs

Because PNNs play an important role in regulating the activity of
and synaptic inputs onto the neurons they surround, alterations
in PNN structure and/or density by ELS may have strong
consequences for neural functioning (Sorg et al., 2016; Reichelt
et al., 2019). Exposure to ELS has been linked to aberrant PNN
density and intensity in all regions included in the corticolimbic
circuit (Riga et al., 2017; Page and Coutellier, 2018, 2019;
Santiago et al., 2018), although the direction of effects is not
always consistent between studies and brain regions. In rodents
subjected to daily maternal separation (4 h/day) during the
neonatal period, a reduction in PV cell density was observed in
the mPFC of adolescent males, but not females (Soares et al,,
2020) although PNN density was reduced in both sexes at PND40
(Gildawie et al., 2020a). The reduction in PNN density was
observed mainly in the IL mPFC and not in the PL area. In
contrast, the BLA of maternally separated rats exhibited increased
PV and PNN density in adolescence, but only in males (Gildawie
et al., 2020a). Despite the increased PV and PNN density in
the BLA after maternal separation, the intensity of PV staining
was reduced by ELS and correlated with an increase in 8-oxo
dG staining, a marker of DNA oxidation (Soares et al., 2020).
This suggests that maternal separation might affect the structure
of PNNs, making them less efficient at protecting PV-neurons

from oxidative stress. Indeed, prolonged periods of maternal
separation paired with early weaning (MSEW) in mice altered
the structural integrity of PNNs enwrapping PV-neurons in the
vHipp of adult males (Murthy et al., 2019). In this region, MSEW
reduced PV-cell density as well as the intensity of PV staining,
but PNN density was unaltered and PNN intensity around PV-
positive neurons in the subregion of the ventral dentate gyrus
was actually increased, indicating that changes in PNN intensity
might not always vary in parallel with changes in density. In
other types of ELS, like the limited bedding conditions, PNN
density was increased in the BLA of juvenile male rats and this
effect was lateralized to the right amygdala exclusively (Guadagno
et al.,, 2020; Figure 3). The increase in PNN density was not
accompanied by a significant increase in PV-cell density in either
sex, although the total proportion of PV-cells surrounded with
PNN was increased in males (Guadagno et al., 2020), suggesting
that the increase in PNN observed after the early stress of limited
bedding targeted mostly PV-neurons.

To our knowledge, a single study has examined the possible
consequences of ELS on PNNs in human post-mortem tissue.
This recent paper reported an increase in PNNs in layers III,
IV, V, and VI of the vmPFC of adult depressed suicides with a
history of severe child abuse (Tanti et al., 2020). Along with the
augmented density of PNNs, the authors observed an increase
in intensity of the staining and coverage of enwrapped cells
(Figure 4) that was associated with child abuse. Using in situ
hybridization, the same study found that 65% of vmPFC PV-
positive cells were surrounded by PNNs in psychiatrically healthy
controls (Tanti et al., 2020) which is similar to the ratio calculated
in rodent studies using IHC (Van’t Spijker and Kwok, 2017). The
ratio of neurons enwrapped by PNNs was disturbed in depressed
suicides with a history of child abuse. This study suggests that
ELS from sexual, emotional or physical abuse is associated with
precocious maturation and increased recruitment of PNNs in
the human vmPFC, which is consistent with the aforementioned
stress acceleration hypothesis (Callaghan and Tottenham, 2016).

Together, the few studies that have examined the effects
of ELS on the density and intensity of PNNs have raised
important questions that will need to be addressed in the
future. For instance, what are the mechanisms underlying
regional differences in PV/PNN sensitivity to ELS? Are cell
populations other than PV-positive inhibitory INs more likely to
be enwrapped by PNNs in response to ELS? It is suggested that
in normal BLA development, the increase in PNN density might
be contributed to by an increase in PNN surrounding non-PV
cells preferentially (Baker et al., 2017). Regardless of PNN density
and intensity changes, is the molecular composition of the PNNs
changing with ELS? Is there a PNN composition that is optimal
for synaptic stabilization? PNNs surrounding certain cells (most
likely pyramidal) appear more delicately/weakly stained in
comparison to those surrounding PV-positive cells in the cortex;
it will be important to determine whether the enwrapped cell
type dictates PNN composition and whether ELS modifies this
relationship between PNN intensity/composition and cell type.

Summary
Complex local intra-amygdalar circuits with multiple
interactions between PNs and several classes of INs as well
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FIGURE 3 | Immunohistochemical detection of parvalbumin (PV) positive neurons in the juvenile (PND28) rat BLA that are surrounded by perineuronal nets (PNN) in

offspring exposed to normal bedding (NB) or limited bedding (LB) conditions during the first 10 days of postnatal life. Note the higher density of cells co-expressing
PV and PNN in the BLA of LB compared to control (NB) offspring. Images were taken on an Olympus BX63 microscope at 20x magnification. Scale bar is 20 wm.

PV+/GAD+/PNN+

PV+/GAD+/PNN+

FIGURE 4 | Immunohistochemical detection of parvalbumin positive neurons in post-mortem human vmPFC that are surrounded or not by perineuronal nets. WFL,
Westeria Floribunda Lectin; PV, Parvalbumin; DAPI, nuclear staining. White arrow: PV+/PNN- cell, Cyan arrow: PV+/PNN+ low intensity/coverage, Magenta arrow:
PV+/PNN+ high intensity/coverage. Images were taken on an Olympus FV1200 laser scanning confocal microscope at 40x magnification.
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within INs subtypes are fine-tuning the behavioral responses
to aversive stimuli. In the amygdala and in particular in the
BLA, 50% of the inhibitory INs are PV-cells that densely
innervate excitatory neurons. Their PV expression and high firing
activity is fully mature by PND30, at the peak of inhibitory
activity in this structure. PV-neurons are surrounded by PNNs
that protect them from oxidative stress and stabilize synaptic
inputs. Interestingly, maturation of PNNs not only signals the
termination of critical periods of plasticity within corticolimbic
structures, but also allows for greater PV expression and
GABAergic neurotransmission. It is perhaps not surprising to
observe that ELS increases the expression of PNNs in the rodent
BLA since PNN production is activity dependent. Increased PNN
expression has also been documented after a history of child
abuse in the human vmPFC. In contrast, in the rodent mPFC,
ELS tends to reduce PNN expression and this might maintain
PV-inhibitory neurons in a “labile” state longer than in the
BLA, allowing for modifications and adaptations in neuronal
input for longer time periods. Overall, multiple cellular processes
participate in the organization and developmental regulation of
corticolimbic activity, with plasticity in the formation of synaptic
inputs terminating when the proper cellular scaffoldings are in
place to insure stable and efficient inhibitory neurotransmission
within local circuits. The fact that ELS significantly affects these
specific cellular processes might constitute an additional target
for treatment of aberrant fear memories and heightened states of
anxiety in young and adult patients. In this respect, experiments
showing that PNN dissolution in adult rodents could restore
a developmental fear memory “phenotype” with the erasure of
fear could constitute a promising mechanism to erase traumatic
memories in PTSD and anxious patients. Similarly, the targeting
of specific IN populations based on their phenotype and specific
action on PNs might represent a useful addition to current
psychopharmacological treatments.

CONCLUSION AND FUTURE
DIRECTIONS

The dramatic and long-lasting consequences of childhood
adversity and ELS have now been extensively documented in
emotional, cognitive and social areas across species and sexes.
The urgency to identify risk, but also resilience phenotypes after
exposure to ELS has stimulated a large research effort with the
overall goal to understand mechanisms, identify critical windows
of susceptibility and plasticity, allowing for targeted and efficient
interventions to curb the occurrence and severity of negative
consequences. Functional connectivity and imaging studies from
rodents to humans have consistently found region-specific and
network-specific differences in the effects of ELS, in particular
within the corticolimbic circuit. Accelerated development of
the BLA and/or enhanced excitability in this structure have
been proposed to drive the development of reciprocal BLA-
PFC projections, modify cellular components of the network,
and possibly reorganize critical periods of plasticity through
effects on INs and PNNs. Pathways governing fear extinction

are significantly altered after ELS, leading to the emergence of
prolonged anxiety and other comorbid disorders. Here again,
the formation of PNNs around INs is an important process that
will set their connectivity and reduce their plasticity. Recovering
a “labile” state of IN activity by altering specific components
of the PNNs might represent an interesting future therapeutic
prospect in the treatment of individuals with impaired fear
extinction for instance.

The large number of studies performed on non-human
primates and rodents have informed many of these processes,
but also raised important questions that will need to be
answered. For instance, how does ELS modify critical periods
of plasticity (Reh et al, 2020) in the corticolimbic circuit
in a risk and resilient phenotype? Are there cellular and
molecular markers of vulnerability that reflect the variability
in the outcomes of ELS? What are the molecular mechanisms
through which ELS are affecting PNNs and local network
activity in a region-specific manner? How does sex bias
in preclinical experimental models reflect the observed sex-
dependent cognitive and emotional consequences in humans?
Future experiments should focus on elucidating potential
mechanisms to explain sex differences in outcomes, investigating
the role of early organizational effects of gonadal steroids
and/or sex chromosomes on morphology, inhibitory tone and
functional connectivity, identifying the primary IN subtypes
that drive ELS effects and identifying ways to specifically
target these, maybe through indirect effects on PNN integrity.
Hopefully, answers to these questions will not only further our
understanding of molecular and cellular processes underlying
fear behavior, but also inform clinical and psychosocial
teams to find the best time and modality of intervention
to alleviate some of the dramatic consequences of early
childhood adversity and trauma. We collectively owe this
to our children.

AUTHOR CONTRIBUTIONS

AG and C-DW wrote the first draft of the manuscript, and edited
and reviewed the final version. CB and NM wrote sections of the
manuscript, and edited and reviewed the final version. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported by a grant from the Canadian Institutes
for Health Research (CIHR) grant #PJT162376 to C-DW and
#PJT173287 to NM.

ACKNOWLEDGMENTS

The present study used the services of the Molecular and Cellular
Microscopy Platform at the Douglas Institute Research Center,
which is partly funded by HBHL (CFREF) and Brain Canada
platform support grants.

Frontiers in Human Neuroscience | www.frontiersin.org

August 2021 | Volume 15 | Article 669120


https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

Guadagno et al.

Early Adversity on Developing Corticolimbic Circuit

REFERENCES

Adolphs, R. (2010). What does the amygdala contribute to social cognition? Ann.
N.Y. Acad. Sci. 1191, 42-61. doi: 10.1111/j.1749-6632.2010.05445.x

Alpér, A., Girtner, U., Hirtig, W., and Briickner, G. (2006). Distribution of
pyramidal cells associated with perineuronal nets in the neocortex of rat. Brain
Res. 1120, 13-22. doi: 10.1016/j.brainres.2006.08.069

Amano, T., Duvarci, S., Popa, D., and Pare, D. (2011). The fear circuit revisited:
contributions of the basal amygdala nuclei to conditioned fear. J. Neurosci. 31,
15481-15489. doi: 10.1523/JNEUROSCI.3410-11.2011

Arruda-Carvalho, M., and Clem, R. L. (2014). Pathway-selective adjustment of
prefrontal-amygdala transmission during fear encoding. J. Neurosci. 34, 15601
15609. doi: 10.1523/TNEUROSCI.2664-14.2014

Arruda-Carvalho, M., and Clem, R. L. (2015). Prefrontal-amygdala fear networks
come into focus. Front. Syst. Neurosci. 9:145. doi: 10.3389/fnsys.2015.00145

Arruda-Carvalho, M., Wu, W. C., Cummings, K. A., and Clem, R. L. (2017).
Optogenetic examination of prefrontal-amygdala synaptic development.
J. Neurosci. 37, 2976-2985. doi: 10.1523/JNEUROSCI.3097-16.2017

Avino, T. A., Barger, N., Vargas, M. V., Carlson, E. L., Amaral, D. G., Bauman,
M. D,, et al. (2018). Neuron numbers increase in the human amygdala from
birth to adulthood, but not in autism. Proc. Natl. Acad. Sci. U.S.A. 115,
3710-3715. doi: 10.1073/pnas.1801912115

Baker, K. D., Gray, A. R, and Richardson, R. (2017). The development of
perineuronal nets around parvalbumin gabaergic neurons in the medial
prefrontal cortex and basolateral amygdala of rats. Behav. Neurosci. 131, 289
303. doi: 10.1037/bne0000203

Barnet, R. C., and Hunt, P. S. (2006). The expression of fear-potentiated startle
during development: integration of learning and response systems. Behav.
Neurosci. 120, 861-872. doi: 10.1037/0735-7044.120.4.861

Bath, K. G. (2020). Synthesizing views to understand sex differences in response
to early life adversity. Trends Neurosci. 43, 300-310. doi: 10.1016/j.tins.2020.02.
004

Bayer, S. A. (1980). Quantitative 3H-thymidine radiographic analyses of
neurogenesis in the rat amygdala. J. Comp. Neurol. 194, 845-875. doi: 10.1002/
cne.901940409

Bender, R. A,, Zhou, L., Vierk, R, Brandt, N., Keller, A., Gee, C. E,, et al. (2017).
Sex-dependent regulation of aromatase-mediated synaptic plasticity in the
basolateral amygdala. . Neurosci. 37, 1532-1545. doi: 10.1523/jneurosci.1532-
16.2016

Berdel, B., and Morys, J. (2000). Expression of calbindin-D28k and parvalbumin
during development of rat’s basolateral amygdaloid complex. Int. J. Dev.
Neurosci. 18, 501-513. doi: 10.1016/s0736-5748(00)00024-21

Berdel, B., Morys, J., and Maciejewska, B. (1997). Neuronal changes in the
basolateral complex during development of the amygdala of the rat. Int. J. Dev.
Neurosci. 15, 755-765. doi: 10.1016/s0736-5748(97)00022-21

Bernard, C., and Prochiantz, A. (2016). Otx2-PNN interaction to regulate cortical
plasticity. Neural Plast. 2016:7931693. doi: 10.1155/2016/7931693

Berretta, S., Pantazopoulos, H., Markota, M., Brown, C., and Batzianouli, E. T.
(2015). Losing the sugar coating: potential impact of perineuronal net
abnormalities on interneurons in schizophrenia. Schizophr. Res. 167, 18-27.
doi: 10.1016/j.schres.2014.12.040

Bicks, L. K., Yamamuro, K., Flanigan, M. E., Kim, J. M., Kato, D., Lucas, E. K., et al.
(2020). Prefrontal parvalbumin interneurons require juvenile social experience
to establish adult social behavior. Nat. Commun. 11:1003. doi: 10.1038/s41467-
020-14740z

Blanco, I, and Conant, K. (2020). Extracellular matrix remodeling with stress and
depression: studies in human, rodent and zebrafish models. Eur. J. Neurosci. 53,
3879-3838. doi: 10.1111/ejn.14910

Boksa, P., Zhang, Y., Nouel, D., Wong, A., and Wong, T. P. (2016). Early
development of parvalbumin-, somatostatin-, and cholecystokinin-expressing
neurons in rat brain following prenatal immune activation and maternal iron
deficiency. Dev. Neurosci. 38, 342-353. doi: 10.1159/000454677

Bolton, J. L., Molet, J., Regev, L., Chen, Y., Rismanchi, N., Haddad, E., et al.
(2018). Anhedonia following early-life adversity involves aberrant interaction
of reward and anxiety circuits and is reversed by partial silencing of amygdala
corticotropin-releasing hormone gene. Biol. Psychiatry 83, 137-147. doi: 10.
1016/j.biopsych.2017.08.023

Bosiacki, M., Gassowska-Dobrowolska, M., Kojder, K., Fabianska, M., Jezewski,
D., Gutowska, I, et al. (2019). Perineuronal nets and their role in
synaptic homeostasis. Int. J. Mol Sci. 20:4108. doi: 10.3390/ijms201
74108

Bouwmeester, H., Smits, K., and Van Ree, J. M. (2002a). Neonatal development of
projections to the basolateral amygdala from prefrontal and thalamic structures
in rat. J. Comp. Neurol. 450, 241-255. doi: 10.1002/cne.10321

Bouwmeester, H., Wolterink, G., and Van Ree, J. M. (2002b). Neonatal
development of projections from the basolateral amygdala to prefrontal, striatal,
and thalamic structures in the rat. J. Comp. Neurol. 442, 239-249. doi: 10.1002/
cne.10084

Bozzelli, P. L., Alaiyed, S., Kim, E., Villapol, S., and Conant, K. (2018).
Proteolytic remodeling of perineuronal nets: effects on synaptic plasticity and
neuronal population dynamics. Neural Plast. 2018:5735789. doi: 10.1155/2018/
5735789

Bremne, J. D., and Vermetten, E. (2001). Stress and development: behavioral and
biological consequences. Dev. Psychopathol. Summer 13, 473-489. doi: 10.1017/
50954579401003042

Bremner, J. D., Vermetten, E., Schmahl, C., Vaccarino, V., Vythilingam, M., Afzal,
N., et al. (2005). Positron emission tomographic imaging of neural correlates of
a fear acquisition and extinction paradigm in women with childhood sexual-
abuse-related post-traumatic stress disorder. Psychol. Med. 35, 791-806. doi:
10.1017/50033291704003290

Bremner, J. D., Vythilingam, M., Vermetten, E., Southwick, S. M., McGlashan,
T., Nazeer, A,, et al. (2003a). MRI and PET study of deficits in hippocampal
structure and function in women with childhood sexual abuse and
posttraumatic stress disorder. Am. J. Psychiatry 160, 924-932. doi: 10.1176/appi.
2jp.160.5.924

Bremner, J. D., Vythilingam, M., Vermetten, E., Southwick, S. M., McGlashan,
T., Staib, L. H., et al. (2003b). Neural correlates of declarative memory for
emotionally valenced words in women with posttraumatic stress disorder
related to early childhood sexual abuse. Biol. Psychiatry 53, 879-889. doi: 10.
1016/s0006-3223(02)01891-1897

Brenhouse, H. C., and Schwarz, J. M. (2016). Immunoadolescence: neuroimmune
development and adolescent behavior. Neurosci. Biobehav. Rev. 70, 288-299.
doi: 10.1016/j.neubiorev.2016.05.035

Burghy, C. A, Stodola, D. E,, Ruttle, P. L., Molloy, E. K., Armstrong, J. M., Oler,
J. A, et al. (2012). Developmental pathways to amygdala-prefrontal function
and internalizing symptoms in adolescence. Nat. Neurosci. 15, 1736-1741. doi:
10.1038/nn.3257

Buss, C., Entringer, S., Swanson, J. M., and Wadhwa, P. D. (2012). The role of stress
in brain development: the gestational environment’s long-term effects on the
brain. Cerebrum 2012:4.

Butler, R. K., Oliver, E. M., Fadel, J. R., and Wilson, M. A. (2018). Hemispheric
differences in the number of parvalbumin-positive neurons in subdivisions of
the rat basolateral amygdala complex. Brain Res. 1678, 214-219. doi: 10.1016/j.
brainres.2017.10.028

Cabungcal, . H., Steullet, P., Kraftsik, R., Cuenod, M., and Do, K. Q. (2013). Early-
life insults impair parvalbumin interneurons via oxidative stress: reversal by
N-acetylcysteine. Biol. Psychiatry 73, 574-582. doi: 10.1016/j.biopsych.2012.09.
020

Callaghan, B. L., Sullivan, R. M., Howell, B., and Tottenham, N. (2014). The
international society for developmental psychobiology Sackler symposium:
early adversity and the maturation of emotion circuits-a cross-species analysis.
Dev. Psychobiol. 56, 1635-1650. doi: 10.1002/dev.21260

Callaghan, B. L., and Tottenham, N. (2016). The stress acceleration hypothesis:
effects of early-life adversity on emotion circuits and behavior. Curr. Opin.
Behav. Sci. 7, 76-81. doi: 10.1016/j.cobeha.2015.11.018

Carceller, H., Guirado, R., Ripolles-Campos, E., Teruel-Marti, V., and Nacher,
J. (2020). Perineuronal nets regulate the inhibitory perisomatic input
into parvalbumin interneurons and gamma activity in the prefrontal
cortex. J. Neurosci. 40, 5008-5018. doi: 10.1523/JNEUROSCI.0291-2
0.2020

Carr, C. P., Martins, C. M., Stingel, A. M., Lemgruber, V. B, and Juruena, M. F.
(2013). The role of early life stress in adult psychiatric disorders: a systematic
review according to childhood trauma subtypes. J. Nerv. Ment. Dis. 201,
1007-1020. doi: 10.1097/NMD.0000000000000049

Frontiers in Human Neuroscience | www.frontiersin.org

August 2021 | Volume 15 | Article 669120


https://doi.org/10.1111/j.1749-6632.2010.05445.x
https://doi.org/10.1016/j.brainres.2006.08.069
https://doi.org/10.1523/JNEUROSCI.3410-11.2011
https://doi.org/10.1523/JNEUROSCI.2664-14.2014
https://doi.org/10.3389/fnsys.2015.00145
https://doi.org/10.1523/JNEUROSCI.3097-16.2017
https://doi.org/10.1073/pnas.1801912115
https://doi.org/10.1037/bne0000203
https://doi.org/10.1037/0735-7044.120.4.861
https://doi.org/10.1016/j.tins.2020.02.004
https://doi.org/10.1016/j.tins.2020.02.004
https://doi.org/10.1002/cne.901940409
https://doi.org/10.1002/cne.901940409
https://doi.org/10.1523/jneurosci.1532-16.2016
https://doi.org/10.1523/jneurosci.1532-16.2016
https://doi.org/10.1016/s0736-5748(00)00024-21
https://doi.org/10.1016/s0736-5748(97)00022-21
https://doi.org/10.1155/2016/7931693
https://doi.org/10.1016/j.schres.2014.12.040
https://doi.org/10.1038/s41467-020-14740z
https://doi.org/10.1038/s41467-020-14740z
https://doi.org/10.1111/ejn.14910
https://doi.org/10.1159/000454677
https://doi.org/10.1016/j.biopsych.2017.08.023
https://doi.org/10.1016/j.biopsych.2017.08.023
https://doi.org/10.3390/ijms20174108
https://doi.org/10.3390/ijms20174108
https://doi.org/10.1002/cne.10321
https://doi.org/10.1002/cne.10084
https://doi.org/10.1002/cne.10084
https://doi.org/10.1155/2018/5735789
https://doi.org/10.1155/2018/5735789
https://doi.org/10.1017/s0954579401003042
https://doi.org/10.1017/s0954579401003042
https://doi.org/10.1017/s0033291704003290
https://doi.org/10.1017/s0033291704003290
https://doi.org/10.1176/appi.ajp.160.5.924
https://doi.org/10.1176/appi.ajp.160.5.924
https://doi.org/10.1016/s0006-3223(02)01891-1897
https://doi.org/10.1016/s0006-3223(02)01891-1897
https://doi.org/10.1016/j.neubiorev.2016.05.035
https://doi.org/10.1038/nn.3257
https://doi.org/10.1038/nn.3257
https://doi.org/10.1016/j.brainres.2017.10.028
https://doi.org/10.1016/j.brainres.2017.10.028
https://doi.org/10.1016/j.biopsych.2012.09.020
https://doi.org/10.1016/j.biopsych.2012.09.020
https://doi.org/10.1002/dev.21260
https://doi.org/10.1016/j.cobeha.2015.11.018
https://doi.org/10.1523/JNEUROSCI.0291-20.2020
https://doi.org/10.1523/JNEUROSCI.0291-20.2020
https://doi.org/10.1097/NMD.0000000000000049
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

Guadagno et al.

Early Adversity on Developing Corticolimbic Circuit

Carrere, M., and Alexandre, F. (2015). A pavlovian model of the amygdala and
its influence within the medial temporal lobe. Front. Syst. Neurosci. 9:41. doi:
10.3389/fnsys.2015.00041

Carulli, D., Rhodes, K. E., Brown, D. J., Bonnert, T. P., Pollack, S. J., Oliver, K.,
et al. (2006). Composition of perineuronal nets in the adult rat cerebellum
and the cellular origin of their components. J. Comp. Neurol. 494, 559-577.
doi: 10.1002/cne.20822

Chareyron, L. J., Amaral, D. G., and Lavenex, P. (2016). Selective lesion of the
hippocampus increases the differentiation of immature neurons in the monkey
amygdala. Proc. Natl. Acad. Sci. U.S.A. 113, 14420-14425. doi: 10.1073/pnas.
1604288113

Chareyron, L. J., Banta Lavenex, P., Amaral, D. G., and Lavenex, P. (2011).
Stereological analysis of the rat and monkey amygdala. J. Comp. Neurol. 519,
3218-3239. doi: 10.1002/cne.22677

Coelho, B. M., Santana, G. L., Viana, M. C., Andrade, L. H., and Wang, Y. P. (2018).
Gender-related dimensions of childhood adversities in the general population.
Braz. J. Psychiatry 40, 394-402. doi: 10.1590/1516-4446-2017-2366

Colich, N. L., Rosen, M. L., Williams, E. S., and McLaughlin, K. A. (2020).
Biological aging in childhood and adolescence following experiences of threat
and deprivation: a systematic review and meta-analysis. Psychol. Bull. 146,
721-764. doi: 10.1037/bul0000270

Cooke, B. M., Stokas, M. R., and Woolley, C. S. (2007). Morphological sex
differences and laterality in the prepubertal medial amygdala. J. Comp. Neurol.
501, 904-915. doi: 10.1002/cne.21281

Cooke, B. M., and Woolley, C. S. (2005). Sexually dimorphic synaptic
organization of the medial amygdala. J. Neurosci. 25, 10759-10767. doi: 10.
1523/JNEUROSCI.2919-05.2005

Courtin, J., Chaudun, F., Rozeske, R. R., Karalis, N., Gonzalez-Campo, C., Wurtz,
H., et al. (2014). Prefrontal parvalbumin interneurons shape neuronal activity
to drive fear expression. Nature 505, 92-96. doi: 10.1038/nature12755

Crapser, J. D., Spangenberg, E. E., Barahona, R. A, Arreola, M. A., Hohsfield, L. A.,
and Green, K. N. (2020). Microglia facilitate loss of perineuronal nets in the
Alzheimer’s disease brain. EBioMedicine 58:102919. doi: 10.1016/j.ebiom.2020.
102919

Cressman, V. L., Balaban, J., Steinfeld, S., Shemyakin, A., Graham, P., Parisot,
N., et al. (2010). Prefrontal cortical inputs to the basal amygdala undergo
pruning during late adolescence in the rat. J. Comp. Neurol. 518, 2693-2709.
doi: 10.1002/cne.22359

Cunningham, M. G., Bhattacharyya, S., and Benes, F. M. (2002). Amygdalo-cortical
sprouting continues into early adulthood: implications for the development
of normal and abnormal function during adolescence. J. Comp. Neurol. 453,
116-130. doi: 10.1002/cne.10376

Dalton, G. L., Wu, D. C,, Wang, Y. T., Floresco, S. B., and Phillips, A. G. (2012).
NMDA GluN2A and GluN2B receptors play separate roles in the induction
of LTP and LTD in the amygdala and in the acquisition and extinction of
conditioned fear. Neuropharmacology 62, 797-806. doi: 10.1016/j.neuropharm.
2011.09.001

Dannlowski, U., Kugel, H., Huber, F., Stuhrmann, A., Redlich, R., Grotegerd, D.,
et al. (2013). Childhood maltreatment is associated with an automatic negative
emotion processing bias in the amygdala. Hum. Brain Mapp. 34, 2899-2909.
doi: 10.1002/hbm.22112

Davila, J. C., Olmos, L., Legaz, I, Medina, L., Guirado, S., and Real, M. A. (2008).
Dynamic patterns of colocalization of calbindin, parvalbumin and GABA in
subpopulations of mouse basolateral amygdalar cells during development.
J. Chem. Neuroanat. 35, 67-76. doi: 10.1016/j.jchemneu.2007.06.003

de Campo, D. M., Cameron, J. L., Miano, J. M., Lewis, D. A., Mirnics, K., and
Fudge, J. L. (2017). Maternal deprivation alters expression of neural maturation
gene tbrl in the amygdala paralaminar nucleus in infant female macaques. Dev.
Psychobiol. 59, 235-249. doi: 10.1002/dev.21493

de Vivo, L., Landi, S., Panniello, M., Baroncelli, L., Chierzi, S., Mariotti, L., et al.
(2013). Extracellular matrix inhibits structural and functional plasticity of
dendritic spines in the adult visual cortex. Nat. Commun. 4:1484. doi: 10.1038/
ncomms2491

Donato, F., Rompani, S. B., and Caroni, P. (2013). Parvalbumin-expressing basket-
cell network plasticity induced by experience regulates adult learning. Nature
504, 272-276. doi: 10.1038/nature12866

Drzewiecki, C. M., Willing, J., and Juraska, J. M. (2020). Influences of age and
pubertal status on number and intensity of perineuronal nets in the rat medial

prefrontal cortex. Brain Struct. Funct. 225, 2495-2507. doi: 10.1007/s00429-
020-02137-z

Dunn, E. C,, Soare, T. W., Zhu, Y., Simpkin, A. J., Suderman, M. J., Klengel, T,
et al. (2019). Sensitive Periods for the Effect of Childhood Adversity on DNA
methylation: results from a prospective, longitudinal study. Biol. Psychiatry 85,
838-849. doi: 10.1016/j.biopsych.2018.12.023

Duvarci, S., and Pare, D. (2014). Amygdala microcircuits controlling learned fear.
Neuron 82, 966-980. doi: 10.1016/j.neuron.2014.04.042

Duvardi, S., Popa, D., and Pare, D. (2011). Central amygdala activity during fear
conditioning. J. Neurosci. 31,289-294. doi: 10.1523/J]NEUROSCI.4985-10.2011

Ehrlich, D. E,, Ryan, S. J., Hazra, R., Guo, J. D., and Rainnie, D. G. (2013). Postnatal
maturation of GABAergic transmission in the rat basolateral amygdala.
J. Neurophysiol. 110, 926-941. doi: 10.1152/jn.01105.2012

Ehrlich, D. E,, Ryan, S. J., and Rainnie, D. G. (2012). Postnatal development
of electrophysiological properties of principal neurons in the rat basolateral
amygdala. J. Physiol. 590, 4819-4838. doi: 10.1113/jphysiol.2012.237453

Ehrlich, L., Humeau, Y., Grenier, F., Ciocchi, S., Herry, C., and Liithi, A. (2009).
Amygdala inhibitory circuits and the control of fear memory. Neuron 62,
757-771. doi: 10.1016/j.neuron.2009.05.026

Eiland, L., Ramroop, J., Hill, M. N., Manley, J., and McEwen, B. S.
(2012). Chronic juvenile stress produces corticolimbic dendritic architectural
remodeling and modulates emotional behavior in male and female rats.
Psychoneuroendocrinology 37, 39-47. doi: 10.1016/j.psyneuen.2011.04.015

Ellis, B. H., Fisher, P. A., and Zaharie, S. (2004). Predictors of disruptive
behavior, developmental delays, anxiety, and affective symptomatology
among institutionally reared romanian children. J. Am. Acad. Child
Adolesc.  Psychiatry 43, 1283-1292. doi: 10.1097/01.chi.0000136562.240
85.160

Enwright, J. F., Sanapala, S., Foglio, A., Berry, R, Fish, K. N., and Lewis,
D. A. (2016). Reduced labeling of parvalbumin neurons and perineuronal
nets in the dorsolateral prefrontal cortex of subjects with schizophrenia.
Neuropsychopharmacology 41, 2206-2214. doi: 10.1038/npp.2016.24

Evans, G. W., Swain, J. E., King, A. P., Wang, X., Javanbakht, A., Ho, S. S., et al.
(2016). Childhood cumulative risk exposure and adult amygdala volume and
function. J. Neurosci. Res. 94, 535-544. doi: 10.1002/jnr.23681

Fanselow, M. S., and LeDoux, J. E. (1999). Why we think plasticity
underlying Pavlovian fear conditioning occurs in the basolateral
amygdala. Neuron 23, 229-232. doi: 10.1016/s0896-6273(00)80775-
80778

Fox, S. E., Levitt, P., and Nelson, C. A. III (2010). How the timing and quality of
early experiences influence the development of brain architecture. Child Dev.
81, 28-40. doi: 10.1111/j.1467-8624.2009.01380.x

Franklin, T. B., Saab, B. J., and Mansuy, I. M. (2012). Neural mechanisms of stress
resilience and vulnerability. Neuron 75, 747-761. doi: 10.1016/j.neuron.2012.
08.016

Freedom, H., Holland, F. H., Ganguly, P., Potter, D. N., Chartoff, E. H.,
and Brenhouse, H. C. (2014). Early life stress disrupts social behavior
and prefrontal cortex parvalbumin interneurons at an earlier time-point in
females than in males. Neurosci. Lett. 566, 131-136. doi: 10.1016/j.neulet.2014.
02.023

Gabbott, P. L, Warner, T. A, and Busby, S. J. (2006). Amygdala input
monosynaptically innervates parvalbumin immunoreactive local circuit
neurons in rat medial prefrontal cortex. Neuroscience 139, 1039-1048. doi:
10.1016/j.neuroscience.2006.01.026

Gale, G. D., Anagnostaras, S. G., Godsil, B. P., Mitchell, S., Nozawa, T., Sage,
J. R., et al. (2004). Role of the basolateral amygdala in the storage of fear
memories across the adult lifetime of rats. J. Neurosci. 24, 3810-3815. doi:
10.1523/JNEUROSCI.4100-03.2004

Ganguly, K., Schinder, A. F., Wong, S. T., and Poo, M. (2001). GABA itself
promotes the developmental switch of neuronal GABAergic responses from
excitation to inhibition. Cell 105, 521-532. doi: 10.1016/s0092-8674(01)00341-
345

Gauthier-Duchesne, A., Hebert, M., and Daspe, M. E. (2017). Gender as a predictor
of posttraumatic stress symptoms and externalizing behavior problems in
sexually abused children. Child Abuse Negl. 64, 79-88. doi: 10.1016/j.chiabu.
2016.12.008

Gee, D. G., and Casey, B. J. (2015). The impact of developmental timing for stress
and recovery. Neurobiol. Stress 1, 184-194. doi: 10.1016/j.ynstr.2015.02.001

Frontiers in Human Neuroscience | www.frontiersin.org

August 2021 | Volume 15 | Article 669120


https://doi.org/10.3389/fnsys.2015.00041
https://doi.org/10.3389/fnsys.2015.00041
https://doi.org/10.1002/cne.20822
https://doi.org/10.1073/pnas.1604288113
https://doi.org/10.1073/pnas.1604288113
https://doi.org/10.1002/cne.22677
https://doi.org/10.1590/1516-4446-2017-2366
https://doi.org/10.1037/bul0000270
https://doi.org/10.1002/cne.21281
https://doi.org/10.1523/JNEUROSCI.2919-05.2005
https://doi.org/10.1523/JNEUROSCI.2919-05.2005
https://doi.org/10.1038/nature12755
https://doi.org/10.1016/j.ebiom.2020.102919
https://doi.org/10.1016/j.ebiom.2020.102919
https://doi.org/10.1002/cne.22359
https://doi.org/10.1002/cne.10376
https://doi.org/10.1016/j.neuropharm.2011.09.001
https://doi.org/10.1016/j.neuropharm.2011.09.001
https://doi.org/10.1002/hbm.22112
https://doi.org/10.1016/j.jchemneu.2007.06.003
https://doi.org/10.1002/dev.21493
https://doi.org/10.1038/ncomms2491
https://doi.org/10.1038/ncomms2491
https://doi.org/10.1038/nature12866
https://doi.org/10.1007/s00429-020-02137-z
https://doi.org/10.1007/s00429-020-02137-z
https://doi.org/10.1016/j.biopsych.2018.12.023
https://doi.org/10.1016/j.neuron.2014.04.042
https://doi.org/10.1523/JNEUROSCI.4985-10.2011
https://doi.org/10.1152/jn.01105.2012
https://doi.org/10.1113/jphysiol.2012.237453
https://doi.org/10.1016/j.neuron.2009.05.026
https://doi.org/10.1016/j.psyneuen.2011.04.015
https://doi.org/10.1097/01.chi.0000136562.24085.160
https://doi.org/10.1097/01.chi.0000136562.24085.160
https://doi.org/10.1038/npp.2016.24
https://doi.org/10.1002/jnr.23681
https://doi.org/10.1016/s0896-6273(00)80775-80778
https://doi.org/10.1016/s0896-6273(00)80775-80778
https://doi.org/10.1111/j.1467-8624.2009.01380.x
https://doi.org/10.1016/j.neuron.2012.08.016
https://doi.org/10.1016/j.neuron.2012.08.016
https://doi.org/10.1016/j.neulet.2014.02.023
https://doi.org/10.1016/j.neulet.2014.02.023
https://doi.org/10.1016/j.neuroscience.2006.01.026
https://doi.org/10.1016/j.neuroscience.2006.01.026
https://doi.org/10.1523/JNEUROSCI.4100-03.2004
https://doi.org/10.1523/JNEUROSCI.4100-03.2004
https://doi.org/10.1016/s0092-8674(01)00341-345
https://doi.org/10.1016/s0092-8674(01)00341-345
https://doi.org/10.1016/j.chiabu.2016.12.008
https://doi.org/10.1016/j.chiabu.2016.12.008
https://doi.org/10.1016/j.ynstr.2015.02.001
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

Guadagno et al.

Early Adversity on Developing Corticolimbic Circuit

Gee, D. G., Gabard-Durnam, L. ], Flannery, J., Goff, B., Humphreys, K. L., Telzer,
E. H, et al. (2013a). Early developmental emergence of human amygdala-
prefrontal connectivity after maternal deprivation. Proc. Natl. Acad. Sci. U.S.A.
110, 15638-15643. doi: 10.1073/pnas.1307893110

Gee, D. G., Humphreys, K. L., Flannery, J., Goff, B., Telzer, E. H., Shapiro, M.,
et al. (2013b). A developmental shift from positive to negative connectivity in
human amygdala-prefrontal circuitry. J. Neurosci. 33, 4584-4593. doi: 10.1523/
JNEUROSCI.3446-12.2013

Geuze, E., Van Wingen, G. A, Van Zuiden, M., Rademaker, A. R., Vermetten, E.,
Kavelaars, A., et al. (2012). Glucocorticoid receptor number predicts increase in
amygdala activity after severe stress. Psychoneuroendocrinology 37, 1837-1844.
doi: 10.1016/j.psyneuen.2012.03.017

Gildawie, K. R., Honeycutt, J. A., and Brenhouse, H. C. (2020a). Region-specific
effects of maternal separation on perineuronal net and parvalbumin-expressing
interneuron formation in male and female rats. Neuroscience 428, 23-37. doi:
10.1016/j.neuroscience.2019.12.010

Gildawie, K. R., Orso, R., Peterzell, S., Thompson, V., and Brenhouse, H. C.
(2020b). Sex differences in prefrontal cortex microglia morphology: impact
of a two-hit model of adversity throughout development. Neurosci. Lett.
738:135381. doi: 10.1016/j.neulet.2020.135381

Godsil, B. P., Kiss, J. P, Spedding, M. and Jay, T. M. (2013). The
hippocampal-prefrontal pathway: the weak link in psychiatric disorders? Eur.
Neuropsychopharmacol. 23, 1165-1181. doi: 10.1016/j.euroneuro.2012.10.018

Gogolla, N., Caroni, P., Luthi, A., and Herry, C. (2009). Perineuronal nets protect
fear memories from erasure. Science 325, 1258-1261. doi: 10.1126/science.
1174146

Gould, F., Clarke, J., Heim, C., Harvey, P. D., Majer, M., and Nemeroff, C. B. (2012).
The effects of child abuse and neglect on cognitive functioning in adulthood.
J. Psychiatr. Res. 46, 500-506. doi: 10.1016/j.jpsychires.2012.01.005

Green, J. G., McLaughlin, K. A., Berglund, P. A., Gruber, M. J., Sampson, N. A,,
Zaslavsky, A. M., et al. (2010). Childhood adversities and adult psychiatric
disorders in the national comorbidity survey replication I: associations with first
onset of DSM-IV disorders. Arch. Gen. Psychiatry 67, 113-123. doi: 10.1001/
archgenpsychiatry.2009.186

Greene, C. A, Haisley, L., Wallace, C., and Ford, J. D. (2020). Intergenerational
effects of childhood maltreatment: a systematic review of the parenting practices
of adult survivors of childhood abuse, neglect, and violence. Clin. Psychol. Rev.
80:101891. doi: 10.1016/j.cpr.2020.101891

Grissom, E. M., Hawley, W. R., and Dohanich, G. P. (2019). Organizational effects
of testosterone on learning strategy preference and muscarinic receptor binding
in prepubertal rats. Horm. Behav. 110, 1-9. doi: 10.1016/j.yhbeh.2019.02.005

Guadagno, A., Kang, M. S., Devenyi, G. A., Mathieu, A. P., Rosa-Neto, P.,
Chakravarty, M., et al. (2018b). Reduced resting-state functional connectivity
of the basolateral amygdala to the medial prefrontal cortex in preweaning
rats exposed to chronic early-life stress. Brain Struct. Funct. 223, 3711-3729.
doi: 10.1007/s00429-018-1720-1723

Guadagno, A., Verlezza, S., Long, H., Wong, T. P., and Walker, C. D. (2020). It is
all in the right amygdala: increased synaptic plasticity and perineuronal nets
in male, but not female, juvenile rat pups after exposure to early-life stress.
J. Neurosci. 40, 8276-8291. doi: 10.1523/JNEUROSCI.1029-20.2020

Guadagno, A., Wong, T. P., and Walker, C. D. (2018a). Morphological and
functional changes in the preweaning basolateral amygdala induced by early
chronic stress associate with anxiety and fear behavior in adult male, but not
female rats. Prog. Neuropsychopharmacol. Biol. Psychiatry 81, 25-37. doi: 10.
1016/j.pnpbp.2017.09.025

Gulyés, A. L, Megias, M., Emri, Z., and Freund, T. F. (1999). Total number and
ratio of excitatory and inhibitory synapses converging onto single interneurons
of different types in the CA1 area of the rat hippocampus. J. Neurosci. 19,
10082-10097. doi: 10.1523/JNEUROSCI.19-22-10082.1999

Hamlat, E. J., Prather, A. A., Horvath, S., Belsky, J., and Epel, E. S. (2021). Early life
adversity, pubertal timing, and epigenetic age acceleration in adulthood. Dev.
Psychobiol. [Epub ahead of print]. doi: 10.1002/dev.22085

Hanson, J. L., Nacewicz, B. M., Sutterer, M. J., Cayo, A. A., Schaefer, S. M., Rudolph,
K. D., et al. (2015). Behavioral problems after early life stress: contributions of
the hippocampus and amygdala. Biol. Psychiatry 77, 314-323. doi: 10.1016/j.
biopsych.2014.04.020

Hare, T. A., Tottenham, N., Galvan, A., Voss, H. U., Glover, G. H., and Casey,
B. J. (2008). Biological substrates of emotional reactivity and regulation in

adolescence during an emotional go-nogo task. Biol. Psychiatry 63:92734. doi:
10.1016/j.biopsych.2008.03.015

Hariri, A. R., Mattay, V. S., Tessitore, A., Fera, F., and Weinberger, D. R. (2003).
Neocortical modulation of the amygdala response to fearful stimuli. Biol.
Psychiatry 53, 494-501. doi: 10.1016/s0006-3223(02)01786-1789

Hensch, T. K. (2003). Controlling the critical period. Neurosci. Res. 47, 17-22.
doi: 10.1016/S0168-0102(03)00164-0

Hensch, T. K. (2005). Critical period mechanisms in developing visual cortex. Curr.
Top. Dev. Biol. 69, 215-237. doi: 10.1016/S0070-2153(05)69008-69004

Herringa, R. ], Birn, R. M., Ruttle, P. L., Burghy, C. A., Stodola, D. E., Davidson,
R. J., et al. (2013). Childhood maltreatment is associated with altered fear
circuitry and increased internalizing symptoms by late adolescence. Proc. Natl.
Acad. Sci. U.S.A. 110, 19119-19124. doi: 10.1073/pnas.1310766110

Herry, C., Ciocchi, S., Senn, V., Demmou, L., Muller, C., and Luthi, A. (2008).
Switching on and off fear by distinct neuronal circuits. Nature 454, 600-606.
doi: 10.1038/nature07166

Herry, C., Trifilieff, P., Micheau, J., Luthi, A., and Mons, N. (2006). Extinction of
auditory fear conditioning requires MAPK/ERK activation in the basolateral
amygdala. Eur. J. Neurosci. 24, 261-269. doi: 10.1111/j.1460-9568.2006.04893.x

Hofstra, M. B., Van der Ende, J., and Verhulst, F. C. (2002). Child and adolescent
problems predict DSM-IV disorders in adulthood: a 14-year follow-up of
a Dutch epidemiological sample. J. Am. Acad. Child Adolesc. Psychiatry 41,
182-189. doi: 10.1097/00004583-200202000-200202012

Holland, F. H., Ganguly, P., Potter, D. N., Chartoff, E. H., and Brenhouse,
H. C. (2014). Early life stress disrupts social behavior and prefrontal cortex
parvalbumin interneurons at an earlier time-point in females than in males.
Neurosci. Lett. 566, 131-136. doi: 10.1016/j.neulet.2014.02.023

Holschneider, D. P., Guo, Y., Mayer, E. A, and Wang, Z. (2016). Early life stress
elicits visceral hyperalgesia and functional reorganization of pain circuits in
adult rats. Neurobiol. Stress 3, 8-22. doi: 10.1016/j.ynstr.2015.12.003

Howell, B. R, Ahn, M., Shi, Y., Godfrey, J. R, Hu, X,, Zhu, H,, et al. (2019).
Disentangling the effects of early caregiving experience and heritable factors on
brain white matter development in rhesus monkeys. Neuroimage 97, 625-642.
doi: 10.1016/j.neuroimage.2019.04.013

Hunt, P. S., Hess, M. F., and Campbell, B. A. (1998). Inhibition of the expression
of conditioned cardiac responses in the developing rat. Dev. Psychobiol. 33,
221-233. doi: 10.1002/(sici)1098-2302(199811)33:3<221::aid-dev3>3.0.c0;2-t

Hunt, P. S, Richardson, R., and Campbell, B. A. (1994). Delayed development of
fear-potentiated startle in rats. Behav. Neurosci. 108, 69-80. doi: 10.1037//0735-
7044.108.1.69

Hylin, M. J., Orsi, S. A., Moore, A. N, and Dash, P. K. (2013). Disruption of the
perineuronal net in the hippocampus or medial prefrontal cortex impairs fear
conditioning. Learn. Mem. 20, 267-273. doi: 10.1101/Im.030197.112

Ishikawa, J., Nishimura, R., and Ishikawa, A. (2015). Early-life stress induces
anxiety-like behaviors and activity imbalances in the medial prefrontal cortex
and amygdala in adult rats. Eur. J. Neurosci. 41, 442-453. doi: 10.1111/ejn.
12825

Javanbakht, A., King, A. P., Evans, G. W, Swain, J. E., Angstadt, M., Phan, K. L.,
et al. (2015). Childhood poverty predicts adult amygdala and frontal activity
and connectivity in response to emotional faces. Front. Behav. Neurosci. 9:154.
doi: 10.3389/fnbeh.2015.00154

Johnson, F. K., Delpech, J. C., Thompson, G. J., Wei, L., Hao, J., Herman, P., et al.
(2018). Amygdala hyper-connectivity in a mouse model of unpredictable early
life stress. Transl. Psychiatry 8:49. doi: 10.1038/s41398-018-0092-z

Jovanovic, T., Nylocks, K. M., and Gamwell, K. L. (2013). Translational
neuroscience measures of fear conditioning across development: applications
to high-risk children and adolescents. Biol. Mood Anxiety Disord. 3:17. doi:
10.1186/2045-5380-3-17

Kim, H., Somerville, L. H., Johnstone, T., Alexander, A. L., and Whalen, P. J. (2003).
Inverse amygdala and medial prefrontal cortex responses to surprised faces.
Neuroreport 14, 2317-2322. doi: 10.1097/00001756-200312190-200312196

Kim, H., Yi, J. H., Choi, K., Hong, S., Shin, K. S., and Kang, S. J. (2014). Regional
differences in acute corticosterone-induced dendritic remodeling in the rat
brain and their behavioral consequences. BMC Neurosci. 15:65. doi: 10.1186/
1471-2202-15-65

Kim, J. H., and Richardson, R. (2007). A developmental dissociation of context
and GABA effects on extinguished fear in rats. Behav. Neurosci. 121, 131-139.
doi: 10.1037/0735-7044.121.1.131

Frontiers in Human Neuroscience | www.frontiersin.org

August 2021 | Volume 15 | Article 669120


https://doi.org/10.1073/pnas.1307893110
https://doi.org/10.1523/JNEUROSCI.3446-12.2013
https://doi.org/10.1523/JNEUROSCI.3446-12.2013
https://doi.org/10.1016/j.psyneuen.2012.03.017
https://doi.org/10.1016/j.neuroscience.2019.12.010
https://doi.org/10.1016/j.neuroscience.2019.12.010
https://doi.org/10.1016/j.neulet.2020.135381
https://doi.org/10.1016/j.euroneuro.2012.10.018
https://doi.org/10.1126/science.1174146
https://doi.org/10.1126/science.1174146
https://doi.org/10.1016/j.jpsychires.2012.01.005
https://doi.org/10.1001/archgenpsychiatry.2009.186
https://doi.org/10.1001/archgenpsychiatry.2009.186
https://doi.org/10.1016/j.cpr.2020.101891
https://doi.org/10.1016/j.yhbeh.2019.02.005
https://doi.org/10.1007/s00429-018-1720-1723
https://doi.org/10.1523/JNEUROSCI.1029-20.2020
https://doi.org/10.1016/j.pnpbp.2017.09.025
https://doi.org/10.1016/j.pnpbp.2017.09.025
https://doi.org/10.1523/JNEUROSCI.19-22-10082.1999
https://doi.org/10.1002/dev.22085
https://doi.org/10.1016/j.biopsych.2014.04.020
https://doi.org/10.1016/j.biopsych.2014.04.020
https://doi.org/10.1016/j.biopsych.2008.03.015
https://doi.org/10.1016/j.biopsych.2008.03.015
https://doi.org/10.1016/s0006-3223(02)01786-1789
https://doi.org/10.1016/S0168-0102(03)00164-0
https://doi.org/10.1016/S0070-2153(05)69008-69004
https://doi.org/10.1073/pnas.1310766110
https://doi.org/10.1038/nature07166
https://doi.org/10.1111/j.1460-9568.2006.04893.x
https://doi.org/10.1097/00004583-200202000-200202012
https://doi.org/10.1016/j.neulet.2014.02.023
https://doi.org/10.1016/j.ynstr.2015.12.003
https://doi.org/10.1016/j.neuroimage.2019.04.013
https://doi.org/10.1002/(sici)1098-2302(199811)33:3<221::aid-dev3>3.0.co;2-t
https://doi.org/10.1037//0735-7044.108.1.69
https://doi.org/10.1037//0735-7044.108.1.69
https://doi.org/10.1101/lm.030197.112
https://doi.org/10.1111/ejn.12825
https://doi.org/10.1111/ejn.12825
https://doi.org/10.3389/fnbeh.2015.00154
https://doi.org/10.1038/s41398-018-0092-z
https://doi.org/10.1186/2045-5380-3-17
https://doi.org/10.1186/2045-5380-3-17
https://doi.org/10.1097/00001756-200312190-200312196
https://doi.org/10.1186/1471-2202-15-65
https://doi.org/10.1186/1471-2202-15-65
https://doi.org/10.1037/0735-7044.121.1.131
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

Guadagno et al.

Early Adversity on Developing Corticolimbic Circuit

Kim, J. H.,, and Richardson, R. (2008). The effect of temporary amygdala
inactivation on extinction and reextinction of fear in the developing rat:
unlearning as a potential mechanism for extinction early in development.
J. Neurosci. 28, 1282-1290. doi: 10.1523/JTNEUROSCI.4736-07.2008

Kim, J. H., and Richardson, R. (2010). New findings on extinction of conditioned
fear early in development: theoretical and clinical implications. Biol. Psychiatry
67,297-303. doi: 10.1016/j.biopsych.2009.09.003

Kim, M. J., and Whalen, P. J. (2009). The structural integrity of an amygdala-
prefrontal pathway predicts trait anxiety. J. Neurosci. 29, 11614-11618. doi:
10.1523/JNEUROSCI.2335-09.2009

Koshibu, K., Levitt, P., and Ahrens, E. T. (2004). Sex-specific, postpuberty changes
in mouse brain structures revealed by three-dimensional magnetic resonance
microscopy. Neuroimage 22, 1636-1645. doi: 10.1016/j.neuroimage.2004.03.
051

Krabbe, S., Grundemann, J., and Luthi, A. (2018). Amygdala inhibitory circuits
regulate associative fear conditioning. Biol. Psychiatry 83, 800-809. doi: 10.
1016/j.biopsych.2017.10.006

Krabbe, S., Paradiso, E., d’Aquin, S., Bitterman, Y., Courtin, J., Xu, C,
et al. (2019). Adaptive disinhibitory gating by VIP interneurons permits
associative learning. Nat. Neurosci. 22, 1834-1843. doi: 10.1038/s41593-01
9-0508-y

Kraszpulski, M., Dickerson, P. A., and Salm, A. K. (2006). Prenatal stress affects
the developmental trajectory of the rat amygdala. Stress 9, 85-95. doi: 10.1080/
10253890600798109

Kwok, J. C., Dick, G., Wang, D., and Fawcett, J. W. (2011). Extracellular matrix and
perineuronal nets in CNS repair. Dev. Neurobiol. 71, 1073-1089. doi: 10.1002/
dneu.20974

Langton, J. M., Kim, J. H., Nicholas, J., and Richardson, R. (2007). The effect of
the NMDA receptor antagonist MK-801 on the acquisition and extinction of
learned fear in the developing rat. Learn. Mem. 14, 665-668. doi: 10.1101/Im.
692407

Lau, B. Y. B, Layo, D. E., Emery, B., Everett, M., Kumar, A., Stevenson, P., et al.
(2020). Lateralized Expression of Cortical Perineuronal Nets during Maternal
Experience is Dependent on MECP2. eNeuro 7:ENEURO.0500-19.2020. doi:
10.1523/ENEURO.0500-19.2020

Le Magueresse, C., and Monyer, H. (2013). GABAergic interneurons shape the
functional maturation of the cortex. Neuron 77, 388-405. doi: 10.1016/j.neuron.
2013.01.011

LeDoux, J. E. (2000). Emotion circuits in the brain. Annu. Rev. Neurosci. 23,
155-184. doi: 10.1146/annurev.neuro.23.1.155

Lee, H. J., Haberman, R. P., Roquet, R. F., and Monfils, M. H. (2015). Extinction
and retrieval + extinction of conditioned fear differentially activate medial
prefrontal cortex and amygdala in rats. Front. Behav. Neurosci. 9:369. doi:
10.3389/fnbeh.2015.00369

Lee, S., Kim, S. J., Kwon, O. B, Lee, J. H., and Kim, J. H. (2013). Inhibitory
networks of the amygdala for emotional memory. Front. Neural Circ. 7:129.
doi: 10.3389/fncir.2013.00129

Loi, M., Koricka, S., Lucassen, P. J., and Joéls, M. (2014). Age- and sex-dependent
effects of early life stress on hippocampal neurogenesis. Front. Endocrinol. 5:13.
doi: 10.3389/fend0.2014.00013

Lombardo, M. V., Ashwin, E., Auyeung, B., Chakrabarti, B., Taylor, K., Hacket,
T. G,, etal. (2012). Fetal testosterone influences sexually dimorphic gray matter
in the human brain. J. Neurosci. 32, 674-680. doi: 10.1523/JNEUROSCI.4389-
11.201

Luby, J. L, Baram, T. Z, Rogers, C. E. and Barch, D. M. (2020).
Neurodevelopmental optimization after early-life adversity: cross-species
studies to elucidate sensitive periods and brain mechanisms to inform early
intervention. Trends Neurosci. 43, 744-751. doi: 10.1016/j.tins.2020.08.001

Lucas, E. K,, and Clem, R. L. (2018). GABAergic interneurons: the orchestra or
the conductor in fear learning and memory? Brain Res. Bull. 141, 13-19. doi:
10.1016/j.brainresbull.2017.11.016

Lupien, S. J., McEwen, B. S., Gunnar, M. R., and Heim, C. (2009). Effects of
stress throughout the lifespan on the brain, behaviour and cognition. Nat. Rev.
Neurosci. 10, 434-445. doi: 10.1038/nrn2639

Lupien, S. J., Parent, S., Evans, A. C,, Tremblay, R. E., Zelazo, P. D., Corbo, V.,
et al. (2011). Larger amygdala but no change in hippocampal volume in 10-
year-old children exposed to maternal depressive symptomatology since birth.
Proc. Natl. Acad. Sci. U.S.A. 108, 14324-14329. doi: 10.1073/pnas.1105371108

Maestripieri, D. (2005). Early experience affects the intergenerational transmission
of infant abuse in rhesus monkeys. Proc. Natl. Acad. Sci. U.S.A. 102, 9726-9729.
doi: 10.1073/pnas.0504122102

Mabheu, F. S., Dozier, M., Guyer, A. E., Mandell, D., Peloso, E., Poeth, K., et al.
(2010). A preliminary study of medial temporal lobe function in youths with
a history of caregiver deprivation and emotional neglect. Cogn. Affect. Behav.
Neurosci. 10, 34-49. doi: 10.3758/CABN.10.1.34

Maikovich-Fong, A. K., and Jaffee, S. R. (2010). Sex differences in childhood sexual
abuse characteristics and victims’ emotional and behavioral problems: findings
from a national sample of youth. Child Abuse Negl. 34, 429-437. doi: 10.1016/j.
chiabu.2009.10.006

Malter Cohen, M., Jing, D., Yang, R. R., Tottenham, N., Lee, F. S., and Casey,
B. J. (2013). Early-life stress has persistent effects on amygdala function and
development in mice and humans. Proc. Natl. Acad. Sci. U.S.A. 110, 18274-
18278. doi: 10.1073/pnas.1310163110

Manzano Nieves, G., Bravo, M., Baskoylu, S., and Bath, K. G. (2020). Early life
adversity decreases pre-adolescent fear expression by accelerating amygdala PV
cell development. eLife 9:¢55263. doi: 10.7554/eLife.55263

Maren, S. (2001). Neurobiology of Pavlovian fear conditioning. Annu. Rev.
Neurosci. 24, 897-931. doi: 10.1146/annurev.neuro.24.1.897

Maren, S., Phan, K. L., and Liberzon, I. (2013). The contextual brain: implications
for fear conditioning, extinction and psychopathology. Nat. Rev. Neurosci. 14,
417-428. doi: 10.1038/nrn3492

Marin, O. (2012). Interneuron dysfunction in psychiatric disorders. Nat. Rev.
Neurosci. 13, 107-120. doi: 10.1038/nrn3155

Marin, O. (2016). Developmental timing and critical windows for the treatment of
psychiatric disorders. Nat. Med. 22, 1229-1238. doi: 10.1038/nm.4225

Markham, J. A., Morris, J. R., and Juraska, J. M. (2007). Neuron number decreases
in the rat ventral, but not dorsal, medial prefrontal cortex between adolescence
and adulthood. Neuroscience 144, 961-968. doi: 10.1016/j.neuroscience.2006.
10.015

Marschner, A., Kalisch, R., Vervliet, B., Vansteenwegen, D., and Buchel, C. (2008).
Dissociable roles for the hippocampus and the amygdala in human cued
versus context fear conditioning. J. Neurosci. 28, 9030-9036. doi: 10.1523/
JNEUROSCI.1651-08.2008

Mauney, S. A., Athanas, K. M., Pantazopoulos, H., Shaskan, N., Passeri, E., Berretta,
S., et al. (2013). Developmental pattern of perineuronal nets in the human
prefrontal cortex and their deficit in schizophrenia. Biol. Psychiatry 74, 427-435.
doi: 10.1016/j.biopsych.2013.05.007

McCarthy, M. M. (2016). Multifaceted origins of sex differences in the brain. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 371:20150106. doi: 10.1098/rstb.2015.0106

McCarthy, M. M., Nugent, B. M., and Lenz, K. M. (2017). Neuroimmunology and
neuroepigenetics in the establishment of sex differences in the brain. Nat. Rev.
Neurosci. 18, 471-484. doi: 10.1038/nrn.2017.61

McCrory, E. J., De Brito, S. A, Kelly, P. A,, Bird, G., Sebastian, C. L., Mechelli, A.,
et al. (2013). Amygdala activation in maltreated children during pre-attentive
emotional processing. Br. J. Psychiatry 202, 269-276. doi: 10.1192/bjp.bp.112.
116624

McDonald, A.J. (1982). Neurons of the lateral and basolateral amygdaloid nuclei:
a Golgi study in the rat. J. Comp. Neurol. 212, 293-312. doi: 10.1002/cne.
902120307

McEwen, B. S. (2006). Protective and damaging effects of stress mediators: central
role of the brain. Dialog. Clin. Neurosci. 8, 367-381. doi: 10.31887/DCNS.2006.
8.4/bmcewen

McLaughlin, K. A., Weissman, D., and Bitran, D. (2019). Childhood adversity and
neural development: a systematic review. Annu. Rev. Dev. Psychol. 1, 277-312.
doi: 10.1146/annurev-devpsych-121318-184950

McNally, J. M., and McCarley, R. W. (2016). Gamma band oscillations: a key to
understanding schizophrenia symptoms and neural circuit abnormalities. Curr.
Opin. Psychiatry 29, 202-210. doi: 10.1097/yc0.0000000000000244

McRae, P. A,, Rocco, M. M., Kelly, G., Brumberg, J. C., and Matthews, R. T.
(2007). Sensory deprivation alters aggrecan and perineuronal net expression in
the mouse barrel cortex. J. Neurosci. 27, 5405-5413. doi: 10.1523/JNEUROSCI.
5425-06.2007

Mehta, M. A., Golembo, N. I, Nosarti, C., Colvert, E., Mota, A., Williams, S. C,,
etal. (2009). Amygdala, hippocampal and corpus callosum size following severe
early institutional deprivation: the English and Romanian Adoptees study pilot.
J. Child. Psychol. Psychiatry 50,943-951. doi: 10.1111/j.1469-7610.2009.02084.x

Frontiers in Human Neuroscience | www.frontiersin.org

August 2021 | Volume 15 | Article 669120


https://doi.org/10.1523/JNEUROSCI.4736-07.2008
https://doi.org/10.1016/j.biopsych.2009.09.003
https://doi.org/10.1523/JNEUROSCI.2335-09.2009
https://doi.org/10.1523/JNEUROSCI.2335-09.2009
https://doi.org/10.1016/j.neuroimage.2004.03.051
https://doi.org/10.1016/j.neuroimage.2004.03.051
https://doi.org/10.1016/j.biopsych.2017.10.006
https://doi.org/10.1016/j.biopsych.2017.10.006
https://doi.org/10.1038/s41593-019-0508-y
https://doi.org/10.1038/s41593-019-0508-y
https://doi.org/10.1080/10253890600798109
https://doi.org/10.1080/10253890600798109
https://doi.org/10.1002/dneu.20974
https://doi.org/10.1002/dneu.20974
https://doi.org/10.1101/lm.692407
https://doi.org/10.1101/lm.692407
https://doi.org/10.1523/ENEURO.0500-19.2020
https://doi.org/10.1523/ENEURO.0500-19.2020
https://doi.org/10.1016/j.neuron.2013.01.011
https://doi.org/10.1016/j.neuron.2013.01.011
https://doi.org/10.1146/annurev.neuro.23.1.155
https://doi.org/10.3389/fnbeh.2015.00369
https://doi.org/10.3389/fnbeh.2015.00369
https://doi.org/10.3389/fncir.2013.00129
https://doi.org/10.3389/fendo.2014.00013
https://doi.org/10.1523/JNEUROSCI.4389-11.201
https://doi.org/10.1523/JNEUROSCI.4389-11.201
https://doi.org/10.1016/j.tins.2020.08.001
https://doi.org/10.1016/j.brainresbull.2017.11.016
https://doi.org/10.1016/j.brainresbull.2017.11.016
https://doi.org/10.1038/nrn2639
https://doi.org/10.1073/pnas.1105371108
https://doi.org/10.1073/pnas.0504122102
https://doi.org/10.3758/CABN.10.1.34
https://doi.org/10.1016/j.chiabu.2009.10.006
https://doi.org/10.1016/j.chiabu.2009.10.006
https://doi.org/10.1073/pnas.1310163110
https://doi.org/10.7554/eLife.55263
https://doi.org/10.1146/annurev.neuro.24.1.897
https://doi.org/10.1038/nrn3492
https://doi.org/10.1038/nrn3155
https://doi.org/10.1038/nm.4225
https://doi.org/10.1016/j.neuroscience.2006.10.015
https://doi.org/10.1016/j.neuroscience.2006.10.015
https://doi.org/10.1523/JNEUROSCI.1651-08.2008
https://doi.org/10.1523/JNEUROSCI.1651-08.2008
https://doi.org/10.1016/j.biopsych.2013.05.007
https://doi.org/10.1098/rstb.2015.0106
https://doi.org/10.1038/nrn.2017.61
https://doi.org/10.1192/bjp.bp.112.116624
https://doi.org/10.1192/bjp.bp.112.116624
https://doi.org/10.1002/cne.902120307
https://doi.org/10.1002/cne.902120307
https://doi.org/10.31887/DCNS.2006.8.4/bmcewen
https://doi.org/10.31887/DCNS.2006.8.4/bmcewen
https://doi.org/10.1146/annurev-devpsych-121318-184950
https://doi.org/10.1097/yco.0000000000000244
https://doi.org/10.1523/JNEUROSCI.5425-06.2007
https://doi.org/10.1523/JNEUROSCI.5425-06.2007
https://doi.org/10.1111/j.1469-7610.2009.02084.x
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

Guadagno et al.

Early Adversity on Developing Corticolimbic Circuit

Mitra, R, Jadhav, S., McEwen, B. S., Vyas, A., and Chattarji, S. (2005). Stress
duration modulates the spatiotemporal patterns of spine formation in the
basolateral amygdala. Proc. Natl. Acad. Sci. U.S.A. 102, 9371-9376. doi: 10.1073/
pnas.0504011102

Molet, J., Maras, P. M., Avishai-Eliner, S., and Baram, T. Z. (2014). Naturalistic
rodent models of chronic early-life stress. Dev. Psychobiol. 56, 1675-1688. doi:
10.1002/dev.21230

Moriceau, S., and Sullivan, R. M. (2006). Maternal presence serves as a switch
between learning fear and attraction in infancy. Nat. Neurosci. 9, 1004-1006.
doi: 10.1038/nn1733

Moriceau, S., Wilson, D. A, Levine, S., and Sullivan, R. M. (2006). Dual circuitry
for odor-shock conditioning during infancy: corticosterone switches between
fear and attraction via amygdala. J. Neurosci. 26, 6737-6748. doi: 10.1523/
JNEUROSCI.0499-06.2006

Morikawa, S., Ikegaya, Y., Narita, M., and Tamura, H. (2017). Activation of
perineuronal net-expressing excitatory neurons during associative memory
encoding and retrieval. Sci. Rep. 7:46024. doi: 10.1038/srep46024

Morin, E. L., Howell, B. R, Feczko, E., Earl, E,, Pincus, M., Reding, K., et al.
(2020). Developmental outcomes of early adverse care on amygdala functional
connectivity in nonhuman primates. Dev. Psychopathol. 32, 1579-1596. doi:
10.1017/50954579420001133

Morishita, H., Cabungcal, J. H., Chen, Y., Do, K. Q., and Hensch, T. K. (2015).
Prolonged period of cortical plasticity upon redox dysregulation in fast-spiking
interneurons. Biol. Psychiatry 78, 396-402. doi: 10.1016/j.biopsych.2014.12.026

Morris, J. A., Jordan, C. L., and Breedlove, S. M. (2008). Sexual dimorphism
in neuronal number of the posterodorsal medial amygdala is independent of
circulating androgens and regional volume in adult rats. J. Comp. Neurol. 506,
851-859. doi: 10.1002/cne.21536

Morys, J., Berdel, B., Kowianski, P., and Dziewiatkowski, J. (1998). The pattern
of synaptophysin changes during the maturation of the amygdaloid body and
hippocampal hilus in the rat. Folia Neuropathol. 36, 15-23.

Muller, J. F., Mascagni, F., and McDonald, A. J. (2006). Pyramidal cells of
the rat basolateral amygdala: synaptology and innervation by parvalbumin-
immunoreactive interneurons. J. Comp. Neurol. 494, 635-650. doi: 10.1002/cne.
20832

Muller, J. F., Mascagni, F., and McDonald, A. J. (2007). Postsynaptic targets of
somatostatin-containing interneurons in the rat basolateral amygdala. J. Comp.
Neurol. 500, 513-529. doi: 10.1002/cne.21185

Murthy, S., and Gould, E. (2020). How early life adversity influences defensive
circuitry. Trends Neurosci. 43, 200-212. doi: 10.1016/j.tins.2020.02.001

Murthy, S., Kane, G. A, Katchur, N. ], Lara Mejia, P. S., Obiofuma, G., Buschman,
T. J., et al. (2019). Perineuronal nets, inhibitory interneurons, and anxiety-
related ventral hippocampal neuronal oscillations are altered by early life
adversity. Biol. Psychiatry 85, 1011-1020. doi: 10.1016/j.biopsych.2019.02.021

Neufang, S., Specht, K., Hausmann, M., Gunturkun, O., Herpertz-Dahlmann, B.,
Fink, G. R,, et al. (2009). Sex differences and the impact of steroid hormones on
the developing human brain. Cereb. Cortex 19, 464-473. doi: 10.1093/cercor/
bhn100

Ono, M, Kikusui, T., Sasaki, N., Ichikawa, M., Mori, Y., and Murakami-Murofushi,
K. (2008). Early weaning induces anxiety and precocious myelination in the
anterior part of the basolateral amygdala of male Balb/c mice. Neuroscience 156,
1103-1110. doi: 10.1016/j.neuroscience.2008.07.078

Page, C. E., and Coutellier, L. (2018). Adolescent stress disrupts the maturation
of anxiety-related behaviors and alters the developmental trajectory of the
prefrontal cortex in a sex- and age-specific manner. Neuroscience 390, 265-277.
doi: 10.1016/j.neuroscience.2018.08.030

Page, C. E., and Coutellier, L. (2019). Prefrontal excitatory/inhibitory balance
in stress and emotional disorders: evidence for over-inhibition. Neurosci.
Biobehav. Rev. 105, 39-51. doi: 10.1016/j.neubiorev.2019.07.024

Pagliaccio, D., Luby, J. L., Bogdan, R., Agrawal, A., Gaffrey, M. S., Belden, A. C,,
et al. (2015). Amygdala functional connectivity, HPA axis genetic variation,
and life stress in children and relations to anxiety and emotion regulation.
J. Abnorm. Psychol. 124, 817-833. doi: 10.1037/abn0000094

Pantazopoulos, H., Lange, N., Hassinger, L., and Berretta, S. (2006). Subpopulations
of neurons expressing parvalbumin in the human amygdala. J. Comp. Neurol.
496, 706-722. doi: 10.1002/cne.20961

Pantazopoulos, H., Woo, T. U,, Lim, M. P., Lange, N., and Berretta, S. (2010).
Extracellular matrix-glial abnormalities in the amygdala and entorhinal cortex

of subjects diagnosed with schizophrenia. Arch. Gen. Psychiatry 67, 155-166.
doi: 10.1001/archgenpsychiatry.2009.196

Pechtel, P., and Pizzagalli, D. A. (2011). Effects of early life stress on
cognitive and affective function: an integrated review of human literature.
Psychopharmacology 214, 55-70. doi: 10.1007/s00213-010-2009-2002

Peverill, M., Sheridan, M. A., Busso, D. S., and McLaughlin, K. A. (2019). Atypical
prefrontal-amygdala circuitry following childhood exposure to abuse: links
with adolescent psychopathology. Child Maltreat. 24, 411-423. doi: 10.1177/
1077559519852676

Piekarski, D. J., Boivin, J. R., and Wilbrecht, L. (2017). Ovarian hormones organize
the maturation of inhibitory neurotransmission in the frontal cortex at puberty
onset in female mice. Curr. Biol. 27, 1735.e5-1745.e5. doi: 10.1016/j.cub.2017.
05.027

Pizzorusso, T., Medini, P., Berardi, N., Chierzi, S., Fawcett, J. W., and Maffei, L.
(2002). Reactivation of ocular dominance plasticity in the adult visual cortex.
Science 298, 1248-1251. doi: 10.1126/science.1072699

Premachandran, H., Zhao, M., and Arruda-Carvalho, M. (2020). Sex differences in
the development of the rodent corticolimbic system. Front. Neurosci. 14:583477.
doi: 10.3389/fnins.2020.583477

Quinn, R. (2005). Comparing rat’s to human’s age: how old is my rat in people
years? Nutrition 21, 775-777. doi: 10.1016/j.nut.2005.04.002

Quirk, G. J., and Mueller, D. (2008). Neural mechanisms of extinction learning and
retrieval. Neuropsychopharmacology 33, 56-72. doi: 10.1038/sj.npp.1301555

Raineki, C., Cortes, M. R., Belnoue, L., and Sullivan, R. (2012). Effects of early-life
abuse differ across development: infant social behavior deficits are followed by
adolescent depressive-like behaviors mediated by the amygdala. J. Neurosci. 32,
7758-7765. doi: 10.1523/JNEUROSCI.5843-11.2012

Raineki, C., Moriceau, S., and Sullivan, R. M. (2010). Developing a neurobehavioral
animal model of infant attachment to an abusive caregiver. Biol. Psychiatry 67,
1137-1145. doi: 10.1016/j.biopsych.2009.12.019

Raineki, C., Sarro, E., Rincon-Cortés, M., Perry, R., Boggs, J., Holman, C. J,,
et al. (2015). Paradoxical neurobehavioral rescue by memories of early-life
abuse: the safety signal value of odors learned during abusive attachment.
Neuropsychopharmacology 40, 906-914. doi: 10.1038/npp.2014.266

Rainnie, D. G., Mania, I., Mascagni, F., and McDonald, A. J. (2006). Physiological
and morphological characterization of parvalbumin-containing interneurons
of the rat basolateral amygdala. J. Comp. Neurol. 498, 142-161. doi: 10.1002/
cne.21049

Rau, A. R, Chappell, A. M., Butler, T. R., Ariwodola, O. J., and Weiner, J. L. (2015).
Increased basolateral amygdala pyramidal cell excitability may contribute to
the anxiogenic phenotype induced by chronic early-life stress. J. Neurosci. 35,
9730-9740. doi: 10.1523/JNEUROSCI.0384-15.2015

Rauch, S. L., Shin, L. M., and Wright, C. I. (2003). Neuroimaging studies of
amygdala function in anxiety disorders. Ann. N. Y. Acad. Sci. 985, 389-410.
doi: 10.1111/.1749-6632.2003.tb07096.x

Reh, R. K., Dias, B. G., Nelson, C. A. III, Kaufer, D., Werker, J. F., Kolb, B., et al.
(2020). Critical period regulation across multiple timescales. Proc. Natl. Acad.
Sci. U.S.A. 117, 23242-23251. doi: 10.1073/pnas.1820836117

Reichelt, A. C,, Hare, D. J., Bussey, T. J., and Saksida, L. M. (2019). Perineuronal
nets: plasticity, protection, and therapeutic potential. Trends Neurosci. 42,
458-470. doi: 10.1016/j.tins.2019.04.003

Repa, J. C., Muller, J., Apergis, J., Desrochers, T. M., Zhou, Y., and LeDoux,
J. E. (2001). Two different lateral amygdala cell populations contribute to the
initiation and storage of memory. Nat. Neurosci. 4, 724-731. doi: 10.1038/89512

Riga, D., Kramvis, I, Koskinen, M. K., Van Bokhoven, P., Van der Harst, J. E.,
Heistek, T. S., et al. (2017). Hippocampal extracellular matrix alterations
contribute to cognitive impairment associated with a chronic depressive-like
state in rats. Sci. Transl. Med. 9:eaai8753. doi: 10.1126/scitranslmed.aai8753

Rodriguez Manzanares, P. A., Isoardi, N. A., Carrer, H. F., and Molina, V. A. (2005).
Previous stress facilitates fear memory, attenuates GABAergic inhibition, and
increases synaptic plasticity in the rat basolateral amygdala. J. Neurosci. 25,
8725-8734. doi: 10.1523/JNEUROSCI.2260- 05.2005

Rogers, S. L., Rankin-Gee, E., Risbud, R. M., Porter, B. E., and Marsh, E. D. (2018).
Normal development of the perineuronal net in humans; in patients with and
without epilepsy. Neuroscience 384, 350-360. doi: 10.1016/j.neuroscience.2018.
05.039

Romanski, L. M., and LeDoux, J. E. (1993). Information cascade from primary
auditory cortex to the amygdala: corticocortical and corticoamygdaloid

Frontiers in Human Neuroscience | www.frontiersin.org

August 2021 | Volume 15 | Article 669120


https://doi.org/10.1073/pnas.0504011102
https://doi.org/10.1073/pnas.0504011102
https://doi.org/10.1002/dev.21230
https://doi.org/10.1002/dev.21230
https://doi.org/10.1038/nn1733
https://doi.org/10.1523/JNEUROSCI.0499-06.2006
https://doi.org/10.1523/JNEUROSCI.0499-06.2006
https://doi.org/10.1038/srep46024
https://doi.org/10.1017/S0954579420001133
https://doi.org/10.1017/S0954579420001133
https://doi.org/10.1016/j.biopsych.2014.12.026
https://doi.org/10.1002/cne.21536
https://doi.org/10.1002/cne.20832
https://doi.org/10.1002/cne.20832
https://doi.org/10.1002/cne.21185
https://doi.org/10.1016/j.tins.2020.02.001
https://doi.org/10.1016/j.biopsych.2019.02.021
https://doi.org/10.1093/cercor/bhn100
https://doi.org/10.1093/cercor/bhn100
https://doi.org/10.1016/j.neuroscience.2008.07.078
https://doi.org/10.1016/j.neuroscience.2018.08.030
https://doi.org/10.1016/j.neubiorev.2019.07.024
https://doi.org/10.1037/abn0000094
https://doi.org/10.1002/cne.20961
https://doi.org/10.1001/archgenpsychiatry.2009.196
https://doi.org/10.1007/s00213-010-2009-2002
https://doi.org/10.1177/1077559519852676
https://doi.org/10.1177/1077559519852676
https://doi.org/10.1016/j.cub.2017.05.027
https://doi.org/10.1016/j.cub.2017.05.027
https://doi.org/10.1126/science.1072699
https://doi.org/10.3389/fnins.2020.583477
https://doi.org/10.1016/j.nut.2005.04.002
https://doi.org/10.1038/sj.npp.1301555
https://doi.org/10.1523/JNEUROSCI.5843-11.2012
https://doi.org/10.1016/j.biopsych.2009.12.019
https://doi.org/10.1038/npp.2014.266
https://doi.org/10.1002/cne.21049
https://doi.org/10.1002/cne.21049
https://doi.org/10.1523/JNEUROSCI.0384-15.2015
https://doi.org/10.1111/j.1749-6632.2003.tb07096.x
https://doi.org/10.1073/pnas.1820836117
https://doi.org/10.1016/j.tins.2019.04.003
https://doi.org/10.1038/89512
https://doi.org/10.1126/scitranslmed.aai8753
https://doi.org/10.1523/JNEUROSCI.2260-05.2005
https://doi.org/10.1016/j.neuroscience.2018.05.039
https://doi.org/10.1016/j.neuroscience.2018.05.039
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

Guadagno et al.

Early Adversity on Developing Corticolimbic Circuit

projections of temporal cortex in the rat. Cereb. Cortex 3,515-532. doi: 10.1093/
cercor/3.6.515

Roozendaal, B., McEwen, B. S., and Chattarji, S. (2009). Stress, memory and the
amygdala. Nat. Rev. Neurosci. 10, 423-433. doi: 10.1038/nrn2651

Roth, M. C., Humphreys, K. L, King, L. S, and Gotlib, I. H. (2018).
Self-reported neglect, amygdala volume, and symptoms of anxiety in
adolescent boys. Child Abuse Negl. 80, 80-89. doi: 10.1016/j.chiabu.2018.
03.016

Rubinow, M. J., Drogos, L. L., and Juraska, J. M. (2009). Age-related dendritic
hypertrophy and sexual dimorphism in rat basolateral amygdala. Neurobiol.
Aging 30, 137-146. doi: 10.1016/j.neurobiolaging.2007.05.006

Rubinow, M. J., and Juraska, J. M. (2009). Neuron and glia numbers in the
basolateral nucleus of the amygdala from preweaning through old age in male
and female rats: a stereological study. J. Comp. Neurol. 512, 717-725. doi:
10.1002/cne.21924

Russell, J. D., Marsee, M. A., and Weems, C. F. (2021). Developmental variation
in amygdala volumes: modeling differences across time, age, and puberty. Biol.
Psychiatry Cogn. Neurosci. Neuroimaging 6, 117-125. doi: 10.1016/j.bpsc.2020.
08.006

Ryan, S. J., Ehrlich, D. E., and Rainnie, D. G. (2016). Morphology and dendritic
maturation of developing principal neurons in the rat basolateral amygdala.
Brain Struct. Funct. 221, 839-854. doi: 10.1007/s00429-014-0939-x

Sa de Almeida, J., Lordier, L., Zollinger, B., Kunz, N., Bastiani, M., Gui, L.,
et al. (2020). Music enhances structural maturation of emotional processing
neural pathways in very preterm infants. Neuroimage 207:116391. doi: 10.1016/
jneuroimage.2019.116391

Sah, P, Faber, E. S., Lopez De Armentia, M., and Power, J. (2003). The amygdaloid
complex: anatomy and physiology. Physiol. Rev. 83, 803-834. doi: 10.1152/
physrev.00002.2003

Santiago, A., Aoki, C., and Sullivan, R. M. (2017). From attachment to
independence: stress hormone control of ecologically relevant emergence of
infants’ responses to threat. Curr. Opin. Behav. Sci. 14, 78-85. doi: 10.1016/].
cobeha.2016.12.010

Santiago, A. N., Lim, K. Y., Opendak, M., Sullivan, R. M., and Aoki, C. (2018).
Early life trauma increases threat response of peri-weaning rats, reduction of
axo-somatic synapses formed by parvalbumin cells and perineuronal net in
the basolateral nucleus of amygdala. J. Comp. Neurol. 526, 2647-2664. doi:
10.1002/cne.\break24522

Schumann, C. M., Hamstra, J., Goodlin-Jones, B. L., Lotspeich, L. J., Kwon, H.,
Buonocore, M. H., et al. (2004). The amygdala is enlarged in children but not
adolescents with autism; the hippocampus is enlarged at all ages. J. Neurosci. 24,
6392-6401. doi: 10.1523/JNEUROSCI.1297-04.2004

Shabel, S. J., and Janak, P. H. (2009). Substantial similarity in amygdala neuronal
activity during conditioned appetitive and aversive emotional arousal. Proc.
Natl. Acad. Sci. U.S.A. 106, 15031-15036. doi: 10.1073/pnas.0905580106

Shansky, R. M. (2018). Sex differences in behavioral strategies: avoiding
interpretational pitfalls. Curr. Opin. Neurobiol. 49, 95-98. doi: 10.1016/j.conb.
2018.01.007

Shin, L. M., and Liberzon, I. (2010). The neurocircuitry of fear, stress, and anxiety
disorders. Neuropsychopharmacology 35, 169-191. doi: 10.1038/npp.2009.83

Sigal, Y. M., Bae, H., Bogart, L. J., Hensch, T. K., and Zhuang, X. (2019). Structural
maturation of cortical perineuronal nets and their perforating synapses revealed
by superresolution imaging. Proc. Natl. Acad. Sci. U.S.A. 116, 7071-7076. doi:
10.1073/pnas.1817222116

Soares, A. R., Gildawie, K. R., Honeycutt, J. A., and Brenhouse, H. C. (2020).
Region-specific effects of maternal separation on oxidative stress accumulation
in parvalbumin neurons of male and female rats. Behav. Brain Res. 388:112658.
doi: 10.1016/j.bbr.2020.112658

Sorg, B. A., Berretta, S., Blacktop, J. M., Fawcett, J. W., Kitagawa, H., Kwok, J. C.,
et al. (2016). Casting a wide net: role of perineuronal nets in neural plasticity.
J. Neurosci. 36, 11459-11468. doi: 10.1523/J]NEUROSCI.2351-16.2016

Sorrells, S. F., Paredes, M. F., Velmeshev, D., Herranz-Pérez, V., Sandoval,
K., Mayer, S., et al. (2019). Immature excitatory neurons develop during
adolescence in the human amygdala. Nat. Commun. 10:2748. doi: 10.1038/
541467-019-10765-10761

Sotres-Bayon, F., and Quirk, G. J. (2010). Prefrontal control of fear: more than just
extinction. Curr. Opin. Neurobiol. 20, 231-235. doi: 10.1016/j.conb.2010.02.005

Sotres-Bayon, F., Sierra-Mercado, D., Pardilla-Delgado, E., and Quirk, G. J. (2012).
Gating of fear in prelimbic cortex by hippocampal and amygdala inputs. Neuron
76, 804-812. doi: 10.1016/j.neuron.2012.09.028

Spampanato, J., Polepalli, J., and Sah, P. (2011). Interneurons in the basolateral
amygdala. Neuropharmacology 60, 765-773. doi: 10.1016/j.neuropharm.2010.
11.006

Staiti, A. M., Morgane, P. J., Galler, J. R., Grivetti, J. Y., Bass, D. C., and Mokler, D. J.
(2011). A microdialysis study of the medial prefrontal cortex of adolescent and
adult rats. Neuropharmacology 61, 544-549. doi: 10.1016/j.neuropharm.2011.
04.005

Steullet, P., Cabungcal, J. H., Coyle, J., Didriksen, M., Gill, K., Grace, A. A.,
etal. (2017). Oxidative stress-driven parvalbumin interneuron impairment as a
common mechanism in models of schizophrenia. Mol. Psychiatry 22, 936-943.
doi: 10.1038/mp.2017.47

Stevenson, C. W., Spicer, C. H., Mason, R., and Marsden, C. A. (2009). Early life
programming of fear conditioning and extinction in adult male rats. Behav.
Brain Res. 205, 505-510. doi: 10.1016/j.bbr.2009.08.005

Sullivan, R. M. (2001). Unique characteristics of neonatal classical conditioning:
the role of the amygdala and locus coeruleus. Integr. Physiol. Behav. Sci. 36,
293-307. doi: 10.1007/BF02688797

Sullivan, R. M. (2017). Attachment figure’s regulation of infant brain and behavior.
Psychodyn. Psychiatry Winter 45, 475-498. doi: 10.1521/pdps.2017.45.4.475

Sullivan, R. M., and Gratton, A. (2002). Prefrontal cortical regulation of
hypothalamic-pituitary-adrenal function in the rat and implications for
psychopathology: side matters. Psychoneuroendocrinology 27, 99-114. doi: 10.
1016/50306-4530(01)00038-35

Sullivan, R. M., Landers, M., Yeaman, B., and Wilson, D. A. (2000). Good memories
of bad events in infancy. Nature 407, 38-39. doi: 10.1038/35024156

Sullivan, R. M., and Opendak, M. (2020a). Defining immediate effects of sensitive
periods on infant neurobehavioral function. Curr. Opin. Behav. Sci. 36, 106-114.
doi: 10.1016/j.cobeha.2020.08.006

Sullivan, R. M., and Opendak, M. (2020b). Neurobiology of infant fear and anxiety:
impacts of delayed amygdala development and attachment figure quality. Biol.
Psychiatry 3223, 31879-31885. doi: 10.1016/j.biopsych.2020.08.020

Suvrathan, A., Bennur, S., Ghosh, S., Tomar, A., Anilkumar, S., and Chattarji, S.
(2014). Stress enhances fear by forming new synapses with greater capacity for
long-term potentiation in the amygdala. Philos. Trans. R. Soc. Lond. B Biol. Sci.
369:20130151. doi: 10.1098/rstb.2013.0151

Tallot, L., Doyere, V., and Sullivan, R. M. (2016). Developmental emergence of
fear/threat learning: neurobiology, associations and timing. Genes Brain Behav.
15, 144-154. doi: 10.1111/gbb.12261

Tanti, A., Belliveau, C., Nagy, C., Maitra, M., Denux, F., Perlman, K., et al. (2020).
Child abuse associates with increased recruitment of perineuronal nets in
the ventromedial prefrontal cortex: possible implication of oligodendrocyte
progenitor cells. bioRxiv [Preprint]. doi: 10.1101/2020.10.19.345355

Teicher, M. H., Samson, J. A., Anderson, C. M., and Ohashi, K. (2016). The effects
of childhood maltreatment on brain structure, function and connectivity. Nat.
Rev. Neurosci. 17, 652-666. doi: 10.1038/nrn.2016.111

Thomas, K. M., Drevets, W. C., Whalen, P. ], Eccard, C. H., Dahl, R. E., Ryan,
N. D, et al. (2001). Amygdala response to facial expressions in children and
adults. Biol. Psychiatry 49, 309-316. doi: 10.1016/s0006-3223(00)01066- 1060

Thompson, J. V., Sullivan, R. M., and Wilson, D. A. (2008). Developmental
emergence of fear learning corresponds with changes in amygdala synaptic
plasticity. Brain Res. 1200, 58-65. doi: 10.1016/j.brainres.2008.01.057

Tottenham, N., and Gabard-Durnam, L. J. (2017). The developing amygdala: a
student of the world and a teacher of the cortex. Curr. Opin. Psychol. 17, 55-60.
doi: 10.1016/j.copsyc.2017.06.012

Tottenham, N., Hare, T. A., Millner, A., Gilhooly, T., Zevin, J. D., and Casey, B. J.
(2011). Elevated amygdala response to faces following early deprivation. Dev.
Sci. 14, 190-204. doi: 10.1111/j.1467-7687.2010.00971.x

Tottenham, N., Hare, T. A, Quinn, B. T., McCarry, T. W., Nurse, M., Gilhooly, T.,
et al. (2010). Prolonged institutional rearing is associated with atypically large
amygdala volume and difficulties in emotion regulation. Dev. Sci. 13, 46-61.
doi: 10.1111/.1467-7687.2009.00852.x

Tottenham, N., and Sheridan, M. A. (2009). A review of adversity, the amygdala
and the hippocampus: a consideration of developmental timing. Front. Hum.
Neurosci. 3:68. doi: 10.3389/neuro.09.068.2009

Frontiers in Human Neuroscience | www.frontiersin.org

August 2021 | Volume 15 | Article 669120


https://doi.org/10.1093/cercor/3.6.515
https://doi.org/10.1093/cercor/3.6.515
https://doi.org/10.1038/nrn2651
https://doi.org/10.1016/j.chiabu.2018.03.016
https://doi.org/10.1016/j.chiabu.2018.03.016
https://doi.org/10.1016/j.neurobiolaging.2007.05.006
https://doi.org/10.1002/cne.21924
https://doi.org/10.1002/cne.21924
https://doi.org/10.1016/j.bpsc.2020.08.006
https://doi.org/10.1016/j.bpsc.2020.08.006
https://doi.org/10.1007/s00429-014-0939-x
https://doi.org/10.1016/j.neuroimage.2019.116391
https://doi.org/10.1016/j.neuroimage.2019.116391
https://doi.org/10.1152/physrev.00002.2003
https://doi.org/10.1152/physrev.00002.2003
https://doi.org/10.1016/j.cobeha.2016.12.010
https://doi.org/10.1016/j.cobeha.2016.12.010
https://doi.org/10.1002/cne.\break24522
https://doi.org/10.1002/cne.\break24522
https://doi.org/10.1523/JNEUROSCI.1297-04.2004
https://doi.org/10.1073/pnas.0905580106
https://doi.org/10.1016/j.conb.2018.01.007
https://doi.org/10.1016/j.conb.2018.01.007
https://doi.org/10.1038/npp.2009.83
https://doi.org/10.1073/pnas.1817222116
https://doi.org/10.1073/pnas.1817222116
https://doi.org/10.1016/j.bbr.2020.112658
https://doi.org/10.1523/JNEUROSCI.2351-16.2016
https://doi.org/10.1038/s41467-019-10765-10761
https://doi.org/10.1038/s41467-019-10765-10761
https://doi.org/10.1016/j.conb.2010.02.005
https://doi.org/10.1016/j.neuron.2012.09.028
https://doi.org/10.1016/j.neuropharm.2010.11.006
https://doi.org/10.1016/j.neuropharm.2010.11.006
https://doi.org/10.1016/j.neuropharm.2011.04.005
https://doi.org/10.1016/j.neuropharm.2011.04.005
https://doi.org/10.1038/mp.2017.47
https://doi.org/10.1016/j.bbr.2009.08.005
https://doi.org/10.1007/BF02688797
https://doi.org/10.1521/pdps.2017.45.4.475
https://doi.org/10.1016/s0306-4530(01)00038-35
https://doi.org/10.1016/s0306-4530(01)00038-35
https://doi.org/10.1038/35024156
https://doi.org/10.1016/j.cobeha.2020.08.006
https://doi.org/10.1016/j.biopsych.2020.08.020
https://doi.org/10.1098/rstb.2013.0151
https://doi.org/10.1111/gbb.12261
https://doi.org/10.1101/2020.10.19.345355
https://doi.org/10.1038/nrn.2016.111
https://doi.org/10.1016/s0006-3223(00)01066-1060
https://doi.org/10.1016/j.brainres.2008.01.057
https://doi.org/10.1016/j.copsyc.2017.06.012
https://doi.org/10.1111/j.1467-7687.2010.00971.x
https://doi.org/10.1111/j.1467-7687.2009.00852.x
https://doi.org/10.3389/neuro.09.068.2009
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

Guadagno et al.

Early Adversity on Developing Corticolimbic Circuit

Tovote, P., Fadok, J. P., and Luthi, A. (2015). Neuronal circuits for fear and anxiety.
Nat. Rev. Neurosci. 16, 317-331. doi: 10.1038/nrn3945

Tsien, R. Y. (2013). Very long-term memories may be stored in the pattern of
holes in the perineuronal net. Proc. Natl. Acad. Sci. U.S.A. 110, 12456-12461.
doi: 10.1073/pnas.1310158110

Uematsu, A., Matsui, M., Tanaka, C., Takahashi, T., Noguchi, K., Suzuki, M., et al.
(2012). Developmental trajectories of amygdala and hippocampus from infancy
to early adulthood in healthy individuals. PLoS One 7:¢46970. doi: 10.1371/
journal.pone.0046970

Van Eden, C. G., and Uylings, H. B. (1985). Postnatal volumetric development of
the prefrontal cortex in the rat. J. Comp. Neurol. 241, 268-274. doi: 10.1002/cne.
902410303

Van Harmelen, A. L., Van Tol, M. ]., Demenescu, L. R., Van der Wee, N.J., Veltman,
D. J., Aleman, A., et al. (2013). Enhanced amygdala reactivity to emotional
faces in adults reporting childhood emotional maltreatment. Soc. Cogn. Affect.
Neurosci. 8, 362-369. doi: 10.1093/scan/nss007

Van’t Spijker, H. M., and Kwok, J. C. F. (2017). A sweet talk: the molecular systems
of perineuronal nets in controlling neuronal communication. Front. Integr.
Neurosci. 11:33. doi: 10.3389/fnint.2017.00033

VanTieghem, M. R., and Tottenham, N. (2017). Neurobiological programming of
early life stress: functional development of amygdala-prefrontal circuitry and
vulnerability for stress-related psychopathology. Curr. Top. Behav. Neurosci. 38,
117-136. doi: 10.1007/7854_2016_42

Verwer, R. W., Van Vulpen, E. H, and Van Uum, J. F. (1996). Postnatal
development of amygdaloid projections to the prefrontal cortex in the rat
studied with retrograde and anterograde tracers. J. Comp. Neurol. 376, 75-96.
doi: 10.1002/(sici) 1096-9861(19961202)376:1<75::aid- cne5>3.0.co;2-1

Vyas, A., Bernal, S., and Chattarji, S. (2003). Effects of chronic stress on dendritic
arborization in the central and extended amygdala. Brain Res. 965, 290-294.
doi: 10.1016/s0006-8993(02)04162-4168

Vyas, A., Jadhav, S., and Chattarji, S. (2006). Prolonged behavioral stress enhances
synaptic connectivity in the basolateral amygdala. Neuroscience 143, 387-393.
doi: 10.1016/j.neuroscience.2006.08.003

Vyas, A., Mitra, R., Shankaranarayana Rao, B. S., and Chattarji, S. (2002). Chronic
stress induces contrasting patterns of dendritic remodeling in hippocampal and
amygdaloid neurons. J. Neurosci. 22, 6810-6818. doi: 10.1523/J]NEUROSCI.22-
15-06810.2002

Vyas, A, Pillai, A. G., and Chattarji, S. (2004). Recovery after chronic stress fails to
reverse amygdaloid neuronal hypertrophy and enhanced anxiety-like behavior.
Neuroscience 128, 667-673. doi: 10.1016/j.neuroscience.2004.07.013

Wager, T. D., Phan, K. L., Liberzon, I, and Taylor, S. F. (2003). Valence, gender,
and lateralization of functional brain anatomy in emotion: a meta-analysis
of findings from neuroimaging. Neuroimage 19, 513-531. doi: 10.1016/s1053-
8119(03)00078-78

Walker, C. D., Bath, K. G., Joels, M., Korosi, A., Larauche, M., Lucassen, P. J., et al.
(2017). Chronic early life stress induced by limited bedding and nesting (LBN)
material in rodents: critical considerations of methodology, outcomes and
translational potential. Stress 20, 421-448. doi: 10.1080/10253890.2017.1343296

Weber, K., Rockstroh, B., Borgelt, J., Awiszus, B., Popov, T., Hoffmann, K., et al.
(2008). Stress load during childhood affects psychopathology in psychiatric
patients. BMC Psychiatry 8:63. doi: 10.1186/1471-244X-8-63

Wen, D. J., Poh, J. S, Ni, S. N,, Chong, Y. S., Chen, H., Kwek, K., et al. (2017).
Influences of prenatal and postnatal maternal depression on amygdala volume

and microstructure in young children. Transl. Psychiatry 7:e1103. doi: 10.1038/
tp.2017.74

White, J. D., Arefin, T. M., Pugliese, A., Lee, C. H., Gassen, J., Zhang, J., et al.
(2020). Early life stress causes sex-specific changes in adult fronto-limbic
connectivity that differentially drive learning. eLife 9:¢58301. doi: 10.7554/eLife.
58301

White, J. D., and Kaffman, A. (2019). The moderating effects of sex on
consequences of childhood maltreatment: from clinical studies to animal
models. Front. Neurosci. 13:1082. doi: 10.3389/fnins.2019.01082

Willing, J., and Juraska, J. M. (2015). The timing of neuronal loss across

adolescence in the medial prefrontal cortex of male and female
rats.  Neuroscience 301, 268-275. doi: 10.1016/j.neuroscience.2015.
05.073

Wolff, S. B., Griindemann, J., Tovote, P., Krabbe, S., Jacobson, G. A,
Miiller, C., et al. (2014). Amygdala interneuron subtypes control fear
learning through disinhibition. Nature 509, 453-458. doi: 10.1038/nature
13258

Woodruff, A. R, and Sah, P. (2007). Networks of parvalbumin-positive
interneurons in the basolateral amygdala. J. Neurosci. 27, 553-563. doi: 10.1523/
JNEUROSCI.3686-06.2007

Yan, C. G., Rincon-Cortes, M., Raineki, C., Sarro, E., Colcombe, S., Guilfoyle,
D. N, et al. (2017). Aberrant development of intrinsic brain activity in a rat
model of caregiver maltreatment of offspring. Transl. Psychiatry 7:€1005. doi:
10.1038/tp.2016.276

Zeynel, Z., and Uzer, T. (2020). Adverse childhood experiences lead to trans-
generational transmission of early maladaptive schemas. Child Abuse Negl.
99:104235. doi: 10.1016/j.chiabu.2019.104235

Zhang, Y., Padmanabhan, A., Gross, J. J., and Menon, V. (2019). Development
of human emotion circuits investigated using a big-data analytic approach:
stability, reliability, and robustness. J. Neurosci. 39, 7155-7172. doi: 10.1523/
JNEUROSCI.0220-19.2019

Zimmermann, K. S., Richardson, R., and Baker, K. D. (2019). Maturational
changes in prefrontal and amygdala circuits in adolescence: implications for
understanding fear inhibition during a vulnerable period of development. Brain
Sci. 9:65. doi: 10.3390/brainsci9030065

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Guadagno, Belliveau, Mechawar and Walker. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org

22

August 2021 | Volume 15 | Article 669120


https://doi.org/10.1038/nrn3945
https://doi.org/10.1073/pnas.1310158110
https://doi.org/10.1371/journal.pone.0046970
https://doi.org/10.1371/journal.pone.0046970
https://doi.org/10.1002/cne.902410303
https://doi.org/10.1002/cne.902410303
https://doi.org/10.1093/scan/nss007
https://doi.org/10.3389/fnint.2017.00033
https://doi.org/10.1007/7854_2016_42
https://doi.org/10.1002/(sici)1096-9861(19961202)376:1<75::aid-cne5>3.0.co;2-l
https://doi.org/10.1016/s0006-8993(02)04162-4168
https://doi.org/10.1016/j.neuroscience.2006.08.003
https://doi.org/10.1523/JNEUROSCI.22-15-06810.2002
https://doi.org/10.1523/JNEUROSCI.22-15-06810.2002
https://doi.org/10.1016/j.neuroscience.2004.07.013
https://doi.org/10.1016/s1053-8119(03)00078-78
https://doi.org/10.1016/s1053-8119(03)00078-78
https://doi.org/10.1080/10253890.2017.1343296
https://doi.org/10.1186/1471-244X-8-63
https://doi.org/10.1038/tp.2017.74
https://doi.org/10.1038/tp.2017.74
https://doi.org/10.7554/eLife.58301
https://doi.org/10.7554/eLife.58301
https://doi.org/10.3389/fnins.2019.01082
https://doi.org/10.1016/j.neuroscience.2015.05.073
https://doi.org/10.1016/j.neuroscience.2015.05.073
https://doi.org/10.1038/nature13258
https://doi.org/10.1038/nature13258
https://doi.org/10.1523/JNEUROSCI.3686-06.2007
https://doi.org/10.1523/JNEUROSCI.3686-06.2007
https://doi.org/10.1038/tp.2016.276
https://doi.org/10.1038/tp.2016.276
https://doi.org/10.1016/j.chiabu.2019.104235
https://doi.org/10.1523/JNEUROSCI.0220-19.2019
https://doi.org/10.1523/JNEUROSCI.0220-19.2019
https://doi.org/10.3390/brainsci9030065
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

	Effects of Early Life Stress on the Developing Basolateral Amygdala-Prefrontal Cortex Circuit: The Emerging Role of Local Inhibition and Perineuronal Nets
	Introduction
	Amygdala-Prefrontal Cortex Development in Humans and Rodents
	Amygdala Development
	Amygdala-Prefrontal Cortex Circuit Development
	Development of Amygdala-Related Fear Behaviors in Rodents
	Summary

	Impact of EarLy Life Stress on the Corticolimbic Circuit
	Structural Alterations in the Amygdala Following Early Life Stress
	Effects of Early Life Stress on Amygdala Reactivity and Excitability
	Functional Amygdala-mPFC Connectivity Is Altered After Early Adversity
	Summary

	Sex and Hemispheric Differences in Corticolimbic Development as Modulating Factors in the Effects of Early Life Stress
	Early Life Stress Modulates Local Amygdala Circuits and Inhibitory Interneurons
	Local Amygdala Circuits in Fear Regulation
	Amygdala Inhibitory Interneurons
	Development of Parvalbumin Inhibitory Interneurons
	Development of Perineuronal Nets (PNNs) in Corticolimbic Regions
	Early Life Stress Affects the Formation of PNNs
	Summary

	Conclusion and Future Directions
	Author Contributions
	Funding
	Acknowledgments
	References


