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Abstract

Childhood adversity has been repeatedly and robustly linked to physical and mental illness across
the lifespan. Yet, the biological pathways through which this occurs remain unclear. Functioning
of the inflammatory arm of the immune system and the hypothalamic-pituitary-adrenal (HPA)-axis
are both hypothesized pathways through which childhood adversity leads to disease. This review
provides a novel developmental framework for examining the role of adversity type and timing in
inflammatory and HPA-axis functioning. In particular, we identify elements of childhood adversity
that are salient to the developing organism: physical threat, disrupted caregiving, and
unpredictable environmental conditions. We propose that existing, well-characterized animal
models may be useful in differentiating the effects of these adversity elements and review both the
animal and human literature that supports these ideas. To support these hypotheses, we also
provide a detailed description of the development and structure of both the HPA-axis and the
inflammatory arm of the immune system, as well as recent methodological advances in their
measurement. Recommendations for future basic, developmental, translational, and clinical
research are discussed.
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1.1 Introduction

Childhood adversity is a robust risk factor for mental and physical illness (Chapman et al.,
2004; Felitti et al., 1998) as well as earlier mortality (Chen et al., 2016). Our understanding
of how child adversity becomes embedded in biological systems to perpetuate this risk
remains limited and would benefit from examination of the potentially distinct consequences
of different forms of adversity within a sophisticated developmental framework. Childhood
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adversity is associated with alterations to the body’s physiological stress response systems,
including the hypothalamic-pituitary-adrenal axis (HPA-axis) (Gunnar & Quevedo, 2007;
Heim & Nemeroff, 2001) and the inflammatory arm of the immune system (Carpenter et al.,
2010; Danese et al., 2011; Danese, Pariante, Caspi, Taylor, & Poulton, 2007; Slopen,
Kubzansky, McLaughlin, & Koenen, 2013; Taylor, Lehman, Kiefe, & Seeman, 2006).
Intermediate phenotypes comprised of upregulations in these systems are thought to be
central to the pathogenesis of stress-related illness (McEwen, 2013). In particular, the
disease risk phenotype includes elevated glucocorticoids and inflammation, yet there are
several physiological pathways through which this phenotype can emerge. Notably, the
HPA-axis and inflammatory arm of the immune system respond and habituate differently to
various types of stressors (Bowers et al., 2008; Kant et al., 1985; Kuhlman et al., 2014;
Pacak, 1999; Pacak et al., 1998, 1995; Sheridan and McLaughlin, 2014; Weiner, 1992).
Thus, it is possible that subtypes of childhood adversity have distinct physiological pathways
that elucidate developmental origins of disease. An emerging literature also suggests
childhood trauma exposure during specific phases of development is important to later
neurobiological functioning (Andersen et al., 2008; Cowell et al., 2015; Gee and Casey,
2015; Kuhlman et al., 2015), and is critical to our understanding of how biological systems
develop under conditions of threat and adversity. To date, the association between adversity
and health has predominantly been tested as a dose-response relationship (e.g., Anda et al.,
2006; Chapman et al., 2007; Evans et al., 2013; Kessler et al., 2010). This approach limits
what we know to the overlap between heterogeneous adversity exposure (See Figure 1), and
few studies have considered the role of timing, thus limiting our understanding in the context
of human development. Clarifying these gaps in the literature has the potential to inform
developmentally-sensitive prevention and intervention strategies that mitigate the negative
health sequelae of child adversity exposure across the lifespan.

The purpose of this review is to propose a framework examining adversity type and timing
as key distinctions to be made in the link between childhood adversity and lifespan health
via alterations to HPA-axis and inflammatory processes during development. To do this, we
first provide a basic conceptual framework for HPA-axis and inflammatory stress physiology
and their measurement within psychology and psychiatry research. Comprehensive reviews
of these systems can be found elsewhere (Black, 2002; Danese and Lewis, 2017; Irwin and
Cole, 2011; Weiner, 1992). We then examine three commonly represented elements of
adverse childhood experiences, the “biological salience” of these elements, and their
potentially distinct physiological consequences. We define biological salience as the
component of an adverse experience that is relevant to the organism’s successful survival
from or adaptation to that stressor. The biologically salient and distinguishable elements of
adversity we identify are: physical trauma, disrupted caregiving, and unpredictable
environment. The shortage of causal experimental models has been a barrier to
understanding type and timing as important factors in physiological and health consequences
that accompany childhood adversity exposure. For this reason we identify a candidate
animal model that may provide a useful framework for examining health-relevant
physiological consequences to each of these biologically salient elements of adversity. We
then review the development of the HPA-axis and inflammatory systems with an emphasis
on the limited research examining potential periods of sensitivity to adversity exposure.
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Finally, because translation of rodent models to human experience is inherently limited, we
propose implications and future directions for both animal and human research to investigate
the distinct physiological pathways from subtypes of childhood adversity to the intermediate
phenotype associated with disease.

1.2 HPA-axis and Inflammatory Physiology: Concepts and Measurement

We focus on the associations between childhood adversity and two peripheral biological
systems (HPA-axis and inflammation) that are linked to physical and mental health, have
been linked to childhood adversity, can be measured non-invasively in pediatric populations,
and can also be measured in ambulatory settings that demonstrate high ecological validity.
Coordination of the sympathetic nervous system (SNS), HPA-axis, and the inflammatory
arm of the immune system, particularly in response to acute stress, is essential to
development, survival, and well-being (Chrousos, 1995; Gunnar and Quevedo, 2007; Lopez-
Duran et al., 2009). Under circumstances of acute threat, both the HPA-axis and immune
system are activated. See Figure 2 for an illustration of the coordinated HPA-axis and
inflammatory response to stress.

1.2.1 The HPA-axis: Methodological approaches—The purpose of the HPA-axis is
to maintain homeostasis and promote successful adaptation to environmental stress through
a complex hormonal cascade (Aguilera, 2012; Selye, 1950). When structures in the limbic
system perceive a threat (e.g., pain, extreme temperatures, aggressor), the paraventricular
nucleus (PVN) of the hypothalamus secretes corticotropin releasing hormone (CRH) and
vasopressin (AVP) to the anterior pituitary gland (Stratakis and Chrousos, 1995). In
response, the pituitary secretes adrenocorticotropin hormone (ACTH). ACTH stimulates the
adrenal gland to increase production and release of glucocorticoids (cortisol in humans) (See
Gunnar & Vazquez, 2006). Glucocorticoids are essential to the maintenance, duration, and
down-regulation of the stress response, regulating CRH secretion from the hypothalamus
and ACTH secretion by the pituitary. Glucocorticoid receptors (GRs) are found in cells
throughout the body, including those in the brain. Binding of glucocorticoids to GRs in the
hippocampus is associated with regulation of the acute stress response (Aguilera, 2012; De
Kloet, 1991; Sapolsky et al., 2000; Smith & Vale, 2006).

HPA-axis functioning via glucocorticoid production in humans can be assessed in several
ways; commonly via measurement of cortisol in saliva. Repeated measurements of salivary
cortisol following acute laboratory stress paradigms have greatly informed our
understanding of the HPA-axis. From these repeated measurements, the common approach
is to compute a single index of cortisol response magnitude, known as Area Under the Curve
(AUC) (Pruessner et al., 2003). If taken frequently enough throughout a stress paradigm,
cortisol samples enable the assessment of more than just the overall magnitude of HPA-axis
responses to stress, but also acceleration of HPA-axis reactivity and rate of glucocorticoid
down-regulation (Kuhlman et al., 2015; Lopez-Duran, Mayer, & Abelson, 2014). In contrast
to the AUC approach, these indices provide insight into the temporal dynamics of HPA-axis
reactivity to acute stress and potentially the underlying physiological mechanisms that
contribute to cortisol synthesis and regulation. For example, acceleration of cortisol increase
following stress could reflect the intensity of excitatory input into the axis from the limbic
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system, whereas cortisol regulation following peak more likely reflects the density and
sensitivity of GRs, primarily in the hippocampus (Sapolsky, Meaney, & McEwen, 1985). A
system which quickly returns to baseline cortisol levels after reaching peak is an adaptive
response to a mild, acute stressor and likely reflects the density and sensitivity of GRs to
shut down the stress response.

Glucocorticoids also fluctuate according to a diurnal pattern. There is a large increase in
cortisol in response to waking which is referred to as the cortisol awakening response (CAR)
(Federenko et al., 2000). CAR is believed to reflect a mounting of physiological resources to
meet the demands of the day (Adam and Gunnar, 2001), and also appears to be a measure of
adrenal sensitivity to ACTH (Clow et al., 2010). Healthy, typically-developing humans
should demonstrate their highest cortisol concentrations in the morning and their lowest in
the evening (Clements, 2012). Abnormally high diurnal cortisol can be an indicator of
several dysregulations in the axis; for example, this could indicate chronic hypersecretion of
CRH/AVP by the hypothalamus, or hypersecretion of ACTH by the pituitary (Aguilera,
2012), or repeated activation of the acute stress system (Kidd et al., 2014). Abnormally low
diurnal cortisol can be an indicator that the hypothalamus has down-regulated secretion of
CRF/AVP to the pituitary (Aguilera, 2012), possibly following repeated activation to chronic
environmental stress (Heim, Ehlert, & Hellhammer, 2000; Miller, Chen, & Zhou, 2007).
Adaptive diurnal functioning of the HPA-axis has implications for other physiological
processes such as immune functioning (Heim et al., 2002; Watts-English, Fortson, Gibler,
Hooper, & De Bellis, 2006), growth (Kertes et al., 2008), sleep (Buckley and Schatzberg,
2005) and therefore dysregulation may be related to disruptions in these systems as well.

1.2.2 Inflammation: Methodological approaches—Inflammation is a natural, early
immune response to pathogens and tissue injury. In response to infection or injury, various
types of immune cells, including those in blood (e.g., monocytes, lymphocytes), tissue (e.g.,
macrophages), and in the brain (e.g., microglia) release pro-inflammatory cytokines (See
Black, 2002; Miller et al., 2009 for review). Cytokines are soluble proteins that operate as
chemical messengers between cells in the body. They help orchestrate the immune response
(e.g., elimination of pathogen, repair any damaged tissue), and thus, the inflammatory
response is crucial to healing and survival.

Notably, inflammation also increases in the context of psychosocial stress (Steptoe et al.,
2007). When threat is perceived, the SNS releases noradrenaline, which promotes
mobilization of stem cells from the bone marrow and activates immune gene transcription
within white blood cells, organs, and tissues (Irwin and Cole, 2011). Activation of immune
gene transcription leads to the production and release of cytokines. These acute changes are
believed to occur adaptively in preparation for potential injuries incurred as a result of acute
threat.

The most common way to assess inflammatory processes in humans is to measure
concentrations of circulating pro-inflammatory cytokines, such as IL-6 and TNF-a., and
systemic markers of inflammation, such as C-reactive protein (CRP), in blood samples. CRP,
an acute phase protein synthesized in the liver in response to IL-6, can be a measure of
chronic inflammation and concentrations greater than 3.0 mg/L are considered reliably

Neurosci Biobehav Rev. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kuhlman et al.

Page 5

predictive of cardiovascular disease risk (See Ridker, 2003 for review). Tonic levels of
inflammation are typically assessed with a single blood sample collected via venipuncture or
dried blood spots (DBS), a relatively non-invasive procedure involving a finger prick and
blood drops on specialized filter paper. Repeated blood samples can be collected via an
indwelling catheter to capture the inflammatory response to acute stress.

There are several other methods of evaluating inflammatory processes, particularly at the
cellular and intra-cellular levels. For instance, acute stress causes myelopoesis, or the
secretion of new immune cells from the bone marrow into circulation (Reader et al., 2015).
Myelopoesis can be measured by enumerating white blood cells before and after exposure to
a stimulus. Functions of white blood cells can also be measured in vitro by measuring the
production of cytokines following exposure to either a bacterial or anti-inflammatory
stimulus (Irwin et al., 2010; Miller et al., 2009). Incubating white blood cells with a bacterial
stimulus, such as lipopolysaccharide (LPS), or viral stimulus, and measuring the levels of
pro-inflammatory cytokines produced provides a measure of the capacity of immune cells to
produce an inflammatory response. GR sensitivity can also be specifically assessed by
incubating immune cells with both a microbial stimulus and cortisol, and then quantifying
production of pro-inflammatory cytokines.

Measurement limited to circulating peripheral cytokines is often criticized for failing to
localize the source of inflammatory cytokines and for being sensitive to several confounding
factors, including SES, BMI, age, and sex (M.-F. O’Connor et al., 2009). Further, circulating
biomarkers are often temporally sensitive and may fluctuate due to variations in exercise as
well as minor colds or infections. Thus, molecular measures of inflammatory functioning of
immune cells have also been developed. Individuals vary in the expression of transcription
factors associated with inflammation (e.g., NF-xB) and regulation of inflammation
(glucocorticoid receptor) in mRNA of immune cells (Cole, 2008; Cole et al., 2007).
Intracellular measures of inflammatory processes may be particularly useful in youth as a
predictor of future risk for chronic inflammation. Further, the simultaneous examination of
circulating, cellular, and intracellular measurements of inflammatory processes may drive
progress in our understanding of environmental and psychological stress on this system.

1.2.3 Coordination between inflammation and the HPA-axis—In addition to
activating the HPA-axis, stress also elicits an inflammatory response. A critical role of the
HPA-axis is regulation of inflammation. GRs can be found in immune cells and binding of
glucocorticoids to the GRs downregulates cytokine production (Silverman et al., 2005). The
effective down-regulation of inflammation by glucocorticoids is essential to preventing
persistently elevated (Stark et al., 2001). In preclinical models, repeated acute stress has
been shown to cause glucocorticoid resistance in immune cells (Avitsur et al., 2009; Engler
et al., 2008). Similarly, prolonged or chronic stress in humans can lead to GR insensitivity,
meaning that GRs in immune cells are not able to “hear” the inhibitory signals of
glucocorticoids (Cohen et al., 2012; Miller et al., 2002).
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Several overlapping theories have been developed to provide a framework for how childhood
adversity confers risk for illness through allostatic load, a process through which an
individual’s failure to adapt to conditions of repeated or chronic stress leads to wear-and tear
on the body (McEwen, 2013; McEwen, 1998). There has also been interest in the aspects of
the childhood social environment that drive deteriorations in health (e.g., Risky Families;
Repetti, Taylor, & Seeman, 2002), and the biological mechanisms that explain the
association between adversity and health (Cole et al., 2012; Danese et al., 2011; Friedman et
al., 2015a; Miller et al., 2011). Overall, these theories have concluded that more exposure to
adversity exerts pleiotropic effects on health across the lifespan. Indeed, childhood abuse
significantly accelerates biological aging (Tyrka et al., 2010) and all-cause mortality (Chen
et al., 2016). Existing models have yet to directly examine whether physiological
consequences vary across different types of adversity, limiting our understanding of the
varying biological salience of different experiences during development. Yet, in the past
decade we have developed a much stronger appreciation for the role childhood environments
and experiences in the epigenetic regulation of many components of physiological stress
response systems (Anacker et al., 2014; Tyrka et al., 2013). Exploring potentially distinct
pathways from different types of social environments to at-risk intermediate phenotypes may
clarify why the common co-occurrence of different types of adversity is associated with
broad and multi-system effects on health and will promote the development of interventions
based on specific adversity risk factors.

In this section, we explore whether there are distinct elements of childhood adversity that
vary in biological salience and therefore physiological alterations. For example, do
adversities that involve physical injury have different physiological consequences than
adversities that involve lack of nurturing care or reliable safety and shelter? We propose that
childhood adversities vary in the degree to which they involve physical trauma, disruptions
in caregiving, and unpredictability. Each of these elements has been identified as salient to
the development of the central nervous system with implications for learning and
downstream physiological adaptations (Gunnar and Vazquez, 2006; McLaughlin et al.,
2014b; Teicher et al., 2003). To better understand the downstream physiological
consequences, we consider well-characterized animal models that may serve as useful
analogs for these child adversity elements and provide informative causal models for
understanding the distinct pathways from different types of developmental stress to disease.
Specifically, we highlight three paradigms: repeated social defeat (Avitsur et al., 2001;
Reader et al., 2015), maternal separation (Ladd et al., 1996; Roque et al., 2014), and chronic
variable stress (CVS) (Herman et al., 1995; Maier and Seligman, 1976; Simpkiss and
Devine, 2003) (See Table 1). Each of these paradigms has shown evidence that both the
HPA-axis and inflammatory response undergo distinct alterations that correspond to
diverging behavioral phenotypes. It is possible that each element of adversity (based on the
degree of physical threat, caregiving disruption, and unpredictability) differs in biological
salience and therefore affects the system differently. In the face of co-occurrence of multiple
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adversities, which is more common than not, these effects may converge for multi-systemic
vulnerability to disease across the lifespan.

2.2.1 Repeated Social Defeat (RSD) as a model for understanding child adversity involving
physical injury

Physical trauma describes experiences that involved actual physical threat, injury, or abuse to
the individual. In rodents, the repeated social defeat (RSD) paradigm (Avitsur et al., 2001;
Reader et al., 2015) involves placing a large, aggressive rat in the participant rat’s cage for 2
hours each day for a week. During these 2-hour episodes, the aggressor rat attacks the
subject into submission. RSD causes rodents to release immature, pro-inflammatory immune
cells (CD11b+/Ly6C high) into circulation that serve to promote inflammation at the site of
injury (Powell et al., 2013). Animals that sustain an injury during attack by the aggressor
(Merlot et al., 2003) exhibit glucocorticoid resistant immune cells, systemic increases in
glucocorticoids, exaggerated inflammatory responses (Avitsur et al., 2001; Stark et al.,
2001), and increases in pro-inflammatory gene expression in immune cells (Powell et al.,
2013). In addition, the physiological consequences of exposure to RSD are robustly
associated with structural changes (e.g., atrophy, connectivity) to neural systems that
modulate threat-sensitivity and anxiety-like behaviors (Reader et al., 2015). And indeed,
exposure to RSD leads to anxiety-like behavior in two-thirds of rodents (Golden et al.,
2011), and the development of this behavioral phenotype is mediated by immune cell
derived IL-6 (Hodes et al., 2014).

Consistent with these animal models, both children (Shackman et al., 2007) and adults
(Stein et al., 1996) exposed to physical abuse demonstrate increased risk for anxiety
disorders and a wide range of physical and behavioral distress. Thus, we propose that animal
models of the physiological consequences of RSD may be useful in understanding the
potential effects of childhood adversities involving physical abuse or injury. Based on this
proposed translational model, we hypothesize that more physical injury or abuse during
childhood would be associated with increased sympathetic innervation of the peripheral
stress response systems that serve to promote a rapid and robust response to acute stress.
This includes innervation of bone marrow which is necessary for the stimulation of
immature, proinflammatory and glucocorticoid resistant monocytes into circulation.

2.2.2 HPA-axis and inflammatory correlates of physical trauma in humans

Physical trauma is often measured in the form of physical punishment or physical abuse.
Infants (Bugental et al., 2003) and school-aged children (Kuhlman et al., 2014) exposed to
frequent physical punishment demonstrate exaggerated cortisol responses to psychological
stress. Exposure to physical abuse is also related to exaggerated HPA-axis responses to acute
psychosocial stress (Kuhlman et al., 2015) and to viewing violent films among young
adolescents (lvanov et al., 2011). There is some evidence that basal cortisol is also elevated
in youth exposed to physical abuse. For example, youth exposed to sexual abuse, which
involves invasive physical contact and often injury, exhibit elevated circulating plasma
cortisol compared to controls (Simsek et al., 2015), and suicide victims exposed to
interpersonal violence as children exhibit elevated CSF cortisol among suicide attempters
(Chatzittofis et al., 2013).
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Several studies indicate a link between physical trauma and both elevated circulating
markers of inflammation and inflammatory diseases (Friedman et al., 2015b). For example,
12-year old children exposed to physical maltreatment by their mothers who also have
elevated symptoms of depression have elevated CRP (Danese et al., 2011). Child abuse that
results in pediatric traumatic brain injury has also been associated with elevated I1L-4, IL-12
(Amick et al., 2001), and IL-8 (Whalen et al., 2000). Similarly, exposure to bullying during
childhood and adolescence is associated with elevated CRP during early (Copeland et al.,
2014) and middle adulthood (Takizawa et al., 2015), although the documentation of the
threat of physical injury versus actual injury are inconsistent. Cumulative childhood
maltreatment is associated with exaggerated inflammatory responses to acute stress
(Carpenter et al., 2010), however, no study to our knowledge has examined inflammatory
responses to acute stress between physically abused and non-abused peers. Taken together,
exposure to physical abuse and trauma during childhood exaggerate both inflammatory
activity and HPA-axis reactivity to stress until adolescence. Consistent with this hypothesis,
childhood physical abuse exposure is associated with a multisystemic biological risk profile
(including both HPA-axis and inflammatory markers) (Friedman et al., 2015a). Of note,
physical and sexual abuse are not consistently linked with elevated inflammation in adults
after accounting for covariates such as BMI and smoking (Bertone-Johnson et al., 2012),
suggesting potential behavioral or developmental pathways that may lead from physical
trauma to the persistence of inflammation in adulthood (Raposa et al., 2014a).

2.3.1 Maternal separation as a model for understanding child adversity involving disrupted

caregiving

Disruptions in the caregiving environment include death of a parent, emotional abuse,
parental neglect, maternal depression, or low maternal warmth. Pre-clinical animal models
have characterized the developmental effects of disruptions in early caregiving through
several paradigms, with overlapping physiological consequences. Thus, we propose that
maternal separation paradigms may serve as a useful animal model for understanding the
unique associations between disruptions in the caregiving environment and HPA-axis and
inflammatory functioning.

Repeated and prolonged maternal separation in rodent pups results in exaggerated SNS and
HPA-axis responses to stress during adolescence and adulthood (Kalinichev et al., 2002;
Plotsky and Meaney, 1993). Yet, maternal separation may be more closely linked to
impaired regulation of the stress response once initiated whereas physical trauma appears to
be linked to exaggerated activation of stress response systems. In particular, less naturally
occurring maternal licking and grooming behavior immediately following maternal
separation corresponds reduced expression of glucocorticoid receptors in the hippocampus
that presage increased expression of CRH in the hypothalamus and exaggerated ACTH and
glucocorticoid responses to stress in adulthood (Liu et al., 1997). Maternal care in infancy
contributes to epigenetic regulation of the glucocorticoid receptor in the hippocampus
(Anacker et al., 2014; McGowan et al., 2009) as well as in peripheral immune cells (Miller
etal., 2011; Tyrka et al., 2012). This means that animals deprived of maternal nurturing
behaviors will demonstrate impaired ability to down-regulate physiological responses to
stress once activated. This highlights the importance of the use of analytic and
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methodological strategies that differentiate the reactivity and recovery of physiological
systems following acute stress (Lopez-Duran et al., 2014).

Within this translational model, we would expect that individuals exposed to various forms
of disrupted caregiving would demonstrate impaired HPA-axis negative feedback that can be
observed during regulation from CAR, acute stress paradigms, elevated diurnal cortisol, and
non-suppression following Dexamethasone administration. Disrupted caregiving may also
result in impaired negative feedback within immune cells via increased intracellular
inflammatory gene expression and decreased glucocorticoid receptor sensitivity which
promotes production of inflammatory cytokines despite the presence of elevated
glucocorticoids (Cole et al., 2012).

2.3.2 HPA-axis and inflammatory correlates of disrupted caregiving in humans

Indeed, human studies of different types of disruptions in the caregiving environment fairly
consistently observe impaired regulation of the HPA-axis in childhood. For example, social
deprivation during early childhood (ages 0-2) is associated with flat diurnal cortisol slopes
throughout the day (Koss et al., 2014). In addition, maternal depression is associated with
disengaged and negative parenting behaviors (Lovejoy et al., 2000). Maternal depression
during early childhood robustly predicts elevated tonic cortisol during middle childhood
(Ashman et al., 2002; Essex et al., 2002). Similarly, low maternal warmth during early
childhood prospectively predicts impaired down-regulation of cortisol following peak
response to acute psychological stress (Kuhlman et al., 2014). And finally, when accounting
for other types of early trauma, exposure to emotional abuse was specifically associated with
impaired recovery of the HPA-axis to acute psychosocial stress in adolescents (Kuhlman et
al., 2015).

This pattern of impaired down-regulation of cortisol also appears to persist into adulthood.
For example, adults who lost a parent during childhood demonstrated higher cortisol
throughout the day compared with adults who never experienced separation from their
parents for longer than two weeks (Nicolson, 2004). Maternal separation during childhood is
associated with exaggerated CAR into adulthood (Kumari, Head, Bartley, Stansfeld, &
Kivimaki, 2013). Adult men who experienced the loss of a parent via death or desertion
during childhood exhibit larger responses to the Dex/CHR test (Tyrka et al., 2008), and adult
offspring of Holocaust survivors reporting more exposure to emotional abuse and neglect
exhibit elevated urinary cortisol (YYehuda et al., 2000).

Information linking disrupted caregiving and inflammatory functioning is scarce, but still
informative. Disrupted caregiving may impair coordination between glucocorticoids and
immune cells, such as glucocorticoid insensitivity in immune cells that may contribute to
elevated circulating inflammation despite the presence of glucocorticoids (Cole, 2008; Cole
et al., 2012). Overall, experiencing multiple types of maltreatment before adulthood was
associated with elevated CRP, fibrinogen, and proinflammatory cytokines (Coelho et al.,
2014). Consistent with this, total early trauma exposure was associated with elevated CRP,
which was driven by exposure to emotional abuse (Rooks et al., 2012). There is also an
emerging body of evidence that more chronic childhood stressors such as parent
psychopathology (e.g., MDD), low SES, and parent separation are prospectively associated
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with elevated inflammation when adolescent girls become depressed, and that inflammatory
markers remain elevated even after symptoms recover (Miller and Cole, 2012).

There is significant need to more directly examine the association between disrupted
caregiving and long-term functioning of the HPA-axis and inflammatory systems in humans.
Disruptions in the caregiving environment during childhood may interfere with the effective
down-regulation of glucocorticoid production, including negative feedback following acute
stress or pharmacological challenge, diurnal, and tonic regulation of the axis. Some types of
disrupted caregiving may be associated with elevated peripheral markers of inflammation. In
the context of elevated and poorly-regulated glucocorticoids, the observed heightened
markers of inflammation may reflect the presence of glucocorticoid insensitive immune
cells.

2.4.1 Chronic Variable Stress (CVS) as a model for understanding child adversity involving
unpredictable stress

Exposure to an unpredictable environment during childhood involves experiences that reflect
unmet basic physical needs such as poverty, unpredictable access to meals and shelter,
exposure to community violence, or singular unpredictable traumatic events (e.g., natural
disaster, motor vehicle accident). There are several animal models that explore the
physiological and developmental consequences of living in an unpredictable environment
that causally contribute to complex behavioral phenotypes such as aggression (Van Loo et
al., 2002), impaired learning and memory (Holmes and Wellman, 2009), and anhedonia
(Gouirand and Matuszewich, 2005). These models may also provide a useful animal
paradigm for understanding the complex HPA-axis and inflammatory consequences of
developing in an unpredictable environment.

Unpredictable stress represents a unique challenge to physiological systems within a
developmental framework. Following repeated exposure to the same stressor, a developing
organism will habituate while becoming sensitized to novel, dissimilar stressors (Simpkiss
and Devine, 2003). Chronic variable Stress (CVS) involves exposing rodents to different
stressors twice per day for between 15 and 30 days, including social hierarchy disruption,
vibrating cage, light-dark reversal, forced swim tests, exposure to extreme temperature
(cold), isolation, restraint, and overcrowding (Herman et al., 1995; Simpkiss and Devine,
2003). CVS that includes a combination of both processive (novel environment, forced
swim) and systemic (food deprivation, cold exposure) stressors causes global up-regulation
of the HPA-axis, including greater CRH mRNA expression in the hypothalamus, elevated
basal ACTH and glucocorticoid secretion, increased adrenal gland weight, and decreased
glucocorticoid receptor mRNA expression throughout the hippocampus and hypothalamus
(Herman et al., 1995). In contrast to maternal deprivation, the decreased glucocorticoid
receptor mRNA expression following CVS is global, and thought to result from atrophy
following excess glucocorticoid exposure. CVS also causes elevated markers of
inflammation including IL-6, IL-1B, and TNF-a in the hippocampus (Tagliari et al., 2010),
but not always in the periphery (Grgnli et al., 2005). CVS may lead to neuroinflammation
indirectly via atrophy of neural substrates in the limbic system associated with chronic
exposure to elevated glucocorticoids. Exposure to CVS also has implications for stress
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reactivity later in life, such that CVS causes blunted ACTH secretion following exposure to
a familiar stressor and exaggerated ACTH secretion following novel stressors (Simpkiss and
Devine, 2003).

Thus, we propose CVS as a plausible translational model for exposure to an unpredictable
developmental environment. Based upon this translational model, we expect youth exposed
to an unpredictable environment to demonstrate chronic up-regulation of diurnal cortisol,
and elevated neuroinflammation that may indirectly increase peripheral inflammatory
markers. This may be driven by increased neural sensitivity to novel or ambiguous threat
cues in the environment that are sustained by microglia signaling, the inflammatory immune
cells within the brain. Targeted inhibition of microglia using minocycline correspond to
reductions in peripheral inflammation (Blum et al., 2004; O’Connor et al., 2009).
Interestingly, early treatment in rodents with minocycline also appears to mitigate the
affective consequences of early infection in adulthood via this neuroinflammatory pathway
(Majidi et al., 2016). Unfortunately, methods for examining neuroinflammation directly are
limited to animal models (Monnet-Tschudi et al., 2011), and can only be examined in
humans using PET and post-mortem assessments (O’Connor et al., 2014). We would also
hypothesize that chronic unpredictable stress during childhood would correlate with blunted
HPA-axis reactivity to familiar stressors and exaggerated HPA-axis reactivity to novel
stressors, yet defining any daily or acute laboratory stress as familiar and novel is much
more complex than in controlled animal experiments.

2.4.2 HPA-axis and inflammatory correlates of unpredictable stress during childhood in

humans

Studies directly examining unpredictable environments and HPA-axis and inflammatory
correlates are scarce, difficult to disentangle, and also illustrative of our argument in favor of
examining the role of subtypes of adversity exposure by their biologically salient elements.
For example, family adversity, poverty, and minority status operate in opposite directions
when predicting HPA-axis function and other indicators of allostatic load (Bush et al., 2011).
This may be because family adversity, poverty, and minority status may all involve
unpredictability for a developing child, but also vary in degrees of caregiver disruption and
physical threat. Another study examining the role of childhood poverty in physiological
development found that frequent “adult exits” from the home were associated with elevated
cortisol throughout the day during infancy that increased as the child aged (up to age 48
months) (Blair et al., 2011). In contrast, perceived economic insufficiency was also
associated with elevated cortisol throughout the day during infancy, but this association
diminished with time (Blair et al., 2011). Underscoring the mixed state of the literature, each
of these studies identifies distinct associations between different types of adversity that can
oppose one another and may be further explained by the biologically salient elements of
each adversity.

Living in an unpredictable environment as a child likely promotes upregulation of both
diurnal cortisol and peripheral inflammatory markers. For example, poverty is the most
thoroughly studied form of unpredictable environment. Low socioeconomic status during
childhood predicts a doubling of cumulative morning cortisol well into adulthood (Li et al.,
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2007). Living in poverty is associated with elevated cortisol overnight in adolescents (Evans
and Kim, 2007). In addition, lower household income, over-crowding and living in rented
housing predicted elevated inflammatory markers and disease risk during adulthood (Dowd
et al., 2010; Packard et al., 2011), while parent education was not (Dowd et al., 2010). Of
course, part of elevated inflammation among children living in poverty occurs through
pathways independent of psychosocial stress such as pollution, pathogen exposure, and
limited access to healthcare (See Miller and Chen, 2013 for review). Yet having a chaotic
home environment appears to show consistent associations with general up-regulation of
stress physiology. For example, having a highly chaotic home is associated with heightened
and stable morning cortisol over multiple years in early childhood (Laurent et al., 2014) and
exposure to violence in the home appears to consistently be linked to elevated cortisol
throughout the day (Bair-Merritt et al., 2012). Further, having a chaotic home environment is
also a correlate of circulating inflammation in breast cancer survivors beyond the effects of
other exposures (Crosswell et al., 2014) and having a father incarcerated at any point in
childhood is associated with higher CRP (Boch and Ford, 2015).

So far, it appears that living in an unpredictable environment is associated with a consistent
general upregulation of diurnal cortisol and inflammation. The story becomes more complex
when considering studies of acute stress responses. For example, living in poverty during
childhood was associated with elevated cortisol in anticipation of acute stress in young
adults (Sripada et al., 2014). Therefore, it is possible that elevated cortisol throughout the
day and circulating inflammation are indicative of a threat sensitive system that activates
frequently. Consistent with this idea, several studies have identified neural correlates of
physiological responding among youth with an unpredictable childhood environment. In
fact, Sripada and colleagues (2014) found that elevated cortisol in individuals who lived in
poverty as children was associated with lower connectivity within the default mode network,
specifically the connections between the hippocampus, posterior cingulate cortex, and
medial prefrontal cortex. Thus, living in an unpredictable environment during childhood
may increase neural sensitivity to stress in the environment via attention and vigilance to
threat that leads to more frequent activation of stress response systems and less effective
regulation of that response by frontal regulatory structures.

2.5.1 Summary of HPA-axis and Inflammatory Correlates of Child Adversity by Subtype

On the surface, it is easy to conclude that most forms of childhood adversity are related to
upregulated circulation of glucocorticoids and inflammation. However, the combined
interpretation of the existing animal and human literature suggests that there may be distinct
underlying processes through which co-occuring elements of childhood adversity lead to a
similar intermediate phenotype, elevated inflammation and atypical functioning of the HPA-
axis. See Figure 3 for this proposed model. Specifically, physical trauma may be associated
with robust activation of the threat response system leading to exaggerated HPA-axis
responses to acute stress and elevated inflammation. Disrupted caregiving, in comparison,
may be more related to poor down-regulation of glucocorticoids across many contexts and
low glucocorticoid sensitivity in both immune cells and the brain. Finally, an unpredictable
environment may be particularly associated with elevated basal cortisol and markers of
inflammation throughout the day due to increased vigilance of the threat response system
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originating from the central nervous system. In practice, this would be reflected by a more
frequently activating system throughout the day, rather than a larger response to a single
stressor. Empirical examination of these potentially distinct pathways from childhood
adversity to disease has the potential to inform our models of pathogenesis, hone
assessments of intervention effectiveness at deeper biological levels, and identify distinct
points of prevention and intervention for youth exposed to different types of adversity.
Inflammatory intervention targets for individuals exposed to childhood trauma are already
being developed (Danese and Lewis, 2017). For example, some behavioral interventions
effectively reduce proinflammatory gene expression and not necessarily systemic markers
(Bower et al., 2014, 2011; Creswell et al., 2012). In contrast, there are several cognitive
strategies that mitigate threat sensitivity and therefore the frequency and magnitude of SNS
and HPA-axis responses to stress (e.g., Antoni et al., 2000). Yet, the high co-occurrence of
different types of adversity and limitations of our existing measures have so far impeded our
ability to disentangle these causal pathways in humans.

3.1 Theoretical and Empirical Support for Examining the Role of Childhood

Adversity Timing

In addition to neglecting the distinct physiological effects of adversity type, existing models
for how early adversity confers risk for poor health, for the most part, do not consider the
role of timing of adversity exposure. This limits our understanding of when adversity
exposure may have particularly potent and/or long-lasting effects on the maturation and
functioning of physiological systems. The HPA-axis and immune system develop
significantly in utero (Hostinar and Gunnar, 2013; Simon et al., 2015), and continue to
undergo change from the neonatal period through adolescence. Adversity exposure during
different periods of development may differentially impact these systems. In this section, we
examine the importance of adversity timing on HPA-axis function and inflammatory
processes by briefly reviewing what is known about the development of HPA-axis and
inflammatory functioning. A number of detailed reviews have previously described
development of the HPA-axis (Gunnar and Quevedo, 2007; Gunnar and Donzella, 2002;
Hostinar and Gunnar, 2013; Romeo, 2010), and thus, we highlight only major points of
development. We also discuss human studies that may inform our understanding of how
adversity exposure at specific times in early life might influence the HPA-axis and
inflammatory processes. Exposure to different types of adversities at particular points in
development may differentially affect the HPA-axis and inflammatory processes. Given the
limited literature, we are unable to make these distinctions and instead discuss the possible
role of any adversity type.

3.2.1 Development of the HPA-axis

Rodent research indicates that the neonatal period is marked by a stress hyporesponsive
period (SHRP), in which neonates exhibit blunted basal and stress-induced corticosterone
(Gunnar and Quevedo, 2007; Rosenfeld et al., 1992). Human studies suggest an analogous
period of HPA-axis hyporesponsivity that gradually develops over the first year of life
(Gunnar and Donzella, 2002). In the first two to three months after birth, the HPA-axis
exhibits robust cortisol increases in response to mild perturbations such as physical
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examinations (Gunnar et al., 2009a; Larson et al., 1998). The HPA-axis may later transition
into a hyporesponsive period. In one longitudinal study, infants mounted a cortisol response
to inoculation when 2, 4, and 6 months old, yet the magnitude of the response decreased
with age (Lewis and Ramsay, 1995). In another longitudinal study, there was a decrease in
cortisol response to inoculation between 2 and 4 months of age, no difference between 4 and
6 months of age, and a subsequent decrease from 6 to 15 months of age (Gunnar et al.,
1996a). A lack of cortisol response to other stressors has also been shown among 12 to 24
month olds (Davis and Granger, 2009; Gunnar and Donzella, 2002), and the difficulty in
elevating cortisol in response to mild stressors seems to persist through the preschool period
(Davis and Granger, 2009). Whether this phenomenon continues throughout childhood up to
adolescence remains unclear.

From these studies, it is difficult to definitively determine whether the observed HPA-axis
hyporesponsivity is truly a stress hyporesponsive period. Given that infants’ mothers
accompanied the infant in all of these studies, the findings may reflect increased social
buffering of the HPA-axis, particularly by a nurturing caregiver (Hostinar et al., 2014).
Supporting this notion, one study found that a responsive caregiver during maternal
separation attenuated cortisol responses among 9 month olds (Gunnar et al., 1992).
Likewise, studies of 12-18 month olds show that secure attachment is associated with
attenuated cortisol responses to fear and physical pain (Ahnert et al., 2004; Gunnar et al.,
1996b; Nachmias et al., 1996; Spangler, 1998). Though the HPA-axis has been less studied
in middle and late childhood, there is evidence suggesting continued social buffering. In one
study, 7-12 year old female youth exhibited an attenuated cortisol response and quicker
recovery from social evaluation when reunited with their mothers (Seltzer et al., 2010).
Similarly, parental support blunted cortisol responses to social evaluation among 9-10 year
old children (Hostinar et al., 2015).

The buffering of the HPA-axis by nurturing caregiving in infancy, and possibly through
childhood, is believed to be protective and conducive to optimal development. Infancy and
childhood are periods of rapid growth and development, and excessive glucocorticoids can
have detrimental effects on development. For instance, the central nervous system undergoes
significant development during infancy and childhood (Andersen, 2003; Gao et al., 2015;
Huang et al., 2015; Qiu et al., 2015) and is vulnerable to the effects of glucocorticoids
(Gunnar, 1998; Lupien et al., 2009). Repeated activation of the HPA-axis in response to mild
perturbations that pose no real threat could lead to excessive exposure to glucocorticoids,
thereby compromising neural development. Thus, a nurturing caregiver may operate as a
safety signal, helping maintain low levels of glucocorticoids and facilitating learning of what
stimuli pose real threats.

The HPA-axis again undergoes major change during adolescence and pubertal development,
transitioning into a period of increased sensitivity to the environment (Somerville et al.,
2010). Unlike the relatively low basal and stress-induced cortisol responses during
childhood, basal cortisol increases from childhood to adolescence and is positively
associated with pubertal development (Gunnar et al., 2009b; Gunnar and Vazquez, 2006;
Hostinar et al., 2015; Legro, 2003; Netherton et al., 2004; Stroud et al., 2009; Térnhage,
2002). In a sample of almost 400 youth aged 7-15 years, for example, diurnal cortisol was
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found to positively correlate with pubertal stage (Kiess et al., 1995). Studies of youth have
also found that cortisol responses to social stressors increase with age, and are associated
with pubertal development (Blumenthal et al., 2014; Gunnar et al., 2009b; Stroud et al.,
2009; Sumter et al., 2010; van den Bos et al., 2014). Circadian rhythm and social regulation
of the HPA-axis also change during adolescence. In particular, the circadian rhythm has been
shown to flatten with increasing age and greater pubertal development, especially among
females (Shirtcliff et al., 2012). In contrast to the parental buffering observed in earlier life,
parental support no longer buffers cortisol reactivity to stress during adolescence (i.e., 15-16
year olds) (Hostinar et al., 2015). These changes in HPA-axis functioning during
adolescence likely serve an adaptive function. Adolescence is marked by increasing
autonomy, and as adolescents become increasingly independent, they learn to depend on
themselves and peers for survival. From an evolutionary standpoint, it would benefit
adolescents to have a hypersensitive HPA-axis that promotes adaptation to potential threats.

3.2.2 Timing of adversity and HPA-axis development

Although the HPA-axis seems to develop from infancy into adolescence, periods of greater
plasticity may represent times when the HPA-axis is particularly sensitive to environmental
input. During these sensitive periods, exposure to adversity may have more profound and/or
enduring consequences. The shift from a responsive HPA-axis during the early postnatal
months to a relatively hyporesponsive period by 12 months of age may be an important
sensitive period. In particular, adversity exposure during the first year of life may interfere
with normative development of a hypo-responsive HPA-axis. Consequently, we might
observe higher basal cortisol and exaggerated cortisol responses to stress, presumably during
the relative hyporesponsive period in typical development.

Consistent with this notion, studies examining the effects of early adversity during the first
few years of life have found elevated cortisol at baseline and in response to stress. For
instance, mothers with a history of depression and early adversity had infants with higher
baseline cortisol (Brand et al., 2010), potentially because depression and early adversity can
lead to less attentive or detached parenting (Lovejoy et al., 2000; Pereira et al., 2012).
Similarly, maternal emotional withdrawal during the first year of life has been associated
with higher baseline cortisol among 1.5-year-old children (Bugental et al., 2003). There is
also evidence suggesting adversity exposure during infancy has implications for HPA-axis
responses to stress during the HPA-axis hyporesponsive period. Specifically, harsh
punishment during the first year of life was associated with higher cortisol responses to the
Strange Situation among 1.5-year-olds (Bugental et al., 2003). More direct evidence for the
effects of adversity during infancy on the HPA-axis hyporesponsive period comes from a
study focusing on the developmental trajectory of HPA-axis reactivity to stress from infancy
to toddlerhood (Hibel et al., 2009). In this study, children exposed to interparental violence
exhibited a trajectory of increased cortisol responses to challenge tasks from 7 to 24 months
of age. By contrast, their non-exposed counterparts exhibited a trajectory of declining
cortisol responses.

As noted above, social buffering of the HPA-axis prevents excessive glucocorticoids from
having deleterious effects on development. As such, heightened cortisol during the
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hyporesponsive period could lead to greater exposure to glucocorticoids. This, in turn, can
contribute to glucocorticoid receptor insensitivity over time (Cohen et al., 2012; Miller et al.,
2002), although it is not entirely clear whether existing cells become increasingly
desensitized over time or new cells with decreased sensitivity enter circulation. Also unclear
is whether this glucocorticoid insensitivity is system-wide or specific to particular cells. One
possibility is that glucocorticoid receptor insensitivity may disrupt regulation of feedback
loops and manifest as continued heightened basal cortisol and delayed recovery from stress
later in development. In support of this notion, a study of 7-8 year old children showed that
a lifetime history of maternal depression was associated with elevated cortisol; notably,
maternal depression during the child’s first two years of life was the best predictor of
elevated cortisol (Ashman et al., 2002). Adversity exposure during infancy has also been
associated with flatter diurnal cortisol slopes and higher cortisol later in the day when levels
are typically declining. For instance, maternal depression during the first year of life was
related to elevated cortisol in the late afternoon/early evening among 4.5-year-old girls
(Belsky et al., 2015), and previously institutionalized toddlers who were recently adopted
exhibited a flatter daily decline in cortisol (Koss et al., 2014).

More compelling evidence for the notion that infancy may be a sensitive period during
which adversity exposure may result in heightened HPA-axis activity comes from studies of
previously institutionalized or maltreated children placed in foster or adoptive care. For
instance, 13-month old maltreated children who were placed in foster care following Child
Protective Services involvement displayed steeper diurnal cortisol slopes compared to those
who remained with their parents, and likely continued to experience maltreatment (Bernard,
Butzin-Dozier, Rittenhouse, & Dozier, 2010). The HPA-axis is sensitive to environmental
regulation during this period; therefore, an environment with decreased adversity (i.e., foster
care) may allow the HPA-axis to function in a manner resembling that of typically
developing children (i.e., steeper diurnal slopes). By contrast, previously institutionalized
4.5-year-old children who had been living with their adoptive parents for approximately
three years exhibited elevated and prolonged cortisol responses to a challenge task in the
presence of their caregiver; never-institutionalized children did not exhibit a cortisol
response. Interestingly, both groups of children displayed a cortisol response to the
challenge task in the presence of a stranger and their responses did not differ from each other
(Fries et al., 2008). As described above, the relative hyporesponsive period of the HPA-axis
may be mediated by nurturing caregiving. Given that the previously institutionalized
children did not display attenuated cortisol responses in the presence of their caregivers, it is
possible that placement in adoptive care may have occurred outside of the developmental
period when environmental regulation is able to mitigate the effects of adversity exposure
during infancy.

Collectively, these studies point to infancy as a possible sensitive period, especially in the
absence of a nurturing caregiver. Yet, examination of the effects of adversity exposure at
different ages in a single study is uncommon. The only true experiment to date (McLaughlin
et al., 2015) supports the idea of a sensitive period during the first two years of life. In this
study, orphan infants were randomized to receive care-as-usual (i.e., prolonged
institutionalization) or foster care. At 12 years of age, youth placed in foster care before age
two exhibited an enhanced cortisol response, which more closely resembled that of never-
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institutionalized children (i.e., controls). Youth in prolonged institutionalization exhibited
blunted cortisol responses to psychosocial stress. Similarly, in a study examining the relation
between age of first adversity exposure and HPA-axis functioning, adversity exposure prior
to age one was related to prolonged cortisol responses to an acute social stressor among
adolescents (Kuhlman et al., 2015). Together, these two studies provide more compelling
evidence for a sensitive period in which the developing HPA-axis is influenced by the
caregiving environment during infancy prior to age 2.

Adversity exposure during middle childhood may also result in elevated cortisol, though the
underlying process that results in this intermediate phenotype during this relatively quiescent
period is not well understood. In cross-sectional analyses, exposure to inter-parental
violence during the last 12 months and family adversity comprising of financial stress,
parenting overload, marital conflict, expressions of angry and negative emotions, maternal
depression, and harsh parenting, were related to higher levels of total cortisol output among
5-year-old children (Bair-Merritt et al., 2012; Bush et al., 2011). In another study, 8-year-
olds exposed to marital violence had higher levels of afternoon cortisol compared to their
non-exposed counterparts (Saltzman et al., 2005). These studies assessed adversity exposure
and HPA-axis functioning during narrow periods of time. They do not elucidate potentially
differing effects of timing of adversity on the HPA-axis. The unique short- and long- term
effects of adversity during middle and late childhood on HPA-axis development and
functioning are not well understood at this time.

There is a growing number of studies showing significant changes in HPA-axis functioning
during adolescence. This suggests that the transition into adolescence and puberty may also
be a sensitive period during which adversity exposure can have enduring effects on later
HPA-axis functioning. However, adolescence is also a developmental phase characterized by
increased sensitivity to the environment, operationalized by increased reactivity (Fuhrmann
et al., 2015; e.g., Galvan and McGlennen, 2013; Somerville et al., 2010). Thus, it is difficult
to discern the enduring role of stressful experiences in functioning of physiological stress
response systems in the context of this developmentally normative increase in sensitivity. As
autonomy and sexual maturation increase over the course of adolescence, experiences during
this transitional period may re-program the HPA-axis in a manner that is adaptive for the
given and expected environment. Yet, very little work has been done on how adolescent
stress may perturb HPA-axis functioning and development independent of earlier adversity
exposure. One study showed that peer victimization within the last three months was
associated with lower baseline cortisol among 12-year-olds (Vaillancourt et al., 2008).
Likewise, in the context of subsequent acute stress, adversity exposure in the past month was
related to blunted cortisol responses to the TSST among 9-12 year olds (Trickett et al.,
2014). These cortisol patterns contrast the elevated patterns related to adversity exposure
during infancy and childhood, though the reasons for this remain unclear. To our knowledge,
there are no studies comparing the effects of adversity exposure during adolescence to those
of adversity exposure during different developmental periods. Consequently, more studies
are needed to characterize HPA-axis sensitivity to adversity exposure during adolescence.

As highlighted throughout this section, there is a paucity of research examining the role of
adversity exposure timing on HPA-axis functioning. The majority of studies to date have
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examined early adversity over a broad window of time (i.e., 0-18 years) and HPA-axis
functioning in adulthood. A notable exception is a study examining the relation between
adversities during different developmental periods and indices of HPA-axis functioning
(Bosch et al., 2012). In this study, adversities during prenatal and early postnatal periods
were related to heightened cortisol reactivity to a social stressor during adolescence. By
contrast, adversity exposure during late childhood (6-11 years), early adolescence (12-13
years), and middle adolescence (14-15 years) was related to total cortisol output, but not
cortisol reactivity. More specifically, adversity during late childhood was associated with
greater cortisol output, whereas adversity during adolescence were associated with lower
cortisol output. These findings are somewhat consistent with the studies reviewed above. It
may be that adversity exposure during infancy leads to a hypersensitive HPA-axis whereas
adversity exposure during adolescence may lead to hyposecretion of cortisol.

3.3.1 Development of inflammatory processes

Inflammatory processes in early life are distinct from those in adulthood, and may continue
to exhibit change into adolescence. The inflammatory response in newborns has been
characterized as hyporesponsive. For instance, newborn mice exhibited a decreased
inflammatory response to infection compared to adult mice (Wynn et al., 2008). When
stimulated with pathogens, monocytes from newborns produced lower levels of IL-6 and
TNF-a as adult monocytes (Levy et al., 2004; Pillay et al., 1994; Yan et al., 2004).
Localized downregulation of inflammatory cytokines has also been shown. Following
traumatic brain injury, newborn mice exhibit lower concentrations of inflammatory
cytokines, including anti-inflammatory IL-10, as well as pro-inflammatory IL-1a and IL-6
compared to control mice without brain injury. This conflicts with the well-characterized
neuroinflammation that occurs following traumatic brain injury among adults (Pena et al.,
2014; Tajiri et al., 2014). Likewise, in response to LPS, splenic macrophages from newborn
mice produced less IL-1pB, IL-6, TNF-a, and IL-12 compared to adult splenic macrophages
monocytes (Chelvarajan et al., 2007, 2004). Interestingly, however, an attenuated
inflammatory response has not always been observed. Some studies have found that LPS
stimulation results in similar levels of TNF-a, IL-6, and IL-8 as in adults (Berner et al.,
2002; Dembinski et al., 2002; Seghaye et al., 1998), which may be an inconsistency that
reflects differences in inflammatory sensitivity to different ligands or bacteria across the
human lifespan (Levy et al., 2004; Mohamed et al., 2007).

Overall, early innate immunity may be characterized by attenuated inflammatory responses
relative to those found in adults. This may protect against excessive inflammation that can
compromise development and health. Specifically, inflammatory cytokines play a role in
early neural development (Stolp, 2013; Yirmiya and Goshen, 2011), and rodent studies
indicate that elevated inflammatory cytokines can have persistent negative effects on brain
and behavior. For instance, experimentally-induced systemic inflammation during infancy
leads to neuronal loss and delayed myelination for up to a week (Cardoso et al., 2015).
Exposure to high levels of inflammation during infancy also has persistent effects on brain
and behavior. In particular, systemic inflammation induced during infancy resulted in
impaired axonal growth and demyelization, decreased hippocampal neurogenesis, repetitive
behaviors, and deficits in social memory during the juvenile period (Lee et al., 2016).
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Despite the detrimental effects that high levels of inflammation can have on the developing
organism, mounting a robust inflammatory response in some contexts during early
development may be adaptive. Innate immunity remains the primary defense against
infection, as adaptive immunity takes much longer to develop. As such, having the capacity
to mount a robust inflammatory response to particular microbial challenges during the
neonatal period likely increases chances of survival.

Innate immunity continues to mature through childhood, although few studies directly test
this. In a study of infants, 5-year-olds, 12-year-olds, and adults, PBMC production of IL-12
in response to bacterial challenge was shown to increase with age; however, stimulated
production of IL-12 by 12 years of age was still substantially lower than in adults (Upham et
al., 2002). Also, IL-12 responses to bacterial challenge in monocytes are positively
correlated with age from birth to age 8 years (Hartel et al., 2005).

Studies of inflammatory responses in adolescence have also been relatively uncommon.
Given that gonadal hormones are known to modulate immune functioning, inflammatory
processes may continue to change throughout adolescence as a function of pubertal
development. Circulating immune cells, including macrophages, and lymphoid tissue cells
express receptors for gonadal hormones. When bound to androgen receptors, testosterone
can downregulate synthesis of proinflammatory cytokines (D’Agostino et al., 1999; Li et al.,
1993; Trigunaite et al., 2015), and stimulate secretion of anti-inflammatory cytokines (Liva
and Voskuhl, 2001). The modulation of inflammatory processes by estrogen is more
complex. Prior work has shown estrogen to be both anti- and pro-inflammatory and its
effects may depend on a variety of factors, such as cell type, target organ, estrogen
concentration, and expression of estrogen receptors (Straub, 2007). For instance, estrogen
has been shown to increase secretion of IL-6 and IL-8 in dendritic cells derived from
monocytes (Bengtsson et al., 2004) whereas estrogen receptor-a treatment inhibits TNF-a
and IL-6 (Tiwari-Woodruff et al., 2007). In sum, inflammatory processes are immature
during infancy, maturing throughout childhood, and interact with gonadal hormones during
adolescence.

3.3.2 Timing of adversity and inflammation

The major differences in inflammatory processes among infants, youth, and adults point to
the possibility that there are windows of susceptibility during which exposure to adversity
may result in differential influences on inflammatory outcomes. Although the association
between early adversity exposure and inflammation has been well-documented (See
Baumeister et al., 2016; Miller et al., 2011 for review), the vast majority of studies have
assessed early adversity exposure across multiple phases of child development, typically
spanning infancy through adolescence. Similarly, rodent work focusing on the effects of
early adversity on inflammatory markers has typically induced stress during postnatal days
2-20 (Figueiredo et al., 2016; O’Mahony et al., 2009; O’Malley et al., 2011; Roque et al.,
2015). Nevertheless, there are studies hinting that the inflammatory consequences of
adversity during development may vary as a function of timing of adversity exposure and
these associations warrant further investigation.
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There is some empirical evidence suggesting that adversity exposure very early in life, from
birth to early childhood, may prime immune cells to have a pro-inflammatory tendency,
resulting in an intermediate phenotype of enduring elevated inflammation. In particular,
rodent studies have demonstrated that early adversity, including maternal separation and
early infection, during infancy results in larger, activated microglia, resident immune cells in
the brain that secrete inflammatory cytokines (Bilbo, 2013; Gracia-Rubio et al., 2015).
Notably, in adulthood, a subsequent stressor can lead these activated microglia to secrete
more pro-inflammatory cytokines (Bilbo, 2013). A couple of human studies have similarly
shown that adversity very early in life is related to exaggerated inflammatory responses to
challenge. For instance, 2-year-old children whose parents reported higher cumulative stress
during the child’s life exhibited heightened TNF-a responses to an allergen (Wright et al.,
2004). Lower SES as indicated by parental occupation during a child’s first five years of life
has also been associated with exaggerated inflammatory responses to pathogens (Miller et
al., 2009). Very early life may be a period during which adversity can program immune
cells. Specifically, microglia in the central nervous system and monocytes/macrophages in
the periphery may develop a pro-inflammatory tendency (Miller et al., 2011). A more
nuanced understanding of these developmental processes and their lifelong health
implications may contribute to effective prevention and transdiagnostic intervention targets.

Given that adolescence is another period of significant biological and psychosocial
development, adversity during adolescence may prime immune cells and potentially have
persistent effects on inflammation. For example, chronic peer stress has been related to
enhanced cytokine production in response to bacterial challenge and chronic family stress
was related to decreased glucocorticoid receptor sensitivity in immune cells among
adolescent females (Ehrlich et al., 2016). Likewise, family chaos has also been associated
with greater stimulated proinflammatory cytokine production among 13-16 year old
adolescents (Schreier et al., 2014). An intervention study also showed that relative to a
waitlist control, a 7-week family-oriented psychosocial intervention implemented among
low-SES, 11-year-old youth resulted in lower markers of inflammation when youth were 19-
years-old (Miller et al., 2014). This points to the possibility that less adversity during early
adolescence may have long-term effects on inflammation.

With the exception of the studies described above examining the effects of adversity on
inflammatory processes during relatively narrow windows of time, very few studies
explicitly examine the role of timing. One exception is a population-based prospective study
of over 4500 youth in which adversity in the past year and a half (i.e., maltreatment,
separation from parent) was assessed approximately every 12 months from 18 month to
eight years old and inflammation was assessed at ages 10 and 15 (Slopen et al., 2013).
Adversity exposure during infancy was related to higher CRP at age 15 but not at age 10,
which raises the question of why adversity during infancy would be related to inflammation
during mid-adolescence but not late childhood. It could be that early adversity during
infancy has long-term effects on inflammation, but that the relation may not emerge until
later in life. That is, adversity during infancy may program immune cells to have a pro-
inflammatory tendency which would be most readily observable at the intracellular and
cellular levels by way of gene expression or in vitro stimulation. Effects of early adversity
on circulating markers of inflammation may not become evident until later in life after
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repeated activation of these primed and/or exaggerated proinflammatory responses to
external stimuli. This remains an open question, as no study to our knowledge has directly
tested the effects of early adversity on inflammation measured at multiple levels and during
different developmental periods. Two studies have shown that early adversity during
childhood and adolescence was related to greater expression of inflammatory-related genes
and in vitro stimulation of inflammation, but not to circulating markers of inflammation in
adolescents (Miller et al., 2009; Miller and Chen, 2010).

Slopen and colleagues (2013) also found that adversity during middle childhood (6-8 years)
was related to higher CRP at both 10 and 15 years. One interpretation of these findings is
that adversity during middle childhood has a particular impact on inflammatory processes
during youth development. Alternatively, the effects of adversity may be rather short-lived
and more proximal measures of adversity may be more predictive of inflammation. The fact
that there are multiple interpretations of this finding underscores the importance of probing
the role of timing in the inflammatory effects of adversity.

It is also important to consider whether the effects of early adversity on inflammation
emerge only in the context of vulnerability factors. In support of this notion, a longitudinal
study involving contemporaneous measured early family stress during the first five years of
life found that early family stress was indirectly associated with circulating levels of
inflammation through adiposity and smoking at 22—25 years of age (Raposa et al., 2014a).
Given that inflammatory functioning does not remain static across youth development, it
will be important for future studies to prospectively measure timing of adversity exposure
and inflammation.

3.4 Summary of HPA-axis and inflammatory correlates of child adversity by timing

The relative immaturity of the HPA-axis and immune systems during infancy and their
continued development through childhood and adolescence point to the possibility that
functioning of these systems vary according to timing of adversity. In particular, adversity
during infancy may result in exaggerated cortisol early in life, which over time could lead to
glucocorticoid receptor insensitivity. This may contribute to the persistently elevated cortisol
observed past infancy and into childhood. Because binding of cortisol to glucocorticoid
receptors on immune cells downregulate inflammation, glucocorticoid receptor insensitivity
may also contribute to heightened inflammation that we observe in relation to early
adversity. Adversity during adolescence may also be an important time when the social
environment becomes biologically embedded, with initial studies showing an association
between adversity during adolescence and lower cortisol and elevated inflammation.

There is much that remains to be understood. First, there is a dearth of studies examining
adversity in pediatric populations, with the large majority of studies assessing childhood
maltreatment retrospectively in adults. Among the pediatric studies that have been
published, few have focused on adversity exposure during narrow windows of time and most
have been cross-sectional. Thus, from these studies, we do not know whether the observed
cortisol and inflammation patterns are due only to recent adversity exposure, the greater
perceived subsequent stress (Raposa et al., 2014b), or greater threat reactivity (Chiang et al.,
2015) that is associated with childhood adversity exposure. Whether certain patterns persist
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over time also remains unknown given the lack of prospective studies. For instance,
continued exposure to high cortisol may eventually lead to glucocorticoid insensitivity
(Cohen et al., 2012; Miller et al., 2002) and we might observe continued exaggerated and or
prolonged elevations in cortisol later in the life course. Alternatively, the brain and body may
have a compensatory mechanism that downregulates cortisol secretion after an initial period
of hypersecretion (Heim et al., 2000; Miller et al., 2007). To this end, initial investigations in
adolescent and young adult samples may be most informative as they may not yet reflect this
compensation. An ideal study would involve repeated assessments of inflammatory and
neuroendocrine stress reactivity during childhood, adolescence, and multiple times in
adulthood to elucidate long-term effects and how timing of adversity may perturb HPA-axis
and inflammatory processes throughout the life course.

4.1 Discussion

This review provides a translational animal-to-human framework from which to disentangle
the role of childhood adversity type and timing on health through the HPA-axis and
inflammation. Most importantly, the goal of this review is to increase collaboration and
communication across researchers using experimental animal models and correlational
human models, from basic to clinical and developmental science. We proposed that repeated
social defeat (RSD) may be a useful animal analog for understanding the physiological
consequences of childhood adversity involving physical trauma and injury, maternal
separation may be useful for understanding disrupted caregiving environments, and chronic
variable stress (CVS) may be useful for understanding the physiological consequences of
living in an unpredictable developmental environment. Here we have reviewed the existing
empirical support for the translation of results using these models into children and adults.
Overall, there is a tendency for non-specific childhood adversity to be correlated with up-
regulated HPA-axis output and elevated inflammation. However, distinct adversity subtypes
reveal different underlying biological adaptations. For example, physical abuse and injury
may be uniquely associated with exaggerated activation of the HPA-axis and inflammatory
system during childhood, which persists as elevated inflammation and adrenal insensitivity
to ACTH in adulthood. We also find evidence that disruptions in the caregiving environment
are associated with impaired glucocorticoid regu/ation, and that repeated exposure to
unpredictable stress may be associated with more frequent activation of the stress response
systems, perhaps driven by increased neural sensitivity to threat. We also proposed that
timing of adversity exposure may contribute to the variation in the effects of adversity on
HPA-axis and inflammatory processes. Given the transition into a relative hypo-responsive
period of the HPA-axis around the first year of life and major changes in HPA-axis
functioning during adolescence, we highlighted these developmental periods as times when
adversity may have profound implications for functioning of physiological stress response
systems. Likewise, given the reliance of the organism on innate immunity very early in life
and the flux of gonadal hormones during puberty, we suggested that adversity during these
periods might have greater long-term consequences for inflammatory processes. Some
studies begin to support these hypotheses, but to date, many of our translational hypotheses
remain untested. The remaining discussion will address avenues for future research that
could minimize this gap.
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To understand how experiences during development “get under the skin” to promote disease
onset and progression later in life, a better understanding of the biological salience of
different types of adversity is necessary. The most obvious future direction for this research
is to encourage reporting associations between total adversity, adversity timing and

subtypes, and health-related biological markers. We know from several large
epidemiological studies that childhood adversity predicts lifelong mental and physical illness
in a dose-response manner (Caspi et al., 2014; Chapman et al., 2007; Kessler et al., 2010;
Vachon, Krueger, Rogosch, & Cicchetti, 2015). A common approach to conducting this
research has been to identify individuals with adversity exposure that is above an established
health-risk threshold. Yet, a parallel line of experimental research has demonstrated that
different types of stress vary in their salience to the key biological systems thought to
mediate stress and negative health outcomes (e.g., Dickerson, Gable, Irwin, Aziz, &
Kemeny, 2009; Dickerson & Kemeny, 2004; Kuhlman et al., 2014; Lopez-Duran, Hajal,
Olson, Felt, & Vazquez, 2009). It is also becoming more and more clear that individuals vary
in their sensitivity to stress in the developmental environment (Boyce and Ellis, 2005; Ellis
et al., 2005; Ellis and Boyce, 2008; Obradovi¢ et al., 2010). Interrogating the role of type
and timing of adversity experiences in key physiological domains may offer a more
sophisticated look at how adversity contributes to stress sensitivity. To do this, a shift toward
the use of large community samples with heterogeneity in child adversity will make
detection of distinguishable associations between subtypes more feasible.

Perhaps the largest barrier to the recommendations for future studies in humans is
measurement. Currently, there are several measures used to quantify childhood adversity
exposure including the Childhood Trauma Questionnaire (Bernstein et al., 2003), Risky
Families Questionnaire (Taylor et al., 2004), Early Trauma Inventory (Bremner et al., 2007),
STRAIN (Slavich and Epel, 2010), and the LEDS (Brown and Harris, 1989). Many of the
existing measures of child adversity and trauma exposure have subscales such as physical
abuse, emotional abuse, sexual abuse, neglect, and traumatic events that occur by chance.
Given the dramatic increase in information on the biological correlation and consequences
of stress exposure, particularly during development, there is a need to develop subtypes of
trauma exposure that fit within the biopsychosocial model of health. To date, no measure has
developed subscales based on the salience of that event/exposure within a biopsychosocial
model. For example, we know that socially-evaluative challenges are particularly salient to
the HPA-axis (Dickerson and Kemeny, 2004). Yet, an examination of types of childhood
adversity based on their degree of social evaluative threat hasn’t been conducted. A central
theme of the proposed model is that development of the HPA-axis and inflammatory systems
are dynamic, at least until puberty. Until recently there were no measures of child adversity
that explicitly aimed to characterize timing of abuse in a child’s life. In fact, the
Maltreatment and Abuse Chronology of Exposure (MACE) (Teicher and Parigger, 2015) is
the first measure to directly assess timing of childhood maltreatment exposure within a
developmental framework.

For simplicity, we have proposed that adversity experiences involve a single biologically
salient element. This may be true for some adversity experiences during childhood, while
others involve multiple biologically salient elements. The next step is to develop a system of
measurement for adversity experiences that measure not only the occurrence of events in a
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child’s life, but also their impact. Within a developmental framework, stress sensitivity is
highly dynamic and requires an approach that examines the interaction of type and timing of
adversity on biobehavioral outcomes. For example, the first two years of life may be a
sensitive period for physiological development, particularly for disruptions in the caregiving
environment. There also may be patterns of child adversity that unfold over time in ways
that are developmentally and biologically meaningful, which we currently have no
standardized method of measuring. Creating measures that reflect the impact of experiences
during development may be critical to our understanding of how adversity gets under the
skin. In other words, experiences during childhood may be particularly physiologically
meaningful if they result in a physical injury, disruption in caregiving, and/or were
unpredictable for the child. This framework may then explain why some youth go on to
demonstrate trajectories of resilience. For example, parental divorce is an “adverse
childhood event,” but may not have the same biological salience to the developing child if
the subjective quality of the caregiving relationships remains intact. Evidence supporting this
notion already exists in maternal buffering of stress, suggesting that nurturing parenting can
buffer the effect of other types of stress (Gunnar, 1998; Hagan et al., 2010; Hostinar et al.,
2014). Development of reliable and valid assessments of physiologically relevant domains of
adversity in a child’s life may be more consequential to health outcomes than event
checklists with their well-known limitations (Monroe, 2008). This will help the field develop
a discourse that goes beyond even the heterogeneity of types of exposure to further examine
heterogeneity of psychological experience and biological salience within the same adversity.
For example, it would be incorrect to assume that all children exposed to inter-parental
violence also experience physical abuse or that their parents are unable to provide nurturing
and supportive care. Likewise, experiences of peer bullying during childhood may vary in
their psychological and physiological health consequences depending on whether the
bullying involved physical threat or injury.

One particular challenge is to disentangle the effects of timing of adversity exposure from
those of adversity duration. Individuals with adverse experiences in early life continue to
perceive more stress, which may be attributed to how they appraise, select, and respond to
their environments (Hazel, Hammen, Brennan, & Najman, 2008; Miller et al., 2011; Raposa
et al., 2014). Early adversity such as maltreatment and poverty are often chronic.
Consequently, earlier onset of exposure to adversity may simply be a marker of longer
duration of adversity. That said, we know that family dynamics change over time (Tsai,
Telzer, & Fuligni, 2013), especially from childhood to adolescence (Smetana, Campione-
Barr, & Metzger, 2006).

Another area for further research is the use of developmental animal models of stress
exposure. Among the proposed translational models presented here, only maternal
separation is a developmental model. This is because the large majority of chronic or
repeated stress paradigms used in animal models are limited to use with adult animals, thus
limiting our understanding of how these paradigms may shape a developing system. And
yet, studies on maternal separation and neurobiological effects vary in the exact timing of
maternal separation, though it is typically implemented before postnatal day 20. As such, we
know relatively little about timing effects within this window of time. In recent years
developmental models of early infection, pollution, and impoverished nesting have

Neurosci Biobehav Rev. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kuhlman et al.

Page 25

demonstrated robust alterations to the inflammatory system via enlarged microglia that have
profound effects on memory and behavior (Bilbo and Schwarz, 2012). Indeed, distinct
neural networks associated with psychopathology are more sensitive to cortisol and
inflammation in children exposed to adversity (Nusslock and Miller, 2015), however these
upstream processes are beyond the scope of the present review. In line with our proposed
framework, different types of stressors differentially impact neuroplasticity (Teicher &
Samson, 2016), specifically in the limbic system (Cohen et al., 2013; Wilson et al., 2015),
and specifically with regard to processing of threat and rewards (McLaughlin et al., 2014b).
Animal models examining the long-term HPA-axis and inflammatory consequences of
different types of repeated stress occurring in different developmental phases would inform
many of the questions posed here.

In conjunction with experimental animal models, there is need for funding and
interdisciplinary efforts to conduct prospective, longitudinal studies with repeated
assessments of adversity and physiological functioning from infancy into adulthood. Ideally,
assessments would be relatively close in time (e.g., yearly) so as to minimize recall biases
and gain precision in timing of exposure. Childhood adversity accounts for approximately
1/3 of all psychiatric disorders (Kessler et al., 2010) and contributes significantly to chronic
physical conditions (Scott et al., 2011). Given continued converging evidence of the
contribution of childhood adversity to the global burden of disease, understanding the
pathways through which this occurs is of national importance. Identifying timing effects and
potential sensitive periods during which adversity may have profound effects on
neuroendocrine and inflammatory processes is critical to implementing effective screening
within primary care and reveal the optimal time to implement prevention efforts.

Finally, the focused review of the literature provided here suggests the need for novel
methodological approaches, such as paradigms designed to test recovery of the stress
response system in addition to reactivity, and examination of both the inflammatory and
HPA-axis systems in the same sample. A surface level review of the basic physiology
demonstrates how dynamically these two systems collaborate (See Figure 2). Understanding
how childhood adversity gets under the skin to promote health and disease will be delayed
until the measurement of multiple systems becomes the norm rather than the exception. In
fact, it may be the degree of covariation between psychological arousal, the HPA-axis, and
inflammation that predicts long-term health outcomes. Maltreated youth demonstrate less
symmetry between sympathetic and HPA-axis responses to acute stress than non-maltreated
youth (Gordis et al., 2008). The timing of covariation of these systems is also of particular
importance. Thus within-subject change in cortisol and inflammation over time may be a
misunderstood window into how stress leads to diseases such as depression. The
predominant approach to understanding psychobiological mechanisms through which stress
leads to depression has been between-subjects. At the very least, emerging evidence that
psychological and physical stressors have different physiological outcomes suggests that
experiences during development contribute to individual differences in how our body
responds to stressors. These individual differences may pertain to how robust our
physiological response is, or how long it takes to recover. Yet, methods for disentangling
exaggerated reactivity from impaired recovery have only recently reached the field
(Kuhlman et al., 2015; Lopez-Duran et al., 2014). It is possible that stress leads to
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depression when stressors occur before an organism has sufficient time to recover from a
preceding stressor. Therefore within-subject differences in the time between stressors may
interact with individual differences in stress response patterns to predict future depressive
episodes. In support of this idea, the standardized protocols for repeated social defeat and
chronic variable stress require repeated administration of the stress paradigm(s) over short
periods of time. Presumably, this is because chronic stress paradigms fail if the gap between
stressors is too long (Golden et al., 2011). Further testing of this possibility may need to
occur outside of a laboratory and involve intensive repeated measures (IRM; See for
example Repetti et al., 2015) of ambulatory physiological and psychological reactions and
recovery from different types of life events.

4.2 Limitations

This developmental translational model of type and timing of child adversity exposure and
peripheral markers of stress physiology is not without its limitations. First, translation of
rodent models to humans is never direct. Our intent was to provide a framework to guide our
understanding of the physiological consequences of exposure to different types of stress
during childhood, which may ultimately inform the role of uniquely human psychological
processes on stress. Further, there are some forms of childhood adversity that have no animal
model analog. For this reason, and because sexual abuse involves invasive physical contact
that may share biological salience with physical threat and injury we have subsumed human
literature of the correlates of sexual abuse under physical trauma. Unfortunately, youth
exposed to sexual abuse rarely experience this abuse in the absence of other adversities.
Further exploration of the pathways outlined in this framework may further explain and
contextualize observations that the neurodevelopmental correlates of childhood sexual abuse
are different from other types of abuse. Overall, the three proposed animal models lack
several important elements of human psychological stress that undoubtedly impact children.
For example, physical abuse of children is most commonly perpetrated by their parents or a
known adult, while the RSD paradigm makes use of a new intruder each time. Yet, in some
ways this limitation allows the use of this model to truly disentangle the social component of
developmental stress from the physical component. Another important limitation of the
proposed animal models is that RSD and CVS are exclusively used in adult animals, while
maternal separation paradigms are exclusively used in infancy. Validation of developmental
stress models are needed that more closely approximate elements of childhood adversity and
further inform our causal understanding of the role of stress in disease. Finally, we recognize
that this model is narrow in developmental and physiological scope. For example, our
developmental framework does not address the large and important literature on prenatal
programming of the brain and behavior (Glover et al., 2010). We have conceptualized SNS
activation as an input to the inflammatory arm of the immune system. There is also wealth of
evidence establishing direct pathways between the SNS and physical health (Danese and
McEwen, 2012; McLaughlin et al., 2014a; Seeman et al., 2001). Experimental and empirical
tests of the proposed pathways will inform inclusion of additional biologically salient
elements of developmental adversity, as well as expansion of this model to other systems
and developmental periods.
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Lastly, we did not review the differential effects of adversity on the brain. Significant and
rapid neural development occurs in utero through adolescence, and a growing literature
suggests that timing of adversity throughout the lifespan can have differential effects on
neural regions (Gee and Casey, 2015; Lupien et al., 2009). More specifically, timing of
adversity exposure may differentially affect limbic structures, including the amygdala,
hippocampus, and prefrontal cortex. Importantly, these neural substrates are critically
involved in stress processes and connected to the biological stress systems. As such, timing
effects of adversity on neural development may also have implications for timing effects on
more downstream physiological processes (Chiang et al., 2015). A multi-systems approach
that includes assessment of the central nervous system, HPA-axis, and inflammatory
processes at various time points throughout development may help us identify sensitive
periods when adversity exposure may have the most profound effects.

We also have not included a review of the rich literature on genetic risk factors associated
with negative health outcomes in children exposed to trauma and adversity. This literature
has been thoroughly and carefully reviewed and goes beyond the scope of this review (See
for example Nugent et al., 2011; Tyrka et al., 2013). Briefly, there is evidence to support that
specific genetic risk factors can predispose an individual to psychopathology in the presence
of increasing life stress. Candidate genetic risk factors play functional roles in serotonin
transport, activation of the HPA-axis via corticotropin releasing hormone (CRH),
glucocorticoid sensitivity, and production of brain derived neurotrophic factors (BDNF). It is
notable that each of these identified risk factors has distinct links to functioning of the HPA-
axis and inflammatory activity. Thus within the present model, it is likely that some
individuals exposed to specific types of adversity during development may be more
vulnerable than others. In fact, heterogeneity in adversity exposure in previous samples may
explain inconsistent replication of gene-by-environment associations (Kim-Cohen et al.,
2006; Munafo et al., 2009). Further, the predominant model to date has been to examine
genetic vulnerability to disease in the context of cumulative life stress even though it is more
likely that individuals carry genetic vulnerability to specific intermediate phenotypes within
a complex system when exposed to relevant life stressors (See for example Tyrka et al.,
2009). Pursuit of clarity in the role of type and timing in the HPA-axis and inflammatory
processes we have described in this review may provide new avenues for exploring the
interaction between genetic risk factors, specific types of adversity, and functioning of key
physiological stress systems.

4.3 Conclusions

The purpose of this review was to drive progress in the field by proposing that the challenges
of characterizing the impact of childhood adversity on health may be addressed by drawing
upon well-characterized animal models through which distinct HPA-axis and inflammatory
pathways can be elucidated within a developmental framework. Specifically, we identify the
RSD paradigm and its physiological consequences as particularly helpful for understanding
physical trauma, the maternal separation/deprivation paradigm for understanding disruptions
in the early caregiving environment, and the CVS paradigm for understanding the
physiological sequelae of growing up in an unpredictable environment. Exposure to
adversity may be especially consequential during infancy and adolescence when major
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changes occur in the HPA-axis and inflammatory processes. Different childhood adversities
may lead to dysregulated HPA-axis functioning and elevated inflammation via distinct
underlying mechanisms and that timing of adversity may contribute to variation in these
linkages (See Figure 3). The pursuit of a better characterization of the role of type and
timing of adversity warrants further investigation in both animals and humans, and more
importantly, the collaboration between researchers in both arenas.
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Highlights
. Physical trauma, disrupted caregiving, & unpredictability have unique
developmental implications
. RSD may be a useful animal analog for childhood adversity involving
physical trauma
. Maternal separation may be useful for understanding disrupted caregiving

. CVS may be useful for understanding living in an unpredictable
developmental environment

. Infancy and pubertal may be sensitive periods for childhood adversity
exposure
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Physical Trauma

Unpredictable
environment

Disrupted caregiving

Figure 1. Dose-response models of childhood adversity limit what we know
Predominant dose-response models of childhood adversity exposure have limited our

understanding of the peripheral biological consequences of childhood adversity to the
overlap between different elements of stressful experiences.
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Figure 2. Coordinated hypothalamic-pituitary-adrenal axis (HPA-axis) and inflammatory
response to stress
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Stress-related physical and
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Altered HPA-axis regulation
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environment
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Figure 3. Proposed biobehavioral pathways from elements of adversity to stress-related disease
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Proposed pathways from subtypes of childhood adversity to inflammatory and neuroendocrine dysregulation.

violence/war

- Motor vehicle
accident

- Natural
disaster

- Extreme
poverty

Biologically Childhood Potential Animal Potential Hypothesized
Salient Adversity Model Mechanisms Physiological
Adversity Consequences
Element
Physical Trauma - Physical abuse Repeated Social Defeat (RSD) - Increased - Exaggerated HPA-
. sympathetic axis, and
- Major innervation of inflammatory
physical injury bone marrow response to acute
and tissue stress
- Exaggerated
central
activation
peripheral
systems
Disrupted Caregiving - Parental loss Maternal separation/deprivation - Decreased - Delayed
central and physiological
- Parental peripheral recovery from
separation glucocorticoid stress
- Low maternal sensitivity - Prolonged
warmth exposure to
- Emotional glucocorticoids
abuse
Unpredictable - Community Chronic Variable Stress (CVS) - Increased neural - More frequent

sensitivity to
environmental
threat

activation of
physiological
stress systems

Elevated diurnal
cortisol and
circulating
inflammation
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