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Glia-Driven Brain Circuit Refinement
Is Altered by Early-Life Adversity:
Behavioral Outcomes

Katrina A. Milbocker, Taylor S. Campbell, Nicholas Collins, SuHyeong Kim, lan F. Smith,
Tania L. Roth and Anna Y. Klintsova*

Department of Psychological and Brain Sciences, University of Delaware, Newark, DE, United States

Early-life adversity (ELA), often clinically referred to as “adverse childhood experiences
(ACE),” is the exposure to stress-inducing events in childhood that can result in
poor health outcomes. ELA negatively affects neurodevelopment in children and
adolescents resulting in several behavioral deficits and increasing the risk of developing
a myriad of neuropsychiatric disorders later in life. The neurobiological mechanisms by
which ELA alters neurodevelopment in childhood have been the focus of numerous
reviews. However, a comprehensive review of the mechanisms affecting adolescent
neurodevelopment (i.e., synaptic pruning and myelination) is lacking. Synaptic pruning
and myelination are glia-driven processes that are imperative for brain circuit refinement
during the transition from adolescence to adulthood. Failure to optimize brain circuitry
between key brain structures involved in learning and memory, such as the hippocampus
and prefrontal cortex, leads to the emergence of maladaptive behaviors including
increased anxiety or reduced executive function. As such, we review preclinical and
clinical literature to explore the immediate and lasting effects of ELA on brain circuit
development and refinement. Finally, we describe a number of therapeutic interventions
best-suited to support adolescent neurodevelopment in children with a history of ELA.

Keywords: early-life adversity, synaptic pruning, myelination, hippocampus, prefrontal cortex, behavioral
impairment

INTRODUCTION

Perinatal neurodevelopment represents the period with the greatest neuroplastic potential.
Orchestration of several programmed cellular processes during early critical periods is
necessary for homeostatic brain development as it leads to the emergence of adaptive
behaviors that allow an organism to interact harmoniously with its environment. Brain tissue

Abbreviations: ABC, Attachment and Biobehavioral Catch-up program; ACE, Adverse childhood experience; BDNF,
Brain derived neurotrophic factor; CNTF, Ciliary neurotrophic factor; DG, Dentate Gyrus; EC, Environmental complexity;
ED, Embryonic day; ELA, Early-life adversity; EPSC, Excitatory postsynaptic potential; GC, Glucocorticoid; GFAP, Glial
fibrillary acidic protein; GR, Glucocorticoid receptor; HDAC, Histone deacetylase; HDACI, Histone deacetylase inhibitor;
HPA, Hypothalamic-pituitary-adrenal axis; HPC, Hippocampus; LBP, Lipopolysaccharide binding protein; LIF, Leukemia
inhibitory factor; MBP, Myelin basic protein; mOL, Myelinating oligodendrocyte; MR, Mineralocorticoid receptor; MTFC-P,
Multidimensional Treatment Foster Care for Preschoolers; OL, Oligodendryocyte; OPC, Oligodendrocyte precursor cell;
PDGF, Platelet-derived growth factor; PFC, Prefrontal cortex; SHH, Sonic Hedgehog; SHRP, Stress hyporesponsive period;
SVZ, Subventricular zone; VZ, Ventricular zone.
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growth is marked by massive neuro- and gliogenesis which peaks
during late embryogenesis. Following cellular proliferation and
neuronal differentiation, axonal connections are established
through synaptogenesis to facilitate neurotransmission.
Neurotransmission during the brain growth spurt is primarily
excitatory in nature and results in an over-abundance of working
synapses which are supported by astrocytic processes at the
tripartite synapse. Neural circuits imperative for survival and
early-life functions such as suckling, vision, and audition are
almost immediately myelinated by oligodendrocytes. However,
redundant connections are phagocytosed by microglia during the
phase of synaptic pruning which occurs during a sensitive period
in late childhood and early adolescence, closing the perinatal
period of elevated neuroplastic potential. The refined neural
circuitry is then further myelinated to strengthen and optimize
salient brain connections which are required for efficient adult
cognitive processing. As such, glial proliferation and function
are major constituents of proper neurodevelopment and are
imperative for sustaining extraordinary neuroplastic potential
during the perinatal and adolescent periods.

Mammalian neurodevelopment is a gradual process that
continues well into the third decade of life in humans and,
consequently, is susceptible to experience-driven alteration
(Pujol et al., 1993; Lebel and Beaulieu, 2011; Miller et al., 2012).
In this review, we discuss how several forms of early-life adversity
(ELA), experiences that deviate from the expected and cause
stress, lead to immediate changes in critical period onset and
progression and cause downstream deficits in sensitive period
ontogeny. ELA exposure, also referred to as exposure to “adverse
childhood experiences (ACE),” has a high prevalence in the US
and is comorbid with other environmental effectors including
socioeconomic status, nutrition, and prenatal drug exposure
which lead to several negative behavioral outcomes and the
emergence of neuropsychiatric disorders later in life (Hambrick
et al., 2019).

The amount and timing of ELA exposure are key factors
which determine the effect of a stressful event on behavior
and the potential emergence of a neuropsychiatric disorder in
adolescence or young adulthood. The effect of ELA on brain
development is modulated, in part, by the Stress Hyporesponsive
Period (SHRP) which prevents an infant’s hypothalamic-
pituitary-adrenal (HPA) axis from becoming overstimulated
and producing an abundance of glucocorticoids during critical
periods in neurodevelopment which may be damaging. The
SHRP begins about 36 h after parturition and reduces basal
corticosterone levels from between 15 and 25 j1g/100 ml during
late gestation to 1-3 pg/100 ml which is sustained until the
end of the brain growth spurt around postnatal day 15 in
the rat (Sapolsky and Meaney, 1986). A similar period is
observed during the human brain growth spurt (Loman and
Gunnar, 2010). Short and predictable periods of early-life stress
do not lead to HPA axis over-activation, and instead result
in the development of adaptive behaviors as early exposure
to low levels of glucocorticoids induces HPA axis maturation
(Popoli et al., 2011; Guan et al., 2020). However, ELA often
presents as a prolonged or unpredictable stressor that has the
potential to lower the SHRP threshold and elevate HPA axis

activity, disrupting normative neurodevelopment, and ultimately
leading to the emergence of maladaptive behaviors (Nelson and
Gabard-Durnam, 2020). It should be noted that the amount
of stress needed to lower the stress reactivity threshold varies
by individual due to certain genetic predispositions and history
of in utero exposure to stress and other teratogens. Not all
ELA paradigms immediately raise levels of corticosterone during
the SHRP, but instead increase stress-sensitivity in adulthood
(Lajud et al., 2012). For example, prenatal alcohol exposure is
highly comorbid with ELA exposure in early childhood (up to
70%) and has been shown to increase the risk of developing
maladaptive behaviors later in life due to the synergistic effects of
the prenatal and early-life stressors on the HPA axis regulation
in early childhood (Kambeitz et al., 2019; Lebel et al., 2019).
In such cases, teratogenic exposure likely reduces the SHRP
threshold or prevents the onset of the SHRP during perinatal
development which increases the vulnerability of the brain to
the damaging effects of ELA on early circuit development and
glia proliferation. Finally, ELA resulting from malnutrition or
poverty indirectly influences neurodevelopment by affecting
overall growth and peripheral organ development which has
been linked to neurodevelopmental delays (Nelson and Gabard-
Durnam, 2020).

Glia proliferation, differentiation, and function are highly
vulnerable to changes in HPA axis activity during development.
However, a comprehensive discussion on how early HPA axis
dysregulation affects astrocyte, microglia, and oligodendrocyte
function is lacking. In this review, we explore the synergistic
and overlapping effects of altered HPA axis development on glial
function and neuron-glial communication which are imperative
for synaptic pruning and myelination. Specifically, we theorize
that ELA-induced stress often lowers the threshold of stress
reactivity in early life leading to irregular HPA axis activity and
an accumulation of glucocorticoids. Consequently, this alters
neuronal excitability and synaptogenesis and induces lasting
changes to glia production and function. In turn, these changes
are detrimental to brain circuit refinement and optimization
in the juvenile period. A detailed review of these underlying
neurobiological mechanisms is critical for establishing ELA as
a risk factor for psychiatric disorder development and will
highlight specific targets for intervention.

Furthermore, ELA-induced HPA axis dysregulation causes
unique changes to hippocampal (HPC) and prefrontal cortex
(PEC) development which contribute to the emergence
of specific behavioral phenotypes (Woolley et al, 1990;
Nguyen et al, 2015 Guan et al, 2020). The effect of
stress-induced extracellular glucocorticoid accumulation on
neuronal excitability varies by brain region in development.
Glucocorticoid-activated upregulation of neuronal excitability
during the brain growth spurt drives the production of
redundant synapses and alters glial number and function in
HPC (Paolicelli et al., 2011; Schafer et al., 2012). Elevated levels
of extracellular glutamate may be maintained into the juvenile
period which delays or prevents effective synaptic pruning and
disrupts the myelination of refined circuits (Parellada and Gasso,
2021). In contrast, elevated glutamatergic exposure represses
glutamatergic and GABAergic neuronal excitability in the PFC
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leading to alterations in cortical disinhibition (Green et al.,
2010; Ghosal et al., 2017). Due to the reciprocal connections
of PFC with the hypothalamus and other subcortical regions
including HPC and thalamus, alterations to PFC signaling lead to
reduced inhibitory control over the HPA axis (Diorio et al., 1993;
Herman, 2020). Consequently, a feed-forward loop is initiated
wherein glucocorticoid production is further potentiated and
this impairs synaptic pruning and myelination. We postulate
that ELA contributes to an individual’s propensity towards either
resilient or maladaptive behaviors by disrupting the delicate
balance of synaptic pruning and axonal myelination which is
necessary for adult brain circuitry refinement in and between
these brain regions. Collective analysis of preclinical and clinical
literature suggests targets for effective intervention to promote
adaptive and resilient behaviors.

BRAIN CIRCUITS ARE DEVELOPED
DURING PERINATAL CRITICAL PERIODS

Critical periods are windows of heightened neuroplasticity
during which the lack of certain stimuli or experiences has a
dramatic, and often irreversible, effect on the development and
function of the brain. They are characterized by experience-
expectant processes that control the naissance and adequate
maturation of brain circuits necessary for vision, hearing,
language, and social and emotional development during infancy
and early childhood (Nelson and Gabard-Durnam, 2020).
Indeed, Nobel-prize winning studies conducted by Drs. David
Hubel and Torsten Wiesel were some of the first to demonstrate
that the absence of visual stimuli during a perinatal critical period
results in lifelong visual impairments (Hubel and Wiesel, 1962).
Following the closure of a critical period, the affected brain
circuits become more resistant to future neuroplastic alteration.
Biological processes occurring during early critical periods
include cellular proliferation and differentiation, synaptogenesis,
and the onset of myelination. As such, critical periods occur
in infancy and early childhood. The specific length of critical
periods depends on the rate of development of the putative
circuit and varies in length from weeks to months (reviewed in
Hensch, 2004).

Key Neurodevelopmental Processes

Characterizing Early Critical Periods

Excluding microglia, all cells of the central nervous system
(CNS) are derived from neuroepithelial cells, which are a type
of multipotent neural stem cell (Williams and Price, 1995).
Cellular proliferation in the mammalian CNS follows a sequential
order, with the induction of neurogenesis coinciding with the
formation of the ventricular zone (VZ). In rodents, the induction
of neurogenesis begins on embryonic day (ED) 12, followed by
gliogenesis which begins on ED 14 and peaks during the first
2 weeks of life (Levison et al., 1993; Zerlin et al., 1995; Lee
et al.,, 2000). The primary location of cell proliferation in the
CNS transitions from the VZ to the subventricular zone (SVZ)
between ED 17 and 19, and is the dominant originating site for
neuronal and glial progenitors later in gestation and throughout
life (Sauvageot and Stiles, 2002). Analogous events occur in

human neurodevelopment and are described in comparison
to the rat in Figure 1. As the mammalian brain develops
from the inside-out (building cortical layers above subcortical
structures) radial glia replace neuroepithelial cells as the major
progenitors for neurons and glia in the mammalian cortex.
Disruption of cellular genesis in the CNS has lasting effects on
neurodevelopment and CNS function.

Following cell proliferation, cell differentiation is driven
by intrinsic and extrinsic cues occurring during highly
regulated phases of gestation and early postnatal development.
Growth factors provide important extracellular cues for the
specific differentiation of astrocytes and oligodendrocytes during
gestation and early postnatal life (for reviews see: Cameron
et al,, 1998; Sommer, 2006). Ciliary neurotrophic factor (CNTF)
and leukemia inhibitory factor (LIF) initiate differentiation
of the neural stem cells into astrocytes (Johe et al, 1996;
Rajan and McKay, 1998). Whereas the signaling molecules
sonic hedgehog (Shh), Notch, and Bone Morphogenic Proteins
are essential for brain patterning (i.e., ventralization) and for
expression of basic helix-loop-helix factors Oligl and 2 which
are required for oligodendrocyte differentiation (Lu et al., 2000;
Zhou et al., 2000; Nery et al, 2001; Wang and Almazan,
2016). Secretion of platelet-derived growth factor (PDGF) by
astrocytes triggers differentiation of oligodendrocyte precursor
cells to oligodendrocytes when simultaneous with neuronal firing
(Johe et al., 1996; Williams et al, 1997). Unlike astrocytes
and oligodendrocytes, microglia are derived from yolk sac
macrophages that invade the CNS prior to blood-brain barrier
formation and subsequently mature into neuroglia (Lawson
et al, 1990; Ginhoux and Prinz, 2015). Microglia secrete
important growth factors and cytokines such as brain-derived
neurotrophic factor and interleukin I that are essential for
supporting neuro- and synaptogenesis, respectively (Giulian
et al., 1988a,b; Parkhurst et al., 2013). Additionally, epigenetic
modification of certain genes guides the differentiation of
neural stem cells to functional glial cells in late gestation
(for review see: Murao et al., 2016). For example, increased
repression of histone marker H3K27me3 in the promoter region
of Neurogl and demethylation of Glial fibrillary acidic protein
(Gfap) in neural stem cells induce the onset of astrogenesis
(Hirabayashi and Gotoh, 2010; Murao et al., 2016). Similarly,
removal of acetyl groups from histone proteins signals the
onset for OPC differentiation to oligodendrocytes (Shen et al.,
2005; Ye et al, 2009; Conway et al, 2012). Regulated cell
genesis and differentiation prepare the neonatal brain for circuit
development.

Following neuro- and gliogenesis, synaptogenesis is initiated,
and early brain circuits are formed. In the mammalian brain,
a massive wave of synaptogenesis occurs during the brain
growth spurt (Dobbing and Sands, 1979). Glia are essential
for modulating synaptogenesis during critical periods. Once
an immature synapse is formed, astrocytic processes envelope
the synaptic cleft to create the tripartite synapse which
supports effective neurotransmission during synapse maturation
(Chung et al., 2015; Farhy-Tselnicker and Allen, 2018). Further,
astrocytes secrete cholesterol to stimulate the production of
spontaneous excitatory postsynaptic potentials (EPSCs) and
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strengthen immature synapses (Mauch et al., 2001; Nagler et al.,
2001; Allen and Barres, 2009; Chung et al., 2015; Reemst et al.,
2016; Bosworth and Allen, 2017). A single astrocyte can maintain
up to 140,000 synapses (Bushong et al., 2004). It should be
noted that an overabundance of synaptic connections are created
during this period (e.g., Bourgeois et al., 1994; Huttenlocher
and Dabholkar, 1997; Stiles and Jernigan, 2010). Redundant
synapses are phagocytosed during the phase of synaptic pruning
and putative circuits remain (Stiles and Jernigan, 2010; Faust
et al,, 2021). Oligodendrocytes are involved in synaptogenesis,
but the direct mechanisms remain unknown (Allen and Barres,
2009). However, once synapses are formed, oligodendrocytes are
primarily responsible for insulating axons to support the survival
and efficiency of relevant neural connections (Simons and Nave,
2015). Astrocytes, oligodendrocytes, and microglia are thus
integral for proper synaptogenesis in early circuit development.

Hippocampal and Prefrontal Cortex

Development

The development of the hippocampus (HPC) and prefrontal
cortex (PFC) is particularly, but not exclusively, vulnerable to
environmental experience in early life (Kempermann and Gage,
1999; Raineki et al., 2019). The differential development of these
two structures contributes to the unique effects that ELA-induced
upregulations to excitatory signaling have on brain circuit
development and function. For example, cell proliferation peaks
during the brain growth spurt in the HPC and is maintained at a
slower rate until the beginning of adolescence whereas the peak
in cell proliferation occurs later in the PFC (Dobbing and Sands,
1973). Additionally, HPC granule cells in the dentate gyrus (DG)
continue to proliferate throughout the lifespan (Nakafuku and
del Aguila, 2020). The HPC is composed of distinct sub-regions
including the CAl, CA2, CA3, and DG, that are easily
identifiable by different morphological traits and organization of
pyramidal neurons (Khalaf-Nazzal and Francis, 2013). Moreover,
10-15% of the HPC is made up of GABAergic interneurons
(Pelkey et al,, 2017). During adolescence, HPC connections
are fine-tuned and strengthened (Afroz et al., 2016). Leading
up to and past adolescence, white matter tracts connecting
HPC and PFC become more heavily myelinated. Particularly,
white matter tracts connecting HPC to PFC are responsible
for behaviors relating to inhibition, executive function, and
attention and undergo extensive myelination in adolescence
(Lebel and Beaulieu, 2011). Thus, HPC development is complex
and environmental changes leading to increased glucocorticoid
exposure have deleterious effects on HPC organization and
connectivity.

Unlike in the HPC and other subcortical structures, the
PFC continues to develop past adolescence into adulthood
(Anderson et al., 2001; Koss et al., 2014). Composed of six
sub-layers, the human PFC undergoes a period of increased
volume and dendritic branching from early life until the onset
of adolescence, before decreasing steadily until early adulthood
during the phase of synaptic pruning (Koss et al., 2014). Indeed,
rodent studies have shown that excitatory pyramidal neurons
in the PFC experience a drastic decrease of both dendritic
spines and excitatory synapses during the adolescent period

(Koss et al., 2014; Drzewiecki et al.,, 2016; Drzewiecki and
Juraska, 2020). Despite the pattern of decreasing dendritic spines
and synapses, glial cell populations rise in the PFC at the
onset of puberty indicating their increased role in adolescent
circuit refinement involving PFC (Drzewiecki and Juraska, 2020).
The PFC receives afferent projections from many structures
in the brain, including the HPC, and PFC-temporal circuits
that are specifically important for complex cognitive tasks that
mature both during and after adolescence (Lebel and Beaulieu,
2011). Additionally, adolescence marks a time when neurons
in the PFC are reorganized according to synaptic transmission.
The maturation of GABAergic PFC interneurons is imperative
for maintaining proper inhibitory control of excitatory PFC
signaling (Caballero and Tseng, 2016; Drzewiecki and Juraska,
2020). Further, the development of these inhibitory neurons
in the PFC is highly responsible for maintaining the proper
functioning of excitatory projections that synapse onto behavior-
related structures elsewhere in the brain. As the PFC is one of
the last structures to develop, it is also susceptible to the effects
of environmental experiences, such as ELA, on synaptic pruning
and myelination.

BRAIN CIRCUITS ARE REFINED DURING
ADOLESCENT SENSITIVE PERIODS FOR
OPTIMAL PROCESSING IN ADULTHOOD

Biomolecular processes occurring during perinatal critical
periods lay the groundwork for optimizing neural circuitry in
adolescence and refining brain circuitry in adulthood. Sensitive
periods begin in late childhood and occur across a longer span
of neurodevelopment. Experiences that occur during adolescent
sensitive periods alter brain structure and function in an
experience-dependent manner such that input is not required
for, but may have a significant effect on, circuit refinement.
Unlike critical periods, sensitive periods may be reopened to
facilitate the refinement of brain circuitry that occurs as a
result of synaptic pruning. However, this residual plasticity
is limited (Knudsen, 2004). During this process, redundant
synapses are removed from the brain and functionally-relevant
connections are conserved and optimized through myelination
to support adult cognition (Chechik et al, 1999; Knudsen,
2004). As such, the biological processes surrounding adolescent
neurodevelopment necessitate proper glial function.

Nearly half of all CNS synapses created during the perinatal
critical period are phagocytosed by microglia during the phase
of synaptic pruning (Schafer et al, 2012; Zhan et al., 2014).
Synaptic pruning results from the coordinated activity of all
three major CNS glia. As aforementioned, microglia are the
primary cells responsible for coordinating and performing
synaptic pruning through the phagocytosis of synaptic material
(Paolicelli et al., 2011) and the initiation of programmed
cell death (Wakselman et al., 2008; Sominsky et al., 2018).
Chemokine fractalkine signaling, via complement component
cascade proteins and associated receptors, is a central mechanism
by which microglia communicate with neurons to coordinate
the removal of redundant synapses. During this process, excess
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FIGURE 1 | Timelines highlighting the peak of major neurodevelopmental processes occurring from gestation through adulthood in the rodent and humans. Circuit
refinement of the hippocampus compared to the prefrontal cortex is also depicted. Figure created with BioRender.com.

synapses are tagged with CI and C3 complement cascade
proteins which bind to the Cx3crl receptor on microglia to
facilitate pruning of weak, surplus synapses. Synaptic pruning
occurs earlier in PFC than HPC (Mallya et al., 2019). The
repression of Cx3crl receptor expression delays the onset of
synaptic pruning and prevents microglia proliferation in the
adolescent HPC. As a result, hyperconnectivity is observed
in the HPC and consists of immature spines which form
many weak synapses (Paolicelli and Gross, 2011; Zhan et al,,
2014). An overabundance of circuit input from weak synapses

disrupts neuronal synchrony, ultimately affecting functional
connectivity of the HPC and PFC circuits (Pattwell et al., 2016;
Honeycutt et al., 2020). Moreover, astrocytes play a pivotal role
in coordinating synaptic pruning. Primarily, astrocytic processes
monitor synapse strength and support excitatory signaling
through glutamate recycling. However, astrocytes reserve the
capacity to tag redundant synapses and directly phagocytose
synapses (Stevens et al., 2007; Fair et al., 2008; Schafer et al.,
2012; Lépez-Murcia et al., 2015; Sultan et al., 2015; Bosworth
and Allen, 2017). Reduced proliferation of astrocytes and/or
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disruption to astrocytic activity weakens mature synapses,
prevents synapse maturation, and reduces synaptic pruning.
Finally, oligodendrocyte precursor cells share the capacity to
engulf synapses and aid in synaptic pruning (Buchanan et al,,
2021). Interestingly, the proliferation, migration, and activity of
OPCs bear a striking similarity to microglia.

The next phase of circuit refinement is axonal myelination,
the process by which mature, myelinating oligodendrocyte
(mOL) processes ensheath axons to support axonal survival and
fine-tune axonal conduction velocity. The ontogenesis of mOLs
in the mammalian brain is complex and varies by brain region
and an organism’s age. Briefly, OPCs proliferate in three distinct
gestational phases (Cui et al., 2012; Bergles and Richardson,
2016) and the differentiation of OPCs to mOLs occurs during the
mammalian brain growth spurt; axons lengthen and myelination
of functionally-relevant synapses is needed to support the
emergence of early behaviors, such as suckling and vision. Much
like neuro- and synaptogenesis, myelination begins in subcortical
structures with HPC fiber tracts myelinated before cortical PFC
axons. Myelination is arguably the longest neurodevelopmental
process, with the fastest peak of myelination occurring in
adolescence; this aligns with and follows the aforementioned
process of synaptic pruning (Downes and Mullins, 2014; Kwon
etal., 2020). One mOL may myelinate up to 50 axons in the CNS
(Pfeiffer et al., 1993). Thus, abnormalities in OPC differentiation
or mOL survival pose a major threat to axonal survival and
circuit function. The onset and progression of these processes are
critical for brain circuit optimization. Environmental experiences
that alter adolescent myelination are known risk factors for the
development of several psychiatric disorders including anxiety,
schizophrenia, and depression (Makinodan et al., 2012; Forbes
and Gallo, 2017).

All three major types of CNS glia work synergistically
to facilitate myelination of axons with terminals serving
functionally-relevant synapses. Following synaptic pruning in
late childhood and early adolescence, microglia engulf viable
OPCs as mediated by fractalkine signaling. Inadequate reduction
of the OPC population prior to the onset of peak myelination
in adolescence alters the OPC-mOL ratio, favoring mOLs, and
leads to disruptions in typical axonal myelination patterns
(i.e., mistargeted ensheathment of neuronal cell bodies and
a thinning of the axonal myelin sheath). Thus, precise
regulation of myelin content to axonal number is integral for
proper myelination, and this balance is directly affected by
microglial activity (Almeida et al, 2018; Nemes-Baran et al,
2020). Moreover, microglia are directly involved in myelin
sheath pruning for refinement (Hughes and Appel, 2020) and
microglia-OPC interactions mediate OPC differentiation to mOL
(Wlodarczyk et al., 2017; Giera et al., 2018). Additionally, in
an in vitro study, Pang et al. (2013) showed that astrocytes
support long-term survival of OPCs, whereas microglia support
oligodendrocyte differentiation and myelination. Astrocyte and
oligodendrocyte communication has been shown to play an
important role in myelin production. Astrocytes secrete platelet-
derived growth factor (PDGF) which supports OPC proliferation
and also inhibits immediate OPC differentiation (Raff et al.,
1988; Richardson et al., 1988; McKinnon et al., 2005; Traiffort

et al., 2020). Brain-derived neurotrophic factor (Bdnf) is also
secreted by astrocytes, and Bdnf supports myelination during
the brain growth spurt (Fletcher et al., 2018; Traiffort et al.,
2020). Furthermore, astrocytes control the concentrations of
Sonic hedgehog (Shh) produced which has a direct effect on OPC
production throughout the forebrain (Traiffort et al., 2016).

Importantly, cellular and synaptogenesis occur during
the SHRP, a perinatal neuroprotective period wherein HPA
axis activation, and subsequently, glucocorticoid reactivity
is significantly reduced (Schmidt et al., 2005; Slattery and
Neumann, 2008). Alterations to neuronal physiology are harmful
to cellular proliferation and synaptogenesis, and glia are most
vulnerable to stress-induced changes to glucocorticoid exposure
and glutamatergic signaling (Jauregui-Huerta et al., 2010). Glia
express stress hormone and/or glutamate receptors and are thus
directly impacted by the HPA axis and neuronal hyperactivity.
For example, astrocytes replenish excitatory neurons with
glutamate through glutamate recycling (Pfrieger and Barres,
1996; Sonnewald et al., 1997; Bélanger et al., 2011). Therefore,
stress-induced changes to neuronal excitability directly affect
astrocytic activity. Similarly, OPCs increase voltage-gated
sodium channel expression in response to elevated glutamatergic
signaling, which upregulates OPC-neuron communication and
stimulates precocial OPC differentiation (Cheli et al., 2015).
Moreover, mOL have a high bioenergetic consumption and are
highly susceptible to glutamate-induced oxidative stress which
can lead to apoptosis (Rosko et al., 2019; Meyer and Rinholm,
2021; Nakamura et al., 2021). Prolonged, unpredictable periods
of ELA exposure are known to overwhelm the HPA axis, leading
to a lowering of the stress threshold. Significant challenges to
this threshold lead to lasting changes to glia proliferation and
function and are correlated with altered brain connectivity and
the emergence of maladaptive behaviors later in life. It should be
noted that shorter, predictable periods of ELA prime the brain
to experience future stress, and ultimately lead to the emergence
of resilient and adaptive behaviors. In effect, increases to stress
reactivity during the SHRP are quickly recovered.

EARLY-LIFE ADVERSITY (ELA) ALTERS
THE PROLIFERATION AND FUNCTION OF
GLIA DURING THE PERINATAL PERIOD
AND LEADS TO DYSREGULATED
SYNAPTIC PRUNING AND MYELINATION
DURING ADOLESCENCE

ELA Perturbs Synaptic Pruning in
Adolescence via Immediate Upregulation
of Glial Proliferation and Sustained Glial
Dysregulation in HPC and PFC Leading to
the Development of Inefficient Circuitry

and Maladaptive Behaviors

Exposure to ELA is associated with aberrant HPA axis activity,
consequently disrupting the SHRP and leading to immediate
changes in glial proliferation, synaptogenesis, and early circuit
formation. Figure 2 illustrates the most common approaches
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to model ELA in rodents and summarizes known powerful
ELA effectors in humans. Aberrant HPA axis activity leads
to a prolonged and unpredictable increase in glucocorticoid
circulation that increases neuronal excitability, directly and
indirectly affecting glial proliferation and function (Slattery
and Neumann, 2008). The varying effects of heightened
glucocorticoid exposure on neuronal excitability depend on cell
type (excitatory vs. inhibitory neuron), brain region, and age
of the organism (neonatal vs. juvenile/adult) as glia receptor
expression becomes more heterogeneous with age (Spitzer
et al,, 2019) and GABAergic neuronal activity is increased. For
example, ELA alters the intrinsic excitability of ventral HPC
pyramidal neurons by upregulating the expression of voltage-
gated sodium channels and increasing long-term potentiation
following extracellular glucocorticoid saturation. Conversely,
ELA suppresses the excitability of medial PFC pyramidal neurons
by reducing the expression of inwardly rectifying potassium
(GIRK) channels (Teissier et al., 2020). As a result, cortical
disinhibition is impaired and behavioral inhibition and anxiety-
related behaviors are increased in adulthood (Sachs et al., 2013;
Delli Pizzi et al., 2016).

Changes to neuronal excitability and extracellular
glucocorticoid levels disrupt glia proliferation, differentiation,
and function which ultimately impair circuit development
through synaptogenesis. ELA-induced increases in neuronal
excitation induce the formation of de novo dendritic spines.
However, increased glucocorticoid exposure and neuronal
excitation have deleterious effects on glial proliferation and
function which disrupts synapse maturation and, in extreme
cases, prevents synapse survival. Upregulation of neuronal
excitability in ventral HPC immediately reduces the proliferation
of astrocytes and delays astrocyte maturation via GFAP
expression (Field, 1955; Nguyen et al., 2015; Abbink et al., 2019;
Réus et al,, 2019). The remaining astrocytes have a diminished
capacity to metabolize glutamine, impairing support for the
tripartite synapse and hindering early circuit development.
Following ELA exposure, a compensatory overproduction of
astrocytes is observed in juvenile HPC and PFC which leads
to the creation of an abundance of immature synapses (Kwak
et al., 2009; Llorente et al., 2009). Indeed, an overabundance of
redundant input within and between HPC and cortical circuits
leads to circuit desynchrony and is ultimately associated with
deficits in anxiety-, fear-, and memory-related behaviors later
in life (Paolicelli et al., 2011; Johnson and Kaffman, 2018; Zetter
etal., 2021).

Additionally, ELA-induced upregulations to excitatory
signaling and glucocorticoid exposure disrupt the proliferation
and function of microglia (Catale et al, 2020). Microglia
express glucocorticoid receptors and ELA-induced HPA axis
dysregulation triggers immediate local proliferation of these
neuroimmune cells (Hinwood et al., 2012; Rossetti et al., 2016;
Catale et al.,, 2020). However, ELA exposure has opposing effects
on microglial activity in HPC and PFC during critical periods
of neurodevelopment. Specifically, cytokine release by microglia
is acutely upregulated in both brain regions and is correlated
with an increase in microglia soma volume (Wang et al., 2020).
Moreover, Wang and colleagues (2020) demonstrate that ELA

exposure upregulates the function of Jmjd3 on H3K27me3z
in HPC and PFC via epigenetic modification which facilitates
sustained cytokine release from microglia in adolescence.
Conversely, ELA exposure reduces the phagocytic activity
of microglia in certain brain regions due to a disruption in
fractalkine signaling between neurons and glia in the neonatal
brain (Field, 1955; Ling, 1982; Winkler et al., 2017). Teratogenic
exposure has varying effects on microglia cell number and
function in HPC due to resulting neuronal apoptosis that
immediately triggers a heightened neuroimmune response
(Boschen et al., 2016; Ruggiero et al., 2018).

In normative neurodevelopment, the majority of microglia
are sustained in an active, phagocytic state between infancy
and late childhood to facilitate brain circuit refinement during
the phase of synaptic pruning. As the organism ages, microglia
mature and exhibit a less active state during which phagocytic
activity is reduced. This phenotypic alteration begins in
adolescence during the phase of myelination. Delpech et al.
(2016) show that the normative maturation of microglia between
early and late adolescence (when microglial states transition
from active to surveyor) is delayed in HPC as a result of
ELA exposure. Contrary to the expected, delayed maturation of
microglia leads to uncoordinated synaptic pruning, resulting in
the conservation of redundant, immature synapses (Zetter et al.,
2021). This change is mediated in part by epigenetic modification
of Crebl, Spl, and RelA genes which are responsible for cellular
migration and differentiation. Additionally, astrocytes release
ATP in response to elevated levels of glucocorticoids which
sustains microglial activation into adolescence (Davalos et al.,
2005; Delpech et al, 2016; Yang et al, 2016). Fractalkine
signaling, as discussed above, is also altered by ELA as a result of
immediate and lasting reductions to Cx3clI lipopolysaccharide
binding protein (LBP) expression (Schwarz et al, 2011; Han
et al,, 2019). Like complement cascade factors, LBP is thought
to mark nonfunctional synapses for elimination during circuit
refinement. Wei et al. (2012) demonstrated that ELA exposure
during the onset of synaptic pruning increases corticosterone
levels and reduces LBP mRNA and protein expression in the
HPC. Data from similar studies support this finding and suggest
that aberrant microglia function early in life is correlated with
a delay in synaptic pruning of connections in HPC during
late childhood which leads to the emergence of redundant,
less effective circuitry in adolescence (Wei et al., 2012, 2015;
Delpech et al., 2016; Reshetnikov et al., 2020; Zetter et al,
2021). However, the effect of ELA on the phagocytic activity of
microglia is region-specific. Indeed, ELA-induced neuroimmune
activation coupled with aberrant neuronal signaling triggers the
onset of neuronal oxidative stress and increases the phagocytic
activity of microglia in PFC which may contribute to the
dysfunction of local inhibitory circuits (Brenhouse et al.,
2018; Gonzalez-Pardo et al., 2020). Collectively, disruptions
to synaptic pruning lead to increased anxiety-like behaviors
and decreased performance on hippocampal-dependent tasks in
adulthood (Wei et al., 2012). Consistent with this conclusion,
Bath et al. (2016) noted that ELA exposure resulted in the
premature reduction of cellular markers for proliferation and
differentiation, upregulation of markers of synapticity, and
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the early arrival of late-developing inhibitory neurons to
the HPC.

In summary, these data indicate that ELA upregulates
microglial and astrocytic function resulting from elevated levels
of glucocorticoid and cytokine exposure. The observed glial
hyperactivation is sustained through adolescence such that
functions typical of more mature glial cells have a delayed
developmental onset. As a result, synaptic pruning is delayed
and hyperconnectivity is sustained in HPC and PFC, ultimately
leading to the emergence of maladaptive behaviors in the
juvenile period. Moreover, alterations to glia function deter the
progression of synaptic pruning in later adolescence, such that it
is less effective.

ELA Perturbs Adolescent Myelination via
Glial Dysregulation in Hippocampus and
Prefrontal Cortex and Leads to the

Development of Ineffective Circuitry and

Maladaptive Behaviors

Delaying the onset and/or preventing the progression of synaptic
pruning deleteriously affects the myelination of circuits in
adolescence. With the existence of a greater number of immature
synapses, myelination is less likely to be induced and is often
delayed. Once induced, axonal ensheathment is impaired due
to a reduction in myelin basic protein production, a paucity of
viable OPCs prepared for differentiation resulting from precocial
differentiation of mOLs, and a thinning of the myelin sheath
with fewer layers. Indeed, ELA exposure during critical periods
is correlated with alterations to the trajectory of myelination in
adolescent HPC and PFC.

In PFC and HPC, the increase in neuronal activity via
glucocorticoid exposure drives the precocial differentiation of
OPCs to myelinating oligodendrocytes (Kukley et al., 2010; Tanti
et al., 2018; Treccani et al., 2021). Precocial differentiation of
OPCs in the perinatal period reduces the population of available
OPCs in the adolescent brain and leads to hypomyelination
of salient white matter tracts in adult PFC and HPC (Teissier
et al, 2020). The remaining OPCs, once differentiated to
mOLs, produce insufficient levels of myelin basic protein
due to the repression of myelin-related genes like MAG and
MBP resulting from ELA (Kumar et al, 1989; Zeng et al,
2020). Additionally, ELA-induced upregulation of astrocytic
activity indirectly impairs oligoglia activity. Glucocorticoid-
induced alterations to neuronal excitability reduce GFAP
expression in astrocytes which is correlated with reductions
to white matter integrity in HPC and PFC and increased
anxiety-like behaviors in adolescence (Zeng et al., 2020). Finally,
disruptions to microglial activity alter the onset of myelination
via phagocytosis of viable OPCs as mentioned previously
(Wlodarczyk et al., 2017; Almeida et al., 2018; Giera et al., 2018;
Nemes-Baran et al.,, 2020). Collectively, these findings indicate
that ELA exposure leads to the downstream dysfunction of
glia and delays the onset and progression of synaptic pruning,
ultimately leading to deficits in effective myelination. Indeed,
the emergence of many psychiatric disorders later in adolescence
and young adulthood have been linked to ELA exposure

during neurodevelopment through disruptions to the onset
and progression of late-occurring neurodevelopmental processes
(Fernandez and Garner, 2007; Coghlan et al., 2012; Bitanihirwe
and Woo, 2014). These relationships are summarized in
Figure 3.

ALTERATIONS TO THE
NEUROANATOMICAL ORGANIZATION OF
BRAIN CIRCUITS IN ADOLESCENCE
RESULT IN VARYING CHANGES TO
FUNCTIONAL CONNECTIVITY
UNDERLYING BEHAVIOR IN
ADOLESCENCE AND ADULTHOOD

ELA reduces the volume of HPC and PFC in adolescence
and adulthood. Specifically, as a result of normative synaptic
pruning, cortical and subcortical gray matter (composed of
cell bodies and axons) is thinned in adolescence (Gorka
et al, 2014; Hanson et al, 2015; Underwood et al, 2019;
Monninger et al., 2020). However, ELA disrupts this process
and leads to alterations in PFC and HPC that do not follow
the predetermined developmental trajectory of these regions
(Sapolsky, 1996; Kim and Yoon, 1998; Gorka et al, 2014;
Hanson et al, 2015; Calem et al., 2017). For example, many
prominent hippocampal subregions (CA1, CA3, and the granule
cell layer of the dentate gyrus) are smaller in children with
ELA exposure (Teicher et al., 2012). PFC volume is similarly
reduced following ELA exposure. We expect that ELA-related
changes in HPC or PFC volume may be attributed to cellular
apoptosis and/or hypomyelination as opposed to normative
synaptic pruning. It should be noted that ELA exposure
causes lateralization in the growth of these structures and
is correlated with circulating cortisol levels (Dahmen et al,
2018).

ELA alters the connectivity between brain regions important
for impulse control, emotional regulation, and memory (Miller
and Cohen, 2001; Arnsten, 2009; Jin and Maren, 2015).
As previously described and summarized in Figure 3, glial
dysregulation prevents appropriate synaptic pruning and results
in increased axonal connectivity between some structures.
The discovery of increased connectivity was first observed
between the PFC, HPC, and the amygdala of institutionalized
children using magnetic resonance imaging and was correlated
with disruptions in circuit function (Sullivan and Holman,
2010). Rearing of children in orphanages is a known risk
factor for reaching appropriate neurodevelopmental milestones
(Theoretical Empirical Practical Rationale, 2008; Hostinar et al.,
2012) likely due to the reduction in personalized care and lack
of routine in some homes. Specifically, formerly institutionalized
children exhibited precocial amygdala-PFC connectivity,
a pattern atypical of their developmental stage, which is
correlated with an increase in anxiety-like behaviors and reduced
inhibitory control (Gee et al., 2013; Silvers et al., 2016). Indeed,
preclinical studies using rodent models of perinatal maternal
separation indicate that amygdala-HPC and amygdala-PFC
functional connectivity is increased in adolescence and is
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FIGURE 2 | Modeling early-life adversity in the laboratory. Under normal rearing conditions, a rodent dam is provided with ample bedding and nesting material. In
this environment, she engages in many nurturing behaviors (arched-back nursing, nest hovering, and pup licking) and a few aversive behaviors (stepping on,
dragging, dropping, and actively avoiding) towards the pups. Under impoverished conditions, the dam is not provided with enough bedding or nesting material to
create a nest. This environment causes stress in the dam, leading her to engage in less nurturing behaviors and more aversive behaviors towards the pups. In
maternal separation models, the pups are removed from the dam to simulate neglect. These models are utilized to emulate human-experienced early-life stressors.
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correlated with an upregulation in anxiety-like behaviors
(Johnson and Kaffman, 2018). Histological assessment of brain
tissue samples collected from these animals confirms that
maternal separation stress leads to the precocial innervation of
medial PFC from the basolateral amygdala in adolescence.
Interestingly, the increased connectivity was observed
earliest in the female adolescent brain (Honeycutt et al,
2020).

ELA-induced alterations to regional volume and circuit
functional connectivity lead to the emergence of maladaptive
behaviors (Roceri et al., 2004; Holmes and Wellman, 2009;
van Harmelen et al., 2010; Moriguchi and Hiraki, 2013; Gorka
et al., 2014; Van Harmelen et al., 2014a,b). Notable impairments
to executive function are observed in preclinical (Lovic and
Fleming, 2004; Roceri et al, 2004; Holmes and Wellman,
2009; Liston and Gan, 2011) and clinical studies (Moriguchi
and Hiraki, 2013). Thus, ELA-exposed adolescents and adults
exhibit impaired future planning, abstract conceptualization,
and emotional gating (Hostinar et al., 2012; French and Carp,
2016). Moreover, alterations to HPC volume and connectivity
are associated with increased risk for developing depression
(Baaré et al., 2010; Rao et al., 2010) and stress-related disorders
(Geuze et al,, 2005; Kitayama et al., 2005; Smith, 2005; Anda
et al., 2006; Etkin and Wager, 2007). Structural and functional
alterations within the PFC and HPC as a consequence of ELA
also affect communication between these structures, contributing
to the emergence of maladaptive behaviors. Patients with

neuropsychiatric and stress-related disorders showed altered
functional connectivity in PFC-HPC circuitry which contributes
to deficits in working memory (Genzel et al, 2015; Jin
and Maren, 2015; Poletti et al., 2016; Calabro et al., 2020).
Lambert et al. (2019) showed that children with ELA exposure
exhibited HPC-dependent learning deficits and this impairment
increases with age. Increased middle frontal gyrus and reduced
intraparietal sulcus activation during the encoding phase of
learning emerge with increasing age in children exposed to
violence and may reflect the greater effort required to maintain
attention due to less efficient short-term memory storage.
Furthermore, ELA exposure results in enhanced sensitivity
to stress hormones via impairments to negative feedback loops
which control stress reactivity in HPC and PFC (Maniam
et al,, 2014; Van Bodegom et al, 2017). Glucocorticoids are
essential for cellular and behavioral responsiveness to stressful
situations and bind to mineralocorticoid receptors (MRs) and
glucocorticoid receptors (GRs) on neurons and glia. These
two receptors have different affinities for glucocorticoids and
their expression is brain-region specific. Increased expression
of GRs with limited MR colocalization in the HPC, PFC,
hypothalamus, and pituitary facilitates homeostatic regulation
of the HPA axis via negative feedback loops (Reul and De
Kloet, 1986; Sapolsky and Meaney, 1986; Fuxe et al., 1987;
Van Eekelen et al., 1988; Meaney et al, 1996; Jankord and
Herman, 2009). However, ELA leads to a lasting reduction
in GR expression in the adolescent and adult HPC which
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FIGURE 3 | Early-life adversity (ELA) stimulates neuronal activity, increasing the activation of the hypothalamic-pituitary-adrenal (HPA) axis which leads to an
over-production of glucocorticoids. Increased exposure to glucocorticoids immediately reduces the proliferation of astrocytes, microglia, and oligodendrocyte
precursor cells (OPCs) which impacts the function and maturation of these glial cells. The lasting effects of ELA exposure on dlia structure and function are
highlighted in purple and, collectively, disrupt neural circuit refinement in adolescence by reducing synaptic pruning and resulting in hypomyelination. Figure created
with BioRender.com.
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plays a major role in alterations to functional connectivity and
contributes to behavioral impairment associated with heightened
stress reactivity (Champagne, 2013; Liu and Nusslock, 2018).
As such, pharmaceutical intervention with a GR antagonist
is not recommended. It should be noted that some amount
of glucocorticoid exposure is necessary for the development
of brain circuits underlying the neurobiological response to
stress and fear and their regulation. Thus, blockade of GR in
certain brain regions during the SHRP may be harmful to brain
development and would have increasingly detrimental effects
on neurodevelopment in organisms exposed to ELA due to the
reduction in GR expression. Schmidt et al. (2005) demonstrated
that blockade of glucocorticoid receptors during the SHRP led to
increased basal corticosterone levels, suggesting an impairment
in the self-regulation of the HPA axis following GR receptor
antagonism. When administered during an ELA paradigm, GR
antagonism had a synergistic effect on basal corticosterone
levels during the SHRP—corticosterone levels were four times
greater than in pups just exposed to the ELA paradigm. It may
be predicted that antagonism of such receptors on glia cells,
namely microglia, severely upregulates the neuroimmune system
and is therefore disadvantageous. Pharmaceutical interventions
providing partial antagonism or competitive inhibition may
be more suitable solutions for preventing the lowering of the
stress reactivity threshold during ELA exposure. Reductions
to GR expression are associated with alterations to functional
connectivity in adolescence (Arnett et al., 2015). More research
is needed to identify how ELA alters GR expression on glia,
specifically.

Finally, it has been argued that increased circuit connectivity
might be adaptive and promote some resilient behaviors. For
example, increased connectivity and reactivity to novel stimuli
may provide institutionalized children with a better means
of interacting with the unpredictable and stressful nature of
their environments (Tottenham, 2012). Moreover, previously
institutionalized children exhibit more effective aversive learning
during a threat-discrimination task that may be beneficial
for survival (Silvers et al., 2016). Increased activation of the
amygdala, HPC, and PFC circuits in institutionalized children
and adolescents likely contributes to greater assessment of
potential threats in their environment, increasing their capacity
for self-preservation. However, extreme hyperconnectivity is
linked to the onset of neuropsychiatric disorders.

TARGETED TREATMENT INTERVENTIONS
FOR ELA EXPOSURE: PRECLINICAL AND
CLINICAL FINDINGS

Environmental and pharmacological therapies mitigate
ELA-induced structural and functional alterations to HPC
and PFC in adolescence and adulthood. While human studies
allow us to explore the effect of ELA on behavioral outcomes,
epigenetic modifications, functional connectivity, and HPA
axis function, animal models facilitate the investigation of the
neurobiological underpinnings supporting these behavioral
alterations. As a result, novel targets for intervention

are discovered. We have highlighted several glia-centric
mechanisms as targets for intervention: preventing HPA
axis dysregulation during critical and sensitive periods of
neurodevelopment, mitigating changes to glia proliferation,
and restoring normative glia function in adolescence. These
therapies are summarized in Figure 4 and described in more
detail below.

Preventing HPA Axis Dysregulation During
Critical and Sensitive Periods of

Neurodevelopment

Several behavioral interventions effectively regulate HPA axis
activity in cases of ACE/ELA exposure. Increasing nurturing
caregiving during or following ELA exposure prevents the
emergence of maladaptive behaviors and corrects behaviors
associated with anxiety and stress-related hyperreactivity. During
ELA exposure, the increased presence of an active adult caregiver
provides social buffering which prevents excessive activation of
the infant or child HPA axis. Social buffering is most effective
in childhood and works by securing a more predictable and
rewarding rearing environment to compensate for a child’s
prolonged exposure to unpredictable stress (Gunnar et al,
2015). Adoption is a form of social buffering for children
previously in foster care. Relaxation of HPA axis activity resulting
from social buffering supports PFC development wherein the
hyperconnectivity between PFC and HPC or the amygdala is
prevented. This is correlated with attenuating robust behavioral
distress resulting from ELA (Gunnar et al., 2015; Barry et al,
2017). The Attachment and Biobehavioral Catch-up (ABC)
intervention is an effective program wherein the caregiver-
child relationship is ameliorated by teaching biological or
foster parents the importance of being guided by a child’s
needs early in life so as to construct an environment where
the child can process emotions to stimulate self-regulation
(Dozier et al.,, 2006). Children whose foster parents received
the ABC intervention have HPA axis regulation comparable
to non-institutionalized children and exhibit fewer behavioral
problems (Dozier et al., 2006; DePasquale et al, 2018).
Additionally, the Multidimensional Treatment Foster Care for
Preschoolers (MTFC-P) program, developed by the Oregon
Social Learning Center, is an intensive intervention that provides
robust resources and support to both the caregiver and the
child and has a similar regulatory effect on HPA axis activity
(Fisher et al, 1999, 2011). Amelioration of the caregiver-
child bond early in life is a strong intervention for correcting
HPA axis dysregulation resulting from ELA exposure and
can prevent downstream consequences on glia proliferation
and function.

Nevertheless, providing caregiver support (including
adoption) in late childhood and adolescence continues to benefit
the child’s neurodevelopment and correct maladaptive behaviors
resulting from ELA. Increasing nurturing caregiving during late
neurodevelopment does not strongly affect PFC development,
but is suggested to impact aspects of functional connectivity.
Indeed, adolescent intervention via social buffering successfully
attenuates abnormal threat responses but does not correct for
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learned fear which is less malleable in adolescence (Fisher et al.,
2006; Gunnar et al., 2019; Robinson-Drummer et al., 2019).

Mitigating Changes to Glia Proliferation
and Restoring Normative Glia Function in

Adolescence

ABC training has been shown to correct several ELA-induced
modifications to the epigenome in support of synaptogenesis and
myelination of mature neuronal connections (Hoye et al., 2020).
Attachment training, designed to increase parental nurturing
behaviors, is advantageous in correcting the maladaptive HPA
axis response to stressful situations early in life. Findings from
rodent research elucidate the epigenetic mechanism by which
ELA continues to alter behavior in adulthood. For example,
adult rats treated with a DNA methylation inhibitor showed
recovery of ELA-induced aberrant methylation of the gene for
Brain-Derived Neurotrophic Factor, Bdnf (Roth et al., 2009).
Downregulating Bdnf gene expression via aberrant methylation
during development can have detrimental effects on long-term
potentiation and synaptic transmission which are vital for
dendritic plasticity and cell survival during synaptogenesis (for
review see: Lu et al, 2014). Bdnf, produced by microglia,
supports synaptogenesis (Parkhurst et al., 2013) and facilitates
astrocytic involvement in synapse maturation of putative circuits
(Bergami et al., 2008). Indeed, preclinical research demonstrates
that preventing alterations to Bdnf methylation through
pharmacological (Doherty, 2019) intervention or increased
caregiving prevented the development of certain behavioral
deficits in adulthood (Keller et al., 2019).

Behavioral interventions beyond ameliorating the caregiver-
infant relationship have a profound effect on mitigating
ELA-induced alterations to circuit refinement in adolescence
when studied in rodents. First, exposure to stimulating,
complex environments induces glia proliferation which may
combat the effect of ELA on the glia population (Voss
et al, 2013; Tomlinson et al., 2016; Vivar and van Praag,
2017). Environmental complexity (EC) includes exposure to
several stimulators of neuroplasticity including novel objects
(i.e., changing toys in the cage) and social stimuli (i.e., group
housing; van Praag et al., 2000; Moriceau et al., 2009; Kentner,
2015) which facilitate learning. It should be noted that in
some cases increased maternal care is considered as a form
of EC (Winkelmann-Duarte et al., 2011). Specifically, EC
prevents HPA axis hyperactivity and promotes synaptogenesis
and maturation of synapses in HPC and PFC (Monteiro
et al,, 2014; Boschen et al.,, 2017; Dandi et al., 2018; Smith
et al.,, 2018). The beneficial effect of EC on HPC structure
and function is highest when administered in adolescence
and/or young adulthood and may be mediated through
glia proliferation and function (for review see; Ohline and
Abraham, 2018). For example, EC during young (~3 months
of age) and older adulthood (~1 year of age) induces the
differentiation of OPCs leading to increased myelination in
HPC which facilitates neuronal signaling (Pusic and Kraig,
2014). Moreover, EC increases astrocyte density in the HPC
(Winkelmann-Duarte et al., 2011), and reverses the immediate
effect of ELA on astrocyte number, which may prevent
reductions in glutamine metabolism which are damaging to the

Frontiers in Behavioral Neuroscience | www.frontiersin.org

12

December 2021 | Volume 15 | Article 786234


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

Milbocker et al.

ELA Alters Circuit Refinement

function of tripartite synapses. Collectively, these neurobiological
alterations reverse cognitive impairments caused by ELA
exposure including fear learning as well as depressive- and
anxiety-like behaviors (do Prado et al., 2016; Dandi et al., 2018;
Borba et al., 2021).

Increased voluntary aerobic activity is a potent stimulator
of OPC proliferation and regulates the neuroimmune system.
Due to the ongoing development of the PFC in adolescence,
the timing of exercise intervention differentially affects OPC
proliferation in the cortex compared to subcortical structures.
Increased exercise in young adulthood compared to adolescence
is most likely to generate OPCs in PFC (Tomlinson et al., 2018).
However, there is increasing evidence that exercise induces OPC
proliferation as well as neurogenesis in the adult HPC (Islam
et al., 2020). The research on exercise interventions for children
exposed to ELA is nonexistent, leaving a wide window for
future research efforts. However, rodent studies provide evidence
that aerobic exercise rescues alterations to HPC structure
and cognitive capacity following teratogenic exposure (alcohol;
Boschen et al., 2014). Further, voluntary wheel running has been
shown to rescue alterations to microglia number and function
in the adult cerebellum in a rodent model of Fetal Alcohol
Spectrum Disorders (Gursky et al., 2020) and is predicted to
support myelination in the adolescent brain of children with
a history of prenatal alcohol exposure (Tomlinson et al., 2016;
Wozniak et al., 2019). Exercise increases astrocytic coverage of
blood vessels (Leardini-Tristaé et al., 2020) and upregulates the
number of GFAP-positive astrocytes in the HPC following ELA
exposure (Belaya et al., 2020; Li et al., 2021). These astrocytic
changes prevent neurodegeneration (Leardini-Tristad et al,
2020), cognitive impairment associated with Alzheimer’s disease
(Belaya et al., 2020), depression, and lowered HPC volume (Li
et al., 2021). Microglial activation and population in HPC are
reduced following exercise (Kohman et al., 2013; Mee-inta et al.,
2019). High-intensity exercise serves a general neuroprotective
role by reducing microglial-associated inflammation (Zaychik
et al.,, 2021), which is also associated with increases in BDNF
expression and improvements in spatial working memory (Xiong
et al., 2015). Together, these data highlight how exercise is
expected to reverse some of the negative consequences of ELA on
glia cell proliferation and function so as to ameliorate behavioral
deficits.

A “super-intervention” which includes increased aerobic
activity followed by EC exposure mitigates the impact of ELA
on circuit development and refinement (Hamilton et al., 2012,
2014). The application of this intervention during adolescence
and adulthood in rodent models of Fetal Alcohol Spectrum
Disorders promotes adult neurogenesis in the HPC and supports
the integration of these immature neurons into existing circuits
(Hamilton et al., 2012, 2014). Though little is known about
the impact of the “super-intervention” on glia number and
function, it is predicted that this intervention may strengthen
existing neural connections between HPC and PFC, possibly via
changes to myelination. Further, it was also shown that this
intervention rescues hippocampal learning deficits in alcohol-
exposed animals (Hamilton et al., 2014). Though outside of
the traditional ELA context, these data support the claim that

environmental and behavioral interventions positively support
neurodevelopment in adolescence.

Finally, pharmaceuticals known to alter the epigenome may
one day be suitable for application for preventing the impact
of ELA on brain circuit refinement. As previously discussed,
ELA-induced epigenetic modifications which cause reductions
to GR expression in HPC and PFC alter the functional
connectivity between these structures and lead to the emergence
of working memory- and anxiety-related deficits (Arnett et al.,
2015). Weaver et al. (2005) have demonstrated that treatment
with the amino acid L-methionine, a methyl group donor, in
adulthood normalized methylation patterns of the GR gene and
normalized HPA axis activity in rats that experienced low levels
of maternal nurturing behaviors. GRs are widely expressed in
microglia, oligodendrocytes, and astrocytes (Vardimon et al,
1999; Melliar-Smith and Moser, 2015). Microglial function
and activation are regulated in part by glucocorticoid (GC)
binding (Melliar-Smith and Moser, 2015). GCs regulate the
maturation and myelinating activity of OLs, however, direct
involvement of GRs is lacking. GCs also influence astroglial
activity and cell number (Mee-inta et al., 2019; Zeng et al,
2020). We can infer that, based on the literature discussed
above, ELA increases circulating GCs and that the saturation
of GCs leads to downregulation of GR expression on glial
cells. Ultimately, a reduction in GR number on these cells
may cause functional changes and influence their survival. It
is unknown how supplementation with methyl donors such as
L-methionine might influence synaptic pruning and myelination
in adolescents with a history of ELA. Microglia and astrocytes
also express histone deacetylase (HDAC) enzymes, which are
proteins that prevent transcription of genes and whose activity
can be influenced by HDAC inhibitors (HDACi: Weaver et al.,
2004; Volmar and Wahlestedt, 2015). In cell culture, microglia
and astrocytes treated with an HDACi (SAHA or ITF2357)
showed increased histone acetylation—an important cellular
marker for gene transcription and OPC differentiation (Faraco
etal,, 2009). In a mouse model of maternal separation, treatment
with the HDACI, sodium valproate, increased global histone
3 acetylation in the whole brain of pups, and marginally
increased the maternal behaviors (i.e., licking/nursing and pup
investigation) of this generation in adulthood (Burenkova et al.,
2019). Zebularine—a DNA methyltransferase inhibitor—has also
been successful at decreasing methylation, and subsequently
increasing gene expression, of Bdnf in adult rats who experienced
ELA (Roth et al., 2009). HDACi drugs or other epigenetic drugs
may mitigate behavioral consequences of ELA.

DISCUSSION AND CLINICAL RELEVANCE

Aberrant glial proliferation and function resulting from exposure
to ELA delays the onset of synaptic pruning in adolescence,
with consequential precocial formation of redundant, immature
synapses. This feed-forward loop of impaired adolescent
circuit refinement results in the incomplete myelination of an
abundance of weak synapses, ultimately leading to the emergence
of maladaptive behaviors. Indeed, dysregulated synaptic pruning
and myelination in adolescence is correlated with changes in
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behavior and cognitive capacity. In most cases, ELA exposure
leads to a prolonged elevation in HPA axis activity during
critical periods of neurodevelopment. Immediate changes to
glia proliferation and function ultimately cause downstream
impairments to glia function during later adolescent sensitive
periods of neurodevelopment.

ELA-induced alterations to neural circuits are region-specific
as the development of certain structures is not uniform across
gestation and early childhood (Dobbing and Sands, 1973).
We describe how the disruption of circuit refinement at the
cellular level contributes to aberrant functional connectivity
between and within the HPC and PFC. Our review of the
literature has uncovered that ELA leads to hyperconnectivity
of HPC and PFC-dependent circuits in adolescence and young
adulthood due to reduced synaptic pruning. Consequently, the
abundance of weak, immature synapses produces a disorganized
landscape for myelination. Moreover, ELA exposure prevents
the production of myelin basic protein in the adolescent brain,
reducing the thickness of existing myelin sheaths. As a result,
functional connectivity within and between HPC and PFC is
impaired resulting in the emergence of maladaptive behaviors.
These include increased anxiety-like behaviors and reduced
capacity for impulse control, emotional regulation, and memory
encoding.

Our review of glia-derived mechanisms underlying
impairments to circuit refinement in adolescence following
ELA exposure highlights several targets for effective therapeutic
intervention. Moreover, behavioral interventions, which are
accessible and affordable, strongly benefit structural and
functional repair of HPC and PFC by preventing hyperactivation
of the HPA axis in children and upregulating myelination
in adolescents exposed to ELA. These include therapies
which strengthen the caregiver-child bond such as the
ABC intervention (Dozier et al., 2006) and the MTFC-P
program (Fisher et al, 1999). At the neurobiological level,
these interventions interact with the genome and increase the
expression of growth factors which support normative glial
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